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Abstract

The 2009 HIN1 pandemic observed a large percentage of morbidity and mortality
attributed to individuals with asthma. However, a consistent lack of preventative and therapeutic
interventions failed to protect this vulnerable population. Vaccines are the most effective method
of prevention, yet they take at least 6 months to be developed following outbreak of a pandemic
strain. Meanwhile, antiviral drugs are the sole method of treatment, yet their clinical use can be
restricted due to drug resistance. Hence, pre-planning is required to develop interventions that
could protect the vulnerable asthmatic population prior to the occurrence of the next influenza
pandemic.

A Tha-skewed inflammatory response has been implicated in the development of some of
the characteristics of asthma, whereby IL-4, IL-5, and IL-13 signaling promotes airway
eosinophilia and lung remodeling. IL-4 and IL-13 signal through the common alpha subunit of
the IL-4 receptor (IL-4Ra) to induce their effector function. Clinical trials have found the
blockade of IL-4Ra to be highly effective at reducing the rate of asthmatic exacerbations.
However, it has yet to be determined whether IL-4Ra blockade could protect against pandemic
H1IN1 (pH1N1)-mediated morbidity. We hypothesized that IL-4Ra blockade could be used as a
treatment method in an established pH1N1 infection, and as a prevention method prior to and
after pH1N1 infection, in a murine model of allergic asthma.

Our findings indicate that both the treatment and prevention strategies of IL-4Ra
blockade induce a significant reduction in pH1N1-mediated weight-loss in house dust-mite
(HDM) sensitized mice. Furthermore, reduced weight-loss was associated with a significant

reduction in the number of viral copies, indicating improved viral control. Lastly, IL-4Ra
iii



preventative intervention induced a significant reduction in the level of airway goblet cell
metaplasia and the percentage of eosinophils in Bronchoalveolar Lavage (BAL), pointing to
lessened allergic manifestations.

While influenza pandemics are rare, they have a devastating effect on the most vulnerable
individuals suffering from asthma. Hence, developing pharmaceutical interventions that could
benefit this population are of outmost value. Findings from our study could be considered as a
strategy to reduce the risk of complications in asthmatic individuals during an HIN1 influenza

pandemic.



Lay Summary

During the 2009 H1N1 pandemic, a large percentage of individuals who experienced
morbidity and mortality were asthmatics. However, a lack of prevention and treatment strategies
to protect this vulnerable population prevailed. Dupilumab is a drug that has been shown to
reduce some of the asthma-associated immune responses in humans by blocking the function of a
protein named IL-4Ra. However, it is unclear whether IL-4Ra blockade could reduce pandemic
HIN1 (pH1N1)-associated morbidity and mortality in the asthmatic population. Using a mouse
model of allergic asthma, we investigated the role of IL-4Ra blockade during pH1N1 infection.
We found that allergic mice infected with pH1N1 experienced less weight loss and had lower
viral burden when IL-4Ra was blocked. Findings from this study could be utilized in the clinical

setting to protect individuals with asthma when the next influenza pandemic occurs.
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Chapter 1: Introduction

1.1 Influenza A Virus — From Seasonal Flu to a Pandemic

Each year, the seasonal influenza virus infects 10-20% of the world’s population,
resulting in 3-5 million hospitalizations [1]. In Canada, there may be up to 30,000 laboratory-
confirmed cases and an estimated annual death toll of over 5000 individuals within one influenza
season [2]. In the United States, direct medical costs and loss of productivity from each influenza
season result in over $87 billion in total annual economic burden [3]. While people of all ages
can be infected, infection rates are generally highest in children under 5 and in adults above 65,
and the most common comorbidities consist of cardiac and respiratory conditions [2]. The
influenza A virus (IAV) typically replicates in the upper respiratory tract, and more severe
infections are associated with replication within the lower respiratory tract. IAV infection can
cause disease lasting up to 10 days, with a peak in viral replication occurring 2 days after
infection. Symptoms include fever, cough, and nasal mucous discharge [4].

Although IAV can cause disease in a variety of animals, it is most commonly observed in
humans, birds (avian), pigs (swine) and horses (equine) [5]. Avian IAV generally replicates in
the small intestine and is shed in the feces of birds, while swine, equine, and human 1AV
replicate in the airways and are spread via respiratory droplets [5,6]. Moreover, human IAV has a
different receptor-binding specificity than IAV from other origins; although sialic acid bound to
a galactose chain is always used as a receptor, human IAV preferentially binds an a2-6 linkage,
while avian 1AV binds an 02-3 linkage [7]. Therefore, while IAV of different origins have been
sporadically reported in humans, human-to-human transmission and the pandemic potential of

influenza depend on the virus’ ability to bind an a2-6 linkage.



IAV is classified into different subtypes based on its envelope glycoproteins, namely
hemagglutinin (HA) and neuraminidase (NA). In order to evade the host’s acquired immunity,
IAV undergoes frequent random mutations in the HA and NA genes to create a diffuse cloud of
antigenic receptors. The term “Antigenic Drift” is used to refer to the gradual accumulation of
mutations in HA and NA proteins of IAV to confer pathogenic capacity during each seasonal flu
cycle [8]. These mutations are generally caused by a few amino acid substitutions adjacent to the
receptor binding domain in the HA protein [9]. In contrast, “Antigenic Shift” refers to drastic
changes in the antigenicity of the HA protein, and has been associated with the occurrence of
pandemics. These pandemic strains generally arise through genetic re-assortment between
human and avian viruses [10]. Due to their ability to express both the a2-6 and the a2-3 linkages,
pigs can act as a “mixing vessel” for the generation of a re-assorted unique pandemic strain.
Swine influenza can also contribute to the re-assortment process, creating a triple-re-assorted
IAV such as the one that caused the 2009 H1IN1 pandemic [11].

The earliest, and by far the deadliest recorded incidence of an 1AV pandemic was the
1918 Spanish flu, which killed between 20-50 million people worldwide (an estimated 2.5% of
the entire population). Genetic analysis performed on viral RNA recovered from lung tissue of
victims indicate that the Spanish flu was an HIN1 subtype from an avian origin [12]. Since then,
four other influenza pandemics have occurred, namely the 1957 Asian flu (H2N2 subtype, avian
origin), the 1968 Hong Kong flu (H3N2 subtype, avian origin), the 1977 Russian flu (HIN1
subtype, thought to have been caused by a laboratory-maintained virus), and the 2009 swine flu
(H1N21 subtype, genes from avian, contemporary human H3NZ2, and swine viruses) [5,13-15].
Although influenza pandemics are not common, historical records indicate that they can occur

every 10-40 years.



While several influenza pandemics have swept the world in the past, there are a limited
number of prevention and treatment strategies in place that can be quickly and effectively
implemented. Vaccines remain the most effective method of prevention. However, development
of vaccines and the implementation of vaccination programs take at least 6 months from the time
that a new pandemic strain is identified [16]. Hence, the only prevention strategy available to the
population during the 6 month waiting period are non-pharmaceutical interventions (NPIs). NPIs
consist of community mitigation guidelines that include pre-pandemic planning at multiple
levels. It encompasses personal protective measures (e.g. quarantine of exposed family members,
use of face masks), drastic and seldom used community measures (e.g. school closures,
cancelling of mass gatherings), as well as environmental measures (e.g. routine cleaning of
frequently used surfaces) [17,18]. While the main focus of NPIs are to delay spread and reduce
the impact of the influenza pandemic, computational models have demonstrated that they
decrease the mean attack rate (percentage of the population that can become infected over the
course of the pandemic) by only 2% in a severe pandemic scenario [19]. Hence, a more effective
prevention strategy needs to be developed to limit influenza spread and the associated health
complications in order to prepare for future pandemics.

There are currently two classes of general antiviral drugs used to treat IAV infections,
namely adamantanes (e.g. amantadine and rimantadine) and neuraminidase inhibitors (e.g.
oseltamivir and zanamivir) [20]. In the case of the 2009 pandemic strain (pH1N1), the virus had
developed a mutation that made it resistant to adamantanes, leaving neuraminidase inhibitors as
the only available treatment option for infected individuals [21]. Oseltamivir proved to be highly
effective against pH1N1, and allowed faster resolution of symptoms as well as a more rapid

clearance of viral shedding in hospitalized patients [22,23]. However, the efficacy of oseltamivir
3



treatment significantly decreases with a delay in seeking treatment [23,24]. Furthermore, up to
3% of pH1N1 patients treated with oseltamivir displayed resistance, which studies have reported
to occur within 48 hours of treatment [25,26]. Hence, effective and efficient treatment strategies

that are not susceptible to viral resistance are desperately needed for future pandemics.

1.2 1AV Structure and Lifecycle

IAV belongs to the Orthomyxoviridae family of viruses, and is classified based on its
envelope glycoproteins HA and NA [27]. It has a single stranded RNA genome, segmented into
8 viral Nucleoproteins (VRNPSs). The segmented nature of its genome allows frequent re-
assortment with other IAVs when two viruses infect the same cell [10].

Human IAV mainly infects the epithelial cells of the upper respiratory tract that express
sialic acid connected via an a2-6 linkage to an oligosaccharide chain. The HA protein
preferentially binds to this receptor, triggering endocytosis of the virus [27]. Upon
internalization, acidification of the endosome causes a conformational change in HA [28]. This
mediates the activation of the Matrix Protein 2 (M2), a hydrogen ion channel that further lowers
the pH within the endosome [29]. Acidic pH results in the fusion of the viral envelope with the
endosome membrane, and release of VRNPs into the cytoplasm [30]. VRNPs are then directed to
the nucleus via nuclear localization signals, and subsequently transported via nuclear pores [31].
Within the nucleus, the viral RNA-dependent RNA polymerase has the dual function of
performing RNA transcription to create messenger RNA (mRNA), as well as RNA replication to
create viral complementary RNA (cRNA) [32]. Host cellular mechanisms are subsequently used
to transport MRNA into the cytoplasm, where translation is performed by host ribosomes

[10,32]. In contrast, viral cCRNA is used as a template to create negative-sense genomic RNA,



which is subsequently bound with Matrix protein 1 (M1) and the Nuclear Export Protein (NEP)
to be transported out of the nucleus [32,33]. After leaving the nucleus, VRNPs use host factors
and microtubules to traffic to the apical side of the plasma membrane [34-36]. M1 has been
shown to be important for virion assembly through the recruitment of viral and host components,
while NA is required for viral budding and the release of the newly formed virions by facilitating

sialic acid cleavage on the host membrane [37,38].

1.3 Host Responses to 1AV

Upon 1AV infection, the host launches a rapid yet non-specific innate immune response
to limit viral replication. The virus is detected by the host through the binding of Pathogen
Associated Molecular Patterns (PAMPs) to one of two Pathogen Recognition Receptors (PRRS)
present on innate immune cells (Dendritic cells (DCs) and macrophages), namely Toll-like
Receptor (TLR)-7 and Retinoic acid Inducible Gene | (RIG-1) [39]. RIG-1 is a cytosolic sensor,
and recognizes 5’ triphosphates on single stranded viral RNA, leading to the activation of
Interferon Regulatory Factor (IRF)-3 and Nuclear Factor Kappa-light-chain enhancer of
activated B cells (NF-KB) [39,40]. On the other hand, TLR-7 recognizes single stranded viruses
that are taken up by the endosome, and leads to the activation of IRF-7 and NF-KB [39,41]. As
transcription factors, IRF-3 and 7 translocate to the nucleus and induce the production of type |
Interferons (IFNs), while NF-KB induces the production of a variety of pro-inflammatory
cytokines [39]. Furthermore, RIG-1 and TLR-7 are both involved in the activation of the Nod-
like Receptor Protein 3 (NLRP3) inflammasome, leading to the cleavage and activation of pro-
Interleukin(IL)-1p and pro-1L-18, thus resulting in the amplification of a pro-inflammatory

immune response [42,43].



The production of type I IFNs, namely IFN-a and IFN-B, has been demonstrated to be
effective in inhibiting viral replication through the induction of Interferon Stimulated Genes
(ISGs) [44]. ISGs are a set of proteins that can induce an antiviral state through targeting
different steps of the 1AV lifecycle. For example, ISGs can inhibit viral entry by converting
cholesterol on the cell membrane to 25-hydroxycholesterol (Cholesterol-25-hydroxylase),
enhance RIG-1 activity and virus recognition (Tripartite motif-containing protein (TRIM)-25),
inhibit viral entry into the nucleus (Myxovirus resistance gene A(MxA)), inhibit viral replication
by blocking IAV polymerase activity (TRIM32), reduce viral mRNA expression and therefore
protein production (Zinc-finger antiviral proteins (ZAPSs)), and prevent viral release by
perturbing lipid rafts (Virus inhibitory protein (Viperin)) [45-50]. Type | IFNs and subsequent
ISG expression are thus important in establishing an antiviral state during IAV infection.

