UNIVERSITY OF CALGARY

SELECTIVE TRANSCRIPTIONAL DOWN-REGULATION OF HUMAN
RHINOVIRUS-INDUCED PRODUCTION OF CXCL10 IN AIRWAY EPITHELIAL
CELLS VIA MEK1 PATHWAY EFFECTS ON INTERFERON REGULATORY

FACTOR-1

by

Raza Syed Zaheer

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF CARDIOVASCULAR AND RESPIRATORY SCIENCES
CALGARY, ALBERTA

MARCH, 2010

© RAZA SYED ZAHEER 2010



CALGARY

The author of this thesis has granted the University of Calgary a non-exclusive
license to reproduce and distribute copies of this thesis to users of the University
of Calgary Archives.

Copyright remains with the author.

Theses and dissertations available in the University of Calgary Institutional
Repository are solely for the purpose of private study and research. They may
not be copied or reproduced, except as permitted by copyright laws, without
written authority of the copyright owner. Any commercial use or re-publication is
strictly prohibited.

The original Partial Copyright License attesting to these terms and signed by the
author of this thesis may be found in the original print version of the thesis, held
by the University of Calgary Archives.

Please contact the University of Calgary Archives for further information:
E-mail: uarc@ucalgary.ca

Telephone: (403) 220-7271

Website: http://archives.ucalgary.ca



http://archives.ucalgary.ca/

Abstract
Human rhinovirus (HRV) infections can trigger exacerbations of lower airway diseases.
Infection of airway epithelial cells induces production of a number of pro-inflammatory
chemokines that may exacerbate airway inflammation, including interferony-inducible
protein of 10kDa (CXCL10), a chemoattractant for type 1 lymphocytes and Natural
Killer cells. Primary human bronchial epithelial (HBE) cells and the BEAS-2B human
bronchial epithelial cell line were used to examine the role of the mitogen-activated
protein kinase (MAPK) pathways in HRV-16-induced production of CXCL10. Infection
with HRV-16 induced the activation of the major MAPK pathways, including chronic
activation of ERK1/2. Inhibitors of the MEK1/2 pathway, PD98059 and U0126,
significantly enhanced HRV-16, but not interferon (IFN)-g, induced production of
CXCL10 mRNA and protein. Inhibitor effects were not due to changes in cell viability
or viral replication. Studies using siRNA revealed that knockdown of MEK1 was
primarily associated with the enhancement of HRV-16-induced CXCL10 production.
Promoter construct studies revealed that PD98059 and U0126 enhanced HRV-16-induced
transcriptional activation of CXCL10. Inhibitors of the MEK1/2 pathway did not alter
NF-kB translocation and/or binding to the CXCL10 promoter. In contrast, inhibitors of
the MEK1/2 pathway and siRNA knockdown of MEK1 enhanced translocation and/or
binding of HRV-16-induced IFN regulatory factor (IRF)-1 to the CXCL10 promoter.
Further examination revealed that HRV-16 induced the expression of both IRF-1 mRNA
and protein in a time-dependent manner. Both PD98059 and UO0126 significantly
enhanced HRV-16-induced IRF-1 mRNA levels in BEAS-2B and HBE, although IRF-1

protein expression was only enhanced in HBE. Using siRNA targeting IRF-1, both



HRV-16-induced IRF-1 expression and nuclear translocation and/or binding of IRF-1 to
the CXCL10 promoter was substantially reduced. Knockdown of IRF-1 also led to a
significant reduction in HRV-16-induced CXCL10 production, confirming that IRF-1 is
directly involved in HRV-16-induced CXCL10 expression. Moreover, pronounced IRF-
1 knockdown abrogated the enhancement of CXCL10 normally induced by the loss of
MEKZ1 function. Phosphatase experiments indicate that IRF-1 binding to the CXCL10
promoter may not be dependent upon its phosphorylation state. In conclusion, these
studies demonstrate that activation of MEK1 selectively down-regulates HRV-16-
induced expression of CXCL10 by modulating IRF-1 interactions with the gene promoter

in human airway epithelial cells.
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Chapter One: Introduction

Normal body function requires the constant uptake of oxygen from the
environment, thus it is necessary that the lungs inhale thousands of litres of air each day.
In addition to oxygen, inhaled air may contain allergens, pathogens, and pollutants.
Normally, these agents are cleared by a highly regulated immune response in the lungs.
In contrast, both environmental and genetic factors may predispose certain individuals to
respond to specific insults in an over-exuberant manner resulting in markedly reduced
lung function characterized by chronic inflammation and structural changes. This
dysregulated immune response contributes, in part, to the pathogenesis of airway
diseases, such as asthma and chronic obstructive pulmonary disease (COPD)*. Thus, the
ability to control inflammatory status in response to these agents is paramount for normal
lung function, and impairment of this ability may predispose an individual to future

infections and subsequent disease.

1.1 Airway epithelium

The human lung contains a series of conducting airways starting at the trachea
and continually branching to the alveoli, which serves as the site of gas exchange for
blood oxygenation (Figure 1.1). There are three main regions of the airways, including
the cartilaginous proximal airway (trachea, bronchi, and submucosal glands), non-
cartilaginous distal bronchioles (bronchioles, terminal bronchioles, respiratory

bronchioles) and the alveolar gas exchange region (alveolar ducts and sacs)?*.
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Figure 1.1 — Human airway epithelium structure. The human lung contains a series of
branching airways lined with epithelial cells of various function. Proximal airways
contain mainly pseudostratified columnar ciliated cells interspersed with mucus-
producing Goblet cells and submucousal glands. Basal cells anchor overlying epithelial
cells to the basement membrane through hemi-desmosomal linkages. The distal airways

end at alveoli, which serve as the site of gas exchange and blood oxygenation. They are
composed of flattened type I and cuboidal type 11 alveolar epithelial cells.

The airways are lined with numerous morphologically and functionally distinct
types of epithelial cells®. Starting approximately 1 cm into the nose, the upper airway is
lined with pseudostratified, columnar epithelium comprised of basal cells, which support
ciliated epithelial cells. This morphology continues well into the lower airways
beginning at the larynx and continuing into the trachea. Interspersed within the ciliated
epithelial cells are mucus-producing Goblet cells and lactoferrin-producing serous cells.
The large airways also contain secretory submucosal glands®. Epithelial cells become
more non-ciliated and cuboidal as the lower airways become <2 mm in diameter as seen

in the more distal bronchioles®. There is also an increased presence of secretory Clara
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cells, which act as progenitor cells for the bronchial epithelium®. The respiratory tract
ends at small sac-like structures known as alveoli, composed of flattened type | and
cuboidal type Il alveolar cells. Type | cells mainly function to enable efficient gas
exchange with pulmonary capilliaries. Type Il cells secrete surfactant to prevent the
collapse of the small airways and also serve as progenitor cells for the alveolar

epithelium®’.

The airway epithelium serves as a physical barrier between the environment and
underlying tissue, but also engages in various dynamic activities to maintain normal lung
function. These activities include regulation of ion transport, mucociliary clearance of
particulate matter, secretion of substances (surfactant, mucus, antimicrobial peptides) for
protection of the airway surface, repair and regeneration of the epithelium, and
modulation of the inflammatory response to injury or infection®. It is now recognized
that the airway epithelium plays an active role in host defense and immunoregulation
through contributions to both innate and adaptive immune responses. Activation of the
innate immune response induces the release of various epithelium-derived pro-
inflammatory molecules, including cytokines, chemokines, lipid, and peptide mediators®.
Given that the epithelium lies at the interface between the external environment and
underlying tissue, it is not surprising that it may play a key role in the inception and/or

amplification of inflammatory airway diseases, such as asthma and COPD**°.



1.2 Asthma
1.2.1 Definition
Asthma is a complex, heterogeneous disease with major characteristics, including
variable degree of airflow obstruction, bronchial hyperresponsiveness, and airway
inflammation**.  The Global Initiative for Asthma (GINA)' provides a working
definition that:
Asthma is a chronic inflammatory disorder of the airways
in which many cells and cellular elements play a role. The
chronic inflammation is associated with airway
hyperresponsiveness that leads to recurrent episodes of
wheezing, breathlessness, chest tightness, and coughing,
particularly at night or in the early morning. These
episodes are usually associated with widespread, but
variable, airflow obstruction within the lung that is often
reversible either spontaneously or with treatment.

Asthma is classified into four categories depending on severity: intermittent, mild

persistent, moderate persistent, and severe persistent*2.

1.2.2 Burden of disease
Asthma is a major healthcare problem with an estimated 300 million affected
individuals worldwide. Rates of asthma incidence and prevalence are increasing in

Canada and the rest of the world****

. If current trends continue, it is estimated that there
will be a 100 million additional asthmatics by 2025%. In 1997, total healthcare costs for
asthma in the United States was $12 billion'. Given that Canada has one-tenth the
population of the United States, it is reasonable to extrapolate that total costs are in

excess of $1 billion dollars. Of these total costs, one-half are linked to acute

exacerbations®®, which includes drugs and illness-related disability’.



1.2.3 Pathogenesis

Risk factors for the development of asthma include both host and environmental
factors, including genes pre-disposing individuals to allergy (atopy) or airway
hyperresponsiveness, viral infections, allergens, and occupational sensitizers'**?. To
date, the strongest risk factor associated with the development of asthma is a family
history of atopic disease. Increases in allergen-specific immunoglobulin E (IgE)
antibodies correlates with increased risk of developing asthma'®. More recently, it has
been shown that children who have human rhinovirus (HRV)-induced wheezing in the
first 3 years of life are at a significantly higher risk for the development of asthma at 6
years of age™.

The allergic inflammation seen in asthma results in characteristic pathological
changes through the release of inflammatory mediators from both infiltrating and
structural cells™. Asthma is typified by an increased presence of type 2 (Th2)
lymphocytes and release of the cytokines interleukin (IL)-4, IL-5, IL-9, and IL-13, which,
together, modulate B-cell IgE production and eosinophilic inflammation®. Numbers of
eosinophils are increased in the airways of asthmatics®* and release of eosinophil basic

2122 Mast cells,

proteins, such as major basic protein, may damage the airway epithelium
activated by IgE cross-linking of the high-affinity FceRIl receptor, release
bronchoconstrictors, such as histamine, cysteinyl leukotrienes, and prostaglandin D,*.
Airway epithelium-derived chemokines, such as CXCL8 (IL-8), interferony-inducible
protein of 10kDa (CXCL10; IP-10), thymus and activation-regulated chemokine (CCL17;
TARC), and macrophage-derived chemokine (CCL22; MDC) are increased in asthmatic

airways and are involved in the recruitment of lymphocytes and leukocytes®.
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Furthermore, regulatory T (Treg) cell function, which normally suppress T cell

responses, is impaired in asthmatics?®*?. Although invariant natural killer T (iNKT) cells

have been shown to play a role in the pathogenesis of a mouse model of allergic airway

inflammation®, their role in humans is less clear’”?®. The role of IL-17 producing Tx17

cells in asthma is currently unknown, but may play a role in severe, neutrophilic
asthma®®.

Structural changes, also known as airway remodelling, occur in asthmatic airways

and represent improper repair processes®. Characteristic changes include loss of

epithelial cell integrity resulting in shedding of clumps of epithelial cells into the airway

lumen called Creola bodies®!*2

. Furthermore, Goblet cell metaplasia, hyperplasia and the
enlargement of submucousal glands results in increased mucus secretion into the airway
lumen'. Loss of the epithelial layer mainly occurs between columnar and basal
epithelial cells, but desquamation to the basement membrane layer has been observed in
severe asthmatics®. This loss is thought to occur, in part, as a result of neutrophil and

2234 and also due to the cytotoxic effects of viral infection®.

eosinophil-derived proteases
Although it has been argued that loss of the epithelium is a sampling artifact®®, such
epithelial fragility is not observed in other airway inflammatory diseases such as COPD’.
There is also a thickening of the reticular basement membrane (lamina reticularis)
through an increase in the deposition of fibroblast-derived collagen and proteoglycan

37,38

products This increased thickening has been proposed to occur, in part, through

reactivation of the epithelial-mesenchymal trophic unit (EMTU), whereby epithelium-
derived growth factors, such as transforming growth factor (TGF)-p, induce

myofibroblast proliferation that further contribute to the remodelling seen in asthma®*“.
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Other characteristic changes include hypertrophy and hyperplasia of airway smooth

muscle and increased angiogenesis**.

1.3 Chronic obstructive pulmonary disease
1.3.1 Definition

Chronic obstructive pulmonary disease (COPD) is a growing global health
concern in both the industrialized and developing world*.. It is a heterogeneous disease
characterized by a slow and progressive decline in lung function. The definition put forth
by The Global Initiative on Obstructive Lung Disease (GOLD)* is:

COPD is a preventable and treatable disease with some
significant extrapulmonary effects that may contribute to
the severity in individual patients. Its pulmonary
component is characterized by airflow limitation that is not
fully reversible.  The airflow limitation is usually
progressive and associated with an abnormal inflammatory
response of the lung to noxious particles or gases.

Based on the current definition, COPD is classified into 4 separate stages: Stage | (mild),
Stage Il (moderate), Stage Il (severe), and Stage IV (very severe). Causes of death in
patients with COPD include cardiovascular disease, lung cancer, and respiratory

failure*?*,

1.3.2 Burden of disease

The World Health Organization (WHO) predicts that COPD will become the fifth
most common cause of disability and third most common cause of death in the world by
2020*. COPD affects 10% of the general population, though this may be largely

underestimated through underrecognition and underdiagnosis. Women and men suffer
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from COPD equally, though it is believed that women are more susceptible to impairment
of lung function®. Furthermore, the death rate of men and women with COPD in Canada
has been increasing since 1997 and the death rate of women has now surpassed men®. In
addition, COPD is a costly disease encompassing both direct and indirect costs. In the
United States, total costs were in excess of $30 billion with a similar financial burden in

the European Union*.

1.3.3 Pathogenesis
Smoking is the most common risk factor associated with the development of
COPD in the Western world, though not all smokers develop COPD, implying that other

49-51

factors contribute to an individual’s risk*’*®. These include genetic risk factors*** and

5253 " The characteristic airflow limitation found in COPD is

environmental pollution
associated with chronic, steroid-resistant lung inflammation. It has been suggested that
alveolar damage is due to excess production of proteinases and oxidative stress>.
Various hypotheses have been put forth to explain susceptibility to COPD, including

polymorphisms in pro- and anti-inflammatory genes®, latent adenoviral infection®,

57,58 59,60

impaired activity of histone deacetylases (HDACSs)>"*", and autoimmunity

Structural changes seen in COPD patients are induced through the disruption of
normal repair processes. The resulting pathological changes occur in the proximal
airways, peripheral airways, lung parenchyma, and pulmonary vasculature®. This

includes fibrosis and obstruction of the small airways (chronic bronchiolitis),

enlargement of airspaces and destruction of alveoli, loss of lung elasticity, and closure of
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airways (emphysema)>*®?

. Mucus hypersecretion (chronic bronchitis) is also found, but
is not necessarily associated with airflow limitation®.

The inflammation in COPD is characterized by increased infiltration of various
inflammatory cells and release of pro-inflammatory mediators®*. Compared to normal
smokers, numbers of neutrophils are increased in the airways of patients with COPD and

relate to disease severity®*®.

The secretion of neutrophil-derived proteases, such as
elastase, may contribute to both alveolar destruction and mucus hypersecretion®.
Increased numbers of macrophages are localized to sites of alveolar destruction in

6668 * Furthermore, levels of

patients with emphysema and correlate with disease severity
the macrophage-derived pro-inflammatory cytokines tumour necrosis factor (TNF)-a and
IL-6 are increased, and contribute to chronic inflammation®*®®. There is also an increase
in measurable levels of reactive oxygen and nitrogen species, including hydrogen
peroxide and peroxynitrite, which may also contribute to the pathological changes seen in
COPD™®". Epithelium and macrophage-derived chemokines that attract leukocytes and
lymphocytes, are increased in COPD. These include CXCL10"%, CXCL8%, growth-
related oncogene-a (CXCL1; GRO-a) and monocyte chemotactic protein 1 (CCL2;
MCP-1)"®. Increased numbers of CD8+ cytotoxic T cells of the Tcl subset may
contribute to emphysema by inducing apoptosis of alveolar epithelial cells™. The role of
Trec cells remains unclear, though the numbers of CD4+CD25+FOXP3+ Tgreg cells are
reduced both in patients with COPD and in smokers without airflow obstruction”®. B

cells are only increased in the peripheral airways of severe COPD patients within

lymphoid follicles and may be a response to chronic bacterial colonization®?. The roles of
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Twl7, invariant natural killer T (INKT), and dendritic cells in COPD are currently

uncertain®®7®,

1.4 Viral-associated exacerbations of asthma and COPD

Acute exacerbations of asthma and COPD are defined as “a worsening of the
patient’s condition, beyond day-to-day variability associated with the disease, that is
sufficient enough to require change in management, or to seek emergency medical
intervention”’""®,  Exacerbations of asthma and COPD account for 50% and 70% of all

healthcare costs associated with each disease, respectively™® .

Furthermore, frequent
COPD exacerbations have a marked effect on the quality of life in patients and lead to a
more rapid decline of health status®.

Various risk factors are associated with exacerbations of asthma and COPD,
including allergens, pollutants, and bacterial infections, but a major risk factor for both
diseases is upper respiratory tract viral infection (URI)"®. URIs are associated with up to
80-85% of asthma exacerbations in children and adolescents® ®*, and between 40-60% of

exacerbations in adults®%,

There is a clear temporal link between outbreaks of URIs
and rates of hospitalization for asthma exacerbations®®®’. Furthermore, HRV is detected
in 60% of viral-induced asthma exacerbations in both children and adults®®. Other
viruses also associated with asthma exacerbations include coronavirus, respiratory
syncytial virus (RSV), and parainfluenza®. In addition, about half of all COPD

exacerbations are associated with viral infections®®%.

During viral-associated
exacerbations, HRV is the most commonly (~ 50%) detected virus®®. A lower percentage

of exacerbations are associated with RSV, coronavirus, influenza virus, and
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metapneumovirus®®*.

Taken together, these studies indicate that HRV is a major
pathogen associated with exacerbations of asthma and COPD, but the mechanisms
underlying HRV-induced exacerbations have not been fully elucidated and warrant

further investigation.

1.5 Human rhinovirus
1.5.1 Prevalence and Incidence
Human rhinovirus (Greek rhin-, "nose") is the main etiological agent of the

common cold®*®3

. Interestingly, over 90% of children by 2 years of age will have
detectable HRV antibodies demonstrating its high prevalence in the general population®.
Complications as a result of HRV infection include otitis media®™, sinusitis*® and

exacerbations of asthma and COPD®>#

. In the Northern hemisphere, increased incidence
of HRV infection occurs in the spring (April-May)®" and fall (September-November)®.
Coincidentally, peaks in the incidence of asthma and COPD exacerbations occur in

100

September®® and November'®, respectively. To date, there are no marketed drugs that

specifically prevent or reduce HRV infections'®.

1.5.2 Classification

HRV belongs to the family Picornaviridae (Spanish Pico-, “small”; rna-,
ribonucleic acid genome) and genera enterovirus, which also includes hepatitis A, foot
and mouth, and polio viruses. According to the Picornaviridae Study Group

(www.picornastudygroup.com), there are currently 2 defined HRV species, HRV-A and

HRV-B, based on genomic sequences. More recently, however, genetic analysis has
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discovered a third new species, HRV-C'®, and potentially fourth species, HRV-D'®%,
There are more than 100 serotypes of HRV based on four surface neutralizing antibody

immunogenic regions'®”.

1.5.3 Receptor usage and cell entry

Serotypes are also split into 2 main groups based on cell-surface receptor usage.
Major group HRV (> 90 serotypes) utilize intracellular adhesion molecule-1 (ICAM-1;
CD54)'% and minor group HRV (10 serotypes) utilize members of the low-density

106

lipoprotein (LDL) receptor family Furthermore, other receptors for cell entry have

been demonstrated, including heparan sulphate proteoglycan (HRV-89, HRV-54)*"1%9
ICAM-1 contains 5 tandem extracellular domains and was originally shown to be
the ligand for Ilymphocyte-function associated antigen-1 (LFA-1), found on
neutrophils*®®.  Only domains 1 and 2 are required for HRV binding, and the
internalization of HRV does not require ICAM-1 cytoplasmic or transmembrane

domainsttt112

. The surface of HRV contains a star-shaped plateau at a five-fold axis of
symmetry that surrounds a canyon containing a hydrophobic pocket’®*3, |CAM-1
binding within this pocket results in the dislodgement of a fatty acid, termed the fatty
pocket factor, which is found in all but two HRV strains (HRV-3, HRV-14). This
decreases the stability of the capsid leading to release of viral RNA*™. In contrast, minor
group binding to LDLR occurs near the tip of the five-fold axis™*. The mechanism of
viral entry after receptor binding has yet to be fully elucidated. Minor group HRV-2 is

internalized through clathrin-mediated, pH-dependent endocytosis**>**°.  Studies with

major group HRV-14, however, demonstrate that uncoating can occur in early
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endosomes, but is unaffected by changes in pH**’. In addition to receptor binding, HRV
infection requires the formation of membrane microdomains, also known as lipid rafts,

for cellular entry™'®,

1.5.4 Capsid and genome structure

All HRVs are non-enveloped and consist of an icosahedral capsid comprising 60
separate protein units, known as protomers, and a single-stranded positive sense RNA™®.
The 60 protomers are formed from 4 separate viral proteins (VP) that make up the
capsid™?®. The outer capsid consists of VP1, VP2, and VP3. VP4 is buried inside the
capsid and binds the single RNA strand. The positive sense RNA strand is composed of
a single open-reading frame of approximately 7.4 kilobases flanked by 5’ and 3’
untranslated regions (UTRs) (Figure 1.2). The viral protein (VPg) is covalently attached
to the 5’ end and serves as primer to initiate viral RNA synthesis. The 3’ end is

polyadenylated similar to host MRNAs™.

The viral genome encodes all of the proteins
required for viral replication and formation of infectious virions within the cytoplasm of

the host cell.
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Figure 1.2 — HRV genome structure. A 7.4 kb single-strand positive sense RNA is
packaged within a viral capsid and encodes all of the proteins necessary for replication
and virion formation. The open reading frame is flanked by a 5> UTR, including highly
conserved hairpin loop and internal ribosomal entry site (IRES) sequences, and a 3’
polyadenylated tail. Structural viral proteins (VPs) necessary for capsid formation are
contained within the P1 region. Non-structural enzymes necessary for cleavage of the

translated protein (2A & 3C) and replication of viral RNA (3D & VPg) are contained
within the P2 and P3 regions.

1.5.5 Viral replication

After uncoating, host ribosomes translate the viral RNA through a 5 cap-
independent mechanism, utilizing the highly conserved internal ribosomal entry site
(IRES). This results in a polyprotein that is cleaved by the viral proteases 2A and 3C into
11 final protein products (4 structural and 7 non-structural)’®**?*122 The 2A and 3C
proteases also markedly decrease host RNA transcription and translation through
degradation of the transcription factors TFIID'® and OCT-1'* and host translation-
initiation factor 4G (elF4G)'®. Also encoded is an RNA-dependent RNA polymerase
(3D) for the synthesis of viral genomic RNA. The newly synthesized positive sense
RNAs, generated from negative strand template RNA, are packaged into empty capsids to
produce non-infectious provirions**®.  Infectious particles are formed through a

maturation cleavage resulting in the formation of mature VP2 and VP4 subunits'®®. The
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exact mechanism behind the release of newly synthesized HRV is yet to be determined,

7

though reported mechanisms include apoptosis'*’ and subversion of autophagosome

function'?®

1.6 HRV infection of the airway epithelium

The airway epithelial cell is the principal site of HRV infection in vivo in

humans!2%1%

Infection of healthy human volunteers results in a productive HRV
infection of the upper airways and requires as little as 10" TCIDs, units, but does not
infect the entire nasal epithelial lining at peak symptoms™!. Furthermore, infectious
virus can be detected in nasal secretions 8-10 h post-infection with peak shedding at 2
days post-infection and detectable virus and viral RNA for up to 3 weeks'*"**2, HRV
replication in the airways is optimal between 33-35°C although replication does occur at
370C119’133.

134

In addition to infection of the upper airways ", studies using in situ hybridization,

immunohistochemistry, and RT-PCR techniques have also demonstrated HRV infection

135-138

can spread to the lower airways In fact, infection of epithelial cells in the upper

and lower airways occurs at a similar frequency resulting in a patchy infection with 5-

10% cells infected®®" 1%,

An unidentified subepithelial cell in bronchial tissue is also
infected by HRV*.

In contrast to other respiratory viruses, such as influenza and adenovirus®®, HRV
infection in vivo does not cause overt cytopathic effects in the epithelium®®***. These

results suggest that alteration of lower airway epithelial cell biology, rather than

cytoxicity, may be responsible for the inflammatory responses seen in HRV-induced
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exacerbations of asthma and COPD. As such, airway epithelial cell models were
developed to further understand the contribution of the epithelium to HRV-induced
changes during exacerbations. Using human tissue fragments isolated from the nasal
passage and adenoids, Winther et al., grew an epithelial monolayer in vitro that was
successfully infected with HRV®. Infection of these epithelial cells with HRV did not
result in an increase of cytopathic effects compared with other respiratory viruses,
including influenza and adenovirus. In addition, using the transformed bronchial
epithelial cell line, BEAS-2B, Subauste et al., were the first to demonstrate routine HRV

141

infection of a pure population of airway epithelial cells HRV is capable of non-

cytopathic replication and also induces the release of the pro-inflammatory cytokine (IL-
6) and chemokines (CXCL8, CXCL10) similarly seen during in vivo infections3**41143,
These studies further supported the notion that symptoms after HRV infection are due to
changes in epithelial cell biology rather than cytotoxicity.

Although some studies demonstrate that HRV infection in vitro induces an
increase in cytopathic effects, these results appear to depend on the airway epithelial cell
model, low cell density, and seem to be specific to certain HRV strains™**®.
Differentiated bronchial epithelial cells are also susceptible to HRV infection, but require

148,147 o1 even in vivo

higher amounts of virus for infecton than undifferentiated basal cells
infections™™.

Overall, the development of in vitro models of primary and transformed airway
cells has allowed the study of the mechanisms of HRV-induced pro-inflammatory gene

expression in the context of asthma and COPD exacerbations.
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1.7 Airway epithelium and the pro-inflammatory response

Once thought to primarily serve as a physical barrier to the external environment,
the airway epithelium is now widely recognized to be actively involved in modulating the
the innate and adaptive immune response®. Given its proximity to the external
environment, the epithelium is the first cell to encounter invading pathogens, and
recognition of these pathogens is crucial in regulating the immune response through the
production of a wide variety of epithelium-derived inflammatory mediators (Table 1.1).
Given that the airway epithelial cell is the primary site of HRV infection, and that
infection does not result in overt cytotoxicity, production of epithelium-derived pro-
inflammatory mediators is thought to contribute to the HRV-induced increase in airway
inflammation seen in asthma and COPD exacerbations.

HRV infection of airway epithelial cells in vitro results in the expression and
release of various pro-inflammatory cytokines and chemokines, including 1L-1**, IL-
64414 cxcLgM 0 cXCcL10™?, CXCL5™!, GM-CSF'™, and CCL11™* (Table 1.1).
Experimental HRV infection of human volunteers also results in an increase of these
mediators in airway secretions, and is characterized by a predominant influx of
neutrophils and lymphocytes.  This suggests that epithelium-derived chemokines

contribute to inflammatory cell infiltration during an exacerbation.



Chemokines
CXC;a
CXCLS8 (IL-8)*
CXCL5 (ENA-78)*
CXCL1 (Gro-a)*
CXCL3 (Gro-y)
CXCL10 (IP-10)*
CXCL9 (Mig)
CXCL11 (I-TAC)

CC:p
CCL11 (Eotaxin)*
CCL5 (RANTES)*

CCL2 (MCP-1)

CCL13 (MCP-4)
CCL3 (MIP-1a)
CCL20 (MIP-3a)
CCL17 (TARC)
CCL22 (MDC)

CX3C:d

CX3CL1 (Fractalkine)

Pleiotropic
cytokines
IL-6*
IL-11*
IL-1*
IFN-p*
IFN-A*
TSLP
IL-10

Colony-
stimulating factors

GM-CSF*
G-CSF*
CSF-1
M-CSF

Growth factors
TGF-p
TGF-a

EGF
Activin A
Amphiregulin*
SCF
VEGF*

Table 1.1 — List of airway epithelium-derived inflammatory mediators

Anti-microbial
Lysozyme
Lactoferrin
SLPI
Elafin
Surfactant
(SP-A/SP-D)
[-defensins*
LL-37
INOS*

Lipid mediators

Lipoxin A
15-lipoxygenase
PGE;
PGF,.

Anti-viral
INOS*
Viperin*

18

*shown to be HRV-inducible in vitro. Adapted from Proud, D. (ref. 8). EGF, epidermal
growth factor; GM-SCF, granulocyte macrophage colony-stimulating factor; G-CSF,
granulocyte colony-stimulating factor; HB-EGF, heparin-binding EGF-like growth
factor; iINOS, inducible nitric oxide synthase; LL-37, human cathelicidin anti-microbial
protein; PG, prostaglandin; SLPI, secretory leukocyte protease inhibitor; TGF,
transforming growth factor; VEGF, vascular endothelial growth factor.
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IlIness due to an uncomplicated HRV infection is maximal at 2-3 days post-
infection and the median duration is 7 days*>. Following HRV infection, neutralizing
antibody in serum and nasal secretions are first detected 14-21 days post-infection'** and
reach maximal levels by 5 weeks post-infection'®. The kinetics of virus-specific T
lymphocyte infiltration into the airways after HRV infection is less certain™®, although
non-specific T lymphocyte infiltration into nasal passages has been shown to peak 2 days

post-infection'*®.  Previous studies have also shown that HRV-specific responses are

157,158

predominately mediated by type 1 CD4+ cells , although the role of CD8+ cells has

156
d—".

yet to be fully elucidate Interestingly, HRV is believed to dampen the adaptive

159,160

response via alteration of DC function Taken together, this suggests that HRV-

induced symptoms are primarily mediated through innate responses. It should be noted
that the airway epithelium is capable of modulating the adaptive response via several
mechanisms™®’. These include the production of the dendritic cell maturation factor

162-164

thymic stromal lympopoietin (TSLP) and expression of immunomodulatory

receptors, including major histocompatibility complexes (MHC)-I, MHC Il and B7

165-167

family T-cell co-stimulatory molecules Finally, the epithelium has also been

shown to internalize and present antigen®®°°.

1.7.1 Innate immune response

The innate immune response provides the first line of host defense against viral
infection, such as HRV™®. This response occurs in a non-specific manner and does not
confer long-lasting protective immunity, although it plays a key role in the activation of

the adaptive immune system. Since the airway epithelium is the primary site of HRV
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infection, it plays an important role in the initiation of the innate immune response after
infection through the release of various pro-inflammatory mediators, including cytokines
and chemokines®. Expression of some epithelium-derived pro-inflammatory cytokines
and chemokines, such as CXCL10, are not induced for hours after infection and
absolutely require HRV replication’*®.  As such, increased expression of these
chemokines requires the recognition of replication intermediates of HRV by a set of
cellular receptors known as pattern-recognition receptors (PRRs). The PRRs recognize
and bind a double-stranded RNA (dsRNA) intermediate, known as a pathogen-associated
molecular pattern (PAMP), generated during HRV replication in airway epithelial cells.

Currently, there are three main classes of PRRs involved in the detection of
viruses'®*"*, These include the Toll-like receptors (TLRs), retinoic acid-inducible gene-1
(RIG-1)-like receptors (RLRs), and nucleotide oligomerization domain (NOD)-like
receptors (NLRs). The mRNA for ten human TLRs are expressed in human airway
epithelial cells'’, but only TLR3 detects dsRNA and can be in found in airway epithelial
cells predominately on the surface of intracellular endosomes'®*™. The RLRs, RIG-I
and melanoma differentiation-associated gene 5 (MDA-5) are also found in airway
epithelial cells*”>*"® and bind cytoplasmic dsRNA through their C-terminal DExD/H-Box
RNA helicase domain'’’. Considered more of a DNA sensor, the NLR, Nacht domain-,
leucine-rich repeat-, and PYD-containing protein 3 (NALP3) induces IL-1f production
after introduction of adenoviral DNAY®. Its role during RNA virus infection of the
airway epithelium has not been characterized'”®. Protein kinase R (PKR) is another
dsRNA receptor found within the airway epithelium whose role in anti-viral responses is

uncertain as PKR knockout mice maintain normal anti-viral responses™®’, thus it is oft
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neglected during anti-viral studies. However, in vitro studies using human cells,
including airway epithelial cells, demonstrate PKR-dependent pro-inflammatory gene
expression in response to virus and synthetic dsSRNA!7®18-183

Although TLR3, RIG-I, and MDA-5 recognize dsRNA, each PRR has a specific
set of dsRNA binding characteristics. TLR3 binding is highly dependent on pH and
requires a minimum of ~45 bp to bind both the C- and N-terminal ends'®**®. RIG-I-
induced responses are thought to be a result of the recognition of dsSRNA < 1 kb in
length, in contrast with MDA-5 that recognizes dsRNA > 1 kB in length'®®. Furthermore,
RIG-I can also recognize 5’ triphosphate modified single-stranded RNA (ssRNA), not
normally found on host RNA transcripts'®’. More recently, it has been shown that
dsRNA length directly influences the transcriptional mechanisms of pro-inflammatory
cytokine and chemokine expression™®.

