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ABSTRACT

Asthma exacerbations are caused by respiratory virus infections. Toll-like receptor
7 (TLR7) of the innate immune system recognizes single-stranded RNA viruses and
mounts an immune response to clear the infection. TLR7 polymorphisms are
associated with asthma. While its role in innate immune defense in the lung is

appreciated, little is known about the acute effects of TLR7 signaling on airway

physiology.

The results in this thesis demonstrate that TLR7 agonists are rapid bronchodilators
in guinea pigs, mice, and humans, abolishing airway smooth muscle contraction
within minutes of administration (Chapter III). Depending on species and ligand, the
bronchodilating effect is mediated in part by TLR7, and in part by another target,
most likely TLR8 (Chapter IV). TLR7-dependent bronchodilation is mediated by
nitric oxide, and TLR7-independent bronchodilation is mediated by prostaglandins
and large conductance calcium-gated potassium channels (Chapter IV). There is
dysfunction in the bronchodilating effect with reduced ligand potency in allergen-
sensitized and virus-infected guinea pigs in vivo, which may account in part for the
more severe response to respiratory virus infections in humans with asthma
(Chapter V). It may also explain why TLR7 polymorphisms are closely associated
with asthma. Though the bronchodilating potential is reduced in models of asthma,
TLR7 agonists are still bronchodilators, suggesting that TLR7 may serve as a

valuable therapeutic target in asthma.

Xiv



This novel finding represents an endogenous protective mechanism to maintain
breathing during the inflammation necessary to clear respiratory virus infections. It
also suggests that TLR7 agonism may be a potent rescue therapy during active
bronchoconstriction associated with asthma attacks. Others have proposed TLR7
agonists as prophylactic therapy for asthma by harnessing the immunomodulatory
capabilities of this receptor in skewing the immune system in the airways away
from Th2-type and towards Th1-type immunity (a form of anti-allergic
inflammation). Combined with their prophylactic capabilities, the acute
bronchodilation mediated by TLR7 agonists demonstrated here suggests a novel
and unique combined prophylactic and rescue therapy for asthma in one
medication. Current standard of therapy for asthma uses one medication to prevent
airway inflammation, and a second medication to limit bronchoconstriction. As
these are often combined into one formulation, it is not uncommon for these
patients to have a third rescue medication for acute bronchoconstriction during
asthma attacks. As individual medications are all associated with some side effects,
reducing the number of medications administered may potentially reduce side

effects.
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INTRODUCTION



INTRODUCTION

This thesis addresses the association of respiratory virus infections with asthma
attacks, by investigating the involvement of Toll-like receptor 7 function in airway

physiology, pharmacology, and pathology.

A. AIRWAY ANATOMY

Because this thesis addresses airway dysfunction, this section describes the
anatomy and normal function of the lung from its overall architecture to the
individual cell types that contribute to its overall function. As will be discussed
further in this section, the lung functions to oxygenate the blood, and the
unobstructed passage of air through the airways within the lung. Section C describes
the asthmatic condition in which the passage of air is obstructed, limiting breathing

essential for life.

1. Lung architecture and function

Beginning at the trachea, the airways undergo multiple divisions into progressively
smaller generations of bronchi and bronchioles, terminating at alveolar sacs. Alveoli
are small air sacs at the distal end of the branching airways in the lungs. Oxygen and
carbon dioxide are exchanged between inhaled air and blood in capillaries in the
alveolar walls. The millions of alveoli provide a large surface area for gas exchange.

Deoxygenated blood is pumped by the right heart into pulmonary circulation



through the pulmonary artery into the capillaries, where it is oxygenated.
Oxygenated blood moves from the capillaries through the pulmonary veins back to
the left heart, where it is pumped into systemic circulation providing oxygen to the
whole body (West, 2000). The pulmonary circulation is distinct from bronchial
circulation, arising from the systemic circulation and providing oxygenated blood to

the airway tissues.

2. Airway nerves

The autonomic nervous system controls functions in the lung including airway
smooth muscle tone and contraction, cough, mucus secretion, vascular permeability,

and blood flow.