Several innate cells have important roles in the innate immune response during the first
few days of infection. Infected epithelial cells produce the chemokine CCL2, which recruits
macrophages to the site of infection, resulting in the phagocytosis of infected and apoptotic cells
[51,52]. Studies have demonstrated that the depletion of alveolar macrophages results in
uncontrolled viral titres and increased mortality in mice, pointing to the importance of these cells
in IAV control [53]. Macrophages and Natural Killer (NK) cells are also the primary source of
IFN-y, an important antiviral cytokine, during the first 3 days of infection [43]. Furthermore, the
NKp46 receptor on NK cells can recognize and bind to the HA protein of 1AV, mediating direct
lysis of the virus [54].

DCs are important antigen presenting cells that act as the mediator of innate to adaptive
immunity. DCs that are infected by the virus can induce the proteasomal degradation of viral

proteins in the cytosol. Viral proteins are then transported to the Endoplasmic Reticulum (ER),



where they are attached to the Major Histocompatibility Complex (MHC)-I, and subsequently
transported to the cell surface for representation to T lymphocytes [39,55]. DCs are also
constantly inspecting the lung for pathogens, and are able to phagocytose the virus upon
identification. Phagocytosed viral proteins are degraded in the endosome, where they are
associated with MHC-II, and subsequently moved to the cell surface [39]. Following antigen
processing, DCs migrate to the mediastinal lymph node via CCR7 signaling, where they present
IAV-derived antigens to CD4" (via MHC-Il-antigen complex) and CD8" (via MHC-I-antigen
complex) naive or memory T cells [39,56].

Engagement with the MHC-I-antigen complex on DCs and co-stimulatory cytokines such
as IFN-y and IL-2 can induce the proliferation and differentiation of CD8" T cells into Cytotoxic
T Lymphocytes (CTLs) [57,58]. CTLs directly “kill” infected cells through two different
mechanisms. Firstly, CTLs produce cytotoxic granules such as perforin and granzyme. Perforin
is able to form pores on the cell membrane, allowing passive diffusion of granzyme into the
target cell. Granzyme subsequently cleaves viral and host proteins important for viral life cycle
[59,60]. Furthermore, CTLs can produce Tumour Necrosis Factor-o (TNF-a), Fas Ligand (FasL),
and TNF-related Apoptosis-inducing Ligand (TRAIL). The signaling of these cytokines can
induce apoptosis in the infected cells [39,59,61].

Alternatively, DCs presenting viral antigens on MHC-1I can produce IL-12, which
induces the differentiation of CD4™ T cells into T helper type 1 (Thi) cells [62]. Th; cells are able
to provide “help” to other immune cells through the production of IFN-y and TNF-a to induce
IAV protection [63,64]. As an important antiviral cytokine, IFN-y can upregulate the cell surface
expression of MHC-1, thus increasing the potential for cytotoxic T cell activation and further

viral clearance [65]. Furthermore, IFN-y activates macrophage effector function by increasing



pinocytosis and receptor-mediated phagocytosis, and upregulates the expression of the inducible
Nitric Oxide Synthase (iNOS) and Reactive Oxygen Species (ROS) production to increase the
ability of macrophages to Kill viruses [65-67]. Lastly, IFN-y induces the differentiation of CD4"
T cells towards a Th: phenotype, resulting in a positive-feedback loop that can effectively

eliminate the virus [65].

1.4 The 2009 H1N1 Pandemic

A novel strain of pandemic influenza (pH1N1) was first identified in Mexico in March
2009, and quickly swept the globe owing in part to modern advancements in transportation. Over
26,000 cases were reported only three months after its initial identification, leading the World
Health Organization (WHO) to announce a phase 6 pandemic (on the 6-point scale influenza
alert system) and a public health emergency on June 11, 2009 [68,69]. Worldwide, the pandemic
caused over 18,500 laboratory confirmed deaths. Considering the lack of healthcare facilities and
thus fewer cases tested in developing countries, this number is believed to be a gross
underestimation of the true impact of the pandemic. Using computational models, Dawood et al.
estimated the true number of pH1N1-mediated deaths to lie between 151,700-575,500
individuals, with 51% of mortality attributed to countries in South-East Asia and Africa [70].

The first case of pH1N1 in Canada was reported on April 26", and the pandemic soon
followed through two waves in a bimodal fashion, with the highest hospitalization and
transmission rates occurring in June and November 2009. The Government of Canada has
reported over 40,000 laboratory-confirmed cases and over 400 deaths associated with pH1N1
[71]. Between April to December 2009, 4794 individuals were hospitalized due to HLN1, which

was a significant increase from 1300 hospitalizations during a typical influenza season.



Excluding physician fees, the sheer number of hospitalizations resulted in over $200 million in
healthcare expenditures in Canada [72]. Due to limited laboratory resources however, only
hospitalized cases were tested for pH1N1, and many infected individuals with mild symptoms
did not seek medical attention. Thus, the reported number of laboratory-confirmed pH1N1 cases
is believed to be an underestimation of the true impact of the pandemic in Canada [71].

Since the pandemic, several studies have investigated potential risk factors associated
with morbidity and mortality in pH1N1-infected patients. Kerkhove et al. undertook a meta-
analysis using data from 70,000 laboratory-confirmed cases from 19 different countries. This
study identified asthma as a major risk factor for severe cases, with asthma having been reported
in 17.6% of hospitalized patients, 9.8% of Intensive Care Unit (ICU)-admitted patients, and 5.3%
of pH1N1-fatal cases [73]. In hospitalized patients with asthma, pneumonia and acute respiratory
distress syndrome have been identified as the most common comorbidities in pH1N1-fatal and
ICU-admitted patients [74]. These studies suggest that asthmatic individuals were
disproportionately affected and experienced more severe health complications during the HIN1
pandemic.

A major public health concern during the 2009 H1IN1 pandemic was the considerable
morbidity and mortality experienced by young asthmatic children. A study by McKenna et al.
used data from 5.3 million children aged 17 or younger in the United States during the 2003-
2009 influenza seasons to investigate the impact of the pandemic on the young asthmatic
population. This study reported children with asthma accounted for 32% of hospitalization
during a typical flu season, while they accounted for 44% of hospitalizations during the

pandemic season [75]. This is while 7 million children (around 8% of the population) suffers



from asthma in the United States, thus leaving a large population of young asthmatic children at

a greater risk of experiencing pandemic—associated adverse health outcomes [76].

1.5 Asthma Prevalence and Diagnosis

The WHO estimates 300 million people suffer from asthma worldwide, causing over
250,000 asthma-related deaths per year [77]. In Canada, 8.1% of the population above the age of
12 suffers from asthma, corresponding to 2.4 million Canadians [78]. Studies have identified
asthma as the leading cause of hospitalizations in Canada, creating a heavy burden on the
healthcare system. British Columbia spends $46 million annually on health care costs associated
with asthma, excluding indirect costs such as productivity loss and time loss from work [79].

Recently, the Centers for Disease Control and prevention (CDC) reported an increase in
the prevalence of asthma from 7.3% in 2001, to 8.2% in 2009 in the United States [80]. While
the exact cause of this increase in asthma prevalence is not known, several studies have
identified a correlation between increasing urban pollution with asthma in children [81,82].
Other studies have proposed a connection between viral infections in infancy and an elevated
risk of asthma later in life [83]. However, the most well-known theory is the hygiene hypothesis,
which proposes that a reduction in infectious stressors during early childhood suppresses the
natural development and maturation of the immune system, resulting in a higher risk of
developing allergic disease [84]. Indeed several studies have demonstrated lower rates of asthma
in children living in environments with higher microbial diversity, such as farms and rural areas,
than children living in urban areas [85,86]. Thus, recent urbanization trends have been suggested

as the implicating factor in increased rates of asthma in the population [87].
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While asthma is a complex disease with a number of different endotypes representing
distinct underlying pathophysiological characteristics, allergic asthma has been reported in up to
70% of diagnosed cases [88]. Allergic asthma is characterized by a predominant Thz phenotype,
and patients present elevated levels of IL-4, IL-5, and IL-13 (Th2 cytokines), and airway
eosinophils, mast cells, and IgE. A second endotype commonly found in adults is characterized
by a predominant Thi7 phenotype, and patients present elevated levels of sputum neutrophils and
IL-17 (Thy7 cytokine) [89]. While the Thi7 endotype is less commonly found in the asthmatic
population, IL-17 production has been implicated as the driver of more severe forms of the
disease [90,91].

The diagnosis of asthma endotypes relies on the integration of a number of clinical
diagnostic tools. Clinical symptoms include breathlessness, wheezing, cough, and chest
tightness. Spirometry is often used as a method of quantifying lung function and airflow
limitation [92]. Measuring Forced Expiratory Volume in 1 second (FEV1) and Peak Expiratory
Flow (PEF) are recommended for the diagnosis and monitoring of patients [93]. Measurements
of airway hyper-responsiveness are used when there is diagnostic uncertainty following
spirometry. Inhaled methacholine (or histamine) is used to measure the sensitivity of airways,
and is expressed as the Provocative Concentration to cause a 20% decrease in FEV1 (PC20).
Non-asthmatics are classified as having a PC20 of 16 mg/mL or higher, while asthmatics express
sensitivity at a lower concentration of methacholine depending on the severity of the disease
[94]. Inflammatory markers have also been used as a method of diagnosis. Most commonly,
Fractional exhaled Nitric Oxide (FeNO), which is elevated in asthma, is used to measure the

degree of inflammation [95]. Serum IgE is also commonly used to determine atopic status [96].
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1.6 The Inflammatory Response in Allergic Asthma

As the first line of defense to pathogens and allergens, Airway Epithelial Cells (AECS)
serve as an important activator of the immune response. Upon engagement, proteases within the
allergen can cleave and activate Protease Activated Receptor (PAR)-2 on AECs [97]. Activation
of PAR-2 induces a pro-inflammatory response through the production of IL-6, IL-8, IL-25, IL-
33, and Thymic Stromal Lymphopoietin (TSLP) [98-100]. Serine proteases within the allergen
can also cleave adhesion proteins such as occludin and zonula occludens-1, thus increasing
epithelial permeability and the recruitment of inflammatory mediators into the tissue [101].
Furthermore, chemokines produced by AECs, namely CCL2, CCL5, CXCL10, and CCL20, can
amplify the inflammatory response by recruiting DCs [102].

Upon recruitment, DCs can be directly activated through antigen uptake. The Mannose
Receptor (MR) present on DCs is involved in the recognition of the Der p 1 allergen in house-
dust mites [103,104]. Interestingly, studies have identified elevated levels of MR expression on
DCs obtained from asthmatic patients than healthy controls [103,105]. Furthermore, MR
expression on DCs has been implicated in allergen-induced Th. polarization [106]. TLR-2 and
TLR-4 present on DCs can also recognize allergen PAMPs including Der p 2 (an allergen
present in house-dust mites), and are thus involved in the allergen-mediated activation of DCs
[107,108]. DCs may also be stimulated indirectly by AEC-produced cytokines. TSLP production
by AECs upregulates the expression of OX40 ligand in DCs, a molecule critical for driving the
polarization of naive CD4" T cells into Th, [109]. Furthermore, TSLP can induce the production
of CCL22 and CCL17, critical Thy attracting chemokines [109]. Hence, AECs have a critical role

in the DC-mediated induction of the Thy response in the asthmatic airway.
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AEC production of IL-25 and IL-33 has also been implicated in the pathogenesis of
asthma. Several studies have demonstrated an upregulation of both cytokines in asthmatic
patients compared with healthy controls [110,111]. IL-33 engagement with its receptor (ST2),
which is present on innate lymphoid cells 2 (ILC2), induces the production of IL-5 and I1L-13
[112]. Studies have identified ILC2 production of IL-5 and 1L-13 as a critical initiator of the Thy
response [113]. Furthermore, IL-33 can directly act on in-vitro polarized CD4" Th; cells to
stimulate the production of IL-4, IL-5 and IL-13 [114]. IL-25 also has a similar function, and can
promote Thy differentiation in a STAT6-dependent manner [115]. Furthermore, IL-25 can act on
ILC2s to induce the production of IL-13 [116].