In addition to selective binding characteristics, dsRNA recognition and
subsequent responses are also thought to be dependent on cell type. This is exemplified
by the picornavirus, encephalomyocarditis (ECMV), which requires MDA-5 recognition
in mouse fibroblasts and conventional DCs, but the TLR system is used in plasmacytoid
DCs™. Although TLR3, RIG-1, and MDA-5 have been shown to mediate responses in
airway epithelial cells, their specific roles are dependent on the infecting virus and model

173190491 1n fact, mice deficient in RIG-1 have been shown to

system used for study
recognize the hepatitis C, Sendai, influenza, rabies, and Newcastle disease viruses, while
MDA-5 has been shown to selectively recognize ECMV and synthetic dsSRNA™2%. In
human airway epithelial cells, chemokine expression after HRV infection has been shown

to be mediated through either MDA-5 or TLR3, but not RIG-117>1%,
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As shown in Figure 1.3, TLR3-induced responses are mediated through the
specific adaptor protein, Toll/IL-1 receptor (TIR) domain containing adaptor inducing
IFN-B (TRIF)™® and RIG-I/MDA-5 responses require the adaptor protein IFN-p
promoter stimulator 1 (IPS-1/MAVS/VISA/Cardif)******.  The interactions of
TLR3/TRIF and RIG-I/MDA-5/IPS-1 are mediated through TIR and caspase recruitment
domains (CARDs), respectively'. TLR/TRIF and RIG-I/MDA-5/IPS-1 complexes
further activate downstream signalling proteins subsequently leading to the activation of
the kinase complexes, inhibitor of kappa B kinase (IKK-a/IKK-B/1KK-y)??*?! and IKK-
v/IKK-e/TRAF family member-associated NF-xB activator-binding kinase 1 (TBK-1)
202203 - Activation of these complexes are responsible for the phosphorylation and nuclear
translocation of the transcription factors nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-kB) and interferon-regulatory factor 3 (IRF-3)**

. Binding of these
proteins to specific DNA sequences near the transcriptional start sites of viral replication-
dependent pro-inflammatory genes, including the chemokines CXCL10'">%** and
regulated on activation normal T cell expressed and secreted (CCL5; RANTES)?®,
results in the up-regulation of gene expression and subsequent protein release. Although
much work is still required to elucidate the exact mechanisms of HRV recognition, it is
clear that recognition by any of the aforementioned PRRs is sufficient to induce pro-

inflammatory chemokine production that can contribute to inflammation that is seen

during asthma and COPD exacerbations.
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Figure 1.3 — Viral double stranded RNA (dsRNA) recognition pathways. Following
viral infection, RNA virus replication results in the formation of a dSRNA intermediate.
The dsRNA is recognized by pathogen-recognition receptors (PRRs), including Toll-like
receptor (TLR)-3, retinoic acid-inducible gene (RIG)-I, and melanoma differentiation
antigen (MDA)-5. Each PRR recognizes specific nucleic acid characteristics, such as
dsRNA length or 5’ phoshorylation. Interaction with endosomal TLR3 leads to
interaction with Toll/IL-1 receptor (TIR) domain-containing adaptor inducing IFN-3
(TRIF), which is mediated by the presence of TIR domains. Engagement of cytosolic
RIG-I and MDA-5 leads to interaction with IFN-f promoter stimulator 1 (IPS-1) through
caspase-recruiting domains (CARDs). All three PRR pathways converge on the classical
NF-kB pathway complex composed inhibitor of kappa B kinase (IKK-o/IKK-B/IKK-y) .
In addition, activation of the IKK-y/IKK-¢/TRAF family member-associated NF-kB
activator-binding kinase 1 (TBK-1) complex leads to IRF-3 and IRF-7 phosphorylation.
Association of IKK-y to IKK-e/TBK-1 is mediated by NAK1-associated protein (NAP)-
1. Phosphorylation and nuclear translocation of NF-kB and IRF3/7 mediate transcription
of pro-inflammatory cytokines, chemokines, and interferon-inducible genes.
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1.8 Chemokines
1.8.1 Classification and function

An effective inflammatory response requires the trafficking of leukocytes and
lymphocytes to sites of infection through the production of navigational cues known as
chemokines. Abnormal inflammatory responses, as seen in asthma and COPD, are due,
in part, to increased production of these chemokines and contribute not only to disease
pathogenesis?®®?%’, but also to virus-induced exacerbations of asthma and COPD"®2%,

Chemokines, or chemoattractant cytokines, are 8-15 kDa, positively-charged
proteins that play a crucial role in the recruitment of inflammatory cells to sites of
inflammation, but also in homeostasis, T-cell differentiation, and embryogenesis®®. The
chemotactic function of chemokines is mediated through seven-transmembrane domain,
pertussis toxin-sensitive, G-protein-coupled receptors (GPCR) with G protein subunits
(Gi & Gpy). There are currently 47 chemokines and 19 chemokine receptors
identified®®. The four chemokine families are classified by the arrangement of two N-
terminal cysteine residues within their amino acid sequence and include the CXC (o)
family, CC () family, C (y) family, and the CX3C (8) famliy. The CXC family, with a
single amino acid between the cysteine residues, can be further sub-divided into two
groups based on the presence of an N-terminal glutamic acid-leucine-arginine (ELR)
sequence. Members of the CXC (ELR+) family include CXCL8% and epithelial
neutrophil-activating protein 78 (CXCL5; ENA-78)?*!, which are primarily chemotactic
for neutrophils and have angiogenic properties. CXC (ELR-) chemokines, including

CXCL10%2, monokine-induced by IFN-y (CXCL9; Mig)**?, and interferon-inducible T

cell a-chemoattractant (CXCL11; I-TAC)*** are chemotactic for several cell types,
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including Tyl lymphocytes and display angiostatic properties. The CC chemokines,
including CCL5%"®, CCL17%*%, and CCL11*' are chemotactic for monocytes, Tp2

lymphocytes, and eosinophils. The C chemokine family includes one member, XCL1

218 219

(lympotactin)=™ and its splice variant single cysteine motif (SCM)-18-". Finally,

CX3CL1 (fractalkine) is the only member of the CX5C and found predominately as a cell
membrane protein®’.  Chemokines are produced by various cell types, including

infiltrating cells (leukocytes), tissue resident cells (fibroblasts), and structural cells

(epithelial cells)?®.

1.8.2 CXCL10

As mentioned previously, the airway epithelium is capable of producing a

plethora of chemokines including those induced after HRV infection® (Table 1.1). This

includes the increased expression of the HRV-inducible CXC chemokine, CXCL10*,

whose levels are increased in both stable and acute asthma and COPD"%#2%%,
First cloned in 1985, CXCL10 was initially designated plFNy-31 because of its
expression in IFN-y-stimulated U937 cells (histiocytic lymphoma cell line with

monocytic characteristics) and characterized as a cyclohexamide-insensitive, primary

212,224

response gene As a member of the CXC (ELR-) chemokine family, it displays

225

additional biological functions including angiostatic??, anti-tumour?®, and anti-microbial

activity??’. It is expressed by many cell types, including airway epithelial cells??,

230 231 232 233

endothelial cells?*, fibroblasts®®, activated T cells?*, monocytes?®?, and neutrophils®®.

Expression of CXCL10 is induced by a variety of stimuli, including, but not limited to,

types | and Il interferon®??* IL-1p%°, 1L-12*®, synthetic dSRNA®®, hypoxia®’, and
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143238 ©XCL10 is viewed as a Tyl chemokine because of its increased

viral infection
expression by IFN-y and also the ability of IL-4 to down-regulate IFN-y-induced
CXCL10 expression®®.

CXCR3 serves as the receptor for CXCL10 as well as the related chemokines,

CXCL9 and CXCL11?®. This receptor is found on many cell types, including NK

240 244 242

cells®®, activated Tyl lymphocytes®#*2 NKT cells®*®, dendritic cells***, monocytes®*,

eosinophils?®®®, mast cells*®, endothelial cells®**, and airway epithelial cells**’.
Interestingly, Tnl lymphocytes preferentially express CXCR3 compared with T2

248,249

lymphocytes In contrast, CXCRS3 is not found on resting T cells, B cells or

neutrophils and, thus, these cell types are not responsive to CXCL10-induced

chemotaxis?%°,

In addition to the classical CXCR3 isoform, a splice variant termed
CXCR3B serves as the receptor for the classical CXCR3 ligands and CXCL4 (platelet
factor; PF4) and is also expressed on airway epithelial cells**"?*!. Autocrine or paracrine
binding of CXCR3 ligands on airway epithelial cells has been suggested to mediate
epithelial cell migration via actin cytoskeleton reorganization®*’.

Expression of CXCL10 is increased in various inflammatory diseases such as
atherosclerosis, multiple sclerosis, and inflammatory bowel disease?®®. Of note, CXCL10
protein levels are increased in the airways of patients with asthma and COPD'%%%,
Similarly, CXCL9 and CXCL11 protein levels in the sputum of COPD patients are also
increased®?.  Interestingly, CXCL10 has been recently shown to be a novel serum
biomarker for HRV-induced exacerbations of both asthma and COPD?**%?%, Evidence

exists for a contribution of CXCL10 to airway hyperresponsiveness and inflammation in

a murine model of allergen-induced Tn2-type inflammation typically seen in
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aSthma253,254

Moreover, segmental allergen challenge results in an increase of CXCR3
ligands in the bronchoalveolar lavage (BAL) of asthmatics®®®. Finally, a functional
CXCL10 knockout mouse model displays impaired T cell responses, proliferation,
generation of CD8+ effector function, and overall ability to control viral infections®®.
There is a marked increase of nasal epithelial expression of CXCL10 mRNA in

257 Furthermore,

experimentally HRV-16-infected versus sham-infected control subjects
it has also been shown that HRV-16-induced nasal secretion of CXCL10 protein in vivo
correlates with symptom score, viral titre, and lymphocyte count*®. Using the same
serotype to correlate the findings in vitro, infection of human airway epithelial cells with
HRV-16 induces the expression of the CXCL10 mRNA and protein in a time- and
replication-dependent manner. Therefore, it is reasonable to suggest that epithelial cell
production of CXCL10 contributes to the pathogenesis of HRV-induced exacerbations of
these airway diseases. Although airway epithelial cells have the capability to produce
CXCL9 and CXCL11?*, their roles in the context of HRV infection have not been

studied. As such, CXCL10 was chosen as an appropriate model to study chemokine

production after HRV-16 infection of airway epithelial cells.

1.9 Signal transduction

Signal transduction is the process through which changes in cellular behaviour are
induced in response to extra- or intracellular stimuli®*®. These inducible changes include,
transcriptional regulation, cell proliferation, differentiation, and apoptosis. Transmission
of an HRV-induced signal is initiated after capsid binding to ICAM-1/LDLR or during

viral replication where dsRNA binds the intracellular receptors, TLR3 or MDA-5 (Figure
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1.3). Regardless of the receptor used, ligand binding results in the activation of a
complex set of intracellular pathways that amplify the signal through a cascade of
interacting proteins. This amplification is controlled through changes in conformation
and/or enzymatic activities resulting in the modulation of downstream targets®®.
Furthermore, feedback control of these pathways is crucial to prevent excessive
stimulation that may lead to certain pathologies®®. As such, research has focused on how
these signaling pathways can be manipulated to reduce inflammation observed in asthma
and COPD?%02¢!,

Given that the airway epithelium can produce a plethora of pro-inflammatory
mediators, including CXCL10™, it is without surprise that numerous signalling pathways
can be found within the airway epithelium®. However, surprisingly little is known about
the signaling pathways involved in the production of chemokines from HRV-infected
epithelial cells. As mentioned in section 1.7.1, the binding of dsRNA to the intracellular
PRRs, TLR-3, RIG-I, and MDA-5, results in the activation of a specific set of signalling
pathways leading to increased gene transcription of pro-inflammatory and anti-viral

genes, including CXCL10™317.

In addition to these pathways, the binding of major
group HRV capsid to ICAM-1 certainly induces the activation of other signalling
pathways that may contribute to the an increase in HRV-induced, replication-dependent
expression of CXCL10. Although the pathways involved in CXCL10 expression after
HRV infection are not well characterized, they could include pathways activated during

262263 sarcoma

HRV-induced CXCL8 expression, such as spleen tyrosine kinase (Syk)
(Src) tyrosine kinase”®, phosphatidylinositol-3-kinase (PI3K)*®°, and p38 mitogen-

activated protein kinase (MAPK)?®®%’ Interestingly, Syk is activated early after
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infection and mediates the activation of downstream PI3K and p38 MAPK?%?2%3  HRV
infection of airway epithelial cells has also been shown to activate p38 MAPK-related

262261268 \which together constitute a well characterized family of signalling

pathways
molecules known as the MAPK pathways. Importantly, the MAPK pathways have the
ability to affect targets directly involved in the up-regulation of chemokine expression®®.
Therefore, the MAPK pathways were chosen as the focus of study in the regulation of

HRV-induced expression of CXCL10 in human airway epithelial cells.

1.9.1 Mitogen-activated protein kinases

First characterized in yeast, the mitogen-activated protein kinase (MAPK)
pathways are a family of evolutionarily conserved protein kinase cascasdes?’>?’!. These
cascades serve to mediate important cellular functions, including proliferation,
differentiation, development, transcription, stress response, and apoptosis®’*. Currently,
four major MAPK pathways have been elucidated, including extracellular signal-
regulated kinase 1/2 (ERK1/2), also known as p44/p42; c-Jun amino terminal kinase
(JNK) also known as stress-activated protein kinase 1 (SAPK1); p38 MAPK, also known
as SAPK2-4; and Big MAPK (BMK), also known as ERKS5 (Figure 1.4). Although the
ERK pathways have been generally implicated in cell proliferation and differentiation,
and the p38 and JNK pathways seem to be involved in the stress response, it must be
noted that the function of each individual pathway is dependent on cell type and
stimulus®®®.

MAPK pathway activation is usually initiated by a small G protein (e.g. Ras,

cdc4?) that is located near the cell membrane and can act on downstream kinases®®. This
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signal is subsequently transmitted through a cascade of enzymes located at three main
tiers, which are referred to as MAPK kinase kinases (MAPKKK or MEKK), MAPK
kinases (MAPKK, MEK, or MKK), and MAPK?"!, Although the regulation of MAPK
pathway activation is very complex, most studies focus at the level of MAPK. Activation
of each tier is mediated by site-specific phosphorylation by an upstream kinase on either
serine (Ser), threonine (Thr), or tyrosine (Tyr) residues in an area known as the activation

loop of each substrate?".

At the level of MAPK, each protein is activated by their
respective upstream MAPKK resulting in the phosphorylation of Thr and Tyr residues.
Specificity of recognition is further enhanced by amino acid sequences that surround the
phospho-acceptor sites and the presence of distinct docking domains®’2. For simplicity,
each MAPK pathway is usually described as a linear pathway, but the ability of the
MAPKSs to transmit different signals within the same cell suggests a more complex
regulation. In this regard, signal specificity is dictated by various factors, including the

duration and length of signal, interaction with scaffold proteins, subcellular localization,

cross-talk, and the presence of multiple components at each tier?”.
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Figure 1.4 — Schematic diagram of the mitogen-activated protein kinase (MAPK)
pathways. There are four major MAPK pathways, including extracellular signal-
regulated kinase 1/2 (ERK1/2), ERK5 (BMK1), p38 MAPK, and c-Jun amino terminal
kinase (JNK). Each MAPK pathway is composed of at least three main tiers, including
MAPKKK, MAPKK, and MAPK. Each signaling cascade can be induced by various
stimuli, such as stress, growth factors, cytokines, and HRV. Pathway activity is initiated
by small G proteins (e.g. Ras) located at the cell membrane, although viral dsRNA
binding to intracellular pathogen recognition receptors (PRRs) may induce MAPK
activity via the TNF receptor-associated factor (TRAF) family of proteins. Following
activation, site-specific phosphorylation of Ser, Thr, or Tyr residues on kinases at each
tier results in signal amplification. This leads to the phosphorylation of transcription
factors or other kinases that have direct roles in mediating cell proliferation,
differentiation, apoptosis, and transcription. Although mechanisms exist to maintain
signal specificity, the dashed arrows indicate the complexity of these pathways as
crosstalk at various MAPK levels can occur depending on stimulus and cell type.
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1.9.2 p38 MAPK pathway

The p38 MAPK pathway is activated by various stimuli, such as pro-
inflammatory cytokines, HRV, lipopolysaccharide (LPS), and stress such as osmotic
shock and ionizing radiation®®’?"*. This pathway is composed of four isoforms, including
p38a, p38p, p38y, and p38d. The a and P isoforms are ubiquitously expressed and are
sensitive to pharmacological inhibitors, hence are primarily studied during release of pro-
inflammatory mediators?’*#"*.  Upstream MKK3 and MKKG6 are responsible for the
phosphorylation of p382°?’®.  Downstream targets of p38 include MAPK activated
protein kinases (MAPKAPKSs) and the transcription factors ATF2, EIk-1, and
MEF2C277’278.

Interestingly, airway biopsies of severe asthmatic subjects have increased levels
of p38 phosphorylation in the airway epithelium compared to mild asthmatics and healthy
controls?”®. Futhermore, the p38 pathway is implicated in many processes involved in the
pathogenesis of asthma and COPD, including Tnl differentiation and IFN-y
production®®, epithelial cell apoptosis?®*, eosinophil degranulation?®?, and the production

of pro-inflammatory cytokines and chemokines?®*?%,

1.9.3 INK pathway
Similar to the p38 pathway, the INK pathway is activated by stress, but also pro-
inflammatory cytokines and HRV?%"2%%2 |t js composed of 3 isoforms, including INK1,
INK2, and JNK3?"*., While INK1 and JNK2 are ubiquitously expressed, JNK3 is mainly
285

expressed in neuronal cells®™.  The upstream activators responsible for JNK

phosphorylation are MKK4 and MKK7%"*. Downstream targets of JNK include c-Jun,
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Elk-1, and ATF-2%. Examination of airway biopsies revealed increased levels of INK
phosphorylation in airway smooth muscle and not the epithelium, although
phosphorylation intensity is decreased in severe and mild asthmatics compared to healthy
controls?”®.  The JNK pathway has also been shown to negatively regulate T2

differentiation?®”, modulate myofibroblast transformation®®, inflammatory cell

infiltration®®®, cytokine release®®, and airway smooth muscle proliferation®®.

1.9.4 ERKS5 pathway

The ERK5 pathway is readily activated by stress-related stimuli and growth
factors, including nerve growth factor (NGF) and epidermal growth factor (EGF)**. The
activation loop and kinase domain of ERKS is similar to ERK1/2, although it retains a
unique C-terminal domain that acts as a transcriptional activator and is not found in
ERK1/2°*#2 " The upstream kinase for ERK5 has been identified as MEK5%*, but the
ERK1/2 kinases, MEK1/2, have been shown to phosphorylate ERK5%**#*. Downstream
targets include the transcription factors MEF2C and Sap1?®®, although ERKS5 itself can
serve as a transcription factor®. The role of ERK5 in asthma and COPD has yet to be

elucidated, but ERKS5 has been implicated in angiogenesis and T lymphocyte function®".

1.9.5 ERK1/2 pathway

The ERK1/2 pathway is composed of two main proteins at the MAPK level,
including ERK1 (p44; MAPK3) and ERK2 (p42; MAPK1)?*"?%  These proteins share
70% overall homology, with > 90% homology in their kinase domains®®®. ERK2 is the

predominant form found in most cells?®. Alternatively spliced forms of ERK1
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(ERK1b)** and ERK2 (ERK2b)** have been identified, though their functions have yet

to be fully elucidated. The ERK1/2 pathway is readily activated by growth factors and

serum, although stress, cytokines, and HRV can also activate this pathway?®#267268271,

Both ERK1 and ERK2 are activated by dual phosphorylation of their Thr-X-Tyr motif by
the upstream dual-specificity MAPKKs, MEK1 and MEK2*°%*® Upon activation the
ERKSs translocate to the nucleus via dimerization®®* or direct interaction with nuclear pore

proteins (NUPs)*®, and phosphorylate downstream targets on Pro-X-Ser/Thr-X-Pro

306
1

consensus sites. Downstream targets include the transcription factors Elk-13%, c-Fos®”,

p53°%, Ets1/2°®, STAT*®, and MAPKAPKSs such as ribosomal S6 kinase (RSKs)®.
Inactivation of ERK1/2 activity is accomplished by the removal of phosphate on Thr and
Tyr residues®®. This removal is mediated by phosphatases, including Ser/Thr protein

phosphatase 2A (PP2A)**?, protein Tyr phosphatases®®®, and dual specificity

phosphatases known as MAPK phosphatases (MKPs)**.

Both ERK1 and ERK2 share similar activation kinetics, cellular localization, and

269 315-317

substrates However, differences between ERK1 and ERK2 functions exist

318 |319
)

ERKZ1-deficient mice are viable®™, while ERK2-deficient mice are embryonic letha
thus demonstrating that ERK1 may not always compensate for the loss of ERK2 activity.

Airway biopsy samples show increased levels of phosphorylated ERK1/2 in the
airway epithelium and smooth muscle of severe and mild asthmatics compared with
healthy controls, although levels of phosphorylated ERK1/2 are substantially higher in

severe patients®”®

. The ERK1/2 pathway is also important in the differentiation of naive
T lymphocytes into a Tu2 phenotype®®. In addition, ERK2 is involved in eosinophil

chemotaxis and degranulation®®”. Hyperplasia of airway smooth muscle has also been
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found to be mostly dependent on the ERK1/2 pathway****#. Furthermore, the ERK1/2
pathway is involved in the expression of cytokines and chemokines, such as CXCLS,
CCLS5, IL-1B, IL-6 and GM-CSF from mast cells, epithelial cells and smooth muscle in
the airway®®. Cigarette smoke-induced damage and cytokine expression in bronchial

323324 In arat

epithelial cells is mediated, in part, through an ERK1/2-dependent manner
model, ERK1/2 activity was required for increased airway epithelium permeability to
allow leukocyte transmigration into the airway lumen®”®. Also of note, the ERK1/2
pathway has been shown to positively regulate the replication of various RNA viruses,

including influenza and coronavirus®°.

1.9.6 MEK1 and MEK2
MEK1 and MEK?2 serve as the upstream kinases for ERK1 and ERK2, which are
believed to be their only physiological substrates®’**%. The MEKs share ~85% overall

homology and are nearly identical in their kinase domains®*3%,

They are mainly
activated by the Raf kinase family through the phosphorylation of two Ser residues in the
Ser-X-Ala-X-Ser/Thr motif**®. In addition, the MEKSs are also phosphorylated by the

ERKSs, which can either inhibit or enhance MEK activity***3,

In this regard, it was
recently shown that a novel feedback loop exists whereby ERK phosphorylation of
MEK1 prevents inhibition of MEK2-dependent phosphorylation of ERK1/2%%
Downregulation of MEKZ1/2 activity involves dephosphorylation by various
phosphatases, including PP2A%33%,

In addition to serving as ERK kinases, MEK1/2 sequester ERK1/2 in the

cytoplasm through scaffolding proteins including kinase repressor of Raf-1 (KSR-1)***,
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p-arrestin®*®, and MEK partner 1 (MP1)*®. Although MEK1/2 can translocate to the
nucleus, they are rapidly shuttled back to the cytoplasm due to the presence of a nuclear
export signal (NES) sequence®’. Similar to the ERKs, MEK1 and MEK2 have similar
and divergent functions?’®. MEKZ1-deficient mice are embryonic lethal®*, but MEK2-
deficient mice are normal®*®. Both Ras and Raf-1 have been shown to preferentially bind
MEK1 and not MEK2**, although c-Raf will activate both MEK1 and MEK23*.

Given their ability to directly activate ERK1/2, the role of MEK1 and MEK2 in
asthma and COPD has not been studied in depth, but potential therapies to modulate
ERK1/2-mediated airway inflammation currently rely on pharmacologic inhibitors that
target MEK1 and MEK2**. In this regard, pharmacologic inhibition of MEK1 and
MEKZ2 inhibits expression of pro-inflammatory mediators, eosinophil counts, and airway

hyperresponsiveness in a mouse model of asthma®®.

1.10 Transcriptional regulation

Conversion of virus-induced signals into changes in gene expression is mediated,
in part, at the level of transcription and requires the actions of DNA-binding protein
known as transcription factors***. Once activated by signaling kinases via post-
translational modifications, such as phosphorylation, transcription factors bind to specific
DNA sequences found in the promoter region upstream of the transcriptional start site of
a gene. This initiates a series of events to increase transcription, including histone
modifications, chromatin remodelling, and binding of transcription-initation factors and

RNA polymerase 11**®. As seen in asthma and COPD, transcriptional dsyregulation leads
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to enhanced levels of pro-inflammatory cytokines, chemokines, and adhesion molecules

that contribute to exacerbations of both diseases®*®.

1.10.1 NF-xB
The mammalian transcription factor nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-«xB) is a crucial activator of genes associated with the pathogenesis

346,347
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of airway diseases, such as asthma and COP In fact, NF-xB is activated in

alveolar macrophages, airway epithelial cells and bronchial mucosal biopsies from

348,349

asthmatics . Similar to asthma, bronchial biopsies of patients with mild to moderate

COPD and smokers without COPD demonstrate increased epithelial expression of NF-xB
compared to non-smokers®®®. Downstream targets of NF-«xB implicated in asthma and
COPD include cytokines, such as IL-1p%*, 1L-4%? TNF-a**%; chemokines, such as

CXCL10*3, ccL5®*, cxCL8™, and CCL10*®; adhesion molecules, including ICAM-

356 357.
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and 1gE®"; and enzymes, such as inducible nitric oxide synthase (iNOS)**® and

matrix metalloproteinase-9 (MMP-9)%°.

Mammalian NF-xB can be formed from a group of related proteins of the Rel
family, which includes p65 (RelA), p50 (NF-kB1), p52 (NF-kB2), cRel, and RelB**.
These proteins can exist as hetero- or homodimers. NF-xB is maintained in an inactive
state in the cytoplasm by the binding of inhibitory proteins, such as inhibitor of kB
(1xB)*®.  After stimulation, phosphorylation of 1kB by IKK-B results in ubiquitination
and subsequent degradation by the 26S proteosome®*3®?. The canonical NF-kB pathway

363

IKK complex is composed of the catalytic subunits IKK-a/IKK-B*"° and the regulatory

subunit IKK-y or NEMO**. The IKK-related kinases, IKKe and TBK-1, directly
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Figure 1.5 — Schematic diagram of the canonical NF-x B pathway. The transcription
factor nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-kB) is
sequestered in the cytoplasm by inhibitor of kB-a (IxB-a) in non-infected cells. Upon
viral infection, IkBa is phosphorylated by an upstream kinase, inhibitor of kB kinase-f
(IKK-B), which targets IkBa for ubiquitin-mediated degradation by the 26S proteosome.
The unbound Rel family proteins, p50 and p65, are now able to translocate to the nucleus
and bind to specific DNA sequences found within the promoters of various genes,
including CXCL10. This DNA binding is, in part, essential to initiate gene transcription.
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phosphorylate RelA and c-Re , in addition to phosphorylation of IRF-3 and IRF-7,

101
.

to regulate transactivation potentia Both of these pathways are activated after viral

infection to induce pro-inflammatory gene expression®®’. IKK inhibitor studies have

shown that HRV-induced CXCL10 and CXCL8 expression in airway epithelial cells is

182,368
5 .

dependent on IKKp-mediated activation of p50 and p6 Also, previous studies
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have shown that the p38 and ERK1/2 MAPK pathways may directly or indirectly alter

NF-kB activity®*3".,

1.10.2 Interferon regulatory factors

Interferon regulatory factors (IRFs) are a family of transcription factors involved
in a wide variety of biological processes including pro-inflammatory and anti-viral gene
expression, development of immune cells, cell growth regulation, and apoptosis (Table
1.2)%%38 There are currently 9 identified human IRF proteins including IRFs 1-3, IRF-4
(Pip, PU.1-interacting factor; ICSAT, IFN consensus sequence-binding protein in adult
T-cell leukemia cell line or activation T cells; LSIRF, lymphoid-specific member of IRF
family), IRFs 5-7, IRF-8 (ICSBP, IFN consensus sequence binding protein), and IRF-9
(p48)*”". IRF-10 has been identified in chickens, but is either not found or rendered non-

functional in human cells®®.

The IRFs have been subdivided into four large groups:
IRF1-G (IRF-1, IRF-2), IRF-3G (IRF-3, IRF-7), IRF-4G (IRF-4, IRF-8, IRF-9) and IRF-
5G (IRF-5, IRF-6)*®!. In addition to those encoded by the human genome, viral forms of
IRFs have been discovered including VIRF1, vIRF2, and VIRF3/LANAZ2, but function to
either dampen or evade the immune response®’®,

IRF family members all share a conserved N-terminal DNA binding domain
(DBD) with a winged-typed helix-loop-helix structure and a characteristic repeat of five
tryptophan residues®®. Due to the similarity of the secondary structures of the DBD of
all IRFs, it has been suggested that these proteins recognize similar core binding

sequences, specifically 5’-GAAA-3’ and 5-AANNGAAA-3’ as determined by the

crystal structure of IRF-1 and 2*2. The regulatory C-terminal portion of the IRFs, which



Table 1.2 — IRF family member functions
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IRF Expression Target genes Role in immune cell
development
IRF-1 - Both constitutive and - INOS, caspase-1, -NK cell development
inducible in many cell COX-2, ClITA, TAP1, -Promote Tyl
types LMP2, IFN-B, IL-12 differentiation
- Mainly nuclear -Suppress T2
differentiation
IRF-2 - Both constitutive and - Mainly antagonizes -NK cell development
inducible in many cell IRF-1 and IRF-9- -Promote Tyl
types dependent gene differentiation
expression -Suppress T2
differentiation
IRF-3 - Both constitutive and - type | interferons, Unknown
inducible in many cell CXCL10, CCL5
types
- Mainly cytoplasmic
IRF-4 - Constitutive in B cells, | - Negative regulation of | -Differentiation of DCs
macrophages, DCs, and | TLR-dependent pro- -Plasma cell
T cells inflammatory gene differentiation
- Mainly nuclear expression - Promote T2
differentiation
IRF-5 - Constitutive in B cells | - type | interferons, IL- Unknown
and DCs 12, IL-6, TNF-a
- Mainly cytoplasmic
IRF-6 - Constitutive in skin Unknown -Keratinocyte
differentiation
IRF-7 - Constitutive in B cells, | - type | interferons -Unknown
DCs, and monocytes
- Induced in many cells
types
IRF-8 - Constitutive in B cells, | - type | interferons, IL- - Differentiation of DCs
macrophages, DCs, and | 12, iNOS - Promote Tyl
T cells differentiation
IRF-9 - Constitutive and - OAS, PKR, IRF-7 Unknown

inducible in many cells
types

Adapted from Tamura, T. et al. (ref. 377); CIITA, class Il transactivator; COX,
cyclooxygenase: OAS, oligoadenlyate synthetase; TAP1, antigen peptide transporter 1;
LMP2, low molecular mass poylpeptide 2
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contain IRF assocation domains 1 and 2 (IAD1 and IAD2), is responsible for
transactivation potential, homo- or heterodimeric interactions and post-translational
modifications®’’. The IAD2 is only found in IRF-1 and IRF-2, while the remaining IRFs
contain IAD1%",

In addition to interactions with each other®®* ¥’ |RFs and NF-kB have been
shown to function in a co-operative manner to induce chemokine expression, including
CXCL10%%3838  |n fact, it has even been suggested that both protein families co-
evolved based on their roles in host defense, diversification in vertebrates, and similar
core binding sequences®"*#3% |n addition to other transcription factors, IRF proteins
bind transcriptional co-factors such as CREB binding protein (CBP)/p300 proteins and
basal transcription proteins (TFBII) to facilitate transcriptional activity as IRFs are
thought be weak transcriptional activators alone®*3%".

There are only a few studies demonstrating the role of IRF proteins in HRV
infected epithelial cells. A recent study demonstrated that HRV infection results in IRF-3
activation and is required in TLR3 and MDA-5-mediated regulation of CXCL10 mRNA

175

expression in human airway epithelial cells~™. In contrast, two other studies demonstrate

the attenuation of IRF-3 activation in HRV-infected cells, in part, through the degradation

of the adaptor molecule 1PS-1%93%

Furthermore, binding of IRF-1 to the promoter of
CXCL10 is increased in HRV-16 infected airway epithelial cells and is dependent on
IKK-p activity®®. Interestingly, knockout of IRF-1 selectively impairs the clearance of

picornaviruses, such as ECMV and coxsackievirus B3, but not vesicular stomatitis

virus*®. The role of IRFs in asthma and COPD is unclear at this time.
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1.11 Objective of thesis

This thesis seeks to delineate specific aspects of the cellular and molecular
mechanisms by which HRV-16 infection of human airway epithelial cells regulates

CXCL10 expression.

1.12 General hypothesis

HRV-16-induced CXCL10 expression in human airway epithelial cells occurs, in

part, via MAPK pathway-mediated effects on transcription.