Sensory afferent nerves

Sensory afferent nerve fibers branch and spread throughout the subepithelium,
between the epithelial cells, and reach the airway lumen (Jeffery, 1995). Sensory
nerves relay sensation to stimuli including mechanical, pH, temperature, allergen,
cigarette smoke, and pollutants (Lee et al., 1989; Coleridge et al., 1993; Giesbrecht et
al,, 1993; Coleridge and Coleridge, 1994). The vast majority of these sensory
afferents have cell bodies in the nodose or jugular ganglia, while the others have cell
bodies in thoracic and cervical dorsal-root ganglia (Jeffery, 1995). They project to
the central nervous system and, after central processing of information, send

information to efferent parasympathetic, sympathetic, and non-adrenergic non-



cholinergic nerves that innervate the airways (Kalia, 1987). Reflex responses
include changes in airway caliber, cough, and mucus secretion (Coleridge and
Coleridge, 1994). Importantly, airway smooth muscle tone at rest is also mediated
by a reflex arc from tonic sensory afferent nerve activity to the central nervous

system (O'Donnell et al., 1978; Kesler and Canning, 1999).

In addition neuropeptides released from sensory nerves in the airways can mediate
local reflexes without relay to the central nervous system. Airway smooth muscle
contraction, mucus secretion, and vasodilation can be regulated locally by
neuropeptides, such as substance P, neurokinin A, and calcitonin gene-related
peptide (Lundberg et al., 1983; Maggi et al,, 1991; Ollerenshaw et al., 1991; Lou et
al,, 1993). These sensory neuropeptides can also induce inflammation that can affect
airway function (Barnes, 2001). The function of local mediator release by sensory
nerves in the airway is discussed further below in the section on non-adrenergic

non-cholinergic innervation.

Parasympathetic efferent nerves

The myelinated preganglionic parasympathetic nerves project from the brain stem,
travelling in the vagus nerve to the airway tissue, where they synapse with
unmeylinated postganglionic parasympathetic nerves in various airway effector
structures. For control of the trachea and bronchi, the preganglionic nerves synapse
with clusters of postganglionic cell bodies arranged in chains along the smooth

muscle. In all species, parasympathetic nerves provide the dominant autonomic



control of the airways, mediated by the neurotransmitter acetylcholine. Stimulation
of airway parasympathetic nerves causes release of the neurotransmitter
acetylcholine, which results in bronchoconstriction, mucus secretion, and

vasodilation by activating post-junctional M3 muscarinic receptors (Belvisi, 2002).

Sympathetic efferent nerves

The preganglionic sympathetic nerves are shorter than the parasympathetic
preganglionic nerve fibers. They project from the first four or five thoracic vertebrae
and synapse onto paravertebral postganglionic nerves that travel to the airway
along, but separate from, the vagus nerve. The postganglionic sympathetic nerve

fibers innervate submucosal glands and bronchial blood vessels (Belvisi, 2002).

Human airway smooth muscle has little or no sympathetic innervation (Richardson
and Beland, 1976), in contrast to other species, such as guinea pig (O'Donnell et al.,
1978; Oh et al., 2006). Sympathetic innervation exerts a relaxant effect on airway

smooth muscle mediated by the neurotransmitter norepinephrine.

Non-adrenergic non-cholinergic efferent nerves

The non-adrenergic non-cholinergic innervation of the airway smooth muscle is the
only relaxant innervation in human airways, which do not have significant
sympathetic relaxant innervation (Richardson and Beland, 1976). The non-

adrenergic non-cholinergic nerves were identified when blockade of sympathetic



and parasympathetic innervation in airway smooth muscle strips unveiled a neural
component (tetrodotoxin-sensitive) of relaxation upon electrical field stimulation
(Coburn and Tomita, 1973; Richardson and Beland, 1976). The neurotransmitters
mediating this effect were identified to include stimulatory transmitters, such as
substance P, as well as inhibitory transmitters, such as nitric oxide or vasoactive
intestinal peptide (Matsuzaki et al.,, 1980; Stewart and Fennessy, 1986; Belvisi et al.,
1992). This non-adrenergic non-cholinergic innervation is provided by the efferent

arm of the sensory nerves in the airway.

3. Airway smooth muscle

Airway smooth muscle controls airway diameter, which affects the resistance to
airflow and ultimately gas exchange. In the trachea and extrapulmonary bronchi,
incomplete rings of supportive cartilage are connected dorsally by transverse bands
of airway smooth muscle. The intrapulmonary bronchi are encircled by opposing
spirals of airway smooth muscle internal to the cartilage, so that when the smooth
muscle contracts, the airways both shorten and constrict (Jeffery, 1995). This is
accomplished by bundles of individual long and narrow smooth muscle cells

arranged in a parallel orientation.