The Th, cytokines IL-4, IL-5, and IL-13 have been implicated in the generation of the
asthma traits. Airway eosinophilia, often described as a hallmark of asthma, is potentiated
through the chemokine eotaxin [117]. Studies have demonstrated that IL-4 and IL-13 induce the
production of eotaxin by airway smooth muscle cells [118]. Moreover, IL-5 can induce the
differentiation of eosinophils in the bone marrow, leading to an increase in the level of
eosinophils in the asthmatic airway [119]. Airway remodeling has often been described in
asthma as increased mucous production, increased collagen deposition, and goblet cell
metaplasia [120]. IL-4 and 1L-13 can induce the expression of MUC5AC and MUC?2 (genes
encoding mucin proteins) in bronchial epithelial cells, thus leading to mucous hyperplasia [121].
Furthermore, 1L-13 is believed to induce goblet cell metaplasia by mediating the transition of
club cells to goblet cells in the airway epithelium [122,123]. 1L-13 has also been demonstrated to

mediate collagen deposition by fibroblasts [124].
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1.7 The Thi/Thz Paradigm

The Th1/Th; paradigm of CD4" T cell differentiation was first introduced by Mosmann et
al [125]. Since then, several studies have suggested cross-regulation of CD4" T helper cell
subsets through cytokine feedback and transcriptional regulation to guide lineage fate.

Thy and Th cell subsets are characterized based on their polarizing cytokines (cytokines
that induce differentiation towards a specific subset), their effector cytokines (cytokines uniquely
produced by each subset), as well as the associated transcription factors. In Thy cells, IL-12 and
IFN-y are defined as the polarizing cytokine, and result in the activation of the transcription
factors STAT4 and T-bet. The effector cytokine associated with Th; cells is IFN-y, and is
involved in antiviral immunity as previously described. Conversely, IL-4 is the polarizing
cytokine for Thy cells, and STAT6 and GATAS are the main transcription factors driving Th»
differentiation. The Th; effector cytokines include IL-4, IL-5, and IL-13, which have been
implicated in the pathogenesis of asthma, as previously described [126].

A complex interplay exists during subset polarization, whereby the associated cytokines and
transcription factors specific to one subset antagonize polarization towards another subset. In Thy
cells, IFN-y has been shown to downregulate the I1L-13 response by inducing the cell-surface
translocation of IL-13Ra2, the decoy receptor that binds to and suppresses IL-13 signaling [127].
Furthermore, T-bet can directly interact with GATA-3 to form a complex that can inhibit the
binding of GATA-3 to its target DNA, thus repressing Th lineage commitment [128]. Inversely,
the expression of GATA-3 in Th; cells can downregulate the expression of STAT4, thus
reducing the Thy polarizing effect of 1L-12 signaling [129]. The Thy/Th, paradigm is thus tightly
regulated through cross-inhibition, and this method is used as a means to ensure subset

adherence.
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1.8 Research Aims and Rationale

Several studies have indicated excessive morbidity and mortality in asthmatic individuals
during the 2009 H1N1 pandemic [73,75]. However, the immunological mechanism behind this
phenomenon is unknown, and asthmatics are at a great risk of experiencing adverse outcomes in
future IAV pandemics.

As previously mentioned, the Thi-mediated immune response is involved in the induction
of an antiviral state through the activation of several cell types including macrophages, DCs, and
CTLs [65-67]. In contrast, allergic asthma is characterized through excessive Th; signaling,
resulting in some of the hallmarks of asthma such as eosinophilia and lung remodeling [118-
124]. Our overarching hypothesis was that asthmatics, owing to their Th polarized immune
response, are more susceptible to pH1N1-related morbidity, and that re-balancing of the Th1/Th>
immune response through pharmacologic intervention would mitigate pH1N1-mediated

morbidity in asthmatics.

Aim 1: Assess the role of allergic sensitization in a murine model of pandemic influenza
infection

To study the complex interplay between the Th, asthmatic response and the antiviral Thy
response, we created a murine model of allergic sensitization using House Dust Mite extract
(HDM). Using this model, we assessed pH1N1-mediated morbidity and characterized the
immune response exhibited by sensitized mice (compared to non-sensitized mice). We
hypothesized that sensitized mice would experience greater morbidity due to pH1IN1 infection

and express higher levels of Th cytokines.
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Aim 2: Assess the role of Thz cytokine-signaling blockade in treating pH1N1-related
morbidity in an established infection.

To determine the role of Th, cytokines in pH1N1-mediated morbidity in asthmatic
individuals, we blocked Thy signaling in our established murine model. To inhibit Th, cytokine
signaling, we used a monoclonal antibody targeting the alpha chain of the IL-4 receptor (IL-
4Ra), which conveys the signal for IL-4 and IL-13. We hypothesized that IL-4Ra blockade in
sensitized mice would be an effective treatment to reduce pH1N1-mediated morbidity when an

infection has already been established.

Aim 3: Assess the role of early and systematic Th2 cytokine-signaling blockade prior to
infection in preventing pH1N1-mediated morbidity.

To investigate the utility of IL-4Ra blockade in preventing pH1N1-related morbidity, we
introduced the monoclonal antibody targeting IL-4Ra early on during sensitization, and
systematically throughout the sensitization and infection experimental protocol. We
hypothesized that early and systematic blockade of IL-4Ra would prevent excessive pH1N1-

mediated morbidity in sensitized mice.
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Chapter 2: The Role of Allergic Sensitization in the Response Towards

PH1N1 Infection

2.1  Introduction

As mentioned in chapter 1, several studies have identified asthma as a major risk factor
for hospitalizations associated with pH1N1 [73,75]. A mouse model of allergic asthma may
provide insight on the mechanism of pH1N1-associated morbidity, and enable identification of
potential therapies to protect or treat the vulnerable asthmatic population.

Although different animals have been investigated as allergic sensitization models,
BALB/c mice remain the most common strain used due to their Th, skewing upon allergen
challenge [130,131]. Different allergens as well as different routes of allergen administration
have also been investigated. The protein Ovalbumin (OVA), derived from egg white, is the most
commonly used method of allergic sensitization. Studies have found OVA to be effective in
inducing cellular and pathophysiological phenotypes associated with human asthma. However,
the antigen OVA itself is not associated with any form of human allergic sensitivity, and its
clinical relevance has thus been questioned [131]. Studies have also shown that prolonged OVA
exposure induces a tolerogenic response in mice, such that subsequent sensitization is associated
with reduced airway eosinophils and Airway Hyper-responsiveness (AHR) [132]. Furthermore,
an adjuvant (i.e. aluminum hydroxide) is required to be injected intraperitoneally alongside OVA
to potentiate the development of an antigen-specific Th, response and other pathophysiological

features [133]. Due to the systemic nature of sensitization employed by OVA, as well as the lack
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of a late asthmatic response, utilization of OVA models in mice may be clinically different from
human asthma.

HDM containing the allergen Der p 1 has also been investigated as a potential model of
allergic asthma. HDM-sensitivity associated with elevated levels of HDM-specific IgE has been
observed in 50-85% of asthmatics, making it a clinically relevant antigen [131]. Furthermore,
human subjects have demonstrated both the early and the late asthmatic responses upon HDM
challenge [134]. Unlike OVA, continuous exposure to HDM results in persistent eosinophilia
and airway remodeling, pointing to the applicability of the HDM model in studying chronic
allergic sensitization [135]. HDM-sensitized mice have also demonstrated an ability to elicit an
immune response similar to that of human asthma. The proteolytic activity of HDM activates
TLR-4 signaling in airway structural cells, which is essential for downstream priming of effector
T helper cells [136]. Through TLR-4 signaling, HDM-sensitization can potentiate an allergic
response by inducing differentiation of CD4"* Thy cells capable of producing IL-4, IL-5, and IL-
13 [137]. Airway hyper-reactivity to methacholine, eosinophilia, and airway remodeling in the
form of collagen deposition and goblet cell metaplasia are characteristic of HDM sensitization in
mice [135].

HDM-sensitization has been recognized as a clinically relevant model of allergic asthma, and
investigators have reported using it to study virus-induced asthma exacerbations [138-141].
However, there are currently no models investigating the role of sensitization in pH1N1-related
morbidity. We hypothesized that HDM-sensitization would result in greater pH1N1-mediated

morbidity compared to sham-sensitized mice.
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2.2 Methods
2.2.1  Animal Experimental Model
Mice

Male BALB/c mice between 6-8 weeks of age were obtained from the Jackson
Laboratory (Bar Harbour, MA). Mice were housed in environmentally controlled and specific
pathogen-free conditions at the Genetically Modified Models facility at the Centre for Heart
Lung Innovation, St. Paul’s hospital. All work was carried out in accordance with protocols
approved by the University of British Columbia Animal Care and Biosafety Committees (A16-
0331 and B17-0007).

Influenza Virus

While A/Puerto Rico/8/1934 remains as the most widely used HIN1 strain in murine
research, studies have demonstrated distinct structural differences in the antigenic sites of its HA
protein compared to that of the pandemic strain [135]. Hence, we opted to use
A/California/04/2009 due to its greater relevance to the 2009 pandemic. The
A/California/04/2009 strain was a kind gift from Dr. Masahiro Niikura. The initial stock was
obtained from BEI Resources, and was cultivated in certified pathogen-free embryonated eggs.
The Chorioallantoic Fluid (CAF) from virus-infected and non-virus infected eggs (controls) was
collected using a previously described method [136]. Viral infectivity was determined using the
Reef and Muench method, and is expressed as fifty percent Embryo Infectious Dose (EIDso)
[137].

Allergic Sensitization and pH1N1 Infection

HDM from Dermatophagoides pteronyssinus was obtained from Greer labs (Lenoir, NC,

USA). Using a previously described model of acute HDM-sensitization, mice were anesthetized
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with isoflurane and intranasally exposed to either HDM (25ug of protein antigen in 35uL of
sterile Phosphate-buffered Saline (PBS)) or PBS only on a daily basis [138]. Intranasal
HDM/PBS exposure was performed on days -12 to -8, and -5 to -1 prior to viral infection. This
was followed by a single 50uL dose of pH1N1 (1054 EIDso/mL) on day 0 (figure 2.1). Intranasal
(IN) HDM/PBS instillations then followed on days 2 to 7, and mice were sacrificed on day 8
post-viral infection (p.i.) to perform outcome measurements. Control animals received 50uL of
CAF from non-virus infected eggs on day 0 instead. Animal health status and mouse weight were

monitored daily throughout the 3 week experiment.

Days

‘ Intranasal HDM/PBS Exposure

O Rest Day

‘ Intranasal pH1N1/CAF (control) Exposure

Figure 2.1 - Allergic Sensitization and pH1N1 Infection Protocol
IN HDM/PBS instillations were performed 5 days per week, for 3 consecutive weeks (marked black), and IN
pH1N1 inoculation was performed on day 0 (marked red).

2.2.2  Tissue Harvest and Sample Processing

Bronchoalveolar Lavage Fluid Collection

Bronchoalveolar Lavage Fluid (BALF) was collected after euthanasia by inserting an
intratracheal catheter, followed by instillation of 600uL of PBS into the bronchoalveolar space
and then aspiration of the instilled fluid. The left lung lobe was clamped to ensure BALF was
recovered only from the right lobe. Following recovery, the collected BALF was centrifuged at

4°C at a speed of 300xg for 10 minutes [142]. The supernatant was aliquoted and stored at -80°C
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for future analysis. The pellet was re-suspended with PBS, and total cell count was performed
with a hemocytometer, using a trypan blue exclusion test for cell viability.

A cyto-centrifuge (Cytospin 4 Cytocentrifuge, Thermofisher Scientific, MA, USA) was
used to create slides for the re-suspended pellets. Each slide was stained with the Wright-Giemsa
stain (Sigma Aldrich, MO, USA). The percentage of macrophages, eosinophils, neutrophils, and
lymphocytes was calculated in a total of 200 cells, based on morphological characteristics
identified under the 40x objective of a Nikon Optiphot microscope (Nikon, Tokyo Japan).

BALF Protein Detection

Concentrations of IL-13, IFN-y, and IFN-§ were measured in BALF supernatant using
the MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (EMD Millipore,
Darmstadt, Germany) following manufacturer’s protocol. The results were run on a Luminex
Microplate Reader (Luminex Corporation, TX, USA).

Lung Histopathology and Morphometry

The left lung lobe was inflated with 400uL of 10% formalin, ligated at the trachea,
dissected, and fixed for 24 hours in 10% formalin. Following fixation, the left lobe was cut in a
transverse manner into the superior and inferior segments (figure 2.2). The inferior portion was
embedded into paraffin, allowing for cross sections of the primary bronchus to be obtained. The
superior portion was sectioned in a sagittal manner and embedded in paraffin, allowing for cross
sections of the airways distal to the primary bronchus to be obtained [143]. Three-micron thick
sections from paraffin blocks were stained with the Periodic Acid-schiff (PAS) stain to evaluate
the level of goblet cell metaplasia. Slides were scanned with the Aperio ScanScope AT2, and
analyzed using the Aperio ImageScope software (Leica Biosystems, Wetzlar, Germany). A

colour segmentation algorithm using a predetermined signal detection threshold was applied. The
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basal border of the epithelium (corresponding to the basement membrane) was traced, and the level
of staining was expressed as the number of positive and strong positive pixels per um of basement

membrane [144].