1.13 Aims of thesis

Aim #1 - Delineate the role of the MAPK pathways in HRV-16-induced CXCL10

MRNA expression and protein production

Aim #2 — Investigate the role of transcriptional regulation and identify the transcription

factors involved in MEK1 pathway mediated down-regulation of CXCL10 expression

Aim #3 — Investigate the role of IRF-1 in HRV-16-induced CXCL10 expression and its

modulation by the MEK1 pathway
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Chapter Two: Materials and Methods

2.1 Materials

Materials and suppliers used:

AbD Serotec (Raleigh, NC, USA): glyceraldehyde-3-phosphate-dehydrogenase

(GAPDH) antibody

Ambion (Austin, TX, USA): DNA-free DNase I kit

American Type Culture Collection (Manassas, VA, USA): WI-38 fetal lung

fibroblasts and human rhinovirus type 16 (HRV-16)

Applied Biosystems (Foster City, CA, USA): 20X GAPDH master mix, MicroAmp
optical 96-well reaction plate, MultiScribe reverse transcriptase, RNase inhibitor,
Tagman master mix, custom CXCL10 primers and probes (see section 2.2.13.4 for
sequences), Tagman CCL5 gene expression assay (ID# Hs00174575), and Tagman IRF-1

gene expression assay (ID# Hs00971960)

Biorad Laboratories (Mississauga, ON, Canada): ammonium  persulfate
((NH4)2S20g), nitrocellulose membrane, 30% acrylamide and bis-acrylamide solution
(37.5:1), glycine, sodium dodecyl sulfate (SDS), dithiothreitol (DTT), Mini-PROTEAN

gel electrophoresis equipment, Mini Trans-blot electrophorectic transfer cell, DC protein
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assay kit (modified Lowry assay), modified Bradford protein assay reagent, Precision
Plus pre-stained protein standard, Benchmark 96-well microplate reader, Model 583 gel

dryer, and Hydrotech vacuum pump

Calbiochem EMD Biosciences (Gibbstown, NJ, USA): ERK Inhibitor, [3-(2-
Aminoethyl)-5-((4-ethoxyphenyl)methylene)-2,4-thiazolidinedione, HCI]; FR180204
(ERK  Inhibitor  1I), [5-(2-Phenyl-pyrazolo[1,5-a]pyridin-3-yl)-1H-pyrazolo[3,4-
c]pyridazin-3-ylamine]; PD98059, [2"-Amino-3’-methoxyflavone]; U0126, [1,4-Diamino-
2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene]; SB203580, [4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole]; SP600125, [Anthra(1,9-cd)pyrazol-

6(2H)-one 1,9-Pyrazoloanthrone], methanol, Tween-20, and isopropyl alcohol (C3H;OH)

Cell Signaling Technology (Beverly, MA, USA): antibodies against phospho-Elk-1
(#9181), phospho-ERK1/2 (#9101), total ERK1/2 (#9102), phospho-ERKS5 (#3371), total
ERKS (#3372), phospho-lkBa (#9246), total MEK1 (#9124), total MEK2 (#9125),

phospho-p38 (#9211), and total p38 (#9212)

Corning Life Sciences (Lowell, MA, USA): T-75cm? flasks, T-175cm? flasks, 6-well

plates, 96-well flat-bottom plates

Dako (Mississauga, ON, Canada): horseradish peroxidase (HRP)-conjugated anti-

mouse g antibody
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Fujifilm Medical Systems (Stamford, CT, USA): SuperRX X-ray film

GE Healthcare Bio-Sciences (Piscataway, NJ, USA): HRP-conjugated anti-rabbit Ig
antibody, enhanced chemiluminescent (ECL) substrate reagent, [y->2P]-adenosine

triphosphate (ATP), and G25 Sephadex spin chromatography columns

Hoefer (Holliston, MA, USA): SE 600 Chroma vertical gel electrophoresis unit

Invitrogen (Burlington, ON, Canada): Dulbecco’s modified Eagle medium (DMEM)
Eagle’s minimal essential medium (EMEM), Ham’s F12 medium, OptiMEM serum-free
medium, Hanks balanced salt solution (HBSS), DH5a. competent E. coli, penicillin-
streptomycin-amphotericin-B (PSF), L-glutamine, sodium pyruvate (CsHszNaOs), non-
essential amino acids, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
gentamicin, fetal bovine serum (FBS), TRIzol reagent, TrypLE Select recombinant
enzyme, Superscript 111, oligo d(T), dNTPs, dithiothreitol (DTT), 5x First Strand Buffer,
RNAIMAX lipid transfection reagent, MediumGC control siRNA, MEK1 and MEK2

specific SIRNA (sequences below)

Lonza (Walkersville, MD, USA): 10x Accugene TBE buffer, bronchial epithelial cell
basal medium (BEBM), additives to create serum-free bronchial epithelial cell growth
medium (BEGM) including: bovine pituitary extract, human epidermal growth factor,
epinephrine, gentamicin/amphotericin, hydrocortisone, insulin, trans-retinoic acid,

transferrin, and triiodothyronine
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Mirius Bio (Madison, WI, USA): TransIT lipid transfection reagent

New England Biolabs (Ipswich, MA, USA): calf intestinal alkaline phosphatase, T4
polynucleotide kinase, T4 kinase buffer, Kpnl and Nhel restriction enzymes, and

restriction enzyme buffer 1

Qiagen (Mississauga, ON, Canada): QIAprep spin miniprep and maxiprep plasmid
isolation kits, QlAquick gel extraction kit, ERK1 and ERK2 specific sSiRNA (sequences

below)

Pall Corporation (East Hills, NY, USA): 0.45um and 0.2um sterile filters

Promega (Madison, WI, USA): pGL3 basic firefly luciferase reporter plasmid, pRL-null
Renilla luciferase plasmid, 5x passive lysis buffer, dual-luciferase reporter assay

reagents, and Cyto96™ lactate dehydrogenase (LDH) assay

R&D Systems (Minneapolis, MN, USA): recombinant human IFN-B/CXCL10/CCL5

proteins, CXCL10 and CCL5 matched antibody pairs

Roche (Mississauga, ON, Canada): Fugene6 lipid transfection reagent, Pronase
protease powder, protease inhibitor cocktail tablets, Rapid DNA Ligation Kit, and ABTS

(2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid))
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Santa Cruz Biotechnology (Santa Cruz, CA, USA): Supershift Abs for p50 (sc-114),
p65 (sc-109), p52 (sc-848), c-Rel (sc-70), IRF-1 (sc-497), IRF-2 (sc-498), IRF-3 (sc-
9082), IRF-7 (sc-9083), and interferon-stimulated gene factor (ISGF)-3y/p48 (sc-496).

Immunoblot primary antibody for IkBa (sc-371).

Sigma-Aldrich (Oakville, ON, Canada): dimethyl sulfoxide (DMSO; C,HsSO),
poly[deoxyinosinic-deoxycytidylic] (Poly  dl:dC), Triton  X-100, PMSF
(phenylmethylsulphonyl fluoride; C;H;FO,S), citric acid (CgHgO;), MES (2-(N-
morpholino)ethanesulfonic acid; CsH13NO,4S), EDTA (ethylenediaminetetraacetic acid;
C10H16N20g), potassium phosphate monobasic (KH,PO,), sodium orthovanadate
(NazVVO,), sodium pyrophosphate (NasP,07), sodium fluoride (NaF), sodium chloride
(NaCl), sodium azide (NaN3), sodium phosphate dibasic (Na;HPO,), magnesium chloride
(MgCly), Tris-HCl  (2-Amino-2-(hydroxymethyl)-1,3-propanediol,  hydrochloride;
C4H11NOsCIH), and Tris-base (2-Amino-2-(hydroxymethyl)-1,3-propanediol;

NH,C(CH>0H)3)

2.2 Methods
2.2.1 Virus propagation and purification

HRV-16 stocks were generated through infection of confluent WI-38 lung
fibroblast monolayers in T-175cm? flasks. Viral supernatants from previous
propogations were diluted in WI-38 medium (Dulbecco’s modified Eagle medium

[DMEM], 10% (v/v) Fetal bovine serum [FBS], 5% (v/v) L-glutamine, and 5% (v/v) non-
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essential amino acids) and incubated for 24-28 h at 34°C in 5% CO, until obvious signs
of cytotoxicity were observed. At this point, medium was removed from infected cells
and 8 mL of fresh medium was added. Cells were scraped, sonicated (15 sec, 50%
amplitude), and centrifuged (425 x g, 15 min, 4°C). Supernatant was collected for
purification. HRV-16 was purified by sucrose density centrifugation to remove
ribosomes and soluble factors. Viral supernatants in WI-38 medium were underlayed
with a 30% (w/v) sucrose solution and centrifuged (28,000 rpm, 5 h, 16°C). WI-38
medium supernatant was aspirated and virus-containing sucrose supernatants were
combined in 1:1 ratio with F12/50mM HEPES (pH 7.4) solution, sterile filtered through a
0.45 pM filter, and frozen in aliquots at -80°C. This viral stock was used for infection of
BEAS-2B cells. Pellets were resuspended in F12/50 mM HEPES, sterile filtered, and
frozen in aliquots at -80°C. This viral stock was used for infection of primary human
airway epithelial cells. As previously described, cell responses were determined to be
directly a result of viral infection and not due to residual soluble components of WI-38

origin**°.

2.2.2 HRV-16 detection and titration

HRV-16 was detected by infection of confluent WI-38 monolayers with serial
half-log dilutions (1/100-1/3000000) of purified HRV-16 in 96-well plates containing
WI-38 medium. Cells were incubated for 5 days at 34°C in 5% CO, and then washed
with HBSS followed by fixing cells with methanol for 1 min. Cells were stained with
0.1% (w/v) crystal violet solution for 20 min and washed 3 times in double distilled H20

(ddH»0). After drying for 24 h, absorbances were read at 570 nm using a Biorad
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Benchmark microplate reader. The tissue culture infective dose (TCID)so/mL was

calculated using the Reed-Muensch method*®*.

2.2.3 BEAS-2B cell line

The BEAS-2B bronchial epithelial cell line was a gift from Dr. Curtis Harris
(National Cancer Institute, Bethesda, MD, USA). This non-tumorigenic cell line was
derived from infection of normal primary bronchial epithelial cells with adenovirus (Ad)
type 12-simian virus (SV) 40 hybrid virus (Ad12-SV40). These cells retained a bronchial
epithelial morphology with characteristic cytokeratin staining*®?. BEAS-2B cells were
cultured in serum-free bronchial epithelial medium (BEGM) supplemented with growth
additives (bovine pituitary extract, human epidermal growth factor, epinephrine,
gentamicin/amphotericin, hydrocortisone, insulin, trans-retinoic acid, transferrin, and
triiodothyronine) and antibiotics (0.5% penicillin-stretomycin-amphotericin-B [PSF]) in
T-75cm? flasks and passaged weekly with a recombinant enzyme (TrypLE Select) in lieu
of trypsin. Experiments were performed on BEAS-2B cells between passages 35-55 on

6-well plates and were incubated at 37°C in 5% CO..

2.2.4 Primary human bronchial epithelial cells

Primary human bronchial epithelial cells (HBE) were obtained from normal
human lungs not used for transplantation (International Institute for the Advancement of
Medicine, Jessup, PA). Sections of trachea, main stem bronchi, and terminal bronchioles
were dissected from lung tissue and used as the source of epithelial cells. Airway

sections were placed in sterile filtered F12 medium containing 10% (w/v) pronase
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protease and 0.1% (v/v) gentamicin for 30-40 h at 4°C. Airway segments were dissected
longitudinally and epithelial cells were removed from tissue by continuous and forceful
application of F12 medium supplemented with 20% (v/v) FBS (F12/FBS) with a 5mL
syringe. Cells were centrifuged at 153 x g for 8 min at room temperature (RT) and
resuspended in F12/FBS. Total number of cells was determined by staining cells with
erythrosin B and cell counts were carried out on a hemocytometer. Cells were
centrifuged again and resuspended in a 1:1 solution of 2X PSF and 2X DMSO to create
aliquots of 0.5x10° cells/vial. Cells were frozen at -80°C for 24 h and then transferred to
liquid nitrogen (N2) until use. This procedure has been shown to produce primary cell
cultures of >98% epithelial cells using cytokeratin staining*®.

For experiments, HBE were thawed and immediately placed in F12/FBS
followed by centrifugation at 153 x g for 8 min at RT. Cells were resuspended in BEGM
supplemented with 5% sterile FBS and incubated for 72 h at 37°C in 5% CO,. After 72
h, cells were washed with HBSS and fed with BEGM for 14 days with medium changed
every two days. After 14 days, the cells were used for experiments. HBE were used at a

confluence of >85% for most experiments procedures, except for transfections (70-80%).

2.2.5 Primary human adenoid epithelial cells

Upper airway epithelial cells (HAE) were isolated from adenoid tissue removed
during tonsillectomy in children. Similar to bronchial tissue, adenoids were cut into
small pieces and placed in F12 medium supplemented with 10% (w/v) pronase and 0.1%
(v/v) gentamicin for 24-36 h at 4°C. Epithelial cells were removed from tissue by

repeated and forceful application of F12/FBS with a 5mL syringe. Cells were centrifuged
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at 153 x g for 8 min at RT and resuspended in F12/FBS. Total number of cells was
determined by staining cells with erythrosin B and counting cells with a hemocytometer.
In contrast to bronchial tissue, adenoid tissue did not generate large numbers of epithelial
cells, thus cells were directly plated onto 6-well plates and not frozen down. The day
after plating, HAE were vigourously washed with HBSS to remove any contaminating
non-adherent cells. HAE were grown to 60-70% confluence in BEGM at 37°C in 5%

CO;, before use in experiments.

2.2.6 HRV-16 infection of airway epithelial cells

BEAS-2B cells were infected with 10*° TCIDso/mL units or multiplicity of
infection (MOI) of ~0.1 HRV-16. Alternatively, HBE and HAE required 10°°
TCIDso/mL units or MOI of ~1.0 HRV-16 for infection. The higher dose was required to
induce robust responses, as it has been shown that only ~10% of primary airway
epithelial cells are infected, even with high doses of HRV**®. For most experiments, cells
were cultured overnight in BEGM from which hydrocortisone had been removed prior to

stimulation.

2.2.7 IFN-B stimulation of airway epithelial cells
BEAS-2B or HBE cells were stimulated with IFN-f (3 ng/mL) to induce
responses comparable to HRV-16 infection. As with viral infection, cells were cultured

overnight in BEGM without hydrocortisone after washing with HBSS.
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2.2.8 MAPK pathway inhibitors

Pharmacologic MAPK pathway inhibitors were used to determine any effect on
HRV-16 or IFN-p modulation of airway epithelial cell responses. The specific MAPK

targets and the respective inhibitor(s) included:

MEKZ1/2 — PD98059*** (MEK1, ICsy = 4 pM; MEK2 1Csp = 50 pM) and U0126%*
(MEK1, ICso= 0.07 uM; MEK2 ICs = 0.06 uM)

p38 — SB203580%% (ICsp = 0.6 M)

INK — SP600125% (JNK1, ICso= 0.04 pM; INK2 ICso = 0.04 pM)

ERK2 - ERK Inhibitor*®” (ERK2, ICsy = < 25 uM)

ERK1/2 - FR180204"® (ERK1, ICsp = 0.51 uM; ERK2, ICs = 0.33 pM)

All inhibitors were dissolved in DMSO at a working stock concentration of 10 mM.
Dilutions were made in appropriate medium per experimental protocol and DMSO
vehicle control did not exceed 0.1% (v/v). Cells were pre-incubated with inhibitors for 1

h prior to stimulation to ensure maximal inhibition.

2.2.9 Lactate dehydrogenase assay

To assess cell viability after MAPK inhibitor treatment, the release of lactate
dehydrogenase (LDH) was measured using the Cyto96 colourmetric assay (Promega).
This assay measures LDH release through the conversion of tetrazolium salt into red
formazan product. HBE or HAE cells in 6-well plates were infected with HRV-16 in

BEGM without hydrocortisone for 1 h (37°C, 5% CO,) and washed with HBSS twice
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followed by the addition of appropriate concentrations of MAPK inhibitors or DMSO
(0.1% v/v) in BEGM without hydrocortisone. After 21 h, 60 pL of supernantant was
collected from control well and 90 pL of 5x Passive Lysis Buffer (Promega) was added
to the same control well. Cells were further incubated at 34°C for 30 min. Lysate from
control well and supernatants from all other wells were collected. In a 96-well plate,
control lysate and supernatants from treated cells were incubated with tetrazolium salt
substrate for 30 min in the dark. The reaction was stopped and absorbance (optical
density units) was measured at 490 nm. Calculation of cell viability was determined with

the following equation:

Absorbance of sample
% cell death = ==mmmmm e s x 100
Absorbance of control well supernatant + (control well lysate) x 10

2.2.10 Western blotting
2.2.10.1 Whole cell lysate preparation

BEAS-2B or HBE were cultured on 6-well plates and stimulated according to
specific experimental protocol. Supernatants were aspirated, cells were washed with
HBSS and subsequently lysed with 500uL/well of ice-cold lysis buffer (1% (v/v) Triton
X-100 in 1x MES buffered saline, 5 mM EDTA pH 7.4, anti-protease tablets, 1 mM
phenylmethylsulphonyl fluoride [PMSF], 2 mM NazVO,4, 20 mM NasP,07, and 50 mM
NaF). Cells were scraped on ice, sonicated, and centrifuged at 20,000 x g for 10 min at
4°C. Supernatants (triton-soluble fraction) were transferred to a fresh tube and stored at -

80°C. Small aliquots were taken for protein quantification.
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2.2.10.2 Protein quantification

Protein was quantified in a 96-well plate using the modified Lowry DC protein
assay (Biorad). Human serum albumin (HSA) standard (4 pg/mL-0.125 pg/mL) was
diluted in 1x PBS and 5 pL was added to duplicate wells. Similarly, 5 puL of sample was
added to duplicate wells followed by the addition of 25 pL reagent A’ and 200 pL of
reagent B. The samples were incubated in the dark for 15 min at room temperature to
allow for colour development. Absorbances were read at 750 nm and protein quantity

was determined through interpolation of the standard curve.

2.2.10.3 SDS polyacrylamide gel electrophoresis and protein transfer

Samples were run using the Biorad Mini-PROTEAN gel electrophoresis system.
Samples (10-15 pg) were prepared by diluting in 1x PBS to ensure equal loading of
protein. To each diluted sample, 5x Laemmli sample buffer (50% glycerol (v/v), 10%
SDS (w/v), 250 mM Tris-HCI pH 6.8, 1 mg/mL bromophenol blue, and 0.5 M DTT) was
added and boiled for 4 min. Samples were loaded onto a 10% SDS polyacrylamide gel
and electrophoresed at 150 V in 1x Running buffer (25 mM Tris-base, 0.1% SDS (w/v),
and 192 mM glycine). A protein standard ladder was also added to confirm the sizes of
proteins being investigated. Following electrophoresis, proteins were transferred to a
nitrocellulose membrane using a wet transfer system (Biorad) in 1x transfer buffer (20%

methanol (v/v), 2.5 mM Tris-base, and 19.2 mM glycine) for 1 h at 100 V.
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2.2.10.4 Immunoblotting

Following protein transfer, nitrocellulose membranes were blocked with 5% (w/v)
skim milk powder in 1x TBS (0.5 M Tris-base, 1.5 M NaCl, pH 7.4) supplemented with
0.05% (v/v) Tween-20 (TTBS) for 1 h with gentle shaking. Membranes were washed 3 x
5 min in TTBS and incubated with specific primary antibody (Table 2.1) in 5%
BSA/TTBS solution overnight at 4°C with gentle shaking. Membranes were washed 3 x
5 min in TTBS followed by incubation with either rabbit or mouse HRP-conjugated Ig
Ab for 1 h at room temperture with gentle shaking. Membranes were washed 2 x 15 min
and placed in ECL substrate reagent (GE Healthcare Bio-Sciences) for 1 min.
Membranes were exposed to film (Fujifilm Medical Systems) for various times and

placed in an automated developer.

Table 2.1 — Primary antibodies used in SDS/PAGE immunoblotting

Target Species Dilution Company Epitope
phosho-Elk-1 Rabbit 1/750 Cell Signaling Ser383
phospho Rabbit 1/1000 Cell Signaling | Thr202/Tyr204
ERK1/2
ERK1/2 Rabbit 1/1000 Cell Signaling C-terminus
phospho ERK5 Rabbit 1/200 Cell Signaling | Thr218/Tyr220
ERK5 Rabbit 1/200 Cell Signaling N/A
phospho p38 Rabbit 1/750 Cell Signaling | Thr180/Tyr182
p38 Rabbit 1/750 Cell Signaling N/A
MEK1 Rabbit 1/1000 Cell Signaling N/A
MEK?2 Rabbit 1/1000 Cell Signaling N/A
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phospho-lkBao Mouse 1/1000 Cell Signaling Ser32/36
IxBa Rabbit 1/1000 Santa Cruz C-terminus
IRF-1 Rabbit 1/4000 Santa Cruz C-terminus
GAPDH Mouse 1/40000 ADbD Serotec N/A

2.2.10.5 Immunoblot stripping protocol

To ensure equal loading, immunoblots were stripped and re-probed with
appropriate antibody (Table 2.1). Immunoblot stripping solution (70 mM Tris-HCI pH
6.8, 2% (v/v) SDS) was heated to 80°C and 0.01% B-mercaptoethanol (3-ME) was added.
Blots were incubated in the stripping solution for 5 min with gentle shaking. Blots were
washed 4 x 15 min in TTBS (0.05% Tween-20) and probed with appropriate primary and

secondary (anti-mouse or anti-rabbit) antibodies.

2.2.10.6 Assessment of GAPDH levels

Equal loading was determined by stripping each membrane and reprobing with
antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). After stripping, blots
were blocked in 5% skim milk in TTBS for 30 min at room temperature with gentle
shaking. Blots were washed 3 x 5 min and incubated with anti-GAPDH (1/40000) in
TTBS for 20 min at room temperature. After primary antibody incubation blots were
washed 3 x 5 min and incubated with anti-mouse Ig-HRP antibody (1/10000) in TTBS

for 20 min at room temperature and visualized with ECL substrate reagent.
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2.2.11 Electrophorectic mobility shift assay (EMSA)
2.2.11.1 Nuclear protein extraction

BEAS-2B cells or HBE were cultured on 6-well plates and stimulated according
to the specific experimental protocol. All centrifugations were carried out a 4°C. After
stimulation, cells were scraped on ice and centrifuged at 5,000 x g for 5 min. Supernatant
was removed and the pellet was re-suspended in 50 uL Gough buffer (0.01 M Tris-HCI,
0.15 M NaCl, 1.5 mM MgCl;, 0.65% Nonidet P-40, 0.5 mM PMSF, and 0.01 M DTT),
vortexed for 15 s, left on ice for 10 min, and centrifuged at 12,000 x g for 2 min. The
pellet was re-suspended in 15uL of buffer C (0.02 M HEPES pH 7.9, 25% glycerol, 0.4
M NaCl, 1.5 mM MgCl,, 0.5 mM PMSF, and 0.01 M DTT), subjected to agitation every
15 min for 2 h, and centrifuged at 12,000 x g for 10 min. The supernatant (nuclear
extract) was transferred to a fresh tube containing 35uL of buffer D (0.02 M HEPES pH
7.9, 20% glycerol, 0.05 M KCI, 0.2 mM EDTA pH 8.0, 0.5 mM PMSF, and 0.01 M
DTT). A 5 pL aliquot was taken for protein quantification and the remaining nuclear

extract was stored at -80°C.

2.2.11.2 Nuclear extract protein quantification

Protein concentration of nuclear extract was determined using a modified
Bradford assay (BioRad). In a 96-well plate, 2 pL of sample in duplicate wells was
added to 200 pL 1x protein assay dye reagent. HSA standards diluted in buffer D (4
pg/mL to 0.125 pg/mL) were also added to enable quantification through interpolation of
the standard curve. Samples were incubated for 10 min at room temperature and

absorbances were read at 570 nm.
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2.2.11.3 Oligonucleotides

All CXCL10-specific oligonucleotides were generated by The University of
Calgary DNA Services. The forward nucleotide sequences for CXCL10-specific NF-xB
and interferon-stimulated response element (ISRE) recognition sequences were as

follows (mutations in lowercase bold letters):

NF-kB1, 5’-TGCAACATGGGACTTCCCCAGGAAC-3’
ANF-xB1, 5’-TGCAACATGtGACTTCaCCAGGAAC-3’
NF-kB2, 5’-GGAGCAGAGGGAAATTCCGTAACTT-3’
ANF-xB2, 5’-GGAGCAGAGIGAAATTaCGTAACTT-3’
ISRE, 5’-TGTTTTGGAAAGTGAAACCTAATTC-3’

AISRE, 5’-TGTTTTGGACAGTGACACCTAATTC-3’

Oligonucleotides were annealed in a 100 uL reaction containing 25 uL sense and
anti-sense oligonucleotide (100 uM each), 10 puL 10x Oligo Annealing buffer (100 mM
Tris-HCI pH 7.5, 1 M NaCl, 10 mM EDTA pH 7.4) and 40 uL RNase/DNase-free H-0.
Annealing was carried out in a Techne Flexigene thermocycler with the following
parameters: 95°C for 2 min, A* for 5 min (A*= 5°C over oligo T,), A*-37°C (-1°C/cycle)
over 90 min, and 37°C for 2 min. Annealed oligonucleotides were stored at -20°C until

use.

2.2.11.4 EMSA probe labelling

Annealed CXCL10-specific oligonucleotides were 5’ end-labeled with T4
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polynucleotide kinase (New England Biolabs). In a 20 pL reaction mixture, 1.75 uM
CXCL10-specific annealed oligonucleotide was incubated with 10 units T4
polynucleotide kinase in 1x T4 kinase buffer (70 mM Tris-HCI, 10 mM MgCly,
5mM DTT) and 40 pCi [y-*?P]JATP at 37°C for 30 min. Radiolabeled oligonucleotides
were mixed with 180 pL TE buffer (10 mM Tris-HCI pH 7.4, 1 mM EDTA) and excess
[y-**PJATP was removed using G25 Sephadex spin columns (GE Healthcare Bio-

Sciences).

2.2.11.5 EMSA binding reaction

The binding reactions included the incubation of 2.5-5 pg of nuclear extract with
4 uL of binding buffer (20% glycerol, 5 mM MgCl;, 2.5 mM EDTA, 1 ug poly(dl:dC),
250 mM NacCl, 50 mM Tris-HCI pH 7.4, and 0.01 M DTT). Buffer D was used to bring
the volume up to 14 pL and incubated at 4°C for 20 min. As a non-specific binding
control, one binding reaction sample contained 2 pL 100x non-radiolabeled annealed
CXCL10-specific oligonucleotide. Labeled probe (2 pL) was added to the binding

reaction and incubated at 4°C for 1 h.

2.2.11.6 Non-SDS PAGE and autoradiography

The binding reaction was stopped by the addition of 3 uL of EMSA loading
buffer (50% (v/v) glycerol and 0.05% (w/v) bromophenol blue). Samples were loaded
onto a 6% non-SDS polyacrylamide gel and electrophoresed for 1.5-2 h in 0.25 X TBE
buffer (890 mM Tris-borate, 20 nM EDTA, pH 8.3). Gels were dried, exposed to film at

-80°C, and analyzed with autoradiography.
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2.2.11.7 Antibody supershift assay
For supershift assays, 2 puL of appropriate purified 1gG antibody (2 pg/uL) was

added to binding reaction 2 h prior to addition of radiolabeled oligonucleotide.

2.2.11.8 Calf intestinal alkaline phosphatase treatment of nuclear extracts

Nuclear extracts were prepared as described above, but using buffers C and D
without EDTA. Nuclear protein (2.5 pg) was incubated with 6.5 U of calf intestinal
alkaline phosphatase (New England Biolabs) in buffer D without EDTA for 15 min at
37°C. Phosphatase activity was inhibited with 50 mM EDTA and further incubated for
15 min at 37°C. Radiolabeled CXCL10-specific ISRE probe was added and EMSA was

performed.

2.2.12 Enzyme-linked immunosorbent assay (ELISA)
2.2.12.1 Measurement of CXCL10 and CCL5 protein release

Supernatants from treated cells were assayed on 96-well Immulon 4 plates using
matched antibody pairs and recombinant protein for human CXCL10 and CCL5 (R&D
Systems). Plates were coated overnight at RT with monoclonal anti-human CXCL10 (3
pg/mL) or CCL5 (2 pg/mL) antibody diluted in 1x PBS. Following primary Ab
incubation, plates were washed 4x with ELISA wash buffer (0.05% Tween-20 (v/v), 137
mM NaCl, 1.5 mM potassium phosphate monobasic, 8.1 mM sodium phosphate dibasic,
2.7 mM potassium chloride, pH 7.4) followed by incubation in ELISA blocking buffer
(1x PBS, 1% BSA (w/v), 5% sucrose (w/v)) for 1 h at RT. Recombinant protein standard

was serially diluted in ELISA diluent (1x TBS, BSA 0.1% (w/v), 0.05% Tween-20 (v/v))
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using 1:1 dilutions for CXCL10 (3000 pg/mL-23.44 pg/mL) or CCL5 (2000 pg/mL-31.25
pg/mL) and added to duplicate wells (100 pL/well). Samples were prepared with three
serial dilutions (e.g. 1/2, 1/4, 1/8) in ELISA diluent to ensure that sample readings were
within the linear range of the standard curve. Samples were added to duplicate wells
(100 pL/well) and incubated for 2 h at room temperature. Plates were washed 4x with
ELISA wash buffer and incubated with 100 pL/well biotinylated anti-human CXCL10
(300 ng/mL) or CCL5 (10 ng/mL) antibody for 2 h at room temperature. Following
biotinylated anti-human antibody incubation, plates were washed 4x with ELISA wash
buffer and incubated with 100 pL/well streptavidin peroxidase (1 pg/mL) diluted in
ELISA diluent for 30 min at room temperature. Plates were developed by the addition of
100 pL/well H,O/ABTS in citrate phosphate buffer (29.4 mM citric acid, 41.7 mM
sodium phosphate pH 4.3) and incubation at 37°C in the dark. The development reaction
was stopped with 2 mM sodium azide (100 pL/well) and absorbances were read at 405
nm. Protein concentrations were determined through interpolation of a linear standard
curve (Bio-Rad Microplate Manager Il ver. 2.248). The sensitivity of the assay was 30

pg/mL.

2.2.12.2 Measurement of CXCLS8 protein release

Supernatants from treated cells were assayed on 96-well Immulon 4 plates coated
with 100 pL/well of 1:1200 dilution of polyclonal rabbit anti-human CXCLS8 antibody in
0.1 M carbonate buffer (pH 9.6). The plate was covered and incubated at 4°C overnight.
Following primary antibody incubation, wells were washed 4X with ELISA wash buffer

and non-specific binding sites were blocked with 100 pL/well of a 1:100 sheep serum
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diluted in sample buffer (1x PBS pH 7.4, 0.05% Tween-80, 1% BSA) and incubated for
30 min at RT. The plate was washed 4X with ELISA wash buffer and recombinant
CXCLS8 protein standard was serially diluted in sample buffer using 1:1 dilutions (15
ng/mL-0.059 ng/mL) and added to duplicate wells (100 pL/well). Samples were
prepared with three serial dilutions (e.g. 1/2, 1/4, 1/8) in sample buffer to ensure that
sample readings were within the linear range of the standard curve. Samples were added
to duplicate wells (100 pL/well) and incubated for 90 min at 37°C. After incubation, the
plate was washed 4X in ELISA wash buffer and 100 uL/well biotinylated polyclonal
rabbit anti-human CXCLS8 antibody diluted 1:1300 in sample buffer was added and
incubated for 90 min at 37°C. Following secondary antibody incubation, plates were
washed 4x with ELISA wash buffer and incubated with 100 pL/well streptavidin
peroxidase (1 pg/mL) diluted in ELISA diluent for 30 min at room temperature. Plates
were developed by the addition of 100 pL/well H,O,/ABTS in citrate phosphate buffer
(29.4 mM citric acid, 41.7 mM sodium phosphate pH 4.3) and incubation at 37°C in the
dark. The development reaction was stopped with 2 mM sodium azide (100 pL/well) and
absorbances were read at 405 nm. Protein concentrations were determined through
interpolation of a 4-parameter standard curve (Bio-Rad Microplate Manager Il ver.
2.248) The sensitivity of the assay was 30 pg/mL. The assay has no cross-reactivity with

various chemokines or structurally unrelated cytokines™'.
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2.2.13 Real-time polymerase chain reaction (Real time PCR)
2.2.13.1 RNA isolation

RNA was isolated using TRIzol reagent following manufacturer’s instructions
(Invitrogen). After cell stimulation, cells were washed with HBSS and 500 pL/well of
TRIzol reagent was added. Cells were lysed with TRIzol by pipetting several times and
placed in RNase/DNase-free tubes. All centrifugation steps were carried out at 4°C.
TRIzol lysates were applied to Phase Lock Gel tubes (Eppendorf) after which chloroform
(0.2 mL/1 mL TRIzol reagent) was added, mixed vigourously for 15 sec, and centrifuged
at 12,000 x g for 10 min. The resulting aqueous phase was carefully transferred to a fresh
tube to prevent transfer of DNA or protein. RNA was precipitated with the addition of
isopropyl alcohol (0.5 mL/1 mL TRIzol reagent), incubated for 10 min at RT and
centrifugation at 12,000 x g for 10 min. The RNA pellet was washed with 1 mL of 75%
ethanol and centrifuged at 7,500 x g for 5 min. Ethanol was carefully removed and RNA
pellet was air dried for 8-10 min and re-suspended in 20 pL of RNase/DNase-free H-0.
RNA concentrations were measured at 260 nm and sample purity was determined with

260 nm/280 nm ratio readings. RNA was stored at -80°C until use.

2.2.13.2 DNase treatment

To ensure no genomic DNA contamination was present, RNA samples were
treated with DNA-free DNase | (Ambion). Briefly, 10 ug of RNA was incubated with
DNase | (2 units) and 10X DNase buffer for 25 min at 37°C. DNase activity was
inhibited with the addition of 5 uL DNase Inactivation reagent, incubated for 2 min at

room temperature, and centrifuged at 10,000 x g for 1 min. Treated RNA was transferred
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to a fresh tube, RNA concentration was measured at 260 nm, and stored at -80°C until

use.

2.2.13.3 Assessment of CCL5 and IRF-1 mRNA expression

Analysis of CCL5 and IRF-1 mRNA expression required the generation of cDNA.
Input RNA (1 pg) was reverse transcribed into cDNA in a 20 pL reaction mixture
containing 0.5 pg Oligo(dT)12-18 primer, and 0.5 mM dNTP each [dATP, dCTP, dTTP,
dGTP]. Samples were heated to 65°C for 5 min and incubated on ice for 1 min before
addition of 1x First Strand Buffer, 5 mM DTT, and 200 units Superscript 3 reverse
transcriptase (Invitrogen). The subsequent PCR parameters were 4°C for 3 min, 50°C for
1 h, and 70°C for 15 min. Samples were stored at -80°C until further use. CCL5 and
IRF-1 cDNA were amplified in a real-time PCR reaction using the Applied Biosystems
Model 7900 sequence detector and a Tagman CCL5 and IRF-1 gene expression kit
including primers and probes (sequences not available from Applied Biosystems). In an
optical 96-well plate 1 pL of cDNA was added to 24 pL of CCL5 or IRF-1 reaction mix
containing 12.5 pL 2x Tagman Master mix, 1.25 puL 20x gene expression kit, and 10.25
pL H20. GAPDH was also amplified from the same samples using a 20X GAPDH Master
mix (Applied Biosystems). Real-time PCR parameters were 50°C for 2 min, 95°C for 10
min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. All samples were run in
triplicate wells. To ensure specificity of amplification, a negative control was used where
input RNA was withheld from the PCR reaction. Data was expressed as fold increase

using the comparative AACr as described previously*®.
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2.2.13.4 Assessment of CXCL10 mRNA expression

Expression of CXCL10 mRNA was assessed using the above mentioned sequence
detector in an optical 96-well plate using triplicate wells for each sample. Input RNA
(400 ng) was reverse transcribed into cDNA at 48°C for 30 min followed by PCR
amplification at 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 1 min. The
25 pL reaction mixture contained the following: 400 nM specific forward (5°-
GAAATTATTCCTGCAAGCCAATTT-3’) primer, 400 nM specific reverse (5’-
TCACCCTTCTTTTTCATTGTAGCA-3’) primer, 400 nM specific (5-FAM-
TCCACGTGTTGAGATCA-MGB-3’) probe, 10 units RNase Inhibitor, 18.8 units
MultiScribe reverse transcriptase, Tagman Master mix, and RNase/DNase-free H0.
GAPDH was also assessed from the same samples using a 20X GAPDH Master mix

containing specific primers and probes.