Left Lobe

cut

Figure 2.2 - Depiction of Left Lobe Sampling
Method Following Inflation and Formalin Fixation

Superior
section

» cut

A

Inferior
section

Lung Homogenization and RNA Extraction

Upon collection, the right lung lobe was flash frozen and stored at -80°C. Lung
homogenization was later performed with 500uL of PBS using a single 7mm DNAse/RNAse
free stainless steel bead. Samples were shaken at 50 Hz twice at two minute intervals using the
TissueLyser LT system (QIAGEN, CA, USA), and were left on ice for 30 seconds between each
interval to minimize tissue degradation. RNA extraction was performing directly after
homogenization using the Plus Mini Kit (QIAGEN, CA, USA) per manufacturer’s protocol, and a
spectrophotometer NanoDrop 8000 (Thermo Scientific, DE, USA) was used to verify RNA

concentration and purity.
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Viral Load Quantification

While a plaque assay is generally used to quantify viral load, we were unable to generate
plagque forming units through in-vitro culture of our A/California/04/2009 strain, and hence the
quantitative real-time PCR method was chosen instead.

To quantify the number of viral copies, g°PCR was performed using the ROX™ qScript™
One-Step Fast qRT-PCR Kit (Quanta Biosciences, MD, USA) on RNA samples extracted from
the lung homogenate. Viral RNA standards, ranging from 10° to 10® RNA copies, were extracted
from avian egg amplified virus stock using a QlAamp viral RNA kit (QIAGEN, CA, USA), and
viral RNA concentration and quality was measured using a Nanodrop 8000 Spectophotometer
(Thermo Scientific, DE, USA). 50ng of RNA extracted from virus-fee murine lung homogenate
was mixed with the standards to make the efficiency of gPCR in cellular RNA-free standards
comparable to that of the samples. Samples and standards were run in triplicates on a
MicroAmp® Fast Optical 96-well Reaction Plate (Thermo Fisher Scientific, ON, Canada). The
primers and probe used were based on highly conserved IAV matrix gene [145], and are as

follows:

5'-CTT CTA ACC GAG GTC GAA ACG-3’ (forward primer, FluA-M52C)
5'-AGG GCA TTT TGG ACA AAG/T CGT CTA-3’ (reverse primer, FIuUA-M253R)

Fam-CCGTCAGGCCCCCTCAAAGC-BHQ1 (probe, FIuA-M96 _taq)

The plate was run on a StepOne™ & StepOnePlus™ Real-Time PCR Systems (Thermo
Fisher Scientific, ON, Canada), and a non-template control, which included water instead of

RNA, was used in the reaction. The cycling conditions were based on manufacturer’s protocol,
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and are as follows: 5 minutes at 50°C, 30 seconds at 95°C, followed by 45 cycles of alternating
setting between 3 seconds at 95°C and 30 seconds at 60°C. The cycle number obtained by the
standards was converted into a standard curve, which was used to extrapolate the number of viral

copies in the samples.

2.2.3 Statistical Analysis

Weight loss was compared using two-way Analysis Of Variance (ANOVA) followed by
a Bonferroni correction. BALF total cell count and IFN-p levels were analyzed using the Mann-
Whitney test due to the presence of outliers. All other data, including goblet cell staining, viral
titre, and the cytokine multiplex data (IL-4, IL-5, and IFN-y) were analyzed using a two-tailed
Student’s t-test. Data are expressed as mean = SEM, and p-values < 0.05 were considered
significant. All statistical analysis was performed using GraphPad Prism version 5 (La Jolla,

CA).

2.3 Results
2.3.1 BALF Inflammatory Profile Following Acute HDM Exposure

We sought to determine the efficacy of HDM sensitization in producing an asthma-like
phenotype in mice. Mice were intranasally exposed to HDM or PBS for 3 weeks, 5 times per
week. Upon sacrifice, BALF was collected from the right lobe, and cytospin was performed on
the cell pellet. The Wright-Giemsa-stained BALF slides were counted under a microscope, and
cell types were identified based on morphological characteristics. To account for differences in
the total cell count observed between samples (figure 2.3A), cell differentials are expressed as a

percentage of 200 counted cells. HDM-sensitized mice present significantly reduced percentage
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of BALF macrophages (figure 2.3B). This was accompanied by an increase in the percentage of

BALF eosinophils, neutrophils, and lymphocytes (figure 2.3C-E).
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Figure 2.3 - BALF Macrophage and Eosinophil Cell Differentials Following HDM-
sensitization
BALF was collected on day 8 p.i. from the right lobe. (A) Cells were counted under the microscope using a
hemocytometer with the trypan blue exclusion test to determine the total number of cells in the samples. A cytospin
was made from the pellet, and the percentage of (B) Macrophages, (C) Eosinophils, (D) Neutrophils, and (E)
Lymphocytes between HDM-sensitized and PBS-exposed mice in a total of 200 counted cells is shown. Data are
expressed as mean £ SEM. *** p<0.001, **** p<0001 by (A) Mann-Whitney test and (B-E) Student’s t-test.
2.3.2 Airway Remodeling Following Acute HDM Exposure

To determine the extent of airway remodeling caused by HDM exposure, paraffin
embedded lung sections were stained with PAS to visualize goblet cells. A colour segmentation
algorithm with a pre-determined signal detection threshold was used to quantify the level of
staining. To account for differences in the size of analyzed airways, results were normalized to

the length of the basal membrane, and data are represented as the number of positively-stained
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pixels per um of basement membrane. HDM-sensitized mice displayed extensive PAS staining
representative of goblet cell metaplasia (figure 2.4) compared to PBS-exposed mice, pointing to

the potential role of HDM in airway remodeling.
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2.3.3 HDM-sensitized Mice Experience Greater Morbidity Following pH1N1 Infection
In order to determine the relationship between sensitization and morbidity, CAF-exposed

mice that were HDM-sensitized or PBS-exposed were weighed daily. Compared with PBS-

exposed mice, HDM sensitization alone did not result in weight loss before or after CAF

treatment (figure 2.5). To determine the role of sensitization on influenza exacerbation, we
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monitored pH1N1-infected mice for weight loss as an indicator of disease severity. In contrast to
CAF-treatment, HDM-sensitized mice experienced greater weight-loss on days 7-8 following
pH1NL1 infection (figure 2.6A). To explore whether the observed increase in weight-loss was
related to viral clearance, qPCR was performed on the homogenized lungs of mice on day 8 p.i.
HDM-sensitized mice demonstrated significantly higher levels of viral copies compared with

PBS-exposed mice (figure 2.6B).
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Figure 2.5 - Body Weight Changes Following HDM-sensitization

Mice were exposed intranasally to HDM or PBS for 3 weeks. A single IN inoculation of CAF was performed on day
0. Mice were weighed daily, and mean change in body mass is plotted. Weight is expressed as a percentage of
weight on day 0. Data represent two independent experiments, and are compared using two-way ANOVA with a
Bonferroni correction.
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Figure 2.6 - HDM-sensitization Induces Greater Weight Loss and Elevated Viral Loads
Following pH1N1 Infection

Mice were exposed intranasally to HDM or PBS for 3 weeks, and intransally infected with 1084 EIDso/mL of pH1IN1
on day 0. (A) Mice were weighed daily, and the mean change in body mass is plotted as a percentage of weight on
day 0. (B) Viral load is quantified using gPCR, and is expressed as the number of copies per 50ng of total RNA.
Data represent two independent experiments. **** p<0.0001 by (A) two-way ANOVA with a Bonferroni correction
and (B) Student’s t-test.

2.3.4 BALF Cytokine Profile Changes Induced by HDM-sensitization

Next, we aimed to determine whether HDM-sensitized mice express an altered immune
response. Using a multiplex assay, we measured IFN-y, IFN-B, and IL-13 in the BALF
supernatant of HDM-sensitized and PBS-exposed mice infected with pH1N1. IFN-y protein
levels (Thy marker) are significantly reduced in HDM-sensitized mice (figure 2.7A). In contrast,
BALF IL-13 levels (Th2 marker) are significantly upregulated upon HDM-sensitization (figure
2.7B). IFN-B was measured as a marker of the innate immune response. Our findings indicated

significantly elevated levels of IFN-B in HDM-sensitized mice.

28



O PBS + pHINI (n = 10)
®  HDM + pHINL (n = 9)

(A) (B) (©)

**

100007 *
- *k

100007 104

10004 | ]
10004

1004

BAL IFN-y (pg/mL)
H

o ﬂﬂﬂ

BAL IL-13 (pg/mL)
f.
#

o
o
BAL IFN-B (pg/mL)
b %l

10 T 100 T T 0.1

Figure 2.7 - HDM-sensitization Alters BALF Cytokine Levels in pH1N1-infected Mice
BALF was collected from the right lobe. (A) IFN-y, (B) IL-13, and (C) IFN-B levels were quantified using a
multiplex assay. Data are expressed as mean + SEM. *p<0.05, **p<0.01 by (A-B) Student’s t-test and (C) the
Mann-Whitney Test.

2.4 Discussion

Although HDM models have been previously utilized to investigate asthma
exacerbations, the application of HDM-sensitization in pH1N1-mediated morbidity has yet to be
investigated. We hypothesized that HDM-sensitized mice would experience greater pH1N1-
mediated morbidity compared to CAF-exposed mice.

Using a previously validated model of HDM-sensitization, we have been able to create an
allergic airway phenotype which is likely relevant to human asthma [146]. Our results in CAF-
exposed mice indicate that HDM-sensitization leads to an influx of eosinophils, as demonstrated
by a 14.5-fold increase in the percentage of BALF eosinophils, which is consistent with other 4-
week and 8-week models of HDM-sensitization [147]. This increase in BALF eosinophils was

associated with a 4.3-fold decrease in the percentage of BALF macrophages. This reduction in

the percentage of BALF macrophages may be attributed to a large influx of eosinophils into the
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airways. HDM-sensitization also led to increased levels of PAS staining indicative of goblet cell
metaplasia, one of the hallmark characteristics of allergic asthma [147].

To investigate the role of allergic sensitization in pH1N1-mediated morbidity, we
recorded weight prior to and after pH1N1 infection in HDM-sensitized and PBS-exposed mice.
To account for genetic and dietary differences, weight was expressed as a percentage of day 0
(day of pH1N1 infection). Mice experienced significantly greater weight-loss and reached their
humane endpoint by day 8 p.i. Although all mice experienced similar levels of weight-loss at the
beginning of the infection, PBS-exposed mice stabilized their weight by day 7-8 p.i. However,
HDM-sensitized mice continued to lose weight. Interestingly, HDM-sensitization alone did not
cause weight-loss in mice, and only exacerbated pH1N1-mediated weight loss.

To investigate a potential mechanism involved in excessive pH1N1-mediated weight
loss, we measured the number of viral copies using gPCR. Interestingly, HDM-sensitized mice
displayed a 6.9-fold increase in the number of viral copies on day 8 p.i., pointing to increased
viral burden as a potential explanation for excessive weight-loss. Although eosinophils have
been shown to contribute to antiviral immune response [148], elevated pulmonary eosinophils in
this model were not associated with reduced viral burden.

To assess the airway microenvironment, we measured cytokines in BALF using a
multiplex assay. IL-13 has been described as a bio-signature of asthma due to its involvement in
the recruitment of eosinophils to the airways, and has been used as a marker of Thz polarization
[137,149]. Consistent with previous literature, we found elevated BALF levels of IL-13 in HDM-
sensitized mice, as compared with PBS-exposed mice. Furthermore, we measured IFN- as a
marker of innate immunity. While there is a lack of studies that have measured IFN- production

in the asthmatic airway following IAV challenge, other studies have reported dampened
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production of IFN-B in bronchial epithelial cells of asthmatic patients following RV infection
[150]. This is in contrast to our findings, which indicate that sensitized mice present elevated
IFN-B in BALF following pHIN1 infection. Although differences in our findings may be due to
the use of a different virus, it may also be attributed to variation in methodology; Wark et al.
measured IFN-f production 48 hours following viral infection, whereas we measured IFN-f in
BALF 8 days after pH1N1 infection [150]. Hence, our findings may point towards sustained
IFN-B production in a longer term infection model.

Although IFN-y is characterized as a marker of Thy polarization and is an important
antiviral cytokine, its exact role in the pathogenesis of asthma is controversial. Studies have
reported elevated levels of IFN-y mRNA in BALF cells from severe asthma patients [151].
Furthermore, stimulation of macrophages by IFN-y has led to steroid resistance and AHR in
mice [152]. Other studies however, have reported an inhibitory function for IFN-y in mucous
hypersecretion and eosinophilia [153]. In our model of allergic sensitization, we found reduced
levels of IFN-y, pointing to a potential mechanism whereby the antiviral defense may be
dampened.