2.2.13.5 Absolute quantification

To permit absolute quantification, a first strand cDNA oligonucleotide (5’-
AACTTGAAATTATTCCTGCAAGCCAATTTTGTCCACGTGTTGAGATCATTGCT
ACAATGAAAAAGAAGGGTGAGAAGA-3’) was synthesized (University of Calgary
DNA Services). The CXCL10 standard was run with each real-time PCR reaction using
the same reaction mixture and cycling parameters mentioned above. CXCL10 standard
was log-diluted (100 fg-0.0001 fg) in RNase/DNase-free H,0 supplemented with transfer
RNA (100 ng/mL). Data were expressed as attograms calculated from the standard curve

after corrections for variation in GAPDH levels.
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2.2.14 Promoter-luciferase constructs
2.2.14.1 CXCL10 promoter

A 972-bp human CXCL10 full length promoter corresponding to the sequence
from -875 to +97 (relative to the transcriptional start site) of the 5’ flanking region was
generated. The promoter was amplified from genomic human DNA using forward
S’GCGTAGGTACCTAGAACCCCATCGTAAATC-3’ and reverse 5’-
GCGTAGCTAGCTAGCAGCAAATCAGAATGG-3’ primers incorporating restriction

sites for Kpnl and Nhel, respectively**

. The amplicon was resolved using agarose gel
electrophoresis and the resulting band was excised and gel purified with the QIAquick
gel extraction kit (Qiagen). The CXCL10 promoter amplicon was cloned into a pGL3
basic vector containing an inducible firefly luciferase gene. The CXCL10 promoter
amplicon and 0.25-0.5 pg pGL3 basic vector were incubated with Kpnl (10 units) and
Nhel (10 units) restriction enzymes (New England Biolabs) for 2 h at 37°C. The double
cut pGL3 vector was treated with calf intestinal alkaline phosphatase (10 units) to prevent
re-ligation, resolved on a 1% agarose gel and appropriate bands were gel purified. The
CXCL10 promoter amplicon was ligated into the pGL3 basic vector using the Rapid
DNA Ligation Kit (Roche). The resulting CXCL10 promoter-luciferase construct was
transformed into DH5a competent Escherichia coli (Invitrogen) using heat shock
techniques (1 h on ice, 45 sec at 42°C, 2 min on ice). The transformed bacteria were
grown on Luria-Bertani (LB) agar plates supplemented with ampicillin (50 pg/mL)
overnight at 37°C. Individual colonies were picked and grown in LB broth supplemented

with ampicillin (100 pg/mL) overnight at 37°C with vigorous shaking. Plasmids were

purified with the QIAquick spin miniprep kit according to manufacturer’s instructions
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(Qiagen) and 0.25-0.5 pg plasmid was incubated with the restriction enzymes Kpnl (10
units) and Nhel (10 units) for 2 h at 37°C to confirm the presence of the CXCL10
promoter insert in the pGL3 basic vector. Correct sequencing of the CXCL10 promoter
insert was also confirmed (University of Calgary DNA Services). Large quantities of
plasmid were prepared using the QIAGEN plasmid maxi prep kit according to

manufacturer’s instructions (Qiagen).

2.2.14.2 CXCL10 truncated promoter

A 376-bp truncated promoter construct (sequence from -279 to +97 relative to the
transcriptional start site of the 5’ flanking region of the CXCL10 gene) was generated
with the 972-bp CXCL10 construct as a template through amplification using a forward
5-GCGTAGGTACCTAGAGAATGGATTGCAACC-3’ primer with an incorporated
Kpnl restriction site and the same full length reverse primer mentioned above. The

resulting amplicon was cloned into a pGL3 basic vector similarly to the 972-bp construct.

2.2.14.3 CXCL10 mutant constructs
Potential transcription factor binding sites were determined using Genomatix

d*3. Point mutations were introduced in

MatInspector program as previously describe
either the 972-bp or 376-bp CXCL10 promoter-luciferase construct using site-directed
mutagenesis techniques. Mutations were created in the putative activator protein-1 (AP-

1), NF-xB1 (kB1), NF-kB2 (xB2), and ISRE sites.
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Table 2.2 — CXCL10 promoter point mutation primer sequences

Promoter site 5’-3’ Forward sequence
(mutations in lowercase bold letters)
AP-1 CCAGCAGGTTTTGCTAAGatAACTGTAATGC
kB1 GCAACATGtGACTTCaCCAGG
kB2 GCAGAGtGAAATTaCGTAACTTGG
ISRE GTTTTGGACAGTGACACCTAATTC

2.2.14.4 CXCL10-specific tandem repeat constructs

Promoter-luciferase constructs containing 5 tandem copies of CXCL10-specific
kB1 recognition sequence (forward; 5’-TGGGACTTCCCCA-3’), kB2 (forward; 5’-
GGGAAATTCCGT-3’), or ISRE (forward; 5’-GGAAAGTGAAACCTA-3’) were
synthesized incorporating restriction sites for Kpnl and Nhel and cloned into a pGL3
basic construct containing a TATA box (gift from Dr. Rob Newton). As described earlier,
plasmids were purified and incubated with the restriction enzymes Kpnl and Nhel for 2 h
at 37°C to confirm the presence of the CXCL10 tandem repeat insert in the pGL3. TATA
basic vector. Correct CXCL10 tandem repeat sequences were confirmed by DNA

sequencing (University of Calgary DNA Services).

2.2.15 Luciferase assay
2.2.15.1 Transfection

Sub-confluent (40-50%) monolayers of BEAS-2B cells in 6-well plates were
transfected with the lipid reagents Fugene6 (Roche) or TransIT (Mirius) in an optimal 3:1

ratio of lipid:DNA. In separate tubes, 3 pL/well of lipid reagent was added to 100 pL
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BEBM/well and incubated for 20 min at room temperature. After incubation, 1 pg/well
of CXCL10 promoter-luciferase construct and 0.1 pg/well of Renilla luciferase plasmid
without promoter or enhancer elements (pRL-null) was added and incubated for a further
20 min at room temperature. The constitutively driven pRL-null plasmid was used as a
transfection efficiency control. During incubation, cells were washed with HBSS
followed by the addition of 600 pL/well of BEBM. Lipid/DNA mixture was added to
cells and incubated for 5 h at 37°C followed by aspiration, washing with HBSS, and
addition of 5% sterile FBS/BEGM without hydrocortisone overnight at 37°C. Cells were
then treated according to specific experimental protocol. Of note, cells transfected with
CXCL10 promoter-luciferase constructs were infected with 10°° TCIDso/mL units of

purified HRV-16 to ensure maximal promoter activity.

2.2.15.2 Lysate isolation

After stimulation, cells were washed with HBSS followed by the addition of 700
pL/well of 1x Passive Lysis Buffer (Promega). Plates were gently agitated for 15 min at
room temperature followed by scraping on ice, sonication on ice, and centrifugation
(10,621 x g, 5 min, 4°C). Supernatants from lysates were assayed for luciferase activity
using the Dual-Luciferase Reporter Assay System (Promega). Firefly activity was
normalized to Renilla activity and data was expressed as fold increase of stimulated cells

over control. Results were averaged from triplicate wells.



70

2.2.16 Short interfering RNA (siRNA)
2.2.16.1 siRNA sequences

The specific sSIRNA sequences used were:

Table 2.3 - Specific SIRNA sequences

Target Name Sequence (5°-3” forward) Supplier
ERK1 duplex A CCCGTCTAATATATAAATATA Qiagen
ERK1 duplex B CTCCCTGACCCGTCTAATATA Qiagen
ERK2 duplex A AAGTTCGAGTAGCTATCAAGA Qiagen
ERK2 duplex B AATGACATTATTCGAGCACCA Qiagen
MEK1 duplex A | GCCUUGAGGCCUUUCUUACCCAGAA Invitrogen
MEK1 duplex B | CCCGCAAUCCGGAACCAGAUCAUAA Invitrogen
MEK2 duplex A | CCAUCUUUGAACUCCUGGACUAUAU Invitrogen
MEK2 duplex B | GAACUCAAAGACGAUGACUUCGAAA Invitrogen
IRF-1 duplex A | GGGACAUCAACAAGGAUGCCUGUUU Invitrogen
IRF-1 duplex B UCCCAAGACGUGGAAGGCCAACUUU Invitrogen
IRF-1 duplex C CGGACAGCACCAGUGAUCUGUACAA Invitrogen

Negative control siRNA (MedGC duplex 1) sequence was not available from the supplier

(Invitrogen).
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2.2.16.2 Transfection

Sub-confluent monolayers of BEAS-2B (40-50%) or HBE (70-80%) in 6-well
plates were used for transient siRNA transfection. Individual siRNA were diluted to
appropriate concentrations in 125 pL/well of serum-free OptiMEM (Invitrogen).
RNAIMAX Lipofectamine (Invitrogen) was diluted 1/50 in a volume of 125 pL/well
with OptiMEM. The lipid and siRNA mixtures were combined (250 pL/well) and
incubated for 20 min at room temperature. For wells containing only lipid reagent, 125
pL/well of OptiMEM was added in place of siRNA. During incubation, cells were
washed with HBSS and 750 pL/well of BEGM without antibiotics (no PSF or
gentamicin/amphotericin) was added. The lipid/siRNA mixture (250 pL/well) was added
gently to appropriate wells and incubated for 6 h at 37°C in 5% CO,. For mock
transfected cells, 250 pL/well of OptiMEM without lipid reagent or siRNA was added.
After 6 h, media was aspirated and replaced with fresh BEGM without antibiotics.
Transfected cells were incubated for 72 h for desired siRNA effect, with media changed
to BEGM without hydrocortisone after 48 h. Cells were stimulated according to specific

experimental protocol.

2.2.17 Densitometry

Densitometric analysis of gels was carried out using ImageJ software version 1.41
(NIH). To assess the percentage “knockdown” of proteins in the presence of specific
SiIRNA compared to control siRNA, levels of GAPDH was used to correct any minor

variation in loading.
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2.2.18 Statistical analysis
All data presented are mean £ SEM. For normally distributed data, between group
comparisons were made by one-way ANOVA, with appropriate post hoc analysis using
Fisher’s least significant difference test. To assess difference between two groups, a
paired t-test was used. For non-parametric data, Kruskal-Wallis ANOVA was used,
followed by Wilcoxon matched-pairs signed-rank test. Alternatively, Mann-Whitney U
test was performed. For all statistical tests, a p value of < 0.05 was assumed to be

significant.
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Chapter Three: The effect of MAPK pathway inhibition on HRV-16-induced
CXCL10 expression in human airway epithelial cells

3.1 Introduction
This thesis specifically focuses on selected signalling events involved in the
expression of HRV-16-induced CXCL10. HRYV infection of airway epithelial cells has
been shown to induce the activation of the MAPK signalling pathways, including p38,
INK1/2, and ERK1/22622%6288 " Though related to ERK1/2, no studies have examined the
activation of the ERKS5 pathway by HRV-16?°". Both the p38 and ERK1/2 pathways have
been implicated in the adenoviral induction of CXCL10 expression in kidney epithelial
cells, and the ERK1/2 pathway has also been shown to mediate the expression of
CXCL10 in murine macrophages in response to rabies virus infection*%4,
In this chapter, the roles of the p38, INK, ERK5 and ERK1/2 MAPK pathways in
HRV-16-induced expression of CXCL10 were evaluated in human airway epithelial
cells. It was hypothesized that HRV-16 infection of human airway epithelial cells would

activate the major MAPK pathways and that pharmacological inhibition of these

pathways would alter the expression of CXCL10 after viral infection.

3.2 Materials and Methods
3.2.1 HRV-16-induced MAPK pathway activation

Sub-confluent monolayers (70-80%) of BEAS-2B cells were pre-incubated in 500
pL BEBM for 1 h to decrease basal MAPK activity prior to HRV-16 infection. Purified

HRV-16 for infection was diluted in BEGM without bovine pituitary extract,
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hydrocortisone, epidermal growth factor, and epinephrine (BEGM -4). These additives
were removed as they were most likely to activate basal MAPK activity in the absence of
HRV. The additives that remained in BEGM -4 included gentamicin/amphotericin, PSF,
insulin, trans-retinoic acid, transferrin, and triiodothyronine.  After BEBM pre-
incubation, 500 pL of HRV-16 diluted in BEGM -4, or BEGM -4 alone, was carefully
added to appropriate wells and whole cell lysates were collected at various time points
(see section 2.2.10 for further details).

Effects of MEK1/2 pathway inhibition on HRV-16-induced phosphorylation of
ERK1/2, ERK5, JNK1/2 and p38 were performed using a similar protocol, but the
MEK1/2 pathway inhibitors, PD98059 (10 uM) and U0126 (3 uM), were pre-incubated
for 1 h in BEGM -4 before the direct addition of HRV-16 for 1 h and whole cell lysate

extraction.

3.2.2 Effect of MAPK pathway inhibitors on chemokine expression

To assess the effect of MAPK pathway inhibition on HRV-16 or IFN-$ induced
chemokine expression, airway epithelial cells were pre-incubated with MAPK inhibitors
dissolved in DMSO (0.1% v/v) for 1 h at 37°C, 5% CO,. Inhibitor dilutions were made
in BEGM no HC and 1 mL of each dilution was added to duplicate wells. The MAPK
inhibitor vehicle control, DMSO, was also used and did not exceed 0.1% v/v. After pre-
incubation, HRV-16 was added directly to wells and samples were incubated for 24 h at
34°C, 5% CO,. Supernatants were assessed for chemokine production using ELISA

techniques (see section 1.2.12 for further details). RNA was isolated using the TRIzol
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method and RNA levels were assessed using real-time PCR techniques (see section

1.2.13 for further details).

3.2.3 Effect of MAPK pathway inhibitors on HRV-16 replication

To assess any effects of the MAPK pathway inhibitors on HRV-16 replication,
cells were infected with HRV-16 for 3 h followed by washing of unadsorbed virus with
HBSS three times and addition of MAPK inhibitor or DMSO vehicle control in fresh
BEGM no HC. Supernatants were collected after 24 h and levels of infectious HRV-16

were determined using a WI-38 viral titre assay (see section 2.2.2 for further details).

3.3 Results
3.3.1 HRV-16 activates the major MAPK signalling pathways

In order to study the role of the MAPK pathways during HRV-16-induced
CXCL10 expression in human airway epithelial cells, it was necessary to demonstrate
that HRV-16 was capable of inducing activation through site-specific phosphorylation.
In the current study, HRV-16 infection of BEAS-2B cells induced variable, time-
dependent phosphorylation of ERK1/2, ERKS5, p38, and JNK1/2 (Figure 3.1A-D).
Phosphorylation of the JINK2 isoform (lower band) was evident at 15 min post-infection
with increased phosphorylation through 1 h, but diminished by 3 h post-infection (Figure
3.1D). In contrast, phosphorylation of INK1 (upper band) was weakly evident at 30 min
post-infection, peaked at 1 h, and was diminished by 3 h post-infection. Similar to the
transient nature of JINK1/2 phosphorylation, p38 phosphorylation was evident at 15 min

post-infection with peak phosphorylation between 30 min and 1 h (Figure 3.1C). The
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activation of p38 was clearly diminshed by 9 h post-infection, though a secondary
increase in the level of phosphorylation was apparent at 24 h post-infection.
Phosphorylation of ERK5 was apparent at 15 min post-infection with peak activation at 1
h and subsequently diminished by 9 h (Figure 3.1B). Similar to INK1/2, phosphorylation
was not evident at 9 and 24 h post-infection. ERK1/2 phosphorylation was evident 15
min post-infection with a decrease, but not complete loss of phosphorylation by 6 h
(Figure 3.1A). The chronic phosophorylation of ERK1/2 increased at 9 h with continued
activation evident at 24 h. These results demonstrate that HRV-16 infection initiates
early activation of 4 major MAPK pathways (ERK1/2, ERKS5, p38, and JNK1/2).
Activation of the p38 pathway occurs in two distinct early and late waves, but ERK1/2 is

chronically active with varying levels of phosphorylation.
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Figure 3.1 - HRV-16 infection induces the activation of the major MAPK pathways.
BEAS-2B cells were infected with HRV-16 for the indicated time points. At each
time point, whole cell lysates were collected, resolved using SDS/PAGE, and
immunoblotted with phospho-specific antibodies for each major MAPK including: A)
ERK1 (upper band) & ERK2 (lower band), B) ERKS5, C) p38, and D) JNK1 (upper band)
& JNK 2 (lower band). Each immunoblot is representative of three separate experiments.

3.3.2 Effect of MAPK pathway pharmacological inhibitors on HRV-16-induced
CXCL10 expression

Having demonstrated the activation of the major MAPK pathways after HRV-16
infection, widely used pharmacological inhibitors that selectively target each respective
MAPK pathway were employed to investigate the role of these pathways in HRV-16-
induced CXCL10 mRNA and protein expression. Concentration curves were carried out

initially in the BEAS-2B cell line. A single optimal concentration determined in BEAS-
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2B cells was used in primary human epithelial cells from the both upper (HAE) and
lower (HBE) airways to confirm major findings in a physiological relevant and non-
transformed model. In BEAS-2B cells, an ATP-competitive inhibitor of the p38 MAPK
pathway, SB203580 (10-1 uM), inhibited CXCL10 mRNA in a seemingly concentration-
dependent manner compared to HRV-16 plus DMSO (0.1% v/v) (Figure 3.2A), but this
did not reach overall significance by one way ANOVA. Significance (p <0.05) was
reached when CXCL10 mRNA levels of HRV-16 plus DMSO are compared with HRV-
16 plus SB203580 (10 uM) using a paired t-test test. The lack of significance may have
been due to the overall variation of the standard error of the mean. In contrast to mMRNA
data, HRV-16-induced CXCL10 protein production was significantly (p <0.05) inhibited
in a concentration-dependent manner in the presence of SB203580 (10-1 uM), displaying
an almost identical pattern to that of CXCL10 mRNA (Figure 3.2B). In contrast to the
p38 pathway, inhibition of the JNK pathway in BEAS-2B cells with SP600125 (10-1
pHM), an ATP-competitive inhibitor, did not significantly change HRV-16-induced
CXCL10 mRNA and protein expression (Figures 3.2A & B). Surprisingly, inhibition of
the MEK1/2 pathway with non-ATP competitive inhibitors, PD98059 (10-1 pM) or
U0126 (3-0.3 puM), significantly (p <0.001 in all cases) enhanced HRV-16-induced

CXCL10 mRNA and protein in a concentration-dependent manner (Figures 3.2C & D).
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Figure 3.2 — Effect of MAPK pathway inhibitors on HRV-16-induced CXCL10
MRNA and protein in BEAS-2B cells. BEAS-2B were pre-incubated with varying
concentrations of the p38 inhibitor (SB203580, 10-1 uM), JNK inhibitor (SP600125, 10-
1 uM), MEK1/2 inhibitors (PD98059, 10-1 uM; U0126, 3-0.3 uM), or vehicle control
(DMSO 0.1% v/v) for 1 h followed by the addition of HRV-16. Samples were collected
24 h post-infection and assayed for CXCL10 mRNA expression (A & C) and protein
release (B & D) using real time PCR and ELISA, respectively. Asterisks indicate
significant differences compared with HRV-16 plus DMSO. Data are expressed as mean
+ SEM (n = 7, SB203580 & SP600125; n = 6, PD98059 & U0126). Differences in
CXCL10 mRNA expression assessed with Kruskal-Wallis ANOVA, followed by
Wilcoxon matched-pairs signed-rank test. Differences in CXCL10 protein release
assessed with one-way ANOVA followed by Fisher’s least significant difference test.
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Figure 3.3 - Effect of MAPK pathway inhibitors on HRV-16-induced CXCL10
MRNA and protein in primary human airway epithelial cells. Primary human
bronchial (A & B) or adenoid-derived (C & D) epithelial cells were pre-incubated with
SB203580 (10 uM), SP600126 (10 uM), PD98059 (10 uM), U0126 (3 puM), or DMSO
(0.1% v/v) for 1 h followed HRV-16 infection for 24 h. Samples were assayed for
CXCL10 mRNA expression (A & C) and protein release (B & D) using real time PCR
and ELISA, respectively. Asterisks indicate significant differences compared with HRV-
16 plus DMSO. Data are expressed as mean £+ SEM (n = 9, HBE; n = 5, HAE).
Differences in CXCL10 mRNA and protein from HBE assessed with Kruskal-Wallis
ANOVA, followed by Wilcoxon matched-pairs signed-rank test. Differences in CXCL10
MRNA and protein from HAE assessed with one-way ANOVA followed by Fisher’s least
significant difference test.
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Using an optimal dose determined in BEAS-2B cells, SB203580 (10 uM)
significantly (p <0.05) abrogated HRV-16-induced CXCL10 mRNA and protein in HBE
(Figures 3.3A & B). Though there was a trend towards inhibition within each experiment
in HAE, SB203580 treatment did not significantly abrogate HRV-16-induced CXCL10
MRNA and protein expression (Figures 3.3C & D). In both HBE and HAE, SP600125
(10 uM) did not inhibit HRV-16-induced CXCL10 mRNA expression (Figures 3.3A &
C). HRV-16-induced CXCL10 protein was significantly (p <0.05) inhibited in HBE and
though there was clear trend of inhibition in HAE within each experiment, this did not
reach significance (Figures 3.3B & D). HRV-16-induced CXCL10 mRNA and protein
expression with PD98059 treatment was significantly (p <0.05 in both cases) enhanced in
HAE and HBE (Figures 3.3A-D). Though treatment with U0126 did not significantly
enhance HRV-16-induced CXCL10 mRNA in HAE or protein in HBE, there was a clear
trend of enhancement in each experiment (Figures 3.3B & C). This likely reflected the
wide variability of the absolute magnitude of responses using cells from different donor
tissue. Overall, these results suggested that the MEK1/2 pathway may negatively
regulate HRV-16-induced CXCL10 expression in both BEAS-2B cells and primary
airway epithelial cells.
3.3.3 Effect of MEK1/2 pathway inhibition on HRV-16-induced MAPK
phosphorylation
Having demonstrated HRV-16 infection activated the major MAPK pathways and
enhanced HRV-16-induced CXCL10 expression with MEK1/2 pathway inhibition,
experiments were performed to validate the effect of these inhibitors. PD98059 and

U0126 have been reported to inhibit the phosphorylation of both ERK1/2 and ERKS5
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through effects on their upstream kinases, MEK1/2 and MEKS, respectively”**?%,
Whole cell lysates from BEAS-2B cells infected for 1 h with HRV-16 in the presence of
varying concentrations of PD98059 (30-1 pM) and U0126 (10-0.3 pM) were
immunoblotted for the phosphorylated forms of ERK1/2, ERKS, and p38 (Figure 3.4).
As expected, U0126, which equally inhibits both MEK1 and MEK2%* inhibited the
phosphorylation of both ERK1 and ERK2 in a concentration-dependent manner. In
contrast, PD98059, which preferentially inhibits MEK1**?, inhibited the upper ERK1
band in a concentration-dependent manner. There was a much weaker effect on the

lower ERK2 band compared with the effect of U0126.
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Figure 3.4 — Effect of MEK1/2 pathway inhibition on HRV-16-induced ERK1/2,
ERKS5, and p38 phosphorylation. BEAS-2B cells were pre-incubated with varying
concentrations of PD98059 (30-1 uM), U0126 (10-0.3 uM), or vehicle control (DMSO
0.1% v/v) for 1 h followed by the addition of HRV-16 for 1 h. Whole cell lysates were
collected, resolved using SDS/PAGE, and immunoblotted with phospho-specific
antibodies for each major MAPK including: A) ERK1/2, B) ERKS5, and C) p38. Each
immunoblot is representative of three separate experiments.
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At the concentration of optimal CXCL10 enhancement with PD98059 (10 puM) and
U0126 (3 uM), the upper ERK1 band was clearly inhibited with both drugs, but there was
a clear difference in the level of inhibition of the lower ERK2 band. HRV-16-induced
ERKS phosphorylation was modestly enhanced in the presence of PD98059, though this
did not occur in a concentration-dependent manner. In contrast, U0126 did not have any
marked effects on ERKS5. At the optimal concentration of CXCL10 enhancement, while
there was a modest enhancement of ERK5 with PD98059 (10 puM), there was no clear
difference in the level of ERKS5 phosphorylation in the presence of U0126 (3 uM).

270,371,412-414
d and

Cross-talk between the p38 and ERK pathways has been documente
since p38 inhibition lowered HRV-16-induced CXCL10 expression, experiments were
performed to evaluate if PD98059 or U0126 modulated CXCL10 expression via effects
on p38 phosphorylation. PD98059 had no effect on HRV-16-induced p38
phosphorylation, but U0126 modestly enhanced p38 phosphorylation. Similar to the
contradictory effects on ERK5 phosphorylation, this disparity in p38 phosphorylation
cannot account for the enhancement of CXCL10 that is commonly induced by both
PD98059 and U0126. These results demonstrate that inhibition of the MEK1/2 pathway

and its effects on downstream ERK1 phosphorylation is consistent with HRV-16-induced

enhancement of CXCL10 expression.
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3.3.4 MEK1/2 pathway inhibition enhances HRV-16-induced CCL5 expression

Because of the surprising observation that inhibition of the MEK1/2 pathway with
PD98059 or U0126 enhanced HRV-16-induced CXCL10 expression, further studies were
undertaken to determine if this observation held true for other HRV-inducible
chemokines. In HBE, both PD98059 (10 uM) and U0126 (3 uM) significantly (p <0.05)
enhanced CCL5 mRNA and protein expression compared to HRV-16 plus DMSO
(Figures 3.4A & B). Treatment with either PD98059 (10 uM) or U0126 (3 uM) also
significantly (p <0.05) enhanced CCL5 protein in HAE (Figure 3.4C). In contrast to p38
inhibitor effects on CXCL10, SB203580 (10 uM) did not significantly alter HRV-16-
induced CCL5 mRNA and protein in either HBE or HAE (Figures 3.4A-C). Inhibition of
the JNK pathway with SP600125 (10 pM) significantly (p <0.05) inhibited HRV-16-
induced CCL5 mRNA and protein in HBE and HAE. These data confirm that MEK1/2
pathway-mediated enhancement of HRV-inducible chemokine expression is not unique

to CXCL10, but also occurs with CCL5.
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Figure 3.5 - Effect of MAPK pathway inhibitors on HRV-16-induced CCL5 mRNA
and protein in primary human airway epithelial cells. Primary human bronchial (A &
B) or adenoid-derived (C) epithelial cells were pre-incubated with SB203580 (10 uM),
SP600126 (10 pM), PD98059 (10 uM), U0126 (3 uM), or DMSO (0.1% v/v) for 1 h
followed by HRV-16 infection for 24 h. Samples were assayed for CCL5 mRNA
expression (B) and protein release (A & C) using real time PCR and ELISA,
respectively. Asterisks indicate significant differences compared with HRV-16 plus
DMSO. Data are expressed as mean = SEM (n = 7, HBE; n = 5, HAE). Differences in
CCL5 mRNA and protein from HBE assessed with Kruskal-Wallis ANOVA, followed by
Wilcoxon matched-pairs signed-rank test. Differences in CCL5 protein release from HAE
assessed with one-way ANOVA followed by Fisher’s least significant difference test.
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3.3.5 MEK1/2 pathway inhibition does not enhance IFN-B-induced CXCL10
expression

Having shown that MEK1/2 pathway inhibition resulted in an enhancement of
HRV-16-induced CXCL10 expression, studies were carried out to determine if the
enhancement phenomenon was selective for HRV-16. Another known inducer of
CXCL10 expression is IFN-B*3, thus the effect of these MEK1/2 pathway inhibitors on
IFN-B-induced CXCL10 expression was assessed. A concentration of IFN-f (3 ng/mL)
was selected to induce comparable levels of CXCL10 expression to those seen with
HRV-16. In BEAS-2B cells, neither PD98059 (10-1 puM) nor U0126 (3-0.3 pM)
significantly enhanced IFN-p-induced CXCL10 mRNA or protein production compared
to IFN-f plus DMSO (Figures 3.5A & B). In HBE, PD98059 (10 uM) or U0126 (3 uM)
also did not significantly enhance IFN-p-induced CXCL10 mRNA and protein
production (Figures 3.5C & D). Additionally, IFN-f did not markedly induce the
phosphorylation of ERK1/2 at various time points compared to HRV-16 (1 h post-
infection) in BEAS-2B cells (Figure 3.6). These results suggest that CXCL10 expression
is selectively enhanced by certain stimuli and is associated with the phosphorylation of

ERK1/2.
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Figure 3.6 - MEK1/2 pathway inhibition does not enhance IFN-B-induced CXCL10
expression in airway epithelial cells. BEAS-2B cells (A & B) and HBE (C & D) were
pre-incubated with DMSO (0.1% v/v) or the MEK1/2 inhibitors, PD98059 (10-1 uM) or
U0126 (3-0.3 uM), for 1 h followed by IFN-f (3 ng/mL) stimulation for 24 h. Samples
were assayed for CXCL10 mRNA expression (A & C) and protein release (B & D) using
real time PCR and ELISA, respectively. E) BEAS-2B cells were stimulated with IFN-f
(3 ng/mL) or HRV-16 for the indicated time points and whole cell lysates were collected,
resolved using SDS/PAGE, and immunoblotted with phospho-specific antibody for
ERKZ1/2. Asterisks indicate significant differences compared with HRV-16 plus DMSO.
Data are expressed as mean = SEM (n = 6, BEAS-2B; n = 6, HBE). Differences in
CXCL10 mRNA (BEAS-2B) and protein (BEAS-2B & HBE) assessed with one-way
ANOVA followed by Fisher’s least significant difference test. Differences in CXCL10
MRNA and protein from HBE assessed with Kruskal-Wallis ANOVA, followed by
Wilcoxon matched-pairs signed-rank test. Immunoblot is representative of three separate
experiments.
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3.3.6 Effect of MAPK inhibitors on HRV-16 replication and cell viability

Since the inhibition of various MAPK pathways had variable effects on HRV-16-
induced CXCL10 mRNA and protein production, including a MEK1/2 pathway-mediated
enhancement of CXCL10, it was necessary to confirm that inhibitor treatment did not
alter cell viability or HRV-16 replication. Potential effects on cell viability were
determined through the measurement of lactate dehydrogenase (LDH) release into
supernatants from BEAS-2B cells and HBE. HRV-16 infection in the presence of DMSO
modestly increased cell cytotoxicity to approximately 10% (BEAS-2B) or 3% (HBE)
compared to control cells (4% and 1%, respectively). The addition of the MAPK
inhibitors did not further alter cell viability in either cell type (Figures 3.7A & B).

To confirm that the MAPK inhibitors did not alter HRV-16 replication, viral titre
assays were performed. Using the optimal concentration of PD98059 (10 uM) and
U0126 (3 puM) determined earlier, HRV-16 replication in HBE and HAE was not altered
compared to HRV-16 plus DMSO (Figures 3.8A & C). In addition, SB203580 (10 uM)
and SP600126 (10 uM) did not alter viral replication in HBE (Figure 3.8A). Since viral
titre assays require that unadsorbed virus be removed before the end of the first
replication cycle (8-10 h post-infection)!*®, cells were incubated with HRV-16 for 3 h,
washed, and then incubated with inhibitors for a further 21 h. As such, it was necessary
to determine that this protocol gave similar results to the experiments where inhibitors
were added 1 h prior to HRV infection. HRV-16-induced CXCL10 protein production
was consistently, but not significantly, enhanced using either inhibitor 3 h after HRV
infection (Figure 3.8C). The levels of CXCL10 protein were consistently enhanced in

each experiment using PD98059 or U0126 and again demonstrated the wide variability of
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the absolute magnitude of responses from different donor tissue. Inhibition of the p38
and JNK pathways did not significantly alter HRV-16-induced CXCL10 protein
production using this protocol. Overall, these data confirmed that enhancement of HRV-
16-induced CXCL10 in the presence of PD98059 or U0126 was not due to alterations in

cell viability or viral replication.
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Figure 3.7 — MAPK inhibitors do not alter cell viability. BEAS-2B (A) or HBE (B)
were pre-incubated with the MAPK inhibitors SB203580 (10 uM), SP600125 (10 uM),
PD98059 (10uM), U0126 (3 uM), or vehicle control (DMSO 0.1% v/v) for 1 h followed
by HRV-16 infection for 24 h. Lysate and supernatants were collected and assayed for
lactate dehydrogenase (LDH) release. Data are expressed as mean £ SEM (BEAS-2B, n =
3; HBE, n = 3). Medium control is designated (C).
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Figure 3.8 — MAPK inhibitors do not alter HRV-16 replication in airway epithelial
cells. Primary airway epithelial cells were infected with HRV-16 for 3 h, washed with
HBSS three times, and incubated with MAPK inhibitors SB203580 (10 puM), SP600125
(10 pM), PD98059 (10 uM), U0126 (3 pM), or vehicle control (DMSO 0.1% v/v) in
fresh medium for 24 h. HRV-16 titres from HBE (A) and HAE (C) were measured from
supernatants using WI-38 lung fibroblast viral titre assay. B) Supernatants from HBE
were also assayed for HRV-16-induced CXCL10 protein release using ELISA
techniques. Data are expressed as mean + SEM (HBE, n = 5; HAE, n = 5). Differences
in CXCL10 protein release assessed with one-way ANOVA followed by Fisher’s least
significant difference test.
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3.4 Discussion

Our understanding of the signaling events regulating HRV-induced chemokine
expression remains limited and there has been little focus on the signalling events
involved in HRV-16-induced expression of chemokines, such as CXCL10, which
absolutely require viral replication. In this chapter, experiments focused on the role of
the major MAPK pathways, including p38, JNK, ERKS5, and ERK1/2 during HRV-16-
induced CXCL10 expression in human airway epithelial cells.