Taken together, our results indicate that HDM-sensitization may increase susceptibility to
pH1N1-mediated morbidity due to elevated levels of viral load. This is associated with elevated
BALF IL-13 and IFN- B, and dampened BALF IFN-y protein levels. This model of allergic

sensitization can be used to investigate potential treatments for pH1N1 infection.
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Chapter 3: IL-4Ro Blockade as a Treatment in Established pHIN1 Infection

in a Mouse Model of Allergic Asthma

3.1 Introduction
3.1.1 Th1/Thz Imbalance in Asthma Exacerbations

Several studies have identified viral infections as a major cause of asthmatic
exacerbation, with asthmatics experiencing higher viral loads, greater lower respiratory
symptoms, increase in bronchial hyper-reactivity, as well as lung function impairment in
response to Rhinovirus (RV) infection [154]. Insults to the immune system causing alterations in
the Th1/Th> balance have been suggested as an inducer of asthmatic exacerbation [155].

As the first barrier to pathogens, AECs have been identified as major producers of IL-25
and IL-33 [115,156]. Upon release, both cytokines induce Tha cells and ILC2s to produce IL-5
and 1L-13, skewing the immune response towards Th polarization [114,115,157]. Asthmatics
present elevated baseline 1L-25 expression, which is augmented upon RV infection in a mouse
model of asthma [111]. IL-33 has also been implicated in RV-induced exacerbations, with
elevated IL-33 correlating with higher viral load and elevated BALF IL-5 and IL-13 [158].
Furthermore, RV-induced exacerbations have been associated with a deficient IFN-y and 1L-10
response, and an augmented IL-4, IL-5, and I1L-13 response, corresponding to skewing towards a

Th, phenotype [154].
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3.1.2 Current Treatments for Asthma: Restoring the Thi/Th2 Balance

Due to the role of the Th> response in asthma and asthma exacerbations, blocking this
response has been of clinical interest for many years. A phase Il clinical trial of Altrakincept, a
soluble 1L-4 receptor that binds to and quenches IL-4 signaling, demonstrated improvements in
FEV4, stabilization in asthma symptom scores, and significantly lower requirement for p2-
agonist use [159]. Despite its effectiveness in reducing asthma symptoms, Altrakincept treatment
showed no significant difference in the exacerbation rate of patients [160]. Treatment with
Lebrikizumab, a monoclonal antibody targeting IL-13, showed 5.5% mean increase from
baseline FEV1 in patients with uncontrolled asthma [161]. Furthermore, Lebrikizumab treatment
in mild-asthmatic patients showed reduced serum IgE and a non-significant reduction in the late
phase response following allergen challenge [162]. However, Lebrikizumab treatment did not
significantly reduce exacerbation rates in asthma [161]. Mepolizumab, a monoclonal antibody
against IL-5 which is now approved for treatment of eosinophilic asthma, has shown promise in
controlling severe asthma [163]. Ortega et al. demonstrated up to 100 mL mean increase from
baseline FEV1, and 0.42 points improvement in the asthma control questionnaire in patients
receiving Mepolizumab [164]. Mepolizumab was also able to reduce asthma exacerbation rates
by 53%, pointing to the applicability of this treatment in the healthcare setting [164]. However,
there is no information regarding the efficacy of this antibody specifically against virus-induced
asthma exacerbations.

Dupilumab, a monoclonal antibody targeting IL-4Ra (also known as CD124), which has
been recently approved by FDA for treatment of severe asthma, significantly reduces
exacerbation rates [165,166]. In glucocorticoid-dependent severe asthma, Dupilumab was able to

cause a 70.1% reduction in glucocorticoid dose, as well as a 220 mL increase from baseline
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FEV1 [167]. Another study by Wenzel et al. showed an 87% reduction in asthma exacerbation in
moderate to severe asthmatic patients receiving Dupilumab. Furthermore, patients in this study
had reduced serum biomarker levels of Th; inflammation, namely IgE, eotaxin-3, and CCL17
[168]. In mice, blocking IL-4Ra signaling has showed significant reduction in HDM-induced

AHR, lung eosinophilia, and goblet cell metaplasia [169].

3.1.3 Interleukin-4 Receptor Alpha Signaling

IL-4Ra chain is shared for signaling by two of the driving cytokines behind the Thy
response, namely IL-4 and 1L-13. For IL-13 to induce signaling, it binds with low affinity to IL-
13Ral, which requires recruitment and hetero-dimerization with IL-4Ra for a high affinity
interaction [170]. IL-13 can also bind to IL-13Ra2, which is a high-affinity decoy receptor used
to quench 1L-13 signaling [171]. In contrast, IL-4 binds with high affinity to IL-4Ra when it is
hetero-dimerized with one of two receptor chains, either the IL-13Ral or the yC chain [172].

IL-4/IL-13 signaling, and the subsequent dimerization of the IL-4Ra with the respective
complex chain results in the activation of Janus kinases (JAK). Each receptor subunit is
associated with a specific JAK in its cytoplasmic domain; IL-4Ra is associated with JAK1, yC is
associated with JAK3, and IL-13Ral is associated with either JAK2 or Tyrosine Kinase (TYK)-
2 [173]. JAK activation results in the phosphorylation of tyrosine residues in the cytoplasmic
domain of IL-4Ra, which acts as a docking site for molecules containing Src homology 2 (SH2)
domains, such as STAT6 [173]. Upon recruitment, STATG is tyrosine phosphorylated,
disengages from the receptor domain, homo-dimerizes, and migrates to the nucleus [174]. Within
the nucleus, STAT6 binds to consensus sequences within promoters of 1L-4 and IL-13 regulated

genes, resulting in their upregulation. An alternative mechanism has also been proposed,
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whereby IL-4 (and not 1L-13) signaling results in the recruitment of Insulin Receptor Substrate
(IRS)-2, leading to the activation of the Phosphoinositide-3-Kinase (PI3K) pathway [175].
Activation of the PI3K pathway is thought to promote Th; cell survival by downregulating the
apoptosis of lymphocytes [176].

IL-4/IL-13 signaling and STATG6 activation have been linked to several hallmarks of asthma,
including increased mRNA expression of MUC5AC and MUC2 in primary bronchial epithelial
cells (resulting in increasing mucous production) [121], increased production of eotaxin (an
eosinophil chemoattractant) by airway smooth muscle cells [118], as well as enhancement of G
Protein-coupled Receptor (GPCR)-associated calcium signaling (resulting in airway smooth
muscle contractility) [177]. In contrast, IL-4Ra expression is downregulated following acute
viral infection in CD8" T cells, and an elevated IL-4Ra expression correlates with poor antiviral
immunity due to lower production of antiviral TNF-a and IFN-y [178]. Hence, the question
arises as to whether enhanced IL-4/IL-13 signaling through IL-4Ra following allergen challenge
results in viral exacerbations and poor health outcomes. We hypothesized that blocking IL-4Ra

would reduce pH1N1-mediated morbidity in HDM-sensitized mice.
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Figure 3.1 - IL-4Ra Signaling Pathway and Blockade

(A) IL-4/1L-13 Signaling Pathway. IL-4 binds directly to IL-4Ra, and recruits either IL-13Ral or yC for hetero-
dimerization. Conversely, IL-13 binds to IL-13Ral to induce its hetero-dimerization with IL-4Ra. Upon hetero-
dimerization, the signal transduction cascade induces the phosphorylation of STAT-6, which homo-dimerizes and
acts as a transcription factor to upregulate the expression of IL-4 and 1L-13 regulated genes. (B) IL-4Ra blockade.
Using a monoclonal Antibody (mAB) targeting IL-4Ra prevents IL-4 and IL-13 signaling, thus inhibiting
downstream STAT6 phosphorylation and transcriptional activity.

3.2 Methods

Animal Experimental Protocol

As described in chapter 2, male BALB/c mice between 6-8 weeks (Jackson Laboratories,
Bar Harbour, MA) were intranasally sensitized with HDM (Dermatophagoides pteronyssinus,
25ug of protein in 35uL of sterile PBS), or PBS only on a daily basis [138]. IN HDM/PBS
exposure was performed on days -12 to -8, and -5 to -1 prior to and on days 2 to 7 following viral
infection. A single 50uL dose of pH1N1 (1054 EIDso/mL) was intranasally instilled on day 0

(figure 3.1).
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Anti-1L-4Ra (4-3, hybrid 1gG1) and 1gG1 control (4G8) monoclonal antibodies were
obtained from Amgen (Seattle, WA), and 2mg of each antibody diluted in PBS was administered
intraperitoneally (IP) per respective animal group, as previously described [173]. The volume of
PBS used for the delivery of the antibodies was based on 10uL of PBS per gram of mouse
weight. IP injections were performed on days 1 and 6 following pH1N1 infection, to create a
treatment model in an established viral infection. Control mice received IP injections of PBS on
corresponding days, and were intranasally instilled with either PBS or HDM. Animal health
status and weight were monitored daily, and mice were sacrificed on day 8 p.i. to perform
outcome measurements.

Four groups of animals were studied: (1) PBS-control (IN PBS / IP PBS), (2) HDM-
control (IN HDM / IP PBS), (3) anti-IL-4Ra treatment (IN HDM / IP anti-IL-4Ra), and (4) IgG

isotype control (IN HDM / IP IgG).

Days e,/‘e_/\‘\_/!_/e_K X X,/e _/% NN,

-12

AR |ntranasal HDM/PBS

‘ Intranasal pH1IN1

W' Intraperitoneal PBS/anti-IL-4Ra/IgG injection

Figure 3.2 — Anti-IL-4Ra Treatment Experimental Protocol

IN HDM/PBS instillations were performed 5 days per week, for 3 consecutive weeks (marked black). IN pH1IN1
inoculation was performed on day 0 (marked red), and IP PBS/anti-IL-4Ra/IgG injections were performed on days 1
and 6 following pH1N1 infection (marked gray).

Ethics Statement
All work was carried out in accordance with protocols approved by the University of
British Columbia Animal Care and Biosafety Committees (A16-0331 and B17-0007).
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Tissue Harvest and Sample processing

BALF collection, Right lobe homogenization and RNA extraction, left lobe histology and
morphometry measurements, as well as viral load quantification were performed as previously
described in chapter 2.

BALF Protein Detection

Concentrations of IL-4, IL-5, IL-17A, and IFN-y were measured in BALF supernatant
using the MILLIPLEX MAP Mouse High Sensitivity T cell Panel (EMD Millipore, Darmstadt,
Germany) following manufacturer’s protocol. The results were run on the Luminex Microplate
Reader (Luminex Corporation, TX, USA). The Verikine-HS Mouse Interferon Beta Serum
ELISA Kit (PBL Assay Science, NJ, USA) was used to measure IFN-f in BALF supernatant,
and a Versamax Microplate Reader (Molecular Devices, San Jose, CA) was used to measure
optical density in the samples.

An in-house ELISA was used to measure IgG antibodies made against pH1N1 epitopes.
96 well ELISA plates were incubated overnight at 4°C with pH1N1 viral stock inactivated with
Triton X-100. BALF samples were added the next day and incubated at room temperature for 1
hour. A monoclonal antibody against recombinant H3 HA from Influenza - A/Brisbane/10/2007
(H3N2) (clone: AT179.705.161 - Influenza Reagent Resource, VA, USA) was used as a negative
control.

Peroxidase AffiniPure Donkey anti-mouse 1gG (Jackson ImmunoResearch Laboratories,
PA, USA) was used as the secondary antibody, and was incubated for 45 minutes at room
temperature. The samples were developed after a 5 minute incubation with 3-
ethylbenzothiazoline-6-sulphonic acid, and the optical density was measured using a Victor X5 —

2030 multilabel plate reader (Perkin Elmer, Waltham, MA) at 405 nm. BALF previously
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collected from virus-infected mice (n=4) and non-infected mice (n=3) served as positive and
negative controls respectively.

Statistical analysis

Weight-loss was compared using a two-way ANOVA with Bonferroni correction for
multiple testing. All other parameters were tested for normality using the D'Agostino and
Pearson omnibus normality test. Parameters that were normally distributed (p > 0.05), namely
BALF eosinophil, macrophage, and neutrophil differentials, BALF IL-4 levels, goblet cell
metaplasia, and viral titres, were analyzed using a two-tailed Student’s t-test. Parameters that
were not normally distributed (p < 0.05), namely BALF total cell count and lymphocyte
differentials, as well as BALF IFN-B, IFN-y, IL-5, and IL-17A levels were analyzed using a
Mann-Whitney U test. Data are expressed as mean = SEM, and p-values < 0.05 were considered
significant. All statistical analysis was performed using GraphPad Prism version 5 (La Jolla,

CA).

3.3 Results

3.3.1 Anti-IL-4Ro Treatment Reduces Excessive pH1N1-mediated Morbidity in HDM-
sensitized Mice

To examine the role of IL-4Ra blockade treatment in pH1N1-mediated morbidity, mice
were weighed over the course of the experiment. Similar to our findings in chapter 2, HDM-
control mice (IN HDM / IP PBS) lost significantly more weight than PBS-control mice (IN PBS
/ IP PBS) (figure 3.3A). Comparing treatment groups, HDM-sensitized mice treated with anti-1L-

4Ra (IN HDM / IP anti-1L-4Ra) experienced significantly lower weight loss than their IgG-
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exposed counterparts (IN HDM / IP IgG) (figure 3.3B). In order to examine the role of IL-4Ra
blockade treatment on viral burden, qPCR was performed on the lung homogenate to determine
the number of pH1NL1 viral copies. HDM-control mice presented significantly higher viral loads
than PBS-control mice (figure 3.3C), consistent with our findings from chapter 2. Furthermore,
the anti-1L-4Ra treatment group presented significantly lower number of viral copies than the

IgG isotype control group (figure 3.3D).
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Figure 3.3 — Anti-IL-4Re Reduces pH1N1-mediated Weight Loss and Excessive Viral Load

in HDM-sensitized Mice

Mice were intranasally exposed to HDM or PBS for 3 weeks, and IP injected 1 and 6 days after pH1N1 infection with
either PBS only, anti-IL-4Ra, or IgG isotype control. (A-B) Mice were weighed daily, and the mean change in body
mass is plotted as a percentage of weight on day 0. (C-D) Viral load was quantified using gPCR on the homogenized
right lobe, and is expressed as the number of copies per 50ng of total RNA. Data represent two independent
experiments, and are expressed as mean = SEM. * p<0.05, ** p<0.01, **** p<0.0001 by (A) two-way ANOVA with
a Bonferroni correction and (B) Student’s t test.
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While anti-1L-4Ra treatment significantly reduced HDM-mediated excessive weight loss,
these mice still experienced greater weight loss than PBS-control mice (figure 3.4A). However,

no significant difference was found in the number of viral copies between the anti-IL-4Ra

treatment and PBS-control groups (figure 3.4B)
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Figure 3.4 — Anti-IL-4Ra treatment Group Experienced Greater Weight Loss but Similar

Viral Loads Compared to PBS-control Group Following pH1N1 Infection

(A) Mice were weighed daily, and the mean change in body mass is plotted as a percentage of weight on day 0. (B)
Viral load was quantified using qPCR on the homogenized right lobe, and is expressed as the number of copies per
50ng of total RNA. Data represent two independent experiments, and are expressed as mean + SEM. * p<0.05, **
p<0.01, by (A) two-way ANOVA with a Bonferroni correction and (B) Student’s t test.

3.3.2 Anti-IL-4Re Treatment is Insufficient in Restoring the BALF Immune Cell
Composition

We sought to determine whether IL-4Ra blockade treatment restored BALF immune cell
composition. Similar to our previous findings, we found no significant difference in the
concentration of immune cells between the PBS-control and HDM-control groups (figure 3.5A)
or between the anti-IL-4Ra treatment and the 1gG isotype control groups (figure 3.6A). A BALF

cytospin was then created to determine immune cell composition between samples. HDM-
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control mice had increased percentage of eosinophils and reduced percentage of macrophages

compared to PBS-control mice (figure 3.5B and C), in agreement with our findings from chapter

2.
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Figure 3.5 - BALF Cell Differentials in PBS-control and HDM-control Groups

BALF was collected on day 8 p.i. from PBS-exposed and HDM-sensitized mice. (A) Cells were counted using a
hemocytometer, and are expressed as the number of cells per micrlotre of BALF retrieved. A cytospin was made from
the cell pellet, and the percentage of (B) Eosinophils, (C) Macrophages, (D) Neutrophils, and (E) Lymphocytes was
determined in a total of 200 counted cells. Data are expressed as mean = SEM. ** p<0.01, **** p<0001 by Student’s
t-test.

In contrast, no significant difference was observed in the percentage of eosinophils or
macrophages between the anti-1L-4Ra treatment and the 1gG isotype control groups (figure 3.6B

and C). There were no significant differences in the percentage of neutrophils or lymphocytes
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between the PBS-control and HDM control groups (figure 3.5D and E), or the anti-IL-4Ra-

treatment and 1gG isotype control groups (figure 3.6D and E).
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Figure 3.6 - BALF Cell Differentials in anti-IL-4Ra Treatment and 1gG Isotype Control
Groups

BALF was collected on day 8 p.i. from HDM-sensitized mice treated with either anti-1L-4Ra or IgG isotype control.

(A) Cells were counted using a hemocytometer, and are expressed as the number of cells per microlitre of BALF
retrieved. A cytospin was made from the cell pellet, and the percentage of (B) Eosinophils, (C) Macrophages, (D)
Neutrophils, and (E) Lymphocytes was determined in a total of 200 counted cells. Data are expressed as mean +
SEM, and analyzed by (A,E) Mann-Whitney test and (B-D) Student’s t-test.

3.3.3 Anti-IL-4Ra Treatment is Insufficient in Reducing Airway Goblet Cell Metaplasi

To assess levels of HDM-induced airway remodeling, a colour segmentation algorithm

a

was applied on PAS-stained slides to visualize and quantify goblet cell metaplasia. Results were

normalized to the length of basement membrane to account for differences in the size of the

airways analyzed. In accordance with our findings from chapter 2, we found HDM-control mice
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displayed significantly higher levels of PAS staining compared with PBS-control mice (figure

3.7 A-C). However, anti-1L-4Ra treated and IgG isotype control mice displayed similar levels of

PAS staining (figure 3.7 D-F)
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Figure 3.7 — Anti-IL-4Ra Treatment is Insufficient in Reducing HDM-induced Airway
Goblet Cell Metaplasia

Representative images of PAS-stained tissues from the left lobe for (A) PBS-control, (B) HDM-control, (D) anti-1L-
4Ra treatment, and (E) 1gG isotype control groups. (C, F) A colour segmentation algorithm was used to quantify PAS-
positively stained cells. Data are expressed as mean = SEM. ** p<0.01 by Student’s t test.
3.3.4  Cytokine Profile and pH1N1-specific 1IgG Following Anti-1L-4Ra Treatment

To interrogate changes in cytokine production induced by anti-IL-4Ra treatment, a
multiplex assay and ELISA were performed on the BALF. Although there was a trend towards
lower IFN-y levels in HDM-control group, these differences were not significantly lower than

IFN-v levels in the PBS-control group (figure 3.8A). Anti-IL-4Ra treatment and 1gG isotype
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control groups also presented similar levels of BALF IFN-y (figure 3.8B). Moreover, PBS-
control and HDM-control mice displayed no significant difference in IL-4, IL-5, IL-17A (figure
3.8 C,E,G), or IFN-B BALF protein levels (figure 3.9A). In contrast, BALF from anti-IL-4Ra
treatment group displayed significantly elevated IL-4, IL-5, and IL-17A (figure 3.8 D,F,H), and

significantly reduced IFN-p levels (figure 3.9B) compared with BALF from 1gG isotype control

group.
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Figure 3.8 — Anti-IL-
4Ra Treatment Results
in Elevated BALF IL-
4, IL-5, and IL-17A
Protein Levels

BALF was collected from the
right lobe. (A-B) IFN-y, (C-
D) IL-4, (E-F) IL-5, and (G-
H) IL-17A protein levels
were quantified using a
multiplex assay. Data are
expressed as mean £ SEM.
*p<0.05, **p<0.01,
***p<0.001 by (A-E,G)
Student’s t test and (F,H)
Mann-Whitney Test.
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Figure 3.9 — Anti-IL-4Ra Treatment Group Present Lower BALF IFN-p Protein Levels
BALF was collected from the right lobe, and IFN-f protein levels were measured using ELISA. Data are expressed
as mean = SEM. **p<0.01 by (A) Student’s t test and (B) Mann-Whitney Test.

To assess the level of acquired immunity to pH1N1, an in-house ELISA was developed
to measure BALF IgG antibodies specific to the pH1N1 HA antigen. BALF collected from
pH1N1-infected mice (positive control) showed significantly higher Optical Density (OD)
associated with higher pH1N1-specific 1IgG concentration, as compared with BALF from non-
infected mice (negative control — figure 3.10A). Furthermore, PBS-control group presented
lower pH1N1-specific 1IgG than HDM-control group (figure 3.10B). In contrast, anti-1L-4Ra.
treatment group presented higher BALF pH1N1-specific IgG compared with IgG isotype control

group (figure 3.10C).
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Figure 3.10 — Anti-IL-4Ra.
Treatment Group Present
Elevated Levels of BALF
pH1N1-specific 19G

BALF was collected from the
right lobe, and levels of anti-
pH1N1 IgG were measured using
an in-house ELISA. (A) BALF
from virus-infected and non-
infected mice was used as
positive and negative controls
respectively, (B-C) BALF from
treatment and control mice were
measured at optical density (OD)
405. Data are expressed as mean
+ SEM. *p<0.05, **p<0.01 by
Student’s t test.

A vast amount of literature has supported the role IL-4Ra signaling as a potential

mechanism for the induction and maintenance of allergic asthma. Furthermore, pre-clinical and

clinical studies have demonstrated that IL-4Ra blockade abrogates some of the hallmark

phenotypes of asthma, including eosinophilia and goblet cell metaplasia [168,169]. However, it

has yet to be determined whether IL-4Ra has a role in modulating the level of virus-induced

morbidity. We hypothesized that IL-4Ra blockade could be used in an established pHIN1

infection to reduce excessive morbidity in HDM-sensitized mice.

Similar to our findings from chapter 2, our results indicate that HDM-sensitized control

mice experience significantly greater weight loss and higher viral loads than PBS-control mice.
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To determine the role of IL-4Ra in HDM-induced excessive morbidity, we introduced the anti-
IL-4Ra treatment on days 1 and 6 following an established pHINT1 infection. Our results indicate
a significant reduction in weight loss on days 5-8 p.i. in HDM-sensitized mice that received anti-
IL-4Ra treatment (HDM / anti-IL-4Ra). To elucidate the mechanism leading to reduced weight
loss, gPCR was performed to measure viral load in homogenized lung tissue. We demonstrated
that the anti-IL-4Ra treatment group present lower number of viral copies than the 1gG isotype
control group, pointing to lower viral burden as a potential mechanism implicated in reduced
pH1N1-mediated morbidity. Interestingly, while anti-IL-4Ra treatment group experienced
reduced weight loss compared with the IgG-isotype control group, anti-1L-4Ra. treated mice lost
significantly more weight than PBS-control mice. This indicates that anti-IL-4Ra treatment in an
established pH1N1-infection is insufficient in reducing HDM-mediated excessive weight loss
back to baseline levels. However, we found no significant difference in levels of viral titre
between the anti-IL-4Ra treatment and PBS-control groups, indicating that the timing of the
treatment strategy is sufficient to reduce viral burden.

Consistent with our results from chapter 2, HDM-control mice presented greater levels of
PAS staining indicative of goblet cell metaplasia, as well as a greater percentage of eosinophils
in BALF. The BALF cell differentials also revealed a reduction in the percentage of BALF
macrophages in HDM-control mice, while the percentage of BALF neutrophils and lymphocytes,
as well as the total concentration of BALF cells remained unchanged between the HDM-control
and PBS-control groups. Although there was a trend towards lower BALF IFN-y levels upon
HDM sensitization, there was no significant difference between HDM-control and PBS control

mice.
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Previous studies have reported that IL-4Ra blockade reduces BALF eosinophilia and
goblet cell metaplasia [169]. However, we were unable to reproduce these findings, and there
was no significant difference between the anti-1L-4Ra treatment and the IgG isotype control
groups in the level of PAS staining, the percentage of BALF eosinophils, macrophages,
neutrophils, lymphocytes, or the total concentration of BALF cells. However, Hirota et al.
introduced the anti-IL-4Ra intervention at the time of initial sensitization, and continued
intervention throughout the sensitization protocol [169]. In contrast, we introduced the IL-4Ra
blockade after 2 weeks of continuous sensitization, allowing effective establishment of allergic
sensitization. Hence, differences observed in the level of goblet cell metaplasia and BALF
eosinophil percentage between the two studies may be due to differences in the experimental
design.