Initial studies confirmed previous observations, in that HRV-16 infection of
BEAS-2B cells induced the phosphorylation of p38, JNK, and ERK1/2 in a time-

dependent manner?®’-#%®

. In contrast to previous studies where only acute activation (< 6
h) was studied, more time points were included to further study the kinetics of MAPK
activation, as induction of CXCL10 does not occur for several hours after infection.
HRV-16 infection induced the chronic phosphorylation of ERK1/2 with activation as
early as 15 min post-infection and continued, albeit weaker, activation at 24 h post-
infection. This chronic activation is in agreement with a previous study that found HRV-
16-induced ERK1/2 phosphorylation at 17 h post-infection®®2.  Also, this thesis provides
the first demonstration of HRV-16-induced activation of ERKS5 in airway epithelial cells.
Peak ERKS5 phosphorylation was evident at 1 h post-infection, but in contrast to ERK1/2,
ERKS activation was not maintained beyond 6 h. Similar to ERKS5, both p38 and JNK1/2
phosphorylation are observed early after infection, but while JNK1/2 activation is

diminished beyond 3 h, a second wave of p38 phosphorylation is apparent at 24 h post-

infection. This late activation of p38 is in agreement with a previous study that also
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found HRV-16 induces the phosphorylation of p38 as late as 17 h post-infection in
BEAS-2B cells*®,

Pharmacological inhibitors were employed to assess the role of the MAPK
pathways, as they are both widely used and have well-characterized selectivities for their

respective targets*™.

Inhibition of the JNK pathway had no significant effect on HRV-
16-induced CXCL10 mRNA and protein levels in BEAS-2B or HAE cells at any of the
concentrations used. It did, however, significantly inhibit HRV-16-induced CXCL10
protein production, but not mMRNA expression, in HBE. The lack of effect on CXCL10
MRNA expression in the presence of the JNK inhibitor is not easily explained, unless the
JNK pathway exerts effects at the translational or post-translational level in primary cells,
but not in the BEAS-2B cell line. In contrast, blockade of the p38 pathway significantly
inhibited HRV-16-induced CXCL10 mRNA and protein in a concentration-dependent
manner.  Similarly, p38 pathway inhibition significantly reduced HRV-16-induced
CXCL10 mRNA and protein in HBE. Though not significant in HAE, CXCL10 mRNA
and protein showed a trend towards inhibition upon p38 pathway blockade. These results
are consistent with the findings that the p38 pathway is involved in the up-regulation of
the adenoviral induction of CXCL10*.

In marked contrast to the inhibition of the p38 and JNK pathways, inhibition of
MEKZ1/2 with either PD98059 or U0126, two structurally distinct inhibitors, significantly
enhanced HRV-16-induced CXCL10 mRNA and protein in a concentration-dependent
manner in BEAS-2B cells. Using the optimal concentration determined in BEAS-2B,

similar effects were seen in both HBE and HAE. These results clearly demonstrate that

HRV-16-induced CXCL10 production is negatively regulated through the MEKZ1/2
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pathway and occurs in both a cell line and primary cells. Furthermore, the modulation of
HRV-16-induced CXCL10 expression with MAPK pathway inhibition was not due to
altered cell viability or HRV-16 replication. Of importance, the similar results in primary
cells demonstrated that the enhancement phenomenon is not a cell line artifact and
provided justification for the use of BEAS-2B cells as an appropriate and representative
model for techniques (e.g. promoter construct studies) that are not possible in primary
cells. Additionally, this negative regulation is common to both upper and lower airway
epithelial cells, further indicating a conserved mechanism by which HRV-induced
chemokine expression is regulated in airway epithelial cells. Given this commonality,
experiments in subsequent chapters were carried out in either BEAS-2B cells and/or
HBE, as appropriate.

Given their high level of homology, specifically in their kinase domains, MEK1
and MEK2 are assumed to phosphorylate ERK1/2 equally®?"#%41® " |nterestingly, U0126,
which has equal affinity for MEK1 and MEK23*, inhibited the phosphorylation of both
ERK1 and ERK2 at the concentration (3 pM) used for CXCL10 experiments. In
contrast, PD98059 (10 uM), which has been shown to more selective for MEK1 over
MEK2*“ was only effective at inhibiting ERK1 phosphorylation, while having little
effect on ERK2. This discrepancy is difficult to explain other than to speculate that in
BEAS-2B cells, MEK1 may preferentially phosphorylate ERK1 protein in response to
HRV-16 infection. Since both PD98059 and U0126 enhanced HRV-16-induced
CXCL10 expression to similar degrees, this implied that inhibition of ERK1
phosphorylation is associated with the enhancement of HRV-16-induced production of

CXCL10.
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Inhibition with PD98059 slightly enhanced HRV-16-induced ERK5
phosphorylation, but did not effect HRV-16-induced p38 phosphorylation. By contrast,
U0126 slightly enhanced p38 phosphorylation, but was without effect on ERK5
phosphorylation. In either case, the enhancement of ERK5 and p38 phosphorylation was
not concentration-dependent. Overall, this indicated that the enhancement of HRV-16-
induced CXCL10 production was not due to redundant activation of the ERK5 or p38
MAPK pathways.
Similar to HRV-16-induced CXCL10, inhibition of the MEKZL/2 pathway
enhanced HRV-16-induced CCL5 mRNA and protein. By contrast, it has been
previously reported that MEK1/2 pathway inhibition does not enhance HRV-16-induced

CXCL8 expression in airway epithelial cells?®’.

Though it remains speculative, the
MEK1/2 pathway may exert its effects on a subset of HRV-inducible genes in airway
epithelial cells, but the mechanisms underlying this regulation remain unclear. 1FN-{-
induced CXCL10 expression was not enhanced upon MEKZ1/2 pathway inhibition nor
was ERK1/2 phosphorylation apparent after IFN-f treatment implying that the
enhancement of CXCL10 expression demonstrates a stimulus-dependent selectivity and
requires the activation of the ERK1/2 pathway.

In summary, the results demonstrate that HRV-16 induces the activation of the
major MAPK signalling pathways in airway epithelial cells. Pharmacologic inhibition of
the p38 pathway abrogates HRV-16-induced CXCL10 mRNA and protein production. In
contrast, MEK1/2 pathway inhibition selectively enhances HRV-16, but not IFN-f3-

induced, CXCL10 mRNA and protein expression. Enhancement is also shown with

HRV-inducible CCL5. In addition, the negative regulation of HRV-16-induced CXCL10
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expression is associated with activation of ERK1/2 and specific modulation of ERK1
phosphorylation. These effects are not due to alterations in cell viability or viral
replication. This is the first description of the negative regulation of an HRV-inducible

chemokine in airway epithelial cells.
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Chapter Four: Inhibition of the MEK1/2 pathway enhances HRV-16-induced
CXCL10 expression through transcriptional effects

4.1 Introduction

In Chapter 3, a novel observation is described whereby pharmacologic inhibition
of the MEK1/2 pathway with two structurally distinct inhibitors, PD98059 and U0126,
selectively enhanced HRV-16, but not IFN-f, induced CXCL10 mRNA and protein
expression in airway epithelial cells. Regulation of gene expression is mediated, in large
part, by the rate of mRNA transcription and degradation (steady state mRNA), though
they are not mutually exclusive®™°,  HRV-16-induced CXCL10 expression is
transcriptionally regulated, in an NF-kB-dependent manner, in airway epithelial cells™®.
As such, studies were undertaken to assess any effects on transcription during MEK1/2
pathway-mediated enhancement of HRV-16-induced CXCL10 expression. It was

hypothesized that blockade of the MEK1/2 pathway would enhance CXCL10 expression

through transcriptional effects.

4.2 Materials and Methods
4.2.1 Western blotting for IxBa activation

Subconfluent (60-70%) monolayers of BEAS-2B cells grown in 6-well plates
were incubated in BEBM overnight and then pre-incubated with PD98059 (10 uM) or
U0126 (3 uM) for 1 h followed by HRV-16 (1 x 10* TCIDso U/mL) infection in BEBM
for the designated time points. At each time point, supernatants were removed and cells

were washed with HBSS and lysed in ice-cold lysis buffer. Triton-soluble samples were
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separated using 10% SDS-PAGE, and proteins were transferred to a PVDF membrane.
Membranes were blocked with 5% skim milk for 1 h and probed with either 1/1000
dilution of phospho-specific or total anti-lkBa antibody in TTBS (0.5% v/v Tween-20)
overnight at 4°C with gentle shaking. Membranes were washed and then incubated for 1
h with 1/2000 dilution of HRP-conjugated anti-rabbit Ig antibody or anti-mouse HRP-

conjugated Ig antibody in TTBS.

4.3 Results

4.3.1 Inhibition of the MEK1/2 pathway enhances HRV-16-induced CXCL10
transcription

Effects on transcription were studied using a 972-bp full length CXCL10
promoter luciferase construct containing the putative binding sites for various
transcription factors that was transiently transfected into BEAS-2B cells (Figure 4.1A).
In the presence of the MEK1/2 pathway inhibitors, PD98059 (10-1 uM) or U0126 (3-0.3
MM), HRV-16-induced CXCL10 promoter luciferase activity was significantly (p <0.05
in all cases) enhanced compared to HRV-16 plus DMSO at each inhibitor concentration
(Figure 4.2). PD98059 (10 pM) and U0126 (3 uM) maximally enhanced promoter
activity to 16.1 + 2.6 and 23.1 + 3.2 fold increase, respectively, compared to 7.7 £ 0.8
fold increase by HRV-16 + DMSO. The inhibitors alone did not have any effect on

CXCL10 promoter activity.
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Figure 4.1 — Schematic diagram of the human CXCL10 promoter. Putative
transcription factor binding sites in the A) full length (972 bp) and B) truncated (376 bp)
human CXCL10 promoter-luciferase constructs. Binding sites include: activator protein-
1 (AP-1), NF-xB binding sites 1 & 2 (kB1 & kB2), interferon-stimulated response
element (ISRE), CCAAT enhancer binding protein-p 1 & 2 (C/EBPf-1 & C/EBP§-2),
and signal transducer and activator of transcription (STAT).



99

30 - I I
*
25 - l
I / *
o 204 * l
[72)
o *
5 *
£ 15+ *
= 1
2
10

5 -

o [
HRV-16 10pM 3pM 1pM PD 3pyM 1pM 0.3pM U
+DMSO HRV-16+ 1OHM HRV-16+ °HM

PD98059 uo126

Figure 4.2 — Inhibitors of the MEK1/2 pathway enhance HRV-16-induced CXCL10
transcription. BEAS-2B cells were transiently transfected with 1.0 pg of full length
CXCL10 promoter-luciferase plasmid and 0.1 pg of Renilla luciferase plasmid.
Transfected cells were pre-incubated with DMSO (0.1% v/v), PD98059 (10-1 uM) or
U0126 (3-0.3 uM) for 1 h followed by HRV-16 or mock infection for 24 h. Lysates from
triplicate wells were assayed for firefly and Renilla luciferase activity and calculated as
fold increase compared to control wells. Data are expressed as mean + SEM (n = 6).
Asterisks indicate significant differences compared with HRV-16 plus DMSO assessed
with Kruskal-Wallis ANOVA, followed by Wilcoxon matched-pairs signed-rank test.

To determine the region(s) of the CXCL10 promoter that were involved for the
enhancement phenomenon, a 376-bp truncated construct was generated that contained
only four putative transcription factor binding sites (Figure 4.1B). These sites included
the AP-1, NF-xB binding sites (xB1 and kB2), and an ISRE. The 376-bp truncated
promoter has been reported to be inducible by HRV-16, but to a lesser extent than the
972-bp full length promoter*®. In accord with this previous finding, HRV-16 induction

of the 376-bp promoter was slightly, though significantly (p <0.05), reduced compared to
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the 972-bp promoter (Figure 4.3A). In the presence of the optimal concentration of
PD98059 (10 uM) or U0126 (3 uM) determined in Chapter 3, HRV-16-induced CXCL10
promoter drive was significantly (p <0.05 in all cases) enhanced using either the 972-bp

or the 376-bp construct versus virus in the presence of DMSO (Figure 4.3A).
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2 0.5
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DMSO PD u HRV-16 + HRV-16 +
10uM 3uM PD 10pM U 3uM
HRV-16 +

Figure 4.3 — CXCL10 promoter activity is similarly enhanced upon MEK1/2
pathway inhibition in both the full length and truncated promoters. BEAS-2B cells
transiently transfected with 1.0 pg full length (black) or truncated (white) CXCL10
promoter-luciferase constructs and 0.1 pg Renilla luciferase plasmid were pre-incubated
with DMSO (0.1% v/v), PD98059 (10 uM) or U0126 (3 puM) for 1 h followed by HRV-
16 or mock infection for 24 h. Lysates from triplicate wells were assayed for firefly and
Renilla luciferase activity and calculated as (A) fold increase compared to control wells
or (B) fold enhancement over HRV-16 plus DMSO. Data are expressed as mean + SEM
(n = 6). Dagger indicates significant difference between full length and truncated
promoter drive with HRV-16 plus DMSO. Asterisks indicate significant differences
compared to HRV-16 plus DMSO using full length (*) or truncated (**) promoter
constructs assessed with Kruskal-Wallis ANOVA, followed by Wilcoxon matched-pairs
signed-rank test
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Although there was a modest difference in HRV-16-induced CXCL10 promoter

drive between the 376-bp and the 972-bp constructs, when the effects of MEK1/2
pathway inhibition were expressed as fold enhancement over virus alone for each
construct, a virtually identical level of enhancement was observed for both the 972-bp
and 376-bp constructs (Figure 4.3B). In addition, control studies were carried out with a
promoter-luciferase construct containing only a TATA box. HRV-16 did not induce this
promoter and neither PD98059 nor U0126 had any effect on the basal activity in the
presence of virus (data not shown). These results indicated that the essential elements
involved in mediating the enhancement of HRV-16-induced CXCL10 promoter drive by
MEKZ1/2 pathway inhibition were within the 376-bp promoter construct. Thus,
subsequent studies focused on the specific binding sites found within this promoter

region (Figure 4.1B).

Using site-directed mutagenesis, point mutations were separately introduced into
the transcription factor binding sites found within the 376-bp CXCL10 promoter
construct (Table 2.2). Mutation of the AP-1 site did not alter HRV-16-induced promoter
activity (2.8 = 0.4 fold increase) compared with the wildtype promoter (2.7 = 0.2 fold
increase), or the level of enhancement in the presence of PD98059 (10 uM) or U0126 (3
pHM) (Figure 4.4). Mutation of the kBl or kB2 promoter sites have been shown to
abrogate HRV-16-induced 972-bp promoter drive, with kB1 playing a more prominent
role™*32% A similar pattern was observed using the 376-bp construct. Mutation of the
kB1 site significantly (p <0.05) and almost completely abrogated HRV-16-induced

promoter activity (1.1 £ 0.1 fold increase) compared to wildtype (2.7 + 0.2 fold increase).
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Figure 4.4 — Effects of MEK1/2 pathway inhibitors on HRV-16-induced activation
of wild-type and point mutant versions of the truncated promoter. BEAS-2B cells
were transiently transfected with 1.0 pg wild-type or mutant truncated CXCL10 promoter
luciferase construct and 0.1 pg Renilla luciferase plasmid. Transfected cells were pre-
incubated with 0.1% v/v DMSO (black), 10 uM PD98059 (grey) or 3 uM U0126 (white)
for 1 h followed by HRV-16 or mock infection for 24 h. Lysates from triplicate wells
were assayed for firefly and Renilla luciferase activity and calculated as fold increase
compared to control wells. Data are expressed as mean £ SEM (n = 6). Dagger indicates
significant abrogation of HRV-16-induced promoter activity between individual
constructs.  Single asterisk indicates significant enhancement of HRV-16-induced
promoter activation in the presence of PD98059 or U0126 compared to HRV-16 plus
DMSO. All significant differences were assessed with Kruskal-Wallis ANOVA,
followed by Wilcoxon matched-pairs signed-rank test

Enhancement of this low level of promoter activity by PD98059 or U0126 was not
observed (Figure 4.4). Mutation of kB2 also significantly (p <0.05) reduced HRV-16-
induced promoter activity (1.5 + 0.1 fold increase), though not to same extent as kB1. In
the presence of PD98059 or U0126, the residual promoter activity found in the kB2
mutant construct was significantly (p <0.05 in both cases) enhanced (Figure 4.4). Similar
to xB1, mutation of the ISRE significantly (p <0.05) abrogated HRV-16-induced

promoter drive (1.3 + 0.1 fold increase) and the residual promoter activity was not
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enhanced in the presence of either PD98059 or U0126 (Figure 4.4). In all mutant
constructs, PD98059 and U0126 alone did not have an effect on CXCL10 promoter
activity (data not shown). These studies suggested that the NF-xB and ISRE binding
sites required for viral activation of the promoter may also play a role in the MEK1/2

pathway-mediated enhancement of HRV-16-induced CXCL10 expression.

4.3.2 Evaluation of the role of NF-xB in MEK1/2 pathway-mediated modulation of
HRV-16-induced CXCL10 expression

To further evaluate the role of NF-xB in the MEK1/2 pathway-mediated
enhancement of HRV-16-induced CXCL10 expression, a luciferase construct was
generated containing five tandem copies of CXCL10-specific kB1 or kB2 recognition
sequences cloned into a pGL3.basic vector with a TATA box. HRV-16 induced
promoter activity of both tandem repeat kB1 and kB2 constructs, but this activity was not
enhanced in the presence of either PD98059 (10 uM) or U0126 (3 uM) (Figures 4.5A &
B). Inhibitors alone had no effect on basal promoter drive (data not shown). To directly
evaluate if HRV-16-induced NF-xB nuclear translocation and/or binding was altered by
the MEK1/2 pathway inhibitors, EMSA analysis was performed using CXCL10-specific
kBl and kB2 radiolabeled oligonucleotides (see section 2.2.11.3 for details). First,
HRV-16 infection was confirmed to induce the binding of nuclear proteins to the kBl
and kB2 radiolabeled probes. In BEAS-2B cells, HRV-16 infection resulted in a time-
dependent induction of two complexes (bands 1 and 2) with the xB1 recognition

sequence (Figure 4.6A). Binding was evident at 3 h post-infection and intensity of the
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Figure 4.5 - MEK1/2 pathway inhibitors do not enhance HRV-16-induced activity
of tandem repeat kB1 or kB2 promoter constructs. BEAS-2B cells were transiently
transfected with 1.0 pg of a plasmid containing five copies of either the CXCL10-specific
kB1 (A) or kB2 (B) recognition sequence cloned into pGL3.basic with a TATA box.
Transfected cells were pre-incubated with DMSO (0.1% v/v), PD98059 (10 puM) or
U0126 (3 uM) for 1 h followed by HRV-16 or mock infection for 24 h. Lysates from
triplicate wells were assayed for firefly activity and calculated as fold increase compared
to control wells. Data are expressed as mean + SEM (n = 6, kB1; n = 4, kB2).
Significant differences were assessed with Kruskal-Wallis ANOVA.

two bands increased from 6-9 h post-infection. In an analogous manner, HRV-16
infection induced the formation of two specific complexes with the kB2 oligonucleotide
with peak band intensity at 3 h post-infection (Figure 4.6B). The intensity decreased
after 3 h, but was still evident at 9 h post-infection. In HBE, HRV-16 induced the
formation of two complexes (bands 1 and 2) with the kB1 oligonucleotide that were
evident at 6 h post-infection. The intensity of binding subsequently decreased from 9-12
h post-infection (Figure 4.6C). A similar binding pattern was observed in HBE using the

kB2 probe with an evident formation of two complexes (bands 1 and 2) at 3 h post-
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infection (Figure 4.6D). Again, the intensity of binding peaked at 6 h with a gradual

decrease between 9-12 h post-infection.
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Figure 4.6 — HRV-16 induces time-dependent binding on the CXCL10 NF-«B
recognition sequences. BEAS-2B (A & B) and HBE (C & D) were infected with HRV-
16 for the indicated time points. Nuclear protein extracts were prepared and incubated
with [y-3*P]-labeled CXCL10-specific kB1 (A & C) or kB2 (B & D) probe. Samples
were resolved using non-SDS/PAGE and analyzed by autoradiography. Each blot is
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representative of three separate experiments. 100X Cold Comp. indicates the presence of

100-fold excess kB1 or kB2 cold probe. Specific complexes are indicated by arrows.
Medium control is abbreviated as C.

Having shown HRV-16-induced time-dependent formation of complexes with
both kB oligonucleotides, we next determined the effect of MEK1/2 pathway inhibition.
In BEAS-2B cells, neither PD98059 (10 uM) nor U0126 (3 uM) enhanced the intensity
of the complexes formed with the kB1 oligonucleotide at 3 h post-infection (Figure
4.7A). In fact, there was slight reduction in band intensity on kB1 of the lower complex
(band 2) with pre-treatment with either inhibitor. Pre-treatment with either PD98059 or
U0126 without the presence of virus slightly increased the intensity of the lower complex
(band 2), but had no effect on the upper complex (band 1). Similarly in HBE, the
intensity of two prominent complexes formed with kB1 oligonucleotide 6 h post-
infection was not enhanced with PD98059, although there was a consistent and slight
increase in the binding of the upper complex (band 1) in the presence of U0126 compared
to virus alone (Figure 4.7C). Pre-treatment with the inhibitors alone slightly increased
the intensity of the lower band (band 2) compared to control levels.

To determine the protein components comprising the HRV-16-induced complexes
formed on «B1, supershift experiments were performed using antibodies to individual
Rel family proteins. Addition of antibody to p50 clearly shifted both the upper and lower
complexes in both BEAS-2B cells and HBE compared to virus alone (Figures 4.7B & D).
Only the upper complex was shifted with antibody to p65 in both cell types, suggesting

that the upper band comprised the canonical p50-p65 heterodimer, which we have
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previously demonstrated to be induced in HRV-16 infected cells***?*. The addition of

antibodies to p52 or c-Rel were without effect in either cell type.
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Figure 4.7 — Inhibition of the MEK1/2 pathway does not enhance HRV-16-induced
NF-kB nuclear translocation and/or binding to the CXCL10 kBl recognition
sequence. BEAS-2B (A) or HBE (C) were pre-incubated with DMSO (0.1% v/v),
PD98059 (10 pM), or U0126 (3 pM) for 1 h and infected with HRV-16 for 3 or 6 h,
respectively. Nuclear protein extracts were prepared and incubated with [y-*’P]-labeled
CXCL10-specific kB1 probe. Samples were resolved using non-SDS/PAGE and
analyzed by autoradiography. Supershift analysis was carried out using nuclear extracts
from HRV-16 plus DMSO-infected BEAS-2B (B) or HBE (D) cells. Extracts were pre-
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incubated with Rel family antibody 2 h before addition of probe. 100X Cold Comp.
indicates the presence of 100-fold excess kBl cold probe. E) Nuclear extracts from

HRV-16 infected BEAS-2B cells were incubated with mutant kB1 probe. Blots are
representative of three separate experiments.

A CXCL10-specific kB1 probe (see section 2.2.11.3 for details) was generated
containing the same point mutations in the 376-bp AxB1 promoter luciferase construct to
confirm the specificity of p50 and p65 binding and to also correlate this binding to
CXCL10 promoter studies. In BEAS-2B cells, HRV-16-induced binding of p50
homodimers (band 2) 3 h post-infection was clearly diminished with the mutant
oligonucleotide compared to wildtype (Figure 4.7E). Loss of p50/p65 heterodimer (band
1) binding was difficult to ascertain given the formation of a unidentified and prominent
complex.

Similar to results with the kB1 recognition sequence, pre-incubation with either
PD98059 (10 puM) or U0126 (3 pM) did not markedly enhance HRV-16-induced
formation of either of the complexes formed with the kB2 recognition sequence, in either
BEAS-2B cells or HBE (Figures 4.8A & C). In contrast to kB1, pre-treatment with either
inhibitor without HRV-16 did not increase the binding intensity of the complexes
compared to control levels in BEAS-2B cells or HBE. Supershift experiments in both
cell types showed that addition of antibody to p50 clearly shifted both of the complexes,
but p65 Ab only shifted the upper compex (band 1) compared to HRV-16 alone (Figures
4.8B & D). Addition of antibody to p52 or c-Rel did not affect the intensity of binding in
either BEAS-2B cells or HBE. It must noted that the addition of antibodies prior to

incubation with radiolabeled probe, in addition to supershifting the NF-xB complexes,
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may have also prevented p50 and/or p65 binding to the radiolabeled oligonucleotide by
blocking the epitope that specifically recognizes the kB1 or kB2 DNA binding sequence.
Nonetheless, these results suggested that both kB1 and kB2 were bound by the same set
of Rel proteins, specifically p50/p65 heterodimers and p50 homodimers, though
inhibition of the MEK1/2 pathway did not markedly enhance the binding of these
proteins to either NF-xB recognition sequence. HRV-16-induced binding of p50 and p65
3 h post-infection to mutant kB2 oligonucleotide was lost (Figure 4.7E). These data
suggest that loss of p50 and p65 binding is associated with the loss of kB-dependent
HRV-16-induced CXCL10 promoter activity, but do not play a role in the MEK1/2

pathway-mediated negative regulation of CXCL10.
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Figure 4.8 — Inhibition of the MEK1/2 pathway does not enhance HRV-16-induced
NF-kB nuclear translocation and/or binding to the CXCL10 kB2 recognition
sequence. BEAS-2B (A) or HBE (C) were pre-incubated with DMSO (0.1% v/v),
PD98059 (10 pM), or U0126 (3 pM) for 1 h and infected with HRV-16 for 3 or 6 h,
respectively. Nuclear protein extractions were prepared and incubated with [y-*2P]-
labeled CXCL10-specific kB2 probe. Samples were resolved using non-SDS/PAGE and
analyzed by autoradiography. Supershift analysis was carried out using nuclear extracts
from HRV-16 plus DMSO-infected BEAS-2B (B) or HBE (D) cells. Extracts were pre-
incubated with Rel family antibody 2 h before addition of probe. 100X Cold Comp.
indicates the presence of 100-fold excess kB2 cold probe. E) Nuclear extracts from
HRV-16-infected BEAS-2B cells were incubated with mutant kB2 probe. Blots are
representative of three separate experiments.
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Thus far, we have shown that inhibition of the MEK1/2 pathway does not enhance
HRV-16-induced kB1 or kB2 tandem repeat construct luciferase activity. In addition,
MEK1/2 pathway inhibition does not enhance HRV-16-induced NF-xB nuclear
translocation and/or binding to the recognition sequences in the CXCL10 promoter.
Activation of the classical NF-kB pathway (p50 and p65) occurs through IKKp-mediated
phosphorylation, ubiquitination, and degradation of IkBa (Figure 1.5). Furthermore,
HRV-16-induced CXCL10 expression in human airway epithelial cells is dependent on
IKKP, based on studies using selective small molecule inhibitors of this enzyme®®. To
further confirm that the MEK1/2 pathway does not modulate NF-kB signaling, the effect
of PD98059 and U0126 on the phosphorylation and degradation of lkBa was assessed.
HRV-16 infection of BEAS-2B cells resulted in a time-dependent phosphorylation of
IkBa, starting as early as 1 h post-infection, with peak phosphorylation at 3 h post-
infection and a subsequent decrease by 6 h (Figures 4.9A & B). HRV-16-induced
degradation of total IkBa was evident at 2 h post-infection with a reversal of degradation
by 6 h. Pre-treatment with either PD98059 (10 uM) or U0126 (3 pM) did not markedly
alter HRV-16-induced IkBoa phosphorylation or degradation at any of the time points
(Figures 4.9A & B). Taken together, these data further support the concept that the
MEK1/2 pathway does not modulate HRV-16-induced NF-xB activation or p50/p65

translocation/binding to the CXCL10-specific kB1 or kB2 recognition sequences.
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Figure 4.9 — Inhibitors of the MEK1/2 pathway do not affect HRV-16-induced
phosphorylation or degradation of IkBa.. A) BEAS-2B cells were pre-incubated with
0.1% v/v DMSO or 10 uM PD98059 (PD) for 1 h followed by HRV-16 (V) infection for
the indicated time points. Whole cell lysates were collected and immunoblotted with
phospho-specific or total IkBa antibody. B) Cells pre-treated with 3 uM U0126 (U)
were also assessed for any effects on IkBa. Membranes were stripped and re-probed
with antibody to GAPDH to ensure equal protein loading. Immunoblots are
representative of three separate experiments. Medium control is abbreviated as C

4.3.3 Evaluation of the interactions at the ISRE site in MEK1/2 pathway-mediated
modulation of HRV-16-induced CXCL10 expression

In order to study the role of the ISRE site in MEK1/2 pathway-mediated
enhancement of HRV-16-induced CXCL10 expression, a promoter-luciferase construct
was generated containing five tandem copies of the CXCL10-specific ISRE recognition
sequence. Surprisingly, HRV-16 infection did not induce activation of this construct
(data not shown). Previous reports have speculated that there is a cooperativity between
the kB and ISRE sites within both the CXCL10 and CCL5 promoters during virus-
induced gene expression®**®2!. Thus, it is possible that the ISRE site contributes to the

activation of CXCL10 only when present in conjunction with an NF-kB site. Therefore,
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a double mutant was generated in the 376-bp CXCL10 promoter construct where both the
AP-1 and kB2 recognition sequences were mutated, leaving only functional kB1 and
ISRE binding sites (Figure 4.1B). HRV-16 induced the activity of the double mutant (3.4
+ 0.5 fold increase) and wildtype construct (3.8 = 0.9 fold increase) almost equally
(Figure 4.10). Interestingly, the level of enhancement between the two promoter
constructs after MEK1/2 inhibition with PD98059 (10 uM) or U0126 (3 uM) was nearly

identical.

10 W Wildtype

0 AAP-1/AkB-2

8 4 .I._l_

]
© 6 1
')
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0 L
DMSO PD U DMSO PD U
10pM 3uM 10uM 3uM

HRV-16 + HRV-16 +

Figure 4.10 — CXCL10 promoter activity containing only functional kB1 and ISRE
binding sites is enhanced upon MEK1/2 pathway inhibition. BEAS-2B cells were
transiently transfected with 1.0 pg of either the 376 bp truncated wildtype CXCL10
promoter (black) or truncated CXCL10 promoter containing mutations in both AP-1 and
kB2 sites (white). Transfected cells were pre-incubated with DMSO (0.1% v/v),
PD98059 (10 uM) or U0126 (3 uM) for 1 h followed by HRV-16 or mock infection for
24 h. Lysates from triplicate wells were assayed for firefly activity and calculated as fold
increase compared to control wells. Data are expressed as mean £ SEM (n = 4).
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Experiments were then performed to determine the kinetics of HRV-16-induced
transcription factor binding to a radiolabeled CXCL10-specific ISRE probe using EMSA
analysis (see section 2.2.11.3 for details). In BEAS-2B cells, HRV-16 induced the
formation of a complex (band 1) with weak intensity at 3 h post-infection and the
appearance of additional complexes (bands 2 & 3) occurred at 6 and 9 h post-infection
(Figure 4.11A). In HBE, HRV-16 induced the binding of various complexes at 6 h post-
infection with peak intensity between 9 and 12 h post-infection (Figure 4.11B). Similar
to time courses using kB1 or kB2 oligonucleotides, a difference in binding kinetics was
apparent between BEAS-2B cells and HBE.

Based on the time course data, the effects of MEK1/2 pathway inhibition were
examined using nuclear extracts from BEAS-2B cells (6 h post-infection) and HBE (9 h
post-infection). In BEAS-2B cells (Figure 4.12A), both PD98059 (10 uM) and U0126 (3
MM) enhanced the intensity of the uppermost complex (band 1), with no consistent
effects on the lower complexes (bands 2 and 3). Densitometric analysis revealed that
both PD98059 and U0126 significantly (p <0.02 in both cases) increased the intensity of
band 1 to 190% * 20% and 190 + 30% compared with HRV-16 alone (100% baseline
intensity), respectively. The intensity of band 2 was not significantly increased by either
PD98059 (91 + 16%) or U0126 (126 = 43%) compared to HRV-16 alone. Also, the
intensity of band 3 was not significantly enhanced by PD98059 (120 + 19%) or U0126
(84 + 22%) compared to virus alone. In HBE, both PD98059 and U0126 enhanced the
binding of band 1 compared to virus alone (Figure 4.12C). Densitometric analysis of

band 1 revealed that PD98059 increased the intensity to 178 + 18% while U0126
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increased band intensity to 317 + 100% compared to HRV-16 alone. Binding intensity of
band 3 was enhanced by both PD98059 (280 + 63%) and U0126 (383 + 63%) compared

to virus alone.

1h 3h 6 h 9h
A)

C HRV C HRV C HRV C HRV

Band 3 —p |

B) 1h 3h 6h 9h 12 h
C HRV C HRV C HRV C HRV C HRV

100X
omp

Band 1 —p

Band 2 —p

Band 3 —>

Figure 4.11 - HRV-16 induces time-dependent binding on the CXCL10 ISRE
recognition sequence. BEAS-2B (A) and HBE (B) were infected with HRV-16 for the
indicated time points. Nuclear protein extracts were prepared and incubated with [y-*2P]-
labeled CXCL10-specific ISRE probe. Samples were resolved using non-SDS/PAGE
and analyzed by autoradiography. Each blot is representative of three separate
experiments. 100X Cold Comp. indicates the presence of 100-fold excess ISRE cold
probe. Specific complexes are indicated by arrows. Medium control is abbreviated as C.
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Figure 4.12 — Inhibition of the MEK1/2 pathway enhances HRV-16-induced IRF-1
nuclear translocation and/or binding to the CXCL10 ISRE recognition sequence.
BEAS-2B (A) or HBE (C) were pre-incubated with DMSO (0.1% v/v), PD98059 (10
pHM), or U0126 (3 puM) for 1 h and infected with HRV-16 for 6 or 9 h, respectively.
Nuclear protein extractions were prepared and incubated with [y-*2P]-labeled CXCL10-
specific ISRE probe. Samples were resolved using non-SDS/PAGE and analyzed by
autoradiography. Supershift analysis was carried out using nuclear extracts from HRV-
16 plus DMSO-infected BEAS-2B (B) or HBE (D) cells. Extracts were pre-incubated
with IRF or STAT family antibody 2 h before addition of probe. 100X Cold Comp.
indicates the presence of 100-fold excess ISRE cold probe. E) Nuclear extracts from
HRV-16-infected BEAS-2B cells were incubated with mutant ISRE probe. Blots are
representative of three separate experiments.
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Supershift analysis demonstrated that addition of antibody to IRF-1 completely
shifted band 1 in BEAS-2B cell extracts (Figure 4.12B). Bands 2 and 3 remained
unidentified as they were unaffected by the addition of antibodies to IRF-1, IRF-2, IRF-3,
IRF-7, and interferon-stimulated gene factor-3 (ISGF3/p48). In HBE, addition of
antibody to IRF-1 shifted the lower portion of band 1 that corresponds to one of the two
enhanced bands with MEK1/2 pathway inhibition (Figure 4.12D). However, in HBE, the
addition of antibody to IRF-2 clearly shifted all parts of band 1, suggesting that at least a
portion of the band is an IRF-1/IRF-2 heterodimer. Band 2 was shifted with the addition
of antibody to ISGF3/p48, but addition of antibodies to IRF-3, IRF-7, or STAT 1a. did not
shift any of the bands. Band 3 was not shifted with the addition of any of the antibodies
used, though it was clearly enhanced with PD98059 and U0126. Supershift analysis was
performed to confirm the identity of the enhanced band (Figure 4.12) seen with PD98059
and U0126 treatment in both BEAS-2B cells and HBE. Antibody to IRF-1 was added to
nuclear extracts pre-treated with PD98059 or U0126. In both BEAS-2B cells and HBE,
antibody to IRF-1 shifted the enhanced band to a similar degree as the IRF-1 band in

HRV-16 alone extracts (Figures 4.13A & B).
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Figure 4.13 — Effects of IRF-1 supershift antibody on enhanced HRV-16-induced
IRF-1 binding to CXCL10 ISRE recognition sequence. IRF-1 supershift antibody was
added to nuclear extracts from BEAS-2B (A) or HBE (B) cells pre-incubated with
PD98059 (10 puM) or U0126 (3 uM) followed by HRV-16 infection for 6 or 9 h,
respectively. Samples were incubated with [y-*2P]-labeled CXCL10-specific ISRE probe
and analysed by EMSA. IRF-1 is indicated by arrow and asterisk indicates loading wells.
Blots are representative of three separate experiments.
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To correlate the results of EMSA analysis with promoter-luciferase data, a mutant

ISRE oligonucleotide (see section 2.2.11.3 for details) with mutations similar to those
introduced in the ISRE site of the 376-bp construct was created. In BEAS-2B cells,
HRV-16-induced complex binding was completely lost with the ISRE mutant
oligonucleotide compared to wildtype (Figure 4.12F). Overall, these data show that in
airway epithelial cells HRV-16 induces IRF-1 nuclear translocation and/or binding to the
ISRE recognition site in the CXCL10 promoter and its interaction with the ISRE is

enhanced upon inhibition of the MEK1/2 pathway.

4.4 Discussion

It has been shown that HRV-16-induced CXCL10 expression is regulated at the
level of transcription, in part through the actions of NF-xB'**%*®. This chapter further
explored the effects of MEK1/2 pathway inhibition on HRV-16-induced CXCL10
expression with specific focus on transcriptional activation. Pharmacologic inhibition of
the MEK1/2 pathway with either PD98059 or U0126, in a concentration-dependent
manner, enhanced activation of a 972-bp full length CXCL10 promoter-luciferase
construct compared to activation by HRV-16 plus DMSO alone. This demonstrated that
MEKZ1/2 pathway inhibition enhances HRV-16-induced CXCL10 expression, at least in
part, through transcriptional effects.

The transcription factor binding sites involved in the MEK1/2 pathway-mediated
enhancement of CXCL10 transcription were contained within the 376-bp truncated

143,236

CXCL10 promoter-luciferase construct. Consistent with previous studies , mutation

of either the kB1 or kB2 recognition sites for NF-kB reduced HRV-16-induced promoter
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activation, although to variable degrees. Importantly, it was also shown that the ISRE site
is also critical for HRV-16-induced CXCL10 promoter activation and the MEK1/2
pathway-mediated enhancement of CXCL10 transcription. The MEK-ERK pathway has
been shown to modulate NF-kB-dependent gene expression through alterations in basal
transcription factors binding to the TATA box*", but basal transcription was not altered
by virus or inhibitors.

NF-xB did not seem to be involved in the MEK1/2 pathway-mediated down-
regulation of HRV-induced CXCL10 expression, as assessed by various approaches.
Analysis of the mutated kBl oligonucleotide sequence determined that the point
mutations eliminated the presence of a highly conserved NF-kB consensus binding site
compared to the wild-type sequence. Instead, a new consensus sequence specific for
octamer binding proteins was formed. This family of transcription factors, specifically
Oct4, have been implicated in stem cell pluripotency and mammalian development*?24%,
but have not been shown to play a role in virus-induced chemokine expression in airway
epithelial cells. Studies with the kBl and kB2 recognition sequences showed nearly
identical trends, including roles in CXCL10 promoter drive by HRV-16 and the lack of
any marked changes in NF-«xB translocation and/or binding in the presence of MEK1/2
pathway inhibitors. Additionally, HRV-16 did not induce promoter drive of a construct
containing tandem copies of mutant kBl sequences (unpublished observation).
Therefore, the formation of the new complex on the mutant kB1 radiolabeled probe is
merely due to the chance formation of a new consensus binding site for a protein not

involved in the expression or negative regulation of CXCL10 by HRV-16.
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Studies using the ISRE recognition sequence found that HRV-16-induced IRF-1
nuclear translocation and/or binding was enhanced upon MEK1/2 pathway inhibition in
both BEAS-2B cells and HBE. The similar IRF-1 results in BEAS-2B cells and HBE
again suggests the negative regulation of HRV-inducible chemokine expression is a
conserved mechanism and is not unique to a certain cell type. Furthermore, the MEK1/2
pathway-mediated enhanced IRF-1 band completely shifted in the presence of IRF-1
antibody, confirming that, indeed, the binding of IRF-1 is enhanced upon MEKZ1/2
pathway inhibition. Even though the contribution of ISRE to HRV-induced CXCL10
promoter activity required the presence of a functional kB site, the current data confirm
that negative regulation of HRV-16-induced CXCL10 expression is solely mediated
through the ISRE.

Although HRV-16-induced IRF-1 nuclear translocation and/or binding was
enhanced upon MEK1/2 pathway inhibition, a clear difference between BEAS-2B cells
and HBE was evident. As previously mentioned, IRF-2 binding was detected in HBE,
but not in BEAS-2B cells. Interestingly, the HRV-induced band that is enhanced upon
MEKZ1/2 pathway inhibition contained an IRF-1/IRF-2 heterodimer, thus raising the
possibility that IRF-2 binding, in addition to IRF-1, is enhanced at the ISRE reconigition
sequence in HBE. Since the band above the enhanced band was found to shift only with
IRF-2 antibody, but was not enhanced upon MEK1/2 pathway inhibition, in addition to
the observation that the enhanced band is entirely shifted with IRF-1 antibody suggested
that IRF-2 binding is not necessarily enhanced like IRF-1. Additionally, ISGF-3 was not
detected in BEAS-2B cells, but was evident in HBE using the same ISRE recognition

sequence. The transcription factors involved in the positive regulation of HRV-16-



122
induced CXCL10 expression seem to be divergent in either cell type as evidenced by the
supershift experiments, but both cell types share the common observation that MEK1/2
pathway-mediated regulation of IRF-1 interactions with the ISRE is associated with the
negative regulation of HRV-16-induced CXCL10 expression.

Although the lowermost band in HBE was enhanced with MEK1/2 pathway
inhibition, the identity of this band could not be determined with antibodies against IRF-
1, IRF-2, IRF-3, IRF-7, ISGF-3, or STAT1a. It is possible that the lower band is a
degraded fragment of IRF-1 as it has been shown that IRF-2, which closely resembles
IRF-1, can undergo proteolytic cleavage and still retain promoter binding capacity similar

to that of the uncleaved form*?44%.

In this regard, IRF-1 protein is known to undergo
26S proteasome-mediated cleavage*?’. Interestingly, IRF-2 is not present or does not
bind ISRE in BEAS-2B cells. Given that the IRF-1 antibody used recognizes the C-
terminal domain, while the N-terminal domain is required for DNA binding*®, it is
possible that an IRF-1 cleavage product maintains a DNA binding capability, but is not
susceptible to supershift due to the loss of the C-terminal epitope.

In summary, the data demonstrate that pharmacologic inhibition of the MEK1/2
pathway enhances HRV-16-induced expression of CXCL10 via effects on transcription.
Though transcriptional up-regulation of HRV-16-induced CXCL10 requires both the kB
and ISRE sites, the MEK1/2 pathway-mediated negative regulation of HRV-16-induced
CXCL10 expression appears only to involve the modification of IRF-1 interactions with

the ISRE site found within the CXCL10 promoter and is independent of effects on NF-

kB.
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Chapter Five: The effects of MEK1 and MEK2 siRNA-mediated knockdown on
HRV-16-induced CXCL10 expression in human airway epithelial cells

5.1 Introduction

In the preceding chapters, it was shown that HRV-16-induced CXCL10
expression was enhanced upon pharmacologic inhibition of the MEK1/2 pathway via
effects on transcription. This enhancement was associated with altered IRF-1 nuclear
translocation and/or binding to the ISRE recognition sequence in the CXCL10 promoter.
Importantly, two structurally distinct and specific inhibitors of MEK1/2, PD98059*** and
U0126*, were used to delineate this mechanism. The level of enhancement using either
inhibitor was nearly identical. Though the specificity of PD98059 and U0126 has been

extensively characterized*#%*4°

, a non-pharmacologic approach targeting the MEK-
ERK pathway was considered important to corroborate and extend the observations from
the previous chapters. In addition, the relative contribution of MEK1 and/or MEK2 in
the negative regulation of CXCL10 could not be definitively assessed using
pharmacologic approaches, since both PD98059 and U0126 inhibit MEK1/2 activity,
albeit to different degrees®#24%,

First discovered in the nematode Caenorhabditis elegans, RNA interference
(RNAI) was demonstrated when gene expression was shown to be silenced with the
introduction of short double-stranded RNA (dsRNA) into cells*®. RNAi has now been
shown to be an evolutionarily conserved mechanism in eukaryotes that serves to control

gene expression by translational silencing and more recently, transcriptional silencing

through DNA methylation**®**, It has also has been shown to have an important role in
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host defense during viral infection*****®. The discovery of RNAI is now widely exploited
to permit a more in-depth study of cellular processes through the introducton of short
interfering RNA (siRNA) duplexes into mammalian cells that silence gene expression by
binding to a complementary mRNA sequence®®. The similarities and differences of
RNAI versus pharmacologic inhibition are described in Table 5.1. The validity of this
approach has improved since its initial discovery, but concerns remain, such as variable
“off-target” effects. It has been shown that siRNA knockdown of a specific target may

result in different phenotypic responses between the various siRNAs used**®

. This may
be due, in part, to the induction of siRNA-specific transcriptional profiles that create
different siRNA-specific cellular environments and may hinder the interpretation of

results*0441,

To improve the validity of siRNA techniques, modifications have been
introduced such as changes in siRNA base pair length or removal of 5’ phosphates to
prevent the activation of dsSRNA-induced anti-viral interferon responses via activation of
PRRs, including PKR or RIG-|187430442:443

This chapter focuses on the use of siRNA to confirm the results from Chapters 3
and 4, and to further delineate the role of the MEK-ERK pathway in the negative
regulation of HRV-16-induced CXCL10 expression. It was hypothesized that sSiRNA
knockdown of MEK1 and MEK2 would enhance HRV-16-induced expression of

CXCL10 and the nuclear translocation and/or binding of IRF-1 to the CXCL10 ISRE

promoter site.
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Table 5.1 — Comparison of RNAI versus pharmacological inhibitors

RNAI

Inhibitors

Mechanism of action

-mRNA degradation
-Inhibition of translation
-Epigenetic modification

-Substrate competition
-Covalent modification
-Ligand competition
-Protein conformational
changes

-Allosteric binding

Cellular Outcome

-Removal of transcript and
loss of protein over many
hours

-Immediate inhibition of
protein active site
-Competition with ligand
-Conformational changes in
protein

Specificity issues

-Sequence homology (sense
and antisense)

-miRNA mimic or
competition

-Protein complex disruption
-Epigenetic effects

-Dosage

-Binding site homology
-Dosage

Utility -Novel target finding -Pathway analysis
-Pathway analysis -Target validation
-Target validation -Therapeutics
-Therapeutics

5.2 Results

5.2.1 Selective MEK1 siRNA knockdown enhances HRV-16-induced CXCL10 protein
production in BEAS-2B cells

Two different siRNA sequences designed to target MEK1 or MEK2 (designated

duplex A and duplex B in each case) were used to assess any effect on HRV-16-induced

CXCL10 expression.

In BEAS-2B cells, preliminary experiments determined that the

optimal time for knockdown of MEK1 and MEK2 protein was 72 h post-transfection

(data not shown). Furthermore, it was determined that neither the lipid transfection
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reagent nor control siRNA altered MEK1 or MEK2 protein levels compared to the
medium alone control. Transfection of 30 nM MEK1 duplex A or duplex B siRNA
knocked down MEK1 protein levels compared to control siRNA (Figure 5.1A). Using
densitometric analysis, the expression of MEK1 protein was significantly (p <0.0001 in
both cases) reduced in the presence of both MEK1 duplex A (87.6% + 1.5% MEK1
knockdown) and duplex B (82.2% + 0.4% MEK1 knockdown) compared to control
siRNA (Figure 5.1B). Surprisingly, MEK1 duplex B significantly (p <0.05) reduced
MEK?2 protein levels (60.4% * 24.2% MEK2 knockdown), but MEK1 duplex A did not
significantly alter MEK2 protein (20.5% + 23.9% MEK2 knockdown) compared to
control siRNA (Figures 5.1C & D). Transfection of both MEK1 duplexes also
significantly (p <0.0001) abrogated MEKL1 protein expression (88.8% + 1.2% MEK1
knockdown) and MEK2 protein expression (44.0% + 16.6% MEK2 knockdown)
compared to control siRNA (Figures 5.1A-D).

As expected, both MEK2 duplex A (95.3% + 1.1% MEK2 knockdown) and B
(95.3% £ 0.9% MEK?2 knockdown) significantly (p <0.05) reduced MEK?2 protein levels
to an identical degree (Figures 5.1C & D). MEK2 protein (93.2% + 1.8% knockdown)
was significantly (p <0.0001) reduced in the presence of both MEK2 duplexes compared
to control sSiRNA. Interestingly, MEKZ1 protein levels were modestly, but significantly (p
<0.05), enhanced with transfection of either MEK2 duplex A to 138.1% + 18.3% of basal
MEK1 expression or duplex B to 129.7% =+ 8.6% of basal MEK1 expression compared to
control siRNA (Figure 5.1B). When used in combination, the MEK2 siRNA duplexes

also enhanced MEK1 protein to 121% + 1.1% of basal MEK1 expression, but this was
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Figure 5.1 — Selective knockdown of MEK1 enhances HRV-16-induced CXCL10
expression in BEAS-2B. The effect of 30 nM MEK1 and MEK2 siRNA duplexes,

individually or in combination, on MEK1 (A) and MEK2 (B) protein expression (72 h

post-transfection) was assessed by immunoblotting (n = 3). Densitometric analysis of

E)

MEK1 (C) and MEK2 (D) protein expression compared to control siRNA.
Assessment of HRV-16-induced CXCL10 protein release 24 h post-infection in the

(*) or 60 nM (#) control siRNA were assessed with one way ANOVA followed by

presence of MEK siRNA by ELISA (n = 4). Significant differences compared to 30 nM

Lipid reagent and medium alone were used as

Fisher’s least significant difference test.



128

appropriate controls. Immunoblots were stripped and re-probed with GAPDH to ensure
equal loading.

not statistically significant. Transfection of each formulation of combinations of MEK1
and MEK2 duplexes significantly (p <0.01 in all cases) reduced both MEK1 and MEK2
protein compared to control siRNA (Figures 5.1A-D). HRV-16-induced CXCL10
protein release was not markedly altered in the presence of either lipid transfection
reagent or control siRNA when compared to medium only control. Selective knockdown
of MEK1 protein significantly enhanced HRV-16-induced CXCL10 protein production
using either MEK1 duplex A (p <0.05), MEK1 duplex B (p <0.0001) or both duplexes
combined (p <0.0001) compared to control siRNA (Figure 5.1E). In contrast, HRV-16-
induced CXCL10 protein production was significantly reduced in the presence of MEK2
duplex A (p <0.0001) or the combination of both duplexes (p <0.05), but was not altered
using MEK2 duplex B alone. Surprisingly, the combination of MEK1 duplex A and
MEK?2 duplex A did not alter HRV-16-induced CXCL10 protein production compared to
control siRNA. All other combinations of MEK1 and MEK2 duplexes, however,
significantly (p <0.05 in all cases) enhanced HRV-16-induced CXCL10 protein release
(Figure 5.1E). In BEAS-2B cells, the knockdown of MEK1 appears to essentially
reproduce the data seen with pharmacologic inhibition of the MEK1/2 pathway, but
potential crosstalk between these pathways cannot be ruled out given the effects of

MEKZ1 siRNA on MEK2 expression.
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5.2.2 Selective MEK1 siRNA knockdown enhances HRV-16-induced CXCL10 protein
production in HBE cells

Having shown that selective knockdown of MEKL1 in BEAS-2B cells enhanced
HRV-16-induced CXCL10 protein expression, similar experiments using only the MEK1
duplexes were carried out in HBE to confirm this main finding in a more physiologically
relevant model. Transfection of MEK1 siRNA resulted in significant (p <0.0001 in all
cases) knockdown of MEK1 protein expression using duplex A (84.2% + 1.1% MEK1
knockdown), duplex B (86.2% + 3.0% MEK1 knockdown) or both duplexes (82.0%
+0.7% MEK?1 knockdown) compared to control siRNA (Figures 5.2A & B). Similar to
the results in BEAS-2B cells, MEK2 protein expression was significantly (p <0.0001 in
both cases) reduced by MEKL1 duplex B (73.1% *= 6.8% MEK2 knockdown) or
combination of MEK1 duplexes (75.0% * 3.5% MEK2 knockdown) compared to control
SIRNA (Figures 5.2A & B). Transfection of MEK1 duplex A did not markedly alter
MEK2 protein expression. Interestingly, the pattern of MEK1 and MEK2 protein

knockdown in HBE was very similar to the knockdown seen in BEAS-2B cells.
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Figure 5.2 — Selective knockdown of MEK1 enhances HRV-16-induced CXCL10
expression in HBE. The effect of 30 nM MEK1 siRNA duplexes, individually or in
combination, on MEK1 and MEK2 (A) protein expression (72 h post-transfection) was
assessed by immunoblotting (n = 4). Densitometric analysis of MEK1 and MEK2 (B)
protein expression compared to control siRNA. C) Assessment of HRV-16-induced
CXCL10 protein release 24 h post-infection in the presence of MEK siRNA by ELISA (n
= 5). Significant differences compared to 30 nM (*) or 60 nM (#) control siRNA were
assessed with one way ANOVA followed by Fisher’s least significant difference test.
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Lipid reagent and medium alone were used as appropriate controls. Immunoblots were
stripped and re-probed with GAPDH to ensure equal loading.

Similar to findings in BEAS-2B cells, MEK1 protein knockdown in HBE resulted
in a significant enhancement of HRV-16-induced CXCL10 protein production using
MEK1 duplex B (p <0.0001) and the combination of both MEK1 duplexes (p <0.001)
compared to control siRNA (Figure 5.2C). Transfection of MEK1 duplex A clearly
enhanced HRV-16-induced CXCL10 protein production, but this did not reach statistical
significance nor was the degree of enhancement comparable to MEK1 duplex B or the
combination of the MEK1 duplexes. Interestingly, the effect of MEK1 and MEK?2
protein knockdown showed similar effects on HRV-16-induced CXCL10, therefore,
MEK2 siRNA were not used in these experiments. Collectively, these results
demonstrate that MEK1 siRNA knockdown of MEKZ1 protein expression and HRV-16-
induced CXCL10 protein production is similarly enhanced with selective MEK1

knockdown in both BEAS-2B cells and HBE.

5.2.3 Knockdown of MEK1 enhances HRV-16-induced IRF-1 binding to CXCL10
ISRE

Having demonstrated that MEK1 knockdown resulted in enhancement of HRV-
16-induced CXCL10 expression in both BEAS-2B cells and HBE, studies were
performed to evaluate the effects of MEK1 knockdown on IRF-1 nuclear translocation
and/or binding to the ISRE recognition sequence from the CXCL10 promoter.
Transfection of MEK1 duplex B, enhanced HRV-16-induced IRF-1 binding to CXCL10-

specific ISRE radiolabeled probe versus control siRNA in both BEAS-2B cells and HBE
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(Figures 5.3A & B). Interestingly, in both BEAS-2B cells and HBE, transfection of
MEK1 duplex A, which enhanced CXCL10 production to a lesser extent than MEK1
duplex B (Figure 5.2C) did not enhance the identified IRF-1 band. These results
demonstrate that HRV-16-induced IRF-1 binding to the ISRE recognition sequence is

enhanced with the reduction of both MEK1 and MEK2 protein by MEK1 duplex B.

A) Control MEK1 B) Control MEK1
siRNA duplex siRNA duplex
Medium Lipid 30nM A Medium Lipid 30nM B

C HRV C HRV C HRV C HRV C HRV C HRV C HRV C HRV

IRF-1 IRF-1 =—=pp-

C) Control MEK1  MEK1
siRNA duplex duplex
Medium Lipid 30nM A B

C HRV C HRV C HRV C HRV C HRV

IRF-1 ==p>

Figure 5.3 — MEK1 siRNA enhances HRV-16-induced IRF-1 binding to CXCL10-
specific ISRE in BEAS-2B cells and HBE. Nuclear extracts (2.5 pg) were prepared
from BEAS-2B cells (6 h post-infection) with 30 nM control siRNA, MEK1 duplex A
(A) or duplex B (B). C) Similarly, HBE (9 h post-infection) were transfected with 30 nM
MEK1 duplex A, duplex B or control siRNA. Samples were incubated with [y-3P]-
labeled CXCL10-specific ISRE, separated on a 6% non-SDS gel and visualized by
autoradiography (n = 3 for both cell types). Lipid reagent and medium alone were used
as controls. Medium control is abbreviated as C.
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5.2.4 MEK1 siRNA does not abrogate HRV-16-induced ERK1/2 phosphorylation

To confirm if MEK1 siRNA-mediated enhancement of CXCL10 expression was
associated with a loss of ERK phosphorylation as shown with pharmacologic inhibition,
the effect of MEK siRNA on HRV-16-induced ERK1/2 phosphorylation was determined.
Surprisingly, transfection of BEAS-2B with MEK1 or MEK2 siRNA did not markedly
alter the phosphorylation state of ERK1/2 (1 h post-infection) compared to control sSiRNA

(Figures 5.4A & B).

A Control MEK1 MEK1 Control MEK1
) siRNA duplex duplex siRNA duplex
Medium Lipid 30nM A B 60nM A&B

C HRV C HRV C HRV C HRV C HRV C HRV C HRV

B Control MEK2 MEK2 Control MEK2
) siRNA duplex duplex siRNA duplex
Medium Lipid 30nM A B 60nM A&B

C HRV C HRV C HRV C HRV C HRV C HRV C HRV
phospho ERK1/2

ERK1/2

Figure 5.4 — Knockdown of MEK1 or MEK?2 protein expression does not abrogate
HRV-16-induced ERK1/2 phosphorylation in BEAS-2B cells. The effect of MEK1
(A) or MEK2 (B) siRNA (72 h post-transfection), individually or in combination, on
HRV-16-induced ERKZ1/2 phosphorylation (1 h post-infection) was assessed by
immunoblotting with phospho-specific ERK1/2 antibody (n = 3). Immunoblots were
stripped and re-probed with total ERK1/2 antibody to ensure equal loading. Medium
control is abbreviated as C.
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Moreover, the combination of MEK1 and MEK2 siRNA did not alter HRV-16-
induced ERK1/2 phosphorylation 1 h post-infection (Figures 5.5A & B), even though
HRV-16-induced CXCL10 protein release at 24 h post-infection was enhanced by the
combination of MEK1 and MEK2 siRNA (Figure 5.5C). Given that MEK1/2 pathway-
mediated enhancement of HRV-16-induced CXCL10 by PD98059 and U0126 was
associated with the inhibition of ERK1, and to some degree ERK2 (Figure 3.4),
experiments were performed to assess the effect of these inhibitors in the presence of
MEK siRNA to determine if inhibition of HRV-16-induced ERK1/2 phosphorylation
could further increase the level of CXCL10 enhancement due to MEK siRNA treatment.
In cells transfected with control siRNA, both PD98059 (10 uM) and U0126 (3 uM)
inhibited HRV-16-induced ERK1/2 phosphorylation although the effect of U0126 was
more pronounced (Figures 5.5A & B). Interestingly, in cells transfected with MEK1 and
MEK2 siRNA, subsequent PD98059 treatment consistently did not inhibit
phosphorylation of ERK1/2 (Figure 5.5A). In contrast, U0126 almost completely
inhibited HRV-16-induced ERK1/2 phosphorylation in both MEK1/2 and control siRNA-
transfected cells to near baseline levels (Figure 5.5B). Although treatment with PD98059
in MEK1/2 siRNA-transfected cells did not inhibit ERK1/2 phosphorylation (Figure
5.5A), PD98059 caused a modest further enhancement of HRV-16-induced CXCL10
protein release in MEK1 and MEK2 siRNA-transfected cells, but this did not achieve
statistical significance (Figure 5.5C). In addition, U0126 treatment did not further
enhance CXCL10 production in MEK1/2 siRNA-transfected cells, despite almost
complete inhibition of ERK1/2 phosphorylation (Figure 5.5C). Control experiments

confirmed that HRV-16-induced CXCL10 protein release 24 h post-infection was
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significantly (p <0.05 in all cases) enhanced by PD98059 and U0126 compared to HRV-
16 plus DMSO in cells exposed to transfection medium or lipid transfection reagent
(Figure 5.5C). These results suggest that the MEK1-pathway mediated enhancement of

HRV-16-induced CXCL10 expression in BEAS-2B cells is independent of ERK1/2

phosphorylation.
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Figure 5.5 — Effect of MEK1/2 pathway inhibitors on HRV-16-induced ERK1/2
phosphorylation in the presence of MEK1 and MEK2 siRNA in BEAS-2B cells.
Cells were transfected with 30 nM MEKZ1 duplex B and MEK2 duplex B siRNA with 72
h recovery followed by pre-incubation with (A) PD98059 (10 uM) or (B) U0126 (3 uM)
and HRV-16 infection for 1 h. Whole cell lysates were assessed for ERK1/2
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phosphorylation by immunoblotting (n = 3). C) HRV-16-induced CXCL10 protein
release in the presence of MEK inhibitors and/or siRNA was assessed from supernatants
by ELISA (n = 4). DMSO (0.1% v/v) was used as inhibitor vehicle control. Lipid
reagent and medium only were used as appropriate control for SiRNA studies.
Immunoblots were stripped and re-probed with total ERK1/2 antibody to ensure equal
loading. Single asterisk indicates significant difference compared to HRV-16 plus DMSO
within each siRNA treatment group using one way ANOVA followed by Fisher’s least
significant difference test. Double asterisk indicates significant difference of HRV-16
plus DMSO-induced CXCL10 between control siRNA and MEK siRNA treatment
groups with unpaired t-test.

5.2.5 ERK1/2 siRNA knockdown enhances HRV-16-induced CXCL10 expression
To further evaluate the role of ERK1/2 in the enhancement of CXCL10
expression, pharmacological inhibitors and siRNA against ERK1 and ERK2 were used.

407 and

First, two structurally and functionally distinct ERK inhibitors, ERK Inhibitor
FR180204%®, were employed. In BEAS-2B cells, both ERK Inhibitor (10-1 uM) and
FR180204 (10-1 pM) had no effect on HRV-16-induced CXCL10 protein release
compared to HRV-16 plus DMSO (Figure 5.6A). This result was in contrast to the
significant enhancement of HRV-16-induced CXCL10 in the presence of either PD98059
(10 uM) or U0126 (3 uM) in the same experiments. In order to validate the effectiveness
of the ERK inhibitors, whole cell lysates from HRV-16-infected cells were assayed for
HRV-16-induced phosphorylation of Elk-1, a known downstream target of ERK1/2**,
ERK Inhibitor I (10-0.3 uM) did not markedly alter HRV-16-induced phosphorylation of
Elk-1 (1 h post-infection) at any concentration (Figure 5.6B). Phosphorylation of Elk-1
after HRV-16 infection was clearly reduced by FR180204 (10-0.3 pM) in a

concentration-dependent manner. The level of EIk-1 phosphorylation after PD98059 (10

M) treatment was inhibited to levels comparable to FR180204 at 10 uM. Treatment
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with U0126 reduced the levels of phosphorylated Elk-1 to near baseline levels (Figure

5.6B).
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Figure 5.6 — Pharmacologic inhibition of ERK1 and ERK2 does not enhance HRV-
16-induced CXCL10 protein expression. BEAS-2B cell were pre-incubated with the
ERK inhibitors, ERK Inhibitor (10-1 uM) or FR180204 (10-1 puM) and DMSO (0.1%
v/iv) for 1 h followed by HRV-16 infection. The MEKZ1/2 inhibitors, PD98059 (10 uM)
and U0126 (3 uM), were used as positive controls. A) HRV-16-induced CXCL10
protein release into supernatants 24 h post-infection was assessed by ELISA (n = 4). B)
Whole cell lysates were assessed for HRV-16-induced Elk-1 phosphorylation 1 h post-
infection by immunoblotting (n =3). Immunoblots were stripped and re-probed with
GAPDH to ensure equal loading. Significant differences compared to HRV-16 plus
DMSO were assessed with one way ANOVA followed by Fisher’s least significant
difference test.
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Further experiments were performed using siRNA designed to target ERK1 and

ERK?2 to assess any effects on HRV-16-induced CXCL10 expression. In BEAS-2B cells,
preliminary experiments determined that the optimal concentration of ERK siRNA was 3
nM and maximal ERK protein knockdown was reached by 72 h post-transfection.
Transfection of 3 nM ERK1 siRNA resulted in a significant (p <0.0001 in both cases)
knockdown of ERK1 protein with duplex A (96.5% + 2.3% ERK1 knockdown) and
duplex B (98.4% + 0.8% ERKZ1 knockdown) compared to 3 nM control siRNA (Figures
5.7A & B). Neither ERK1 siRNA duplex consistently or significantly altered ERK2
protein levels.  Surprisingly, HRV-16-induced CXCL10 protein production was
significantly (p <0.001) enhanced with ERK1 duplex A, but not duplex B (Figure 5.1C).
Transfection of 3 nM ERK2 siRNA resulted in a significant (p <0.0001 in both cases)
knockdown of ERK2 protein with both duplex A (90.8% + 0.8% ERK2 knockdown) or
duplex B (92.3% * 1.9% ERK2 knockdown) compared to control siRNA (Figures 5.7A
& B). In the presence of ERK2 duplex B, ERK1 protein expression was modestly, but
significantly (p = 0.04), lowered (78.4 £ 11.4% ERK1 knockdown) compared to control
SIRNA (Figures 5.7A & B). Similar to ERK1 siRNA, ERK2 duplex A, but not duplex B,
significantly (p <0.0001) enhanced HRV-16-induced CXCL10 protein production
compared to control siRNA (Figure 5.1C). In the presence of both ERK1 duplexes,
ERK1 protein levels were significantly (p <0.0001) lowered without effect on ERK2
protein compared to 6 nM control siRNA. This siRNA combination, however, did not
result in a change HRV-16-induced CXCL10 protein production compared to control
SiRNA. In contrast, ERK2 protein levels were significantly reduced (p < 0.0001) in the

presence of both ERK2 duplexes without effect on ERK1 protein and this knockdown
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Figure 5.7 — Effect of ERK siRNA on ERK1 and ERK?2 protein expression and
HRV-16-induced CXCL10 protein expression. BEAS-2B cells were transiently
transfected with 3 nM ERK1 or ERK2 siRNA, individually or in combination, followed
by 72 h recovery and HRV-16 infection for 24 h. A) Whole cell lysates were assessed for
ERK1 and ERK2 protein expression by immunoblotting (n = 3). B) Densitometric
analysis of ERK1 (black) and ERK2 (white) protein expression compared to control
SiIRNA. C) Supernatants were assessed for HRV-16-induced CXCL10 protein
production by ELISA (n = 4). Significant differences compared to 30 nM (*) or 60 nM
(#) control siRNA were assessed with one way ANOVA followed by Fisher’s least
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significant difference test. Lipid reagent and medium alone were used as appropriate

controls. Immunoblots were stripped and re-probed with GAPDH to ensure equal
loading.

was associated with a significant (p <0.0001) enhancement of HRV-16-induced CXCL10
protein production (Figures 5.7A-C). All combinations of ERK1 and ERK2 siRNA
resulted in a significant (p < 0.0001 in all cases) reduction of both ERK1 and ERK2
protein levels (Figures 5.7A & B). HRV-16-induced CXCL10 protein production was
significantly (p <0.001 in all cases) enhanced in the presence of ERK1 and ERK2 duplex
combinations except when ERK1 duplexA/ERK2 duplex B or ERK1 duplex B/ERK2
duplex B were combined. None of the ERK siRNA conditions markedly altered MEK1
or MEK2 protein levels, thus confirming that HRV-16-induced CXCL10 enhancement
with ERK siRNA was not due to altered MEK1 or MEK?2 protein expression (Figures

5.8A and B).
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Figure 5.8 — ERK1 and ERK2 siRNA do not markedly alter MEK1 and MEK2
protein expression. BEAS-2B cells were transiently transfected with 3 nM ERK1 or
ERK2 siRNA, individually or in combination, followed by 72 h recovery. Whole cell
lysates were assessed for MEK1 (A) and MEK2 (B) protein expression by
immunoblotting (n = 2). Immunoblots were stripped and re-probed with GAPDH to
ensure equal loading. Control siRNA, lipid reagent, and medium alone were used as
appropriate controls.

5.3 Discussion

In Chapter 3, pharmacologic inhibition of the MEK1/2 pathway was shown to
enhance HRV-16-induced CXCL10 expression via transcriptional effects. Additionally,
MEK1/2 pathway inhibition enhanced HRV-16-induced IRF-1 interactions with the
CXCL10 promoter. In order to further delineate the mechanisms underlying the negative
regulation of HRV-induced CXCL10 production by the MEK1/2 pathway, SiRNA

designed to target the MEK and ERK proteins were employed to confirm our earlier
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observations and to assess the specific roles of the MEK and ERK proteins, which could
not be delineated using pharmacological inhibitors.