To characterize the immune profile of mice in each group, BALF samples were tested
using an array of ELISAs and Multiplex assays. IFN- was used as a marker of innate immunity.
Previous studies using bronchial epithelial cells from asthmatic patients have reported 2.5 fold
lower levels of RV-induced IFN-p than healthy controls, which correlated with an increase in
RV replication and release [150]. In our study however, we did not find a significant difference
in BALF IFN-B levels between the PBS-control and HDM-control groups. Another study
reported attenuation of RV-induced IFN-B response by respiratory epithelial cells upon treatment
with IL-4 and IL-13 [179]. While we expected an increase in IFN- levels when the signaling of
IL-4 and IL-13 was blocked through the anti-IL-4Ra treatment, our findings indicated that mice
receiving the IL-4Ra blockade had lower levels of BALF IFN-f than IgG isotype controls. The
inconsistencies found may be attributed to the time of IFN-B measurement; Wark et al. and

Contoli et al. measured IFN-B after 8, 24, and 48 hours incubation, with RV and 1L4/IL-13
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respectively [150,179]. In contrast, we measured BALF IFN-f levels 8 days after pH1IN1
infection. Hence, while the literature may suggest asthnmatics have delayed induction of IFN-3
production, studies have yet to investigate the maintenance of IFN-f production following
pH1N1 infection. Our study suggests that mice receiving IgG isotype control are able to sustain
IFN-B production for a longer period of time, which may be attributed to having elevated viral
loads on day 8 post-infection.

BALF IL-4 and IL-5 levels were measured as indicators of the Th, response. While other
studies have reported increased BALF levels of these cytokines upon OVA sensitization, we
found no significant difference in BALF IL-4 and IL-5 levels between PBS-control and HDM-
control mice [180]. However, protein levels of both of these cytokines were elevated in the anti-
IL-4Ra treatment group compared with the IgG isotype control group. An inability of 1L-4 to
signal through IL-4Ra may contribute to this cytokine’s low consumption, thus leading to its
accumulation in BALF. However, Tomkinson et al. reported lower protein levels of IL-4 and IL-
5 in OVA challenged mice treated with an IL-4Ra antagonist [181]. Differences in our findings
may potentially be due to differences in experimental design, and be attributed to the use of
pH1NL1 infection in our model.

IL-17A has been implicated in the pathogenesis of severe asthma, and several studies
have identified elevated levels of this cytokine in bronchial biopsies, BALF, and sputum of
subjects with asthma [182-184]. Furthermore, IL-17A has been shown to induce airway mucous
cell metaplasia through a STAT6-independent pathway [185]. Although we found no difference
in BALF IL-17A levels between the PBS-control and HDM-control samples, the level of this
cytokine were below the detection limit of the multiplex assay we used. Hence, differences in the

levels of this cytokine between control groups may be masked due to experimental shortcomings,
51



and a more sensitive assay is required for accurate detection of this cytokine. Although we were
unable to detect levels of this cytokine in several of our samples, there seems to be a significant
increase in BALF IL-17A levels of anti-IL-4Ra treatment group when compared with the IgG
isotype control group. Previous studies have reported that STAT6 knockout mice have elevated
BALF IL-17A protein levels upon OVA challenge, consistent with our findings [185]. Although
the exact mechanism has yet to be elucidated, it seems that blockade of IL-4Ra or downstream
STAT6 blockade results in increased production of IL-17A.

Lastly, we measured pH1N1-specific 1gG levels in BALF as an indicator of the virus-
specific humoral response. We found that HDM-control mice presented elevated levels of
pH1N1-specific 1IgG, compared with PBS-control mice. Interestingly, the anti-IL-4Ra treatment
group displayed elevated levels of pH1N1-specific IgG when compared with the 1gG isotype
control group, pointing to an enhancement in the humoural response upon blockade of IL-4Ra
signaling. A previous study also found elevated levels of serum RSV-specific IgG2A in mice
treated with an IL-4Ra antisense oligonucleotides [186]. The mechanism whereby IL-4Ra
blockade increases 1gG production has yet to be elucidated.

Our data supports the hypothesis that IL-4Ra blockade reduces pH1N1-mediated
morbidity in HDM-sensitized mice through a mechanism that reduces viral load. This finding
emphasizes the importance of Th1/Th balance in the context of asthma exacerbations, and how
alterations in this tightly regulated response could have a considerable impact in health and
disease. We have been able to identify IL-4Ra blockade as not only a method to reduce asthma-
associated symptoms, but as an effective treatment for viral-induced morbidity in the form of

weight loss in sensitized mice.
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Chapter 4: Early and Systematic IL-4Ra Blockade Prevents pH1N1-mediated

Weight Loss in a Mouse Model of Allergic Asthma

4.1 Introduction

Vaccinations are currently the principal method for the prevention of influenza-mediated
morbidity and mortality [24]. However, from the time a new strain of influenza with pandemic
potential is identified, it may take 6 months for a vaccine to be developed [16]. In the case of the
2009 pandemic, the first case of HLN1 was reported in Mexico in April, while the deployment of
vaccines did not begin until September [187]. During this period, CDC reported over 37,000
cases of laboratory-confirmed HIN1 in the United States alone. This period of waiting without
suitable prevention strategies can have a devastating effect on the vulnerable population [188].
An alternative method of prevention that can be deployed quickly needs to be developed to
address the needs of individuals with comorbidities and risk factors, such as the asthmatic
population.

Our results from Chapter 3 indicate a significant improvement in the symptoms of
sensitized mice treated with anti-IL-4Ra. However, it is unknown whether IL-4Ra blockade
could be used as a preventative intervention. We hypothesized that early and systematic blockade

of IL-4Ra signaling could reduce morbidity in the form of weight loss in HDM-sensitized mice.
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4.2 Methods

Animal Experimental Protocol

As described in previous chapters, 6-8 week old male BALB/c mice (Jackson
Laboratories, Bar Harbour, MA) were intranasally sensitized with HDM (Dermatophagoides
pteronyssinus, 25ug of protein in 35ulL of sterile PBS) on a daily basis [139]. Intranasal
HDM/PBS exposure was performed on days -12 to -8, and days -5 to -1 prior to- and on days 2
to 7 following- viral infection. A single dose of pH1N1 (50ul, 10%4 EIDso/mL) was intranasally
instilled on day O (figure 4.1).

Anti-1L-4Ra (4-3, hybrid 1gG1) and 1gG1 (4G8) monoclonal antibodies were obtained
from Amgen (Seattle, WA), and 2 mg of each antibody diluted in PBS was administered
intraperitoneally per respective animal group, as previously described [174]. The volume of PBS
used for the delivery of the antibodies was based on 10uL of PBS per gram of mouse weight. IP
injections were performed on days -12, -7, and -2 prior to- and day 3 following- viral infection to
create a preventative intervention model. Animal health status and weight were monitored daily,
and mice were sacrificed on day 8 p.i. to perform outcome measurements (figure 4.1).

Two groups of animals were studied: (1) anti-IL-4Ra (preventative) intervention (IN

HDM / IP anti-IL-4Ra), and (2) IgG isotype-control (IN HDM / IP 1gG).
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Figure 4.1 — Anti-IL-4Ra Preventative Intervention Experimental Protocol

IN HDM instillations were performed 5 days per week, for 3 consecutive weeks (marked black). IN pH1IN1
inoculation was performed on day 0 (marked red), and IP IL-4Ra/IgG injections were performed on days -12, -7,
and -2 prior to pH1N1 infection, and day 3 following pH1N1 infection (marked gray).

Ethics Statement
All work was carried out in accordance with protocols approved by the University of

British Columbia Animal Care and Biosafety Committees (A16-0331 and B17-0007).

Tissue Harvest Sample processing

BALF collection and protein detection, right lobe homogenization and RNA extraction,
left lobe histology and morphometry measurements, as well as viral load quantification were
performed as previously described in chapters 2 and 3.

Statistical analysis

Weight loss was compared using two-way ANOVA with a Bonferroni correction for
multiple testing. All other parameters were tested for normality using the D'Agostino & Pearson
omnibus normality test. Parameters that were not normally distributed (p < 0.05), namely BALF
total cell concentration and neutrophil differentials, as well as BALF IFN-f levels were analyzed
using the Mann-Whitney U test. All other parameters passed the normality test, and were

analyzed using a two-tailed Student’s t-test. Data are expressed as mean + SEM, and p-values
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<0.05 were considered significant. All statistical analysis was performed using GraphPad Prism

version 5 (La Jolla, CA).

4.3 Results
4.3.1 Anti-IL-4Ra Preventative Intervention Reduces H1IN1-mediated Morbidity in
HDM-sensitized Mice

In order to determine the role that an early IL-4Ra blockade intervention would have on
pH1N1-mediated morbidity, mice were weighed throughout the course of the experiment. Our
results indicate that an early anti-IL-4Ra intervention (IN HDM/ IP anti-IL-4Ra) significantly
reduces weight loss on days 6-8 p.i. (figure 4.2A), compared with mice receiving IgG isotype
control (IN HDM/ IP IgG). To examine the role of IL-4Ra blockade on viral load, gPCR was
performed on the lung homogenate to determine the number of viral copies. The anti-IL-4Ra
intervention group presented significantly lower number of viral copies than the 1gG isotype

control group (figure 4.2B).
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Figure 4.2 — Anti-IL-4Ra Preventative Intervention Reduces pH1N1-mediated Excessive
Weight Loss and Viral Load in HDM-sensitized Mice

Mice were intranasally exposed to HDM for 3 weeks, and IP injected on days -12, -7, -2, and 3 pi with either anti-
IL-4Ra or 1gG isotype control. (A) Mice were weighed daily, and the mean change in body mass is plotted as a
percentage of weight on day 0. Data represent two independent experiments, and were analyzed using two-way
ANOVA with a Bonferroni correction. (B) Viral load was quantified using gPCR on the homogenized right lobe,
and is expressed as the number of copies per 50ng of total RNA. Data were analyzed using Student’s t-test, and are
expressed as mean £ SEM. ** p<0.01, **** p<0.0001
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4.3.2 IL-4Ro Preventative Intervention Reduces the Percentage of BALF Eosinophils

We sought to determine whether early and intermittent IL-4Ra blockade could modify
BALF immune cell changes caused by HDM-sensitization. While there were no significant
changes in the overall concentration of immune cells in BALF retrieved (figure 4.3A), we found
that anti-IL-4Ra intervention could significantly reduce the percentage of BALF eosinophils
(figure 4.3B). Furthermore, anti-1L-4Ra intervention group presented a higher percentage of
BALF macrophages (figure 4.3C) compared with IgG isotype control group, while there were no
significant differences in the percentage of neutrophils (figure 4.3D) or lymphocytes (figure
4.3E).
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Figure 4.3 — Anti-IL-4Ra Preventative Intervention Reduces the Percentage of Eosinophils
and Restores the Percentage of Macrophages in BALF
BALF was collected on day 8 p.i. from HDM-sensitized mice receiving either anti-1L-4Ra or IgG isotype control.
(A) Cells were counted using a hemocytometer, and are expressed as the number of cells per micrlitre (uL) of BALF
retrieved. A cytospin was made from the cell pellet, and the percentage of (B) Eosinophils, (C) Macrophages, (D)

Neutrophils, and (E) Lymphocytes was determined in a total of 200 counted cells. Data are expressed as mean +
SEM. **** p<(.0001 by (A,D) Mann-Whitney test and (B, C, E) Student’s t test.



4.3.3 Anti-IL-4Ra Preventative Intervention Reduces Airway Goblet Cell Metaplasia
and Mucous Hypersecretion

To investigate the role of anti-IL-4Ra intervention in HDM-induced airway remodeling,
a colour segmentation algorithm was used on PAS-stained slides to visualize and quantify goblet
cell metaplasia. To account for variability in the size of airways analyzed, results were
normalized to the length of basement membrane (um). Our results indicate that the anti-IL-4Ra
intervention group presented a significant reduction in PAS staining (representative of goblet cell

metaplasia) compared with 1gG isotype control group (figure 4.4C).
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Figure 4.4 — Anti-1L-4Ra Preventative Intervention Reduces Airway Goblet Cell
Metaplasia

Representative images of PAS-stained tissues from the left lobe for (A) Anti-1L-4Ra intervention, and (B) IgG
isotype control mice. (C) A colour segmentation algorithm was used to quantify PAS-positively stained cells.
Staining was normalized to the length of basement membrane. Data are expressed as mean + SEM. **** p<(0.0001
by Student’s t test.
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4.3.4 Cytokine Profile Following Anti-1L-4Ra Preventative Intervention

ELISA and multiplex assays were performed to interrogate changes in cytokine profile

induced by anti-IL-4Ra intervention. No significant differences were found in the BALF protein

levels of IFNy, IL-4, or IL-5 (figure 4.5A, C, D), or in the levels of pH1N1-specific 1gG

concentration (figure 14.6B) between the anti-IL-4Ra intervention and the 1gG isotype control

groups. However, mice receiving the anti-IL-4Ro intervention presented significantly elevated

protein levels of BALF IL-17A (figure 4.5B), and significantly lower levels of BALF IFN-$

(figure 4.6A)
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Figure 4.5 - BALF Cytokine Profile Following Anti-IL-4Ra Preventative Intervention
BALF was collected from the right lobe, and a multiplex assay was used to quantify protein levels of (A) IFN-y, (B)
IL-17A, (C) IL-4, and (D) IL-5. Data are expressed as mean £ SEM. *p<0.05 by Student’s t test.
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Figure 4.6 - BALF IFN-B and pH1N1-specific IgG Protein Levels Following Anti-1L-4Ra

Preventative Intervention
BALF was collected from the right lobe. (A) IFN-B (Mann-Whitney Test), and (B) pH1N1-specific 1gG (Student’s t-
test) levels were measured using ELISA. Data are expressed as mean + SEM. *p<0.05.