As expected, both MEK1 siRNA duplexes substantially reduced MEK1 protein
expression compared to control siRNA in both BEAS-2B cells and HBE. Unexpectedly,
MEK?2 protein expression was greatly reduced in the presence of both MEK1 duplex B
and the combination of MEK1 duplexes, but not MEK1 duplex A. Further analysis of the
SiRNA sequences found that MEK1 duplex B sequence, but not MEK1 duplex A, had a
high degree of alignment (21/25 bp) with the MEK2 mRNA sequence. This would
explain the reduction of MEK2 protein levels in the presence of MEK1 duplex B, but not
duplex A. Unfortunately, the sequences of these commercially available duplexes were
not made available until after receipt, thus analysis of siRNA alignment with non-
targeting mRNA sequences could not be done prior to experiments. Also, transfection of
MEK?2 duplexes in BEAS-2B cells reduced MEK?2 protein levels, but modestly increased
MEKZ1 protein expression. The nature of this apparent redundancy is unclear and would
require study beyond the scope of the current thesis.

Though enhancement of HRV-16-induced CXCL10 expression with both MEK1
duplexes was significant, duplex B resulted in a higher level of enhancement than duplex
A. In contrast to MEK1 siRNA, the knockdown of MEK2 protein with either MEK2
duplex did not enhance HRV-16-induced CXCL10 protein production, confirming that
MEK2 does not mediate the negative regulation of HRV-16-induced CXCL10
expression. Furthermore, the findings with MEK1 siRNA were confirmed in HBE, a
more physiologically relevant and non-transformed cell model. Similar to BEAS-2B

cells, the loss of both MEK1 and MEK2 protein maximized the enhancement of CXCL10
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compared to the enhancement associated with the loss of only MEK1 protein. Overall,
these results suggested that selective knockdown of MEKL protein results in an
enhancement of HRV-16-induced CXCL10 expression, similarly to the MEK1/2 pathway
inhibitors. The data also indicate that MEK2 alone does not mediate the enhancement of
HRV-16-induced CXCL10 expression. In the current study, the enhancement
phenomenon is primarily mediated through a MEK1-dependent pathway, but MEK2 may
affect MEK1 function or counteract downstream MEK1-dependent processes.

In Chapter 4, pharmacologic inhibition of the MEK1/2 pathway was shown to
enhance HRV-16-induced IRF-1 nuclear translocation and/or binding to the ISRE in the
CXCL10 promoter (Figure 4.12). This previous finding was confirmed as we show that
MEK1 duplex B, which reduced both MEK1 and MEK2 protein, enhanced HRV-16-
induced IRF-1 nuclear translocation and/or binding to the ISRE within the CXCL10
promoter in both BEAS-2B cells and HBE. As shown in Figures 5.1 and 5.2,
enhancement of HRV-16-induced CXCL10 expression was maximized with the loss of
both MEK1 and MEK2 protein. Interestingly, MEK1 duplex A, which did not alter
MEK?2 protein levels, also did not enhance HRV-16-induced IRF-1 binding. Therefore,
the enhancement of HRV-16-induced IRF-1 binding, similar to the enhancement of
CXCL10 expression, may require the knockdown of both MEK1 and MEK?2 protein.
This again suggests that MEK2 may counter-regulate MEK1. Furthermore, the lack of
enhanced HRV-16-induced IRF-1 binding to the CXCL10 ISRE with MEK1 duplex A
indicates that CXCL10 enhancement may also be regulated by a mechanism independent
of changes in IRF-1 interaction with the CXCL10 promoter. Nonetheless, HRV-16-

induced CXCL10 expression is enhanced with the loss of both MEK1 and MEK2 protein
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and this is associated with enhanced IRF-1 nuclear translocation and/or binding to the
CXCL10 ISRE.

Surprisingly, in the presence of MEK1 and MEK2 duplexes, individually or in
combination, HRV-16-induced ERK1 or ERK2 phosphorylation was not markedly
altered in contrast to the inhibition seen with PD98059 and U0126. These results were
intriguing as the activation of ERK1/2 has been long thought to be a direct result of
MEK1/2 activity***°. The lack of effect on ERK1/2 phosphorylation after MEK1 and
MEK2 protein knockdown suggested that the remaining MEK1 or MEK2 protein
possibly retained the capacity to induce the activation of ERK1/2 after HRV-16 infection
to a comparable degree in cells not lacking MEK1 and MEK2. Alternatively, a redundant
pathway also capable of inducing ERK1/2 phosphorylation after HRV-16 infection could
have compensated for the loss of MEK1 and MEK2 protein. Indeed, it has been reported
that constitutive ERK1/2 activation can be MEKL1/2-independent, but protein kinase
(PKC) and phosphatidyl-3-kinase (PI3K)-dependent*>*%. Finally, it is possible that the
loss of MEK1 and MEK?2 protein results in the loss of ERK1/2 feedback regulation that is
normally mediated by the MEKSs (e.g. phosphatases)**’.

Given that HRV-16-induced CXCL10 expression was enhanced in the presence of
continued ERK1/2 phosphorylation indicated that the effects of MEK1 on CXCL10
enhancement were independent of ERKZL/2 phosphorylation status. PD98059
consistently had little or no effect on ERK1/2 phosphorylation in MEK1/2 siRNA
transfected cells compared with the inhibition seen in control siRNA cells suggesting that
PD98059 does indeed specifically target MEK1/2. Interestingly, treatment with U0126

completely inhibited HRV-16-induced ERK1/2 phosphorylation transfected with MEK1



145
and 2 siRNA similarly to cells transfected with control siRNA. These contradictory
observations were troubling as it indicates that the U0126 compound may possibly have
off-target effects, as has been reported**®, and reinforces the concept that at least two

unique inhibitors be used to confirm any results**°

. Fortunately, in the current epithelial
cell models, PD98059 and U0126 both enhance HRV-16-induced CXCL10 expression to
near identical degrees, regardless of their effects on downstream kinases, such as
ERK1/2, ERKS5, or p38 (Chapter 3). Taken further, neither PD98059 nor U0126 could
further increase the enhanced levels of HRV-16-induced CXCL10 protein in the presence
of MEK1 and MEK2 siRNA, thus implying that the enhancement of HRV-16-induced
CXCL10 expression is independent of ERK1/2 phosphorylation status, but dependent on
MEKZ1 function as assessed by MEK1/2 inhibitors and siRNA.

Direct studies on ERK1 and ERK2 showed that pharmacological inhibition of
ERK1 and ERK2 did not enhance HRV-16-induced CXCL10 protein production, in
contrast to the enhancement seen with PD98059 or UO0126 in the same sets of
experiments. The phosphorylation of Elk-1, a well-described downstream target of
ERK1/2**, was used to validate the actions of ERK Inhibitor, but did not alter Elk-1
phosphorylation at any of the concentrations used. In contrast, FR180204 inhibited
HRV-16-induced Elk-1 phosphorylation in a concentration-dependent manner. This
difference can be explained by the fact that FR180204 has been shown to an ATP-
competitive inhibitor with near equal affinity for ERK1 and ERK2**®, but ERK Inhibitor
is known to only block ERK?2 interactions with downstream targets*®’. This indicated

that ERK1 may be capable of inducing Elk-1 phosphorylation in a redundant fashion

upon the loss of ERK2 function or that ERK2 does not normally phosphorylate Elk-1
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after HRV-16 infection in BEAS-2B cells. The addition of PD98059 or U0126 inhibited
HRV-16-induced Elk-1 phosphorylation nearly to baseline levels and also resulted in the
enhancement of HRV-16-induced CXCL10 expression. The observation that inhibition
of Elk-1 phosphorylation by FR180204 in the absence of CXCL10 enhancement implies
that ERK1/2 activity is not essential in the MEK1 pathway-dependent enhancement of
CXCL10.

The role of ERK1 and ERK2 in the negative regulation of HRV-16-induced
CXCL10 expression was further explored using siRNA duplexes designed to target
ERK1 and ERK2. Surprisingly, HRV-16-induced CXCL10 protein release was enhanced
in the presence of certain ERK1 or ERK2 duplexes, individually or in combination.
These contradictory results are difficult to explain and may be due, in part, to the
limitations of siRNA, such as off-target effects or induction of siRNA duplex-specific
transcriptional profiles**"*. As such, further studies are required to ascertain the role of
ERK1/2 during the enhancement of HRV-16-induced CXCL10 expression.

In summary, the selective knockdown of MEK1 protein enhances HRV-16-
induced CXCL10 expression in both BEAS-2B and HBE, thus confirming the results
using inhibitors of the MEK1/2 pathway. The enhancement of CXCL10 expression and
enhancement of IRF-1 nuclear translocation and/or binding to the CXCL10 promoter was
maximized with the knockdown of both MEK1 and MEK2 protein. The enhancement of
CXCL10 was not dependent on the phosphorylation state of ERK1/2 or possibly ERK1/2
activity. These results further underscore that the negative regulation of HRV-16-
induced CXCL10 expression occurs, in part, through a MEK1 pathway-dependent

manner in human airway epithelial cells.
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Chapter Six: Human rhinovirus-induced epithelial production of CXCL10 is
dependent upon IRF-1

6.1 Introduction

Data thus far have shown that inhibition or knockdown of the MEK1 pathway
enhances both HRV-16-induced CXCL10 expression, and nuclear translocation and/or
binding of IRF-1 to the ISRE in the CXCL10 promoter. Although IRF-1 has been
associated with HRV-induced production of CXCL10%*®*% no studies have shown a
direct role of IRF-1 in HRV-induced gene expression. In this chapter, the role of IRF-1
in HRV-16 induction of CXCL10 expression, and its regulation by the MEK1 pathway,
was further explored. It was hypothesized that HRV-16 infection would up-regulate IRF-
1 expression and that SIRNA knockdown of IRF-1 would result in the inhibition of HRV-
16-induced CXCL10 expression. Furthermore, the loss of MEK1 function would directly
alter the ability of IRF-1 to mediate the enhancement of CXCL10 expression.

As a member of the IRF transcription factor family (section 1.10.2), IRF-1
expression is induced by RNA viruses®*#**%42 |EN-p*> IFN-y** EGF*® and DNA
damage®®. It can be constitutively expressed and is localized mainly in the nucleus®.
As shown in Table 1.2, IRF-1 has been implicated in a wide variety of processes, such as
anti-viral defense, growth arrest, apoptosis, and Tnl lymphocyte development®’39747,
Other IRF-1 targets include, iNOS*®%*° and CCL5"**®°, which have also been shown to

be up-regulated by HRV infection. In addition, picornavirus-infected IRF-1 knockout

mice show increased mortality and viral titres compared with wildtype mice*®.
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6.2 Results
6.2.1 HRV-16 infection of airway epithelial cells increases IRF-1 mRNA and protein

Initial experiments studied the effect of HRV-16 infection on IRF-1 expression in
airway epithelial cells. In BEAS-2B cells, IRF-1 mRNA expression was increased in a
time-dependent (p <0.05), but transient manner in HRV-16 infected cells. Expression
reached a peak at 6 h post-infection (3.9 + 0.2 fold increase) and decreased to close to
basal levels by 24 h (Figure 6.1A). HRV-16 induction of IRF-1 protein followed a
similar transient pattern in BEAS-2B cells. Protein expression was evident at 3 h post-
infection, reached peak levels by 6-9 h, and was lost by 24 h (Figure 6.1B). In contrast,
HRV-16 infection of HBE resulted in a time-dependent (p <0.05) and consistent 2-fold
increase in IRF-1 mRNA expression from 6 to 12 h post-infection, with a peak at 24 h
(4.7 £ 1.0 fold increase) (Figure 6.1C). IRF-1 protein was evident at 6 h post-infection
with continued production at 24 h post-infection (Figure 6.1D). These results
demonstrate that IRF-1 mRNA and protein expression is upregulated in response to
HRV-16 infection, but there is a difference in the temporal pattern of expression of IRF-1

MRNA and protein in BEAS-2B cells versus HBE.
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Figure 6.1 — HRV-16 infection induces the expression of IRF-1 mRNA and protein
in human airway epithelial cells. Induction of IRF-1 mMRNA expression after HRV-16
infection in BEAS- 2B (A) and HBE (C). IRF-1 protein production after HRV-16
infection in BEAS-2B (B) and HBE (D). IRF-1 mRNA data are expressed as mean fold
increase + SEM (n=3). Significant time-dependent changes in HRV-16-induced IRF-1
MRNA expression were assessed with Kruskal Wallis ANOVA. IRF-1 blots are
representative of three separate experiments in each case. GAPDH was used as a control
for mRNA and protein experiments. HRV-16 is abbreviated as V, while medium control

is abbreviated as C.
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6.2.2 IRF-1 siRNA decreases HRV-16-induced CXCL10 protein production

To further establish the functional role of IRF-1 in HRV-16-induced CXCL10
expression, siRNA duplexes specific for IRF-1 (10 nM), together with an appropriate
control siRNA (10 nM) were used. It was first established that transfection (72 h post-
transfection recovery) with specific siRNAs inhibited HRV-16-induced IRF-1 protein
expression at optimal induction times both in BEAS-2B cells (6 h post-infection) and
HBE (24 h post-infection). In BEAS-2B cells, HRV-16-induced IRF-1 protein (Figures
6.2A & B) was reduced in the presence of IRF-1 duplex A (65.6% + 1.2% knockdown; p
<0.05) and IRF-1 duplex B (84.3% + 1.8% knockdown; p <0.05) compared to control
siRNA. The reduction of IRF-1 protein in siRNA-treated cells was associated with a
marked loss of HRV-16-induced IRF-1 binding to the ISRE sequence from the CXCL10
promoter, as assessed by EMSA (Figure 6.2C). In accord with the greater efficacy of
duplex B versus duplex A in reducing IRF-1 levels, duplex B also consistently led to a
more pronounced reduction of IRF-1 binding. Consistent with reduced IRF-1 protein and
ISRE binding, a significant (p <0.001) abrogation of HRV-16-induced CXCL10 protein
expression was observed with both duplexes (Figure 6.2D). Of note, reduction of HRV-
16-induced CXCL10 protein production was significantly (p <0.05) greater using duplex
B compared to duplex A, which is in agreement with the greater knockdown of IRF-1

protein and IRF-1 binding to CXCL10 ISRE by this duplex.
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Figure 6.2 — Effect of IRF-1 siRNA on HRV-16-induced IRF-1 protein, CXCL10-
specific ISRE binding, and CXCL10 protein production in BEAS-2B cells. IRF-1
SiRNA duplex A (10 nM), duplex B (10 nM) or control siRNA (10 nM) were transfected
into BEAS-2B and allowed to recover for 72 h followed by HRV-16 infection. A) Whole
cell lysates were collected 6 h post-infection and assessed for IRF-1 protein knockdown
(representative of n = 3). B) Densitometric analysis to determine % HRV-16-induced
IRF-1 protein expression in the presence of IRF-1 siRNA compared with control siRNA.
C) Nuclear extracts were prepared 6 h post-infection, incubated with [y-*’P]-labeled
CXCL10-specific ISRE probe and analysed by EMSA (representative of n = 3). D)
Supernatants were collected 24 h post-infection and assayed for CXCL10 protein release
using ELISA (n = 4). Data are expressed as mean + SEM. Single asterisk indicates
significant difference compared with HRV-16-induced protein expression in the presence
of control siRNA with one-way ANOVA followed by Fisher’s least significant difference
test. Single dagger indicates significant difference in the levels of HRV-16-induced
protein expression between duplex A and duplex B by non-paired t-test. Medium control
is abbreviated as C.
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Similar to BEAS-2B cells, transfection of HBE (72 h post-transfection recovery) with
IRF-1 siRNAs (10 nM) resulted in a reduction of HRV-16-induced IRF-1 protein (24 h
post-infection) with duplex B (97% = 1.8% knockdown; p <0.01) and duplex C (90.5% +
6.4% knockdown; p <0.001) compared to control siRNA (Figures 6.3A-D). IRF-1
duplex A was ineffective at in HBE, hence a third IRF-1 siRNA (duplex C) was
employed to confirm results obtained using duplex B. In EMSA experiments, SiRNA
treatment with either duplex led to a clear loss of HRV-16-induced IRF-1 binding to the
ISRE sequence from the CXCL10 promoter (Figures 6.3E & F). HRV-16-induced
CXCL10 protein production also was significantly inhibited (p <0.01) in cells treated
with either IRF-1 duplex B or duplex C compared to control siRNA (Figures 6.3G & H).
Thus, transfection of BEAS-2B or HBE with IRF-1 specific sSiRNA resulted in decreased
HRV-16-induced IRF-1 protein, IRF-1 binding to CXCL10 ISRE, and CXCL10 protein
release, clearly demonstrating the functional importance of IRF-1 in HRV-16-induced

CXCL10 expression.



153

A) Control |RF-1 B) Control |RF-1

) e siRNA  duplex siRNA  duplex
Medium Lipid 10nM B Medium Lipid 10nM [}
C HRV C HRV C HRV C HRV C HRV C HRV C HRV C HRV
o » TEEEEIEE . EeES——
c
C) 5= 100 D) 5= 100
2a 2o
2% 80 2% 80
g0 g0
s 60 °og 60
£% £
g3z 40 gz 40
-8 20 * 2% 20 *
w o= o=
£8 o £8 o
® Control IRF-1 2 Control IRF-1
siRNA duplex siRNA duplex
B Cc
E) Control  IRF-1 F) Control  IRF-1
) . siRNA  duplex siRNA  duplex
Medium Lipid  10nM B Medium  Lipid  10nM c
C HRV C HRV C HRV C HRV C HRV C HRV C HRV C HRV

IRF-1 IRF-1

[9)
=

) -

]

-
=)
PR

0.8 1

CXCL10 protein (ng/mL)
e 9o
H O

|1l 1

o
[

1
s

CXCL10 protein (ng/mL)
o = N W & 0o O

0
C HRV C HRV C HRV C HRV C HRV C HRV C HRV C HRV
Medium Lipid Control |RF-1 Medium Lipid Control |RF-1
siRNA  duplex siRNA  duplex
10nM B 10nM c

Figure 6.3 - Effect of IRF-1 siRNA on HRV-16-induced IRF-1 protein, CXCL10-
specific ISRE binding, and CXCL10 protein production in HBE. IRF-1 siRNA
duplex B (10 nM), duplex C (10 nM) or control siRNA (10 nM) were transfected into
HBE and allowed to recover for 72 h followed by HRV-16 infection. Whole cell lysates
were collected 24 h post-infection and assessed for IRF-1 protein knockdown by IRF-1
duplex B (A) or duplex C (B) (n = 3). Densitometric analysis to determine % HRV-16-
induced IRF-1 protein expression in the presence of IRF-1 duplex B (C) or duplex C (D)
compared with control SiIRNA. Nuclear extracts from IRF-1 duplex B (E) or duplex C
(F) transfected cells were prepared 9 h post-infection, incubated with CXCL10-specific
ISRE probe and analysed by EMSA (n = 3). Supernatants from IRF-1 duplex B (G) or
duplex C (H) transfected cells were collected 24 h post-infection and assayed for
CXCL10 protein (n = 4). Data are expressed as mean = SEM. Single asterisk indicates
significant difference of CXCL10 or IRF-1 protein expression with IRF-1 SIRNA
compared with control siRNA with one-way ANOVA followed by Fisher’s least
significant difference test or paired t-test, respectively. Medium control (C).
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6.2.3 Effect of IRF-1 siRNA on other HRV-inducible chemokines

In Chapter 3, it was shown that inhibition of the MEK1/2 pathway also enhanced
HRV-16-induced CCL5 expression. In contrast, HRV-16-induced CXCL8 expression is
not enhanced by MEK1/2 pathway inhibition®®’. To further investigate the role of IRF-1
during HRV-induced chemokine expression, the effect of IRF-1 siRNA on HRV-16-
induced CCL5 and CXCL8 expression was also evaluated. Transfection of IRF-1 duplex
B significantly (p <0.01) abrogated HRV-16-induced CCL5 protein release in BEAS-2B
cells (Figure 6.4A). In contrast, IRF-1 duplex B did not significantly alter HRV-16-
induced CXCLS8 protein release from the same cells (Figure 6.4B). These results suggest
that IRF-1 may play a selective role in the expression of a subset of HRV-inducible

chemokines.

6.2.4 Effect of MEK1 pathway inhibition or knockdown on HRV-16-induced IRF-1
MRNA and protein expression

We next determined if the enhancement of HRV-16-induced IRF-1 binding seen
with pharmacological inhibition of MEK pathway inhibition was related to an increase in
IRF-1 mRNA and protein expression. In BEAS-2B cells, MEK pathway inhibition with
PD98059 (10 uM) or U0126 (3 uM) significantly (p <0.05) enhanced HRV-16-induced
IRF-1 mRNA expression at 6 h post-infection, but did not significantly alter HRV-16-
induced IRF-1 protein expression 6 h post-infection (Figures 6.5A & B). In HBE,
PD98059 and U0126 also significantly (p <0.05) enhanced HRV-16-induced IRF-1
MRNA at 9 h post-infection (Figure 6.5C). Not only was this enhancement more striking

than that seen in BEAS-2B cells, but, in contrast to data from BEAS-2B cells, HRV-16-
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Figure 6.4 — Effect of IRF-1 siRNA on HRV-16-induced CCL5 and CXCLS8 protein
production in BEAS-2B cells. HRV-16-induced CCL5 (A) or CXCL8 (B) protein
expression (24 post-infection) was assessed from cells transfected with IRF-1 duplex B
(20 nM) or control siRNA (10 nM) with ELISA (n = 4). Data are expressed as mean *
SEM. Asterisk indicates significant difference between HRV-16-induced CCL5 protein
expression in the presence of IRF-1 siRNA compared with control siRNA with one-way
ANOVA followed by Fisher’s least significant difference test. Medium control is
abbreviated as C.
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induced IRF-1 protein in HBE also was clearly enhanced at 9 h post-infection in the
presence of either PD98059 or U0126 (Figure 6.5D).

The lack of IRF-1 protein enhancement upon MEK pathway inhibition in BEAS-
2B was unexpected, thus we sought to confirm in BEAS-2B cells that enhancement of
HRV-16-induced CXCL10 expression could occur in the absence of IRF-1 protein
enhancement. Samples assayed for IRF-1 mRNA and protein (Figures 6.5A & B) were
from matched experiments and from these samples both PD98059 and U0126
significantly (p <0.01) enhanced HRV-16-induced CXCL10 mRNA expression 6 h post-
infection compared to HRV-16 plus DMSO (Figure 6.5E). By contrast, HRV-16-induced
IRF-1 protein production was enhanced in the presence of 30 nM MEKL1 siRNA (duplex
B or duplex A & B) compared to 30 nM control siRNA in BEAS-2B cells (Figure 6.5F).
The ability of MEK inhibitors to enhance HRV-16-induced CXCL10 expression in the
absence of enhanced IRF-1 protein production, suggest that factors other than IRF-1
protein expression, per se must regulate MEK pathway-mediated effects on HRV-16-

induced CXCL10.
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Figure 6.5 — Effect of MEK pathway inhibition or MEK1 knockdown on HRV-16-
induced IRF-1 mRNA and protein expression. Cells were pre-incubated with
PD98059 (10 uM) or U0126 (3 puM) for 1 h followed by HRV-16 infection. Samples
were assessed for either IRF-1 mRNA or protein levels in BEAS-2B (A & B) or HBE (C
& D) at 6 and 9 h post-infection, respectively. E) Samples from panel (A) were assessed
for HRV-16-induced CXCL10 mRNA levels in the presence of PD98059 and U0126. F)
BEAS-2B cells transfected with MEK1 duplex A and/or duplex B were assessed for
HRV-16-induced IRF-1 protein production 6 h post-infection. IRF-1 mRNA data are
expressed as mean fold increase = SEM (n = 6). CXCL10 mRNA data are expressed as
mean attograms £ SEM (n = 4). IRF-1 blots are representative of three (MEK1 siRNA) or
four (MEK inhibitors) separate experiments. Single asterisk indicates significant
difference between HRV-16 plus inhibitor treatment versus HRV-16 plus DMSO by one
way ANOVA (CXCL10 mRNA) or Kruskal Wallis ANOVA (IRF-1 mRNA) followed by
Fisher’s least significant difference test or Wilcoxon matched-pairs signed-rank test.
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6.2.5 Effect of IRF-1 knockdown on MEK1 pathway-mediated enhancement of HRV-
16-induced CXCL10 production

To definitively establish the link between MEK pathway-induced enhancement of
HRV-16-induced CXCL10 expression and the IRF-1 pathway, we examined whether
IRF-1 knockdown would affect MEK1 pathway-mediated CXCL10 protein enhancement.
To do this, BEAS-2B cells were transfected with 10 nM IRF-1 siRNA (duplex A or
duplex B) with 72 h recovery followed by pre-treatment with PD98059 (10 uM) or
U0126 (3 uM) for 1 h and HRV-16 infection for 24 h. It should be noted that neither
PD98059 nor U0126 alone had any direct effects on CXCL10 production in cells treated
with siRNA to IRF-1 but not exposed to HRV-16 (data not shown). Both specific
siRNAs significantly (p <0.01) reduced HRV-16-induced CXCL10 protein release
compared to control siRNA, although, again, duplex B was more effective (Figure 6.6A).
PD98059 and U0126 significantly enhanced HRV-16-induced CXCL10 protein in cells
with control siRNA (p <0.001). In cells transfected with control siRNA, PD98059 did
not enhance HRV-16-induced IRF-1 protein (Figure 6.6B). Although U0126 caused a
slight enhancement of IRF-1 protein, the level of CXCL10 protein enhancement was
similar using either inhibitor (Figures 6.6A & B). Significant enhancement (p <0.05)
also was still seen in cells transfected with the less effective IRF-1 duplex A. In contrast,
in cells transfected with duplex B, neither PD98059 nor U0126 caused any significant
enhancement of HRV-16-induced CXCL10 protein production. These results suggest
that the almost complete loss of HRV-16-induced IRF-1 expression and binding to the
ISRE site seen in cells treated with duplex B prevented the enhancement of HRV-16-

induced CXCL10 protein production, further supporting a functional relationship
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between IRF-1 activation and the MEK1 pathway-mediated enhancement of HRV-16-

induced CXCL10 production.
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Figure 6.6 - Effect of MEK pathway inhibitors on HRV-16-induced CXCL10
protein in IRF-1 siRNA transfected BEAS-2B cells. A) IRF-1 siRNA duplex A (10
nM), duplex B (10 nM), or control siRNA (10 nM) were transfected into BEAS-2B
followed by 1 h pre-incubation with PD98059 (10 uM) or U0126 (3 uM) and HRV-16
infection for 24 h. Supernatants were assessed for HRV-16-induced CXCL10 protein
release using ELISA (n = 4). B) HRV-16-induced IRF-1 protein production (6 h post-
infection) was assessed in cells transfected with 10 nM control siRNA by SDS/PAGE
and immunoblotting with IRF-1 antibody (n = 4). Single asterisk indicates significant
differences between HRV-16 plus inhibitor treated cells versus HRV-16 plus DMSO
within each siRNA treatment group. Double asterisk indicates significant differences
between IRF-1 duplexes and control siRNA. Significance was assessed using one way
ANOVA followed by Fisher’s least significant difference test.
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6.2.6 Effect of phosphorylation on HRV-16-induced IRF-1 DNA binding

MEK1/2 pathway inhibition or MEK1 knockdown enhanced HRV-16-induced
IRF-1 binding to the CXCL10 promoter with associated enhancement of CXCL10
expression, but in the absence of enhanced IRF-1 protein production in BEAS-2B cells
(Figure 6.5B). It was speculated, therefore, that the enhancement of HRV-16-induced
IRF-1 binding to the CXCL10 promoter is not necessarily due to increased amounts of
IRF-1 protein through modulation of transcription or protein stability, but, rather,
modulation of the phosphorylation state of IRF-1, which has been shown to be an

461,462
. In

important modification in IRF-1 DNA binding and transcriptional activity
BEAS-2B cells, however, the addition of 6.5 Units calf intestinal alkaline phosphatase
(CIP) to nuclear extracts did not alter the binding of HRV-16-induced IRF-1 to CXCL10-
specific ISRE probe (Figure 6.7). The activity of CIP was confirmed by its ability to
dephosphorylate the ISRE radiolabeled probe and inhibition with the addition of EDTA

(data not shown).
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Figure 6.7 - The addition of calf intestinal alkaline phosphatase (CIP) does not alter
IRF-1 binding to CXCL10-specific ISRE. Nuclear extracts (2.5 pug) from HRV-16-
infected cells (6 h post-infection) were incubated with 6.5 Units of CIP for 15 min at
37°C followed by the addition of 50 mM EDTA to inactivate CIP. EMSA was performed

on treated extracts using CXCL10-specific ISRE probe. Data is representative of three
separate experiments.

6.3 Discussion

In this chapter, the role of IRF-1 during HRV-16-induced CXCL10 expression
and MEK1 pathway-mediated CXCL10 negative regulation is further investigated. It
was first established that IRF-1 mRNA and protein are induced, in a time-dependent
manner, upon HRV-16 infection of BEAS-2B cells and HBE. Interestingly, in both cell
types, there was high basal expression of IRF-1 mRNA (data not shown), but little or no
basal expression of IRF-1 protein. Although HRV-16-induced IRF-1 expression was
evident in both BEAS-2B cells and HBE, the kinetics of mMRNA and protein induction
varied between the two cells types. Interestingly the 6 to 9 h peak for both IRF-1 mRNA
and protein induction in BEAS-2B cells is consistent with the time of maximum binding
of IRF-1 to the ISRE site from the CXCL10 promoter that was previously noted in
Chapter 4. Also, at 24 h post-infection, though HRV-16-induced IRF-1 mRNA
expression was ~2-fold, there clearly was no detectable IRF-1 protein production in
BEAS-2B cells. By contrast, IRF-1 induction in HBE had a delayed onset but was also
more sustained, presumably reflecting underlying differences in the two cell types. The
presence in both cell types of high basal IRF-1 mRNA together with absolute
concordance between HRV-induced increases in IRF-1 mRNA expression and the
appearance of IRF-1 protein, suggest that rapid translational control mechanisms are

involved in IRF-1 regulation. This would be consistent with other studies also showing
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temporal concordance between increases in IRF-1 mRNA and protein expression and

463-465

binding to promoter recognition sequences . In addition, the continued expression of

IRF-1 mRNA without corresponding IRF-1 protein in BEAS-2B cells at 24 h may be due

to modulation of IRF-1 protein stability*"#°¢-46,

Finally, it is highly plausible that
multiple mechanisms regulate HRV-16-induced IRF-1 expression at the translational
and/or post-translational levels and is dependent on the cell type.

Although IRF-1 has been shown to be associated with CXCL10 production
induced by several viruses, including measles and influenza******, and we have
previously shown that HRV-16 infection of epithelial cells induces the binding of IRF-1
to the ISRE site from the CXCL10 promoter®®, siRNA approaches were utilized to
definitively establish a direct involvement of IRF-1 in HRV-16-induced CXCL10
expression. Using two distinct duplexes in each case, it was observed that each siRNA
knocked down HRV-16-induced IRF-1 protein expression in both BEAS-2B and HBE,
although to a variable degree. Knockdown of IRF-1 using siRNAs led to both decreased
HRV-16-induced IRF-1 binding to the ISRE site from the CXCL10 promoter and
significantly abrogated HRV-16-induced CXCL10 protein production. The efficacy of
each siRNA in affecting HRV-induced CXCL10 promoter activation and protein
production was generally in accord with their effectiveness in knocking down IRF-1
levels in the cell type under study. Although IRF-1 siRNA reduced the HRV-16-induced
binding of IRF-1 to the CXCL10 recognition sequence, there was also a reduction in the
binding of both identified (IRF-2, ISGF-3) and unidentified bands in BEAS-2B cells and

HBE. This indicated the other bound proteins required IRF-1 in order to either recognize

or bind ISRE. Although IRF-1 duplex A was effective in BEAS-2B cells, it did not
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induce effective knockdown in HBE. To confirm the data with duplex B in primary
HBE, therefore, we used a third siRNA (duplex C), such that two distinct siRNA
duplexes were confirmed the role of IRF-1 in HRV-16-induced CXCL10 in both cell
types. The reason for the lack of effect by duplex A is not clear but could relate to
differences in processing.

Both CCL5 and CXCL8 have been reported to contain functional ISRE sites in
their promoter regions and to bind IRF-1 upon induction by cytokines or
pathogens**#460469470 = Interestingly, IRF-1 knockdown reduced HRV-16-induced
production of CCLS5 protein levels, but not CXCLS8 protein from BEAS-2B cells. These
data are consistent with earlier observations in Chapter 3 that inhibition of the MEK
pathway significantly enhanced HRV-16-induced CCLS5, but not CXCL8 production®”.
Thus, a subset of HRV-inducible genes, including CXCL10 and CCLS5, are regulated by
IRF-1 and, for these genes, the MEK1 pathway negatively regulates IRF-1.

In Chapters 4 and 5, we showed that inhibition or siRNA knockdown of MEK
proteins enhanced HRV-16-induced IRF-1 binding to the CXCL10 ISRE recognition
sequence in both BEAS-2B cell and HBE. In Chapter 6, we now show that HRV-16-
induced IRF-1 mRNA and protein expression is not similarly enhanced in BEAS-2B or
HBE upon MEKZ1/2 pathway inhibition or MEK protein knockdown. Given that HRV-
16-induced CXCL10 expression in BEAS-2B cells is enhanced in the apparent absence of
enhanced IRF-1 protein levels suggests that changes in HRV-16-induced IRF-1 binding
to the CXCL10 may not be due changes in IRF-1 protein levels. This is further supported
by the data showing that regardless of cell type or approach to alter MEK pathway

function, HRV-16-induced IRF-1 binding is similarly enhanced in each instance.
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Therefore, any changes in the level of HRV-16-induced IRF-1 protein in the presence of
inhibitors or siRNA may be irrelevant during MEK1 pathway-mediated enhancement of
HRV-16-induced production of CXCL10.

When BEAS-2B cells were treated with two different siRNAs against IRF-1
followed by MEK pathway inhibition (PD98059 or U0126) and HRV-16 infection, the
results obtained differed with the two sSiRNAs used but were consistent with their relative
effectiveness. Addition of either PD98059 or U0126 to cells transfected with IRF-1
duplex A still caused a marked enhancement. By contrast, in cells transfected with IRF-1
duplex B, neither PD98059 nor U0126 caused a significant enhancement of CXCL10
protein production. These results suggest that a substantial threshold degree of IRF-1
inhibition is required to prevent enhancement of HRV-induced CXCL10 production upon
MEK pathway inhibition. When IRF-1 protein is reduced to a sufficient degree, then the
MEK1 pathway can no longer adequately modulate IRF-1 to cause enhancement of
CXCL10, indicating that IRF-1 is, indeed, a target of the MEK1 pathway and primarily
mediates the negative regulation of HRV-induced CXCL10 expression. Although minor
differences were seen in control siRNA-transfected cells on HRV-induced IRF-1 protein
expression in the presence of U0126 and PD98059, both MEK pathway inhibitors
enhanced HRV-16 induced CXCL10 protein production to a comparable degree. This
further supports the concept that enhancement of CXCL10 production is not dependent
solely on increased IRF-1 expression. Although phosphatase treatment did not alter
HRV-16-induced IRF-1 binding to CXCL10 ISRE, it does not rule out the possible role
of a post-translational modification of IRF-1 that is modulated by the MEK1

386,461,462,466

pathway Given that IRF-1 is known to dimerize®™, it is possible that any
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HRV-induced phosphorylation events on IRF-1 are masked, in part, through
dimerization, thus the exogenous phosphatase may not have access to these potentially
phosphorylated residues.

In summary, the results demonstrate that IRF-1 is induced upon HRV-16 infection
of human airway epithelial cells and plays a direct role in HRV-16-induced CXCL10
expression. Inhibitors of the MEK pathway enhanced HRV-16 induced IRF-1 mRNA
but have variable effects on IRF-1 protein, depending on the cell type, raising the
possibility that post-translational modification of IRF-1 may mediate its ability to bind to
CXCL10 ISRE and enhance transcription. Although phosphorylation of IRF-1 does not
appear to be essential for binding to the ISRE sequence in the CXCL10 promoter, it is
possible that phosphorylation may enhance its transcriptional efficiency. Adequate
ablation of IRF-1 protein prevents MEK1-pathway mediated enhancement of HRV-16-
induced CXCL10. This is first demonstration of a direct role of HRV-16-induced IRF-1

in CXCL10 expression and its modulation by the MEK1 pathway.
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Chapter Seven: General Discussion

While discussion of individual experimental results has been provided within the
relevant chapters of this thesis, we will now review major findings to provide an

overview of the thesis work and to discuss its implications.

7.1 General rationale

Currently, there is no effective treatment for HRV-induced exacerbations of
asthma and COPD®*"2. In a cohort of mild asthmatics, Grunberg et al.*’? found that
inhaled corticosteroids were ineffective in reducing the increased airway inflammation
following experimental HRV-16 infection. In addition, there have been no studies
specifically examining the effects of corticosteroids during virus-induced exacerbations.
It is clear, therefore, that elucidating the mechanisms through which HRV-induced
exacerbations occurs is crucial to developing any effective treatment. HRV infection of
the airway epithelium does not lead to any overt changes in cell integrity or viability, thus
increased epithelial production of pro-inflammatory cytokines and chemokines likely
contribute to the increased airway inflammation. We have previously shown that
infection of human airway epithelial cells with HRV-16 induces both in vivo and in vitro
expression of CXCL10*%". This chemokine serves as a ligand for the CXCR3 receptor
and may contribute to the inflammatory response by serving as a chemoattractant for
various cells, including activated Type-1 lymphocytes and NK cells?**?*+2%° cXCL10
expression is increased in patients with asthma and COPD, and also has been linked to

airway hyperresponsiveness in a murine model of asthma’??**?*%, In addition, CXCL10
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has been proposed to be a novel serum biomarker for HRV-induced exacerbations of
asthma?®? and COPD??, thus it is reasonable to suggest that epithelial cell production of
CXCL10 contributes to the pathogenesis of HRV-induced exacerbations of asthma and
COPD.

Activation of specific signalling pathways following HRV infection of the airway
epithelium is a major mechanism through which chemokine expression is increased.
Therefore, the current thesis focuses on specific signalling mechanisms by which HRV-
induced CXCL10 expression is increased in airway epithelial cells. Surprisingly, there is
limited knowledge on the signalling mechanisms responsible for HRV-induced CXCL10
expression. We, and others, have shown that HRV-16 induces the activation of the major
MAPK pathways?®#%°"2%  As such, we hypothesized that the MAPK pathways were

involved in HRV-16-induced production of CXCL10 in airway epithelial cells.

7.2 MEK1/2 pathway-mediated enhancement of HRV-16-induced CXCL10
expression

In Chapter 3, it was shown that HRV-16 infection activated the four major MAPK
pathways, including ERK1/2, ERKS5, JNK, and p38 MAPK. In contrast to the other
MAPK pathways, the ERK1/2 pathway was chronically active over all times points. The
role of the MAPK pathways were further investigated using selective pharmacological
inhibitors. They are widely employed to study the contribution of individual signalling
pathway during stimulus-induced gene expression by blocking the activity of a specific

kinase. It must be noted that results derived from the use of inhibitors must take into
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account certain factors, including inhibitor specificity, pathway cross-talk, and
redundancy*™.

Surprisingly, inhibition of the MEK1/2 pathway with either PD98059 or U0126,

two structurally distinct and well-characterized compounds®#24%

, enhanced airway
epithelial production of HRV-16-induced CXCL10 mRNA and protein to a similar level.
These similar effects were not limited to the BEAS-2B cell line, but were also seen in
primary airway epithelial cells, thus confirming the effect in a more physiologically
relevant cell type. The enhancement was surprising, given that the MEK1/2 pathway

% and rabies virus*** production of

mediates the positive regulation of adenovirus*
CXCL10 expression. However, it has been shown in skin keratinocytes that PD98059
and UO0126 enhances TNF-a-induced CXCL10 mRNA expression, in addition to
expression of CCL2 and CCL5%". Interestingly, these effects were not at the
transcriptional level, but rather, via effects on mRNA stability. It is possible, therefore,
that in addition to effects on transcription, HRV-16-induced CXCL10 expression is also
enhanced through effects on mRNA stability, but this is not addressed in the current
thesis. More recently, PD98059 and U0126 has been shown to enhance CXCL10 mRNA
after minor HRV group, HRV-1B, infection in BEAS-2B cells*’*. This finding was
intriguing as it suggests that the negative regulation of virally-induced CXCL10 via the
MEKZ1/2 pathway is a common event for both major and minor group HRV.
HRV-16-induced CXCL10 expression was also associated with a concentration-
dependent abrogation of ERK1 in the presence of PD98059 and U0126. Since the

ERK1/2 pathway is important in various cellular processes, including proliferation and

differentiation, it is without surprise that other MAPK pathways, such as the ERK5
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pathway, function in a redundant manner to replace to the loss of ERK1/2 function®*’>*".
This is demonstrated by the fact that both ERK1/2 and ERKS5 share a similar

phosphorylation consensus site (TEY) and a similar kinase domain®**.

Furthermore, both
kinases can phosphorylate common downstream targets®®*#’"#® Finally, PD98059 and
U0126 have also been shown to inhibit both the MEK1/2 and MEKS5 pathways***%®.
Given these similarities, it was interesting to find that HRV-16-induced ERK5 did not
play a role in the CXCL10 enhancement phenomenon. Although they are considered part
of separate pathways, both the p38 and ERK1/2 pathways are capable of cross-
talk®"3#1244 hyt no evidence indicated any p38 MAPK pathway cross-talk and, therefore,
did not contribute to the MEK-ERK pathway-mediated down-regulation of CXCL10.
Overall, the enhancement of HRV-16-induced CXCL10 expression is mediated through
the MEK1/2-ERK pathway and is not due to either compensatory effects or cross-talk
with other MAPK pathways.

CXCL10 was chosen as an appropriate model chemokine to study, but it is clear
that there are numerous epithelium-derived chemokines®, many of which are induced by
HRV, including CXCL8 and CCL5%’. In contrast to our previous finding with
CXCL8%’, the current thesis demonstrates that HRV-16-induced CCL5 expression is
enhanced upon MEKZ1/2 pathway inhibition. This suggests that a subset of HRV-
inducible genes are differentially regulated by the MEK1/2 pathway. Furthermore, the
enhancement phenomenon was selective for HRV infection, as demonstrated by the lack
of IFN-pB-induced CXCL10 enhancement. Furthermore, IFN-f did not induce ERK1/2

phosphorylation, which suggested that enhancement of CXCL10 expression was

stimulus-specific and dependent on ERK1/2 phosphorylation. RNA viruses, including
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influenza, are known to modulate the MEK1/2 pathway to facilitate their replication in

host cells®?®,

Interestingly, it was confirmed that HRV replication was not altered by
either MEK1/2 pathway inhibitor, thus the changes to HRV-induced CXCL10 expression
are not due to changes that increase viral replication and subsequent virion release. This
is the first demonstration, to my knowledge, of the selective down-regulation of a subset

of HRV-induced chemokines in human airway epithelial cells.

7.3 Effect of the MEK1/2 pathway on CXCL10 transcriptional regulation

We have previously shown that HRV-16-induced CXCL10 expression is
mediated, in part, through transcriptional regulation'**?*®. In Chapter 4, this
transcriptional effect was confirmed and it was further demonstrated that HRV-16-
induced transcription requires a level of co-operation between the ISRE and B
recognition sequences. Interestingly, there is precedent for a similar type of ISRE and B
co-operativity in the regulation of iINOS*®, IFN-B*"®, and CCL5%®. Furthermore, it was
confirmed that, indeed, MEK1/2 pathway-mediated enhancement of CXCL10 expression
occurs at the level of transcription. Although binding of the NF-kB isoforms p50 and
p65 to the CXCL10 kB recognition sequences are required for the up-regulation of
CXCL10 expression, neither NF-xB signalling nor nuclear translocation and/or DNA
binding was markedly altered by the MEK1/2 pathway. This is in contrast to previous
reports that suggest that the MEK1/2 can negatively regulate NF-kB-dependent gene
expression through effects on IKK activity, IkBa phosphorylation, and NF-xB nuclear

371,480,481

translocation . This result was surprising given the prominent role of NF-kB in
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HRV-induced gene expression?®"3°%3%8482 1t is supported by a study in the A549
alveolar epithelial carcinoma cell line, in which TNF-a or IL-18-induced NF-kB nuclear
translocation or DNA binding is not altered by inhibition of the MEK1/2 pathway*®.
This implies that any negative regulatory effects on the NF-kB pathway are stimulus
and/or cell type specific.

In contrast to the lack of effect on NF-xB, pharmacologic inhibition of the
MEKZ1/2 pathway enhanced HRV-16-induced IRF-1 nuclear translocation and/or binding
to the CXCL10 ISRE in both BEAS-2B cells and HBE. Furthermore, supershift analysis
confirmed that the enhanced IRF-1 band was, indeed, IRF-1 and not a different protein.
This finding is consistent with a previous study in which TNF-a-induced CCL5
expression in colonic myofibroblasts is down-regulated through IL-17-induced effects on

IRF-1 binding, independent of changes to NF-kB*®.

These data suggest that separate
mechanisms may exist to positively and negatively regulate IRF-1 interactions with the
CXCL10 promoter. In this regard, we have previously shown HRV-16-induced CXCL10
expression occurs, in part, through NF-kB-mediated modulation of IRF-1 synthesis and
binding to CXCL10 ISRE®*®. Since the current thesis demonstrates that the MEK1/2
pathway does not alter NF-kB, it suggests any changes in IRF-1 nuclear translocation
and/or binding are not due to MEK1/2 pathway modulation of the NF-kB pathway.

In summary, HRV-16-induced CXCL10 expression is transcriptionally down-

regulated via MEK1/2 pathway modulation of IRF-1 interactions with the CXCL10

promoter, independent of effects on NF-xB.
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7.4 MEK1 primarily mediates the down-regulation of CXCL10 expression

Although MEK1 and MEK2 share a high level of homology, their functions are not

necessarily interachangeable?"328:416.485

. In-‘a mouse model, loss of MEK1 is embryonic
lethal, while loss of MEK?2 does affect viability®*’. Other studies have also shown that
MEK1 and MEK2 selectively modulate various cellular processes, including cellular

486487 " cell cycle progression*®®, and ERK2 subcellular localization®®. A

proliferation
previous study has also shown the negative regulation of an anti-viral interferon response
to vesicular stomatitis virus (VSV) is selectively mediated through a MEK2-dependent
mechanism*®.  Given these functional differences, sSiRNA approaches were used to
confirm a similar selectively, namely, that MEK1 primarily mediated the negative
regulation of HRV-16-induced CXCL10 expression through changes in IRF-1
interactions with the CXCL10 promoter. Interestingly, the presence of MEK2 seemed to
block the maximal effect of MEK1 on HRV-16-induced CXCL10 expression and IRF-1
interactions with the CXCL10 promoter. In fact, a model of MEK1/MEK2 counter-

regulation has recently been proposed in which MEK1 can modulate MEK2 activity>*.

7.4.1 The role of ERK1/2 in HRV-16-induced CXCL10 expression

In Chapter 3, the enhancement of HRV-16-induced CXCL10 expression was
shown to be associated with a loss of ERK1 phosphorylation in presence of MEK1/2
pathway inhibitors. In contrast, results from Chapter 5 showed that MEK1 siRNA-
mediated enhancement of HRV-16-induced CXCL10 expression was not associated with
a loss of ERK1/2 phosphorylation. Moreover, directly pharmacological inhibition of

ERK1/2 activity did not result in the enhancement of HRV-induced CXCL10 expression.
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Collectively, these data implied that ERK1/2 may not be involved in the enhancement
phenomenon. In fact, previous studies have shown various cellular processes can
function in a MEK-dependent, but ERK-independent manner, including, mitosis*,
protein phosphorylation®®?, differentiation”®®, and autophagy®®.  However, this
conclusion was brought into doubt with ERK siRNA studies. Although the individual
ERK1 and ERK2 siRNA data were inconclusive, 4 of 6 ERK1 and ERK2 siRNA duplex
combinations resulted in the enhancement of HRV-16-induced production of CXCL10.
Although MEK1 and MEK2 protein expression was not altered, siRNA knockdown of
both ERK1 and ERK2, but not individual ERK proteins, in human lung fibroblasts has
been shown to alter phosphatase function resulting in increased MEK activity*®.
Alternatively, it is possible that loss of ERK protein results in the breakdown of the
MEK-ERK complex, which does not occur with the use of pharmacological inhibitors.
The scaffold proteins, MEK partner 1 (MP1) and P14, are known to be central in
maintaining the specificity of MEK-ERK signalling and localization at endosomes*®®“%,
thus it is plausible that a breakdown of the scaffolded MEK-ERK structure may partly
explain these contradictory results between pharmacological inhibitors and siRNA. In
addition, this may also explain why HRV-16-induced ERK1/2 phosphorylation is not
abrogated upon siRNA knockdown of MEK1 and MEK2 protein. It is feasible that the
loss of MEK1 and MEK2 protein may perturb cellular signalling pathways, such that
ERK1/2 is now free to interact with other kinase(s) that does not normally occur in the
presence of the normal MEK-ERK protein complex.

It is apparent that the removal of a protein from a cell using siRNA can result in a

different phenotypic response than pharmacological inhibition of a physically intact
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protein within the same signalling pathway or protein complex
complexity of signalling pathways, it is without surprise that sSiRNA and pharmacologic
approaches can achieve differing results. These may occur due to changes in pathway

440,441,498,499

redundancy, changes in feedback regulation and protein localization Any

differences seen with siRNA and pharmacological approaches may be the result of a true

437438 - Therefore,

biologic effect and not due to commonly assumed *“off-target” effects
the current data emphasizes the need for careful interpretation of results obtained using
siRNA knockdown versus pharmacologic inhibition.

In summary, SiRNA knockdown revealed that MEK1 primarily mediates the
negative regulation of HRV-induced CXCL10 expression, but the role of ERK1/2
remains inconclusive and requires further study. Even though certain discrepancies
involving ERK1/2 remain unresolved, it is important to note that the same overall effect,
namely, MEK1 pathway-mediated enhancement of HRV-16-induced CXCL10 and IRF-1

binding to ISRE, is seen using either siRNA and pharmacological approaches in both

BEAS-2B cells and HBE.

7.5 IRF-1 regulation of HRV-induced CXCL10 expression

In Chapter 6, it is demonstrated for the first time that IRF-1 is, indeed, a direct
regulator of HRV-16-induced CXCL10 expression. Furthermore, IRF-1 was also shown
to regulate HRV-16-induced CCLJ5, but not CXCL8 expression, thus demonstrating a
subset of IRF-1-dependent genes that are also susceptible to MEK pathway-mediated

enhancement (Chapter 3). This finding is important as it expands our knowledge of the
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transcriptional mechanisms involved in the epithelial expression of many HRV-inducible
genes, including CXCL10.

In general, IRF-1 siRNA knockdown reduced HRV-16-induced binding of IRF-1,
in addition to both identified (IRF-2 and ISGF-3) and unidentified proteins, to the
CXCL10 ISRE recognition sequence. This implied that IRF-1 is mediating the
translocation and/or binding of both IRF-2 and ISGF-3 to the CXCL10 ISRE. In this
regard, IRF-1 has previously been shown to mediate IRF-2 and IRF8 DNA binding®>%.
It is possible that the unidentified bands are unrecognized degradation fragments of IRF-
1*¥". Although the binding of IRF-2, ISGF-3, and the unidentified protein(s) is increased
by HRV-16 infection, and is dependent on the presence of IRF-1, they were not
modulated by the MEK1 pathway. Therefore, these proteins do not seem to contribute to
the down-regulation of HRV-16-induced CXCL10 expression. Clearly, the regulation of
IRF interactions is complex and further studies would be required to investigate the
significance of these interactions in the current context.

Although IRF-1 directly regulates HRV-16-induced CXCL10 expression, the
current paradigm of virally-induced pro-inflammatory gene expression has implicated

IRF-3 as a crucial transcriptional regulator™®

. In this regard, a previous study has shown
that HRV-1B-induced epithelial gene expression, including CXCL10, is dependent on
IRF-3'"°. Unfortunately, this study is limited by its reliance on only measuring mRNA
levels and using a single IRF-3 siRNA duplex. Furthermore, the same group has
preliminary data suggesting that the enhancement of HRV-1B-induced CXCL10 mRNA

occurs independent of effects on IRF-3 activation*”®. In Chapter 4, an increase in IRF-3

binding to the CXCL10 promoter after HRV-16 infection was not detected, but this does
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not exclude a role for IRF-3, as it is possible that DNA binding masked the epitope
recognized by the supershift antibody. Alternatively, this discrepancy may be a result of
differences between major group and minor group HRV activation of IRF-3, although
two recent reports have shown that both major and minor group HRV prevent IRF-3
activation®*®3%,

In summary, it is demonstrated for the first time that HRV-induced CXCL10
expression requires IRF-1 binding to the CXCL10 promoter. In addition, the expression
of HRV-16-induced CCLS5, but not CXCLS, is dependent on HRV-16-induced IRF-1.
Coincidentally, both HRV-16-induced CXCL10 and CCL5, but not CXCLS, are

regulated, in part, via effects of the MEK1 pathway.

7.6 Modulation of IRF-1 activity

In Chapter 6, it is confirmed that the MEK1 pathway, through an unknown
mechanism, is directly altering IRF-1 interactions with the CXCL10 promoter, as a
substantial loss of IRF-1 protein prevents the enhancement of HRV-induced CXCL10
expression. In HBE, enhancement of HRV-16-induced IRF-1 binding at the CXCL10
promoter was associated with enhanced HRV-16-induced IRF-1 mRNA and protein. In
contrast, further investigation of MEK1 pathway effects on IRF-1 showed the ability of
MEK1 pathway blockade to both enhance HRV-16-induced CXCL10 production and
IRF-1 binding to the CXCL10 promoter in BEAS-2B cells in the apparent absence of
enhanced IRF-1 protein induction. This intriguing observation raises the possibility that
the increased binding of IRF-1 in both cell types is mediated via MEK pathway-sensitive

post-translational modifications to IRF-1, rather than transcriptional or translational
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changes. It is known that IRF-1 is susceptible to phosphorylation, SUMOylation, and

ubiquitinati0n386’452’461'463’466'468. oOf

these modifications, SUMOylation and
ubiquitination are primarily involved in transcriptional repression of IRF-1 and/or
stabilization of IRF-1 protein®®4%®48 - phosphorylation of IRF-1 has been linked both to

binding to ISRE sites and to transcriptional activation3®®4¢14%3,

Unfortunately, the
phosphorylation sites on the IRF-1 molecule have not been fully characterized.
Accordingly, the effects of overall phosphorylation status on the ability of IRF-1 to bind
to the ISRE site in the CXCL10 promoter were examined. Because IRF-1 has been
reported to be phosphorylated on both serine and tyrosine residues*®?, calf intestinal
alkaline phosphatase was used as it dephosphorylates serine, threonine and tyrosine
residues. Phosphatase treatment, however, did not alter HRV-16-induced IRF-1 binding
to the ISRE sequence from the CXCL10 promoter. While this suggests that
phosphorylation is not essential for binding, it does not rule out IRF-1 phosphorylation as
an important post-translational modification that alters IRF-1 DNA binding and/or
transcriptional efficiency. IRF-1 has been shown to both homo- and heterodimerize®®, in

%8 and basal

addition to associating with transcriptional co-activators (p300/CBP)
transcription proteins (TF11B)*4™%2 byt it is not known whether this dimerization and
co-activator association is a prerequisite for IRF-1 DNA binding. It is plausible that
phosphorylation-dependent modification of IRF-1 may be required prior to binding to
induce IRF-1 dimerization and association with transcriptional activators to increase IRF-
1 transcriptional efficiency. Interestingly, dimerization and subsequent transcriptional
activation of the IRF-1-related transcription factors, IRF-3 and IRF-5, is dependent on

504-506

site-specific phosphorylation . Though highly speculative, the MEK1 pathway may
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mediate its effects on IRF-1 by modulating phosphatase activity that may target IRF-1.
In this regard, a previous study has demonstrated that increased expression of
endogenous alkaline phosphatase directly de-phosphorylates IRF-5 resulting in decreased

transcriptional activity®®®

. Further studies, as discussed in Chapter 8, would be required
to determine the phosphorylation status of IRF-1 and to elucidate the potential

mechanism through the MEK1 pathway exerts its effects on IRF-1.

7.7 Clinical Implications
7.7.1 Targeting the MEK1 pathway

Inhibition of the MAPK pathways has been suggested to be a potential therapeutic
target to reduce chronic inflammation, which is a hallmark of asthma and COPD?*°2%!,
The development of clinically effective p38 MAPK pathway inhibitors to reduce

d®’. In addition, several

inflammatory mediator expression is currently being investigate
JNK pathway inhibitors are also undergoing preclinical evaluation®. Studies on the role
of the ERK1/2 pathway have not been as intensive, even though levels of ERK1/2
phosphorylation are increased in airway epithelium of asthmatic subjects and correlate
with neutrophil and eosinophil counts in airway tissue’”®. In a murine model of allergic
airway inflammation, inhibition of the ERK1/2 pathway with U0126 reduced
eosinophilia, mucus production, as well as the release of various pro-inflammatory

343508 - Furthermore, PD98059 treatment reduced the release of

cytokines and chemokines
allergen-induced cysteinyl leukotrienes in guinea pig airways™™. These results all
support the paradigm that inhibition of elevated ERK1/2 pathway activity would be

clinically beneficial in treating airway inflammation.
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Data from the current thesis, in which the MEK1 pathway functions to down-
regulate the expression of a subset of HRV-induced chemokines, including CXCL10 and
CCLY5, is not consistent with the above paradigm. However, it must be noted that these
findings were based on allergen, and not HRV, induced airway inflammation. Therefore,
it is not clear whether targeting the MEK1 pathway in the airway epithelium following
HRYV infection is necessarily beneficial or detrimental as a therapeutic target. In an in
vivo setting, blocking MEK1 pathway function during an HRV-induced exacerbation
could be detrimental as it may invariably lead to enhancement of inflammatory cell
infiltration and mediator release into the airways based on the variety of cells CXCL10
can act on (section 1.8.2). Alternatively, enhancement of CXCL10 and CCL5 could be
beneficial. Both CXCL10 and CCL5 are NK cell chemoattractants and it has been shown

240

that CXCL10 increases NK cytolytic activity Serving as a major component of the

innate immune system, NK cells can induce the apoptosis of virus-infected cells®®.
Therefore, enhancing innate responses through increased NK cell infiltration and
cytolytic activity may be beneficial in the clearance of HRV-infected epithelial cells.
Further studies both in vivo and in vitro are required to elucidate the subset of HRV-
inducible and IRF-1-dependent genes that are also susceptible to MEK1 pathway
modulation. Importantly, the down-regulatory effect of the MEK1 pathway in vivo also
requires confirmation. Murine models of HRV infection have been studied®°", but
their relevance to human infection is still not fully understood. Collectively, this thesis
can be viewed as a novel, but preliminary evaluation of the endogenous down-regulatory

pathways that serve to control HRV-induced and IRF-1-dependent pro-inflammatory

gene expression in the airway epithelium. Although any clinical applicability is difficult
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to assess at this point, the thesis offers a potential counter-intuitive approach to modulate

HRV-induced inflammatory responses.

7.7.2 IRF-1 in asthma and COPD

The role of IRF-1 in asthma and COPD has not been studied in depth.
Interestingly, gene association studies have shown that IRF-1 gene polymorphisms are
linked to childhood atopic asthma>>**°, but similar studies in a COPD cohort have yet to
be carried out. Recently, IRF-1 was proposed to mediate, in part, TNF-o/IFN-y-induced
corticosteroid resistance in airway smooth muscle cells by sequestering the
glucocorticoid receptor co-activator, GR-interacting protein-1 (GRIP-1), preventing GR-
dependent transcriptional regulation®’*%, Whether a similar mechanism exists in airway
epithelial cells remains unknown at this time. Interestingly, increased levels of IRF-1
protein are detected in the airway epithelium of asthmatic subjects, but not in the
epithelium of chronic bronchitis or healthy subjects®®. Corticosteroid treatment for
HRV-induced exacerbations of asthma is largely ineffective and there are no currently
commercially available anti-rhinoviral drugs. Therefore, the current finding that HRV-16
increases levels of IRF-1 protein in the airway epithelium, in addition to the previously
published finding that IRF-1 protein levels are increased in the epithelium of asthmatics
subjects, is an exciting starting point to study the potential of IRF-1 as a therapeutic target
to reduce the inflammation associated with HRV-induced exacerbations. It may

potentially also help explain why HRV-induced exacerbations of asthma are resistant to

GC treatment.
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7.8 Conclusions

In summary, | propose a model (Figure 7.1) in which the MEK1 pathway
selectively down-regulates HRV-16-induced expression of CXCL10 in airway epithelial
cells, in part, through effects on transcription. The mechanism appears to involve
modification of IRF-1 interaction with the ISRE found within the CXCL10 promoter.
Further investigation of IRF-1 determined that it is induced upon HRV-16 infection and
plays a direct role in HRV-16-induced CXCL10 expression. The effects of the MEK1
pathway on HRV-induced CXCL10 are blocked with adequate ablation of IRF-1 protein.
Furthermore, the MEK1 pathway may mediate its effect on IRF-1 through a post-
translational modification that may alter IRF-1 binding and/or transcriptional efficiency.
Although phosphorylation of IRF-1 does not appear to be essential for binding to the
ISRE sequence in the CXCL10 promoter, it is possible that phosphorylation may enhance
transcriptional efficiency of IRF-1. To my knowledge, this is the first description of the
negative regulation of HRV-induced chemokine expression in airway epithelial cells via
MEKZ1 pathway effects on IRF-1. This indicates that the MEK1 pathway may have anti-
inflammatory and protective roles during HRV infections. A better understanding of the
mechanisms underlying MEK1 pathway-mediated down-regulation of IRF-1-dependent
gene expression may help elucidate potentially novel therapeutic targets to combat HRV-

induced exacerbations of asthma and COPD.



182

ERK1/2 AAAA

-‘\ @ CXCL10
ISRE 4 kB

Figure 7.1 — Proposed model of the selective down-regulation of HRV-16-induced
CXCL10 expression in human airway epithelial cells. HRV infection of airway
epithelial cells induces CXCL10 expression through increased binding of NF-xB and
IRF-1 to specific recognition sequences found within the CXCL10 promoter. HRV-16
infection also activates the MEK1/2-ERK1/2 pathway and loss of MEK1 function
through pharmacologic inhibition or siRNA knockdown enhances HRV-16-induced
CXCL10 transcription, in an NF-xB-independent manner, via effects on IRF-1
interactions at the ISRE within the CXCL10 promoter. Loss of MEK2 protein maximizes
CXCL10 enhancement through an unknown mechanism. The role of ERK1/2 in this
process is also uncertain. Finally, MEK1 pathway alteration of IRF-1 interactions with
ISRE may be mediated through a post-translational modification, such as
phosphorylation, which may modulate IRF-1 transcriptional efficiency to down-regulate
HRV-induced CXCL10 transcription.
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Chapter Eight: Future Studies

The data presented in this thesis highlights several areas for further investigation.

8.1 Chapter 3

In Chapter 3, HRV-16 infection of the BEAS-2B cells was shown to induce the
activation of various MAPK pathways, including ERK1/2, ERKS5, p38, and JNK MAPK.
Compared with the other pathways, ERK1/2 was chronically phosphorylated in response
to HRV-16 infection. Future studies would confirm if a similar chronic activation of
ERK1/2 is seen in primary airway epithelial cells. Furthermore, given that ERK1/2 is
chronically active it would also be of interest to determine the temporal Kkinetics of
MEKZ1/2 activation in response to HRV infection.

Pharmacologic inhibition of the MEK1/2 pathway was shown to enhance both
HRV-16-induced CXCL10 and CCL5 expression, but not CXCL8 expression®’,
indicating that not all HRV-inducible chemokines are susceptible to MEK1/2 pathway-
mediated negative regulation. As such, it would be important to perform a larger
characterization of HRV-inducible genes that are or are not susceptible to MEK1/2
pathway-mediated regulation.

All of the studies in the current thesis have used HRV serotype 16, a member of
the major group HRV, which account for the majority of HRVs (> 90) and utilize the
surface expressed ICAM-1 receptor for cell entry. The effect of minor group HRV,

which use LDLR for cell entry, would also be assessed confirm that the MEK1-mediated
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enhancement of CXCL10 is common to both groups of HRV and not associated with
only ICAM-1 usage.

Finally, since HRV infections are strongly associated with exacerbations of
asthma and COPD®*?, it would be of interest to perform similar experiments in airway
epithelial cells from individuals with either airway disease to confirm whether the

enhancement phenotype persists.

8.2 Chapter 4

In Chapter 4, MEK1/2 pathway inhibition was shown to enhance IRF-1 binding to
the CXCL10 ISRE recognition sequence. Changes in IRF-1 binding were demonstrated
using EMSA, but a limitation of this in vitro technique is that binding is assessed using a
short synthetic nucleotide sequence and does not account for binding that may be
dependent on a larger sequence context or chromatin structure. Future studies would
confirm the enhancement of IRF-1 binding using the chromatin immunoprecipitation
(ChIP) technique. In contrast to EMSA, this in vivo approach permits the study of
transcription factor binding to specific promoter sites on endogenous DNA, thus
addressing some of the limitations associated with EMSAs.

The studies in this chapter solely focused on transcriptional effects, but effects on
CXCL10 mRNA stability could also occur given that changes in transcription and mRNA
stability are not necessarily mutually exclusive. Changes to steady state levels of

CXCL10 mRNA levels occur over an extended period**®

, thus actinomycin D pulse-chase
experiments would not be feasible given the high level of cytotoxicity associated with

lengthy exposure to BEAS-2B cells. An alternative method to study changes in mRNA
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stability is through the use of a plasmid containing the normally stable rabbit (-globin
gene, but with its 3’UTR sequence replaced by the 3’UTR sequence of CXCLI10.
Changes in rabbit g-globin-CXCL10 3’'UTR mRNA stability in the presence of HRV-16
with or without MEK1/2 pathway inhibitors over various time points would be assessed

by RT-PCR.

8.3 Chapter 5

In Chapter 5, the combined siRNA knockdown of both ERK1 and ERK2 protein
consistently enhanced HRV-16-induced CXCL10 expression with the majority of ERK
siRNA combinations. The enhancement of HRV-induced CXCL10 following ERK1 and
ERK2 knockdown may be due to alterations in MEK1/2 activity*®®, therefore the any

changes in MEK1/2 activation could be assessed.

8.4 Chapter 6

The studies performed in Chapter 6 demonstrated that CXCL10 expression is
regulated by IRF-1. Even though the addition of an exogenous phosphatase to nuclear
extracts did not alter HRV-induced IRF-1 binding to the CXCL10 ISRE recognition
sequence, this result does not exclude phosphorylation as an important post-translational
modification of IRF-1. Assessment of any IRF-1 post-translational modificiation after
HRYV infection with and without loss of MEKL1 function could be initially assessed by
2D-gel electrophoresis. If changes are detected then experiments could be carried out by
over-expressing tagged wildtype IRF-1 protein in HRV-infected airway epithelial cells

with or without MEK1/2 inhibitors, immunoprecipating the overexpressed IRF-1 protein
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and immunoblotting with pan phospho-Serine as various serine residues in the C-terminal
portion of IRF-1 are necessary for IRF-1 binding and transcriptional activity*®®. This
would crudely determine whether overall phosphorylation of IRF-1 is increased by HRV
infection and if loss of MEK1 function alters the overall phosphorylation state of IRF-1.
One approach to demonstrate the formation of IRF-1 dimers is through the over-
expression of recombinant IRF-1 protein with different protein tags (e.g. FLAG and HA)
in HRV-infected airway epithelial cells. Immunoprecipitation of FLAG-tagged IRF-1
from whole cell lysates followed by immunoblotting for HA could demonstrate the
formation of IRF-1 dimers.

As mentioned in Chapter 7, IRF-1 protein levels are increased in asthmatic airway
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epithelial cells compared with healthy subjects®™™ and IRF-1 may also play a role in

airway smooth muscle steroid dysfunction®*®

, thus it would be interesting to assess if a
similar phenomenon of IRF-1-mediated steroid dysfunction exists in epithelial cells.
Overall, the focus of any future studies would be to assess both HRV-induced
IRF-1-dependent and MEK1 pathway susceptible genes in the airway epithelium. These
studies would further delineate the molecular mechanisms by which HRV-induced gene

expression is down-regulated. Finally, it would be interesting to correlate the current

findings in epithelial cells from patients with asthma and COPD.
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