4.4  Discussion

Although several studies have identified vaccinations as the most effective method of
prevention during the 2009 H1N1 pandemic, the production and circulation of a vaccine takes at
least 6 months [16]. Developing countries are at a greater risk due to having a highly vulnerable
population and limited medical resources [189]. A prevention strategy that can be dispatched
quickly needs to be implemented to protect vulnerable populations during this critical 6 month
waiting period. We hypothesized that early and systematic IL-4Ra blockade could reduce
pH1N1-associated morbidity in HDM-sensitized mice.

Consistent with our findings from chapters 2 and 3, significant weight loss was observed
on days 5-8 following pH1N1 infection. However, our findings indicate that early and systematic
blockade of IL-4Ra signaling significantly reduces weight loss. Moreover, anti-IL-4Ra
intervention allowed mice to stabilize and start regaining weight between days 7-8 p.i., while

IgG isotype control mice continued to lose weight. To assess the level of viral load between the
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experimental groups, we measured the number of viral copies using gPCR. Interestingly, the
anti-1L-4Ra intervention group presented significantly lower number of viral copies compared
with the 1gG isotype control group. Having lower a viral burden may serve to explain why the
anti-IL-4Ra intervention group experienced reduced weight loss and morbidity.

We sought to determine whether early and intermittent IL-4Ra blockade influences
airway immune cell profile or goblet cell metaplasia. Consistent with our previous results, we
found no significant difference in the total concentration of cells in BALF, or the percentage of
BALF neutrophils and lymphocytes. In contrast from our findings from the anti-IL-4Ra
treatment design in chapter 3, our results indicate a significant reduction in the percentage of
BALF eosinophils and the level of PAS staining in the anti-1L-4Ra preventative intervention
design. We also found a significant increase in the percentage of BALF macrophages, which
may be a result of the reduction in eosinophil recruitment to the airways upon anti-IL-4Ra
intervention. These results point to the importance of the timing of the initiation of IL-4Ra
blockade and the frequency of treatment in achieving a reduction in asthma characteristics. Our
data indicating reduced BALF eosinophilia and goblet cell metaplasia are consistent with a
previous study by Hirota et al., which also initiated the anti-1L-4Ra intervention early on and
systematically during sensitization [169].

Using ELISA and multiplex assays, we measured an array of cytokines to profile the
immune response within the airways. While there was a trend towards elevated levels of I1L-4
and IL-5 in the anti-IL-4Ra intervention group, these differences were not significant. Our
findings in chapter 3 however, indicated that anti-1L-4Ra treatment resulted in a significant
increase in BALF IL-4 and IL-5. Differences in these findings may be attributed to having a

lower number of replicates (n=6) in the preventative intervention design.
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IFN-y and IL-17A were measured as markers of Thy and Thy7 response, respectively.
While the anti-1L-4Ra intervention had no effect on BALF IFN-y levels, it was associated with a
significant increase in BALF IL-17A levels. These results are consistent with our findings from
chapter 3, where IL-4Ra blockade as a treatment strategy also increased BALF IL-17A.
Moreover, other studies have also reported STAT6 (downstream of IL-4Ra signaling) knockout
mice present elevated BALF IL-17A following OVA challenge [185].

We measured IFN-f as a marker of the antiviral innate immunity. Interestingly, we found
lower levels of BALF IFN- in the anti-1L-4Ra intervention group than the IgG isotype control
group. This was similar to our findings from chapter 3, whereby the anti-1L-4Ra treatment group
had lower IFN-B levels than the associated 1gG-isotype control group. One explanation may be
that consistently elevated number of viral copies in 1gG-isotope control group is facilitating the
continuous production of IFN-p, leading to elevated levels of this cytokine in BALF. Lastly, we
measured pH1N1-specific 1gG as an indicator of virus-specific humoural response. We found no
significant difference between the anti-IL-4Ra intervention and IgG isotype control groups.

Taken together, we have demonstrated early and intermittent IL-4Ra blockade as an
effective preventative intervention in addressing pH1N1-mediated morbidity. Furthermore, our
data implicate a reduction in asthma symptoms (eosinophilia and goblet cell metaplasia) as a
potential mechanism whereby early IL-4Ra blockade prevents morbidity. Our findings could
provide an alternative means to prevent morbidity in the vulnerable asthmatic population during

the critical period when a pandemic virus is spreading but a vaccine has yet to be developed.
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Chapter 5: Discussion

5.1 Conclusion

The 2009 HIN1 pandemic took the lives of at least 18,500 people worldwide, and placed
a significant burden on the healthcare system [70]. However, individuals previously diagnosed
with asthma experienced the greatest adverse health outcomes, and several studies reported
asthma as a significant risk factor for pH1N1-associtaed hospitalization and morbidity [73,75].
The aim of our study was to examine the asthmatic immune response to pH1N1, and investigate
potential therapies that may be used to alleviate pH1N1-mediated morbidity and mortality in the
asthmatic population.

Allergic asthma is generally characterized through a Thz-skewed phenotype, with an over
production of IL-4, IL-5, and IL-13. These cytokines have been implicated in the establishment
of some of the hallmarks of asthma including airway remodeling and eosinophilia [118,120,121].
Furthermore, Thz cytokines are able to inhibit Thy cell polarization and their antiviral function
[127-129]. We hypothesized that a constitutively skewed Thz phenotype in asthmatics may
reduce their ability to mount an effective antiviral Thy response, hence resulting in the increased
morbidity and mortality observed during the 2009 HIN1 pandemic. In chapter 2, we aimed to
create a model of allergic asthma that we could utilize to test this hypothesis. Similar to humans,
we found that sensitized mice experienced greater morbidity in the form of greater weight loss
and elevated viral titres 8 days following pH1N1 infection. Furthermore, sensitized mice
exhibited lower levels of IFN-y and higher levels of IL-13. Most importantly, we were able to
develop a model of allergic asthma and pH1N1 infection that is clinically relevant to the 2009
pandemic, and may be used to investigate potential therapies to protect the vulnerable asthmatic

population against a future pandemic IAV strain.
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Currently, antivirals including neuraminidase inhibitors and adamantes are the only
available option for the treatment of IAV infection. However, clinicians are often unable to use
antiviral drugs due to resistance conferred by the virus [21]. Furthermore, the effectivity of
antivirals significantly decreases 48 hours following the initial infection [25,26]. Hence, many
individuals who had contracted pH1N1 during the pandemic, including asthmatics who were at a
greater risk of experiencing adverse health outcomes, had few treatment options available. In
chapter 3, we sought to investigate the role of Th, cytokine signaling blockade as a potential
treatment method. Using the murine model developed in the previous chapter, we treated
sensitized mice following pH1N1 infection with a monoclonal antibody that would prevent IL-
4Ra signaling. We found that IL-4Ra blockade was effective in reducing weight-loss and viral
burden in an established pH1N1 infection. However, reduction in weight loss and viral titre were
not associated with a reduction in asthma characteristics, and sensitized mice continued to
present elevated BALF eosinophils and airway goblet cell metaplasia following IL-4Ra
blockade.

Vaccinations have proved to be the most effective method of prevention against both
seasonal and pandemic AV strains. However, vaccines take at least 6 months to be developed
and distributed from the time an IAV strain is identified [16]. During this time, an IAV with
pandemic potential can quickly disseminate through the population, taking the lives of
vulnerable individuals. Hence, limiting viral spread and reducing the risk of adverse health
outcomes is critical during this initial 6 month period while the vaccine is being developed.
However, there is a lack of pharmaceutical interventions that reduce the level of health
complications in individuals at risk of contracting the pandemic strain. We hypothesized that

early and systematic blockade of IL-4Ra could prevent morbidity following pHINTI infection in
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sensitized mice. Our results indicated a significant reduction in pH1N1-mediated weight loss and
reduced viral burden upon IL-4Ra blockade. Furthermore, early and systematic IL-4Ra blockade
was associated with a reduction in BALF eosinophils and airway goblet cell metaplasia, which
may be occurring a result of introducing this intervention early on during sensitization.

Historical records indicate the occurrence of IAV pandemics every 10-40 years. With
over 9 years since the 2009 H1N1 pandemic, we are due for another pandemic in the near future.
A growing body of literature suggests a complex interplay in the host-virus interaction when a
new strain of virus is encountered, such as it was during the HLIN1 pandemic. Our study
contributes to this by demonstrating the importance of Th1/Th> balance during viral infections.
Furthermore, we have been able to demonstrate an important role for IL-4Ra blockade that may
be utilized to address adverse health outcomes by reducing the severity of disease against a
pandemic IAV strain in atopic individuals. In the face of a potential influenza pandemic in the

next 10-30 years, our findings could be utilized to protect the vulnerable asthmatic population.

5.2 Limitations and Future Directions

The utilization of animal models has a played a key role in human disease research, and
has helped us gain a better understanding of the pathogenesis of asthma. However, careful
consideration of associated limitations need to be addressed before translating findings into
clinical practice. Although the HDM-sensitization model utilized in this study has demonstrated
a strong allergic component similar to human Thy-driven allergic asthma, studies have reported a
much weaker serum IgE response in mice. Furthermore, the line between allergen sensitization

and allergen challenge may be blurred when the model involves repeated HDM exposure [190].
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While our study identified IL-4Ra blockade as an effective method in reducing pH1N1-
mediated morbidity in sensitized mice, we have yet to elucidate its effect on the downstream
signaling cascade. A number of studies have reported a reduction in the phosphorylation and thus
activation of STAT6 upon IL-4Ra blockade [169,191]. STATG is a transcription factor that can
mitigate the signal for IL-4 and IL-13, thereby inducing some of the characteristics of asthma
[192]. Hence, a reduction in STAT6 phosphorylation upon IL-4Ra blockade may indicate a
reduction in Th cytokine effector function, and thus Thz skewing. However, IL-4Ra signaling
can also activate IRS-2, resulting in subsequent signaling leading to the activation of the PI3K
pathway [193]. While The IRS-2/PI3K pathway has been described to provide mitogenic and
anti-apoptotic signals to sustain the Tha response, it can also contribute towards Th;
differentiation and skewing [194,195]. However, it has yet to be determined whether IL-4Ra
blockade can reduce IRS-2 activation and downstream signaling. Measurements of STAT6
phosphorylation and the level of PI3K activity may provide further insight regarding the
downstream activity of IL-4Ra blockade and the mechanism involved in the reduction of
pH1N1-mediated morbidity in sensitized mice.

Although we have demonstrated a significant role for IL-4Ra blockade in both protecting
and treating the vulnerable asthmatic population during an IAV pandemic, it is unclear how this
intervention could benefit the general population. The question remains as to whether blockade
of Th, skewing could boost the antiviral response, and hence reduce the level of morbidity and
mortality in individuals without asthma. Additional experiments using non-sensitized mice
infected with pH1N1 would be necessary to determine how IL-4Ra blockade could benefit non-

atopic individuals.
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While the HIN1 pandemic caused significant morbidity and mortality in the asthmatic
population, other viruses cause more frequent infections and are of a more immediate concern to
address. RV infections cause upper respiratory infection, and account for 80% of asthma
exacerbations in adults [196]. Respiratory syncytial virus (RSV) is another virus that causes
lower respiratory infections, and causes a substantial number of exacerbations in asthmatic
children [197]. Considering the healthcare costs associated with RV and RSV-induced
exacerbations, it would be valuable to determine whether IL-4Ra blockade could reduce
associated exacerbation symptoms and thus shorten the duration of hospitalization.

Avian influenza infection in humans generally affects the lower respiratory tract and
occurs sporadically as a result of exposure to poultry. The avian influenza H7N9 was first
identified in 2013, and has since caused an epidemic in China with other 1336 laboratory-
confirmed cases. While H7N9 infection is sporadic and there is a low level of human-to-human
transmission, it is highly pathogenic, and the case fatality rate is estimated to be around 40%
[198,199]. Furthermore, the H7N9 virus has conferred neuraminidase inhibitor resistance,
leaving few treatment options available for infected individuals [200,201]. Determining the
treatment potential of IL-4Ra blockade against the H7N9 IAV strain could provide valuable

information that may be utilized to contain the current epidemic.
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