Airway smooth muscle is neither of the single unit classification, in which cells have
little or no innervation with spontaneous myogenic contraction, nor is it purely
multiunit, where every cell is individually innervated. Rather airway smooth muscle

is of an intermediate classification, with sparse innervation of the cells in the



outermost layer that controls contraction of multiple airway smooth muscle cells
(Stephens, 2001). Parasympathetic nerves, which provide the major motor control
of the airway smooth muscle, run in the connective tissue between airway smooth
muscle bundles. Gap junctions between the smooth muscle cells within bundles

allow for coordinated contraction (Daniel et al., 1986).

Airway smooth muscle function and signaling mechanisms regulating contraction

and relaxation will be discussed in section B of this introduction.

4. Airway epithelium

Epithelial cells line the bronchial and alveolar lumen. In the alveoli, attractive forces
between the water molecules in the liquid lining increase surface tension and
decrease surface area of the air-liquid interface. This surface tension would collapse
the alveoli, but type II pneumocytes secrete pulmonary surfactant that disrupts
attractive forces between water molecules, decreasing surface tension and

preventing alveolar collapse (West, 2000).

The enormous surface area of the lung is directly exposed to inhaled air from the
environment. To protect the lung from inhaled particles, mucus secreted from
submucosal glands and goblet cells in the airway walls traps the potential irritants
and together they are propelled upwards out of the lung by the rhythmic movement
of cilia on bronchial epithelial cells. Because the alveolar epithelial cells do not have

cilia, cells of the immune system, particularly alveolar macrophages, are required



for protection of the alveoli (West, 2000). Alveolar macrophages engulf the particles

for destruction and trafficking away from the lung.

The airway epithelium also mediate sodium secretion and chloride absorption to
control the movement of water through paracellular pathways down the hydrostatic
pressure gradient (Jeffery, 1995). Mucus function depends on proper hydration

from the movement of water to the airway lumen.

The airway epithelial cells are directly exposed to pathogens and hazardous
particles from the environment, so they also serve an important barrier function to
prevent systemic exposure and disease. Furthermore, epithelial cells express many
receptors of the innate immune system, including Toll-like receptors, to detect these
pathogens and respond accordingly to prevent or clear infections (Bals and
Hiemstra, 2004). In addition to inflammatory cytokines and chemokines, airway
epithelial cells produce a number of antimicrobial substances, such as defensins,
secretion of which is upregulated in response to infection (Hiratsuka et al., 1998;
Hiemstra, 2001; Ashitani et al.,, 2002). Because of its important function in host
defense, the airway epithelium itself can be considered an immune organ. Damage
to the airway epithelium from virus infections, toxins, or environmental oxidants
reduces its very important barrier function and can lead to disease. The innate
immune system and Toll-like receptors will be discussed in more detail in section D

of this introduction.



5. Submucosal glands

Throughout the human airways there are submucosal glands. These glands secrete
neutral and acidic mucus and serous fluid, to maintain fluid dynamics and remove
foreign particles and pathogens from the airway. There are also mucus secreting

goblet cells interspersed with the epithelium (Jeffery, 1995).

6. Immune cells and structures

Macrophages, dendritic cells, T and B lymphocytes, mast cells, eosinophils, and
neutrophils are all resident in the airway tissues. Encapsulated lymph nodes are
present in peribronchial tissue of the large bronchi (Jeffery, 1995). In addition,
lymphoepithelial nodules termed bronchus-associated lymphoid tissue, resembling

Peyer’s patches, are present in the bronchial mucosa (Bienenstock et al., 1973).

B. AIRWAY SMOOTH MUSCLE

The airway smooth muscle surrounding the lower airways and on the dorsal side of
the trachea control airway caliber, the diameter of the airway lumen. Thus, airway
smooth muscle regulates the passage of air into the airways for gas exchange in the
alveoli. Furthermore, airway smooth muscle can secrete inflammatory mediators
that contribute to host defense in the airways. This section describes what is known

about how contraction and relaxation are regulated within the airway smooth



muscle, as well as its inflammatory functions. An understanding of these
mechanisms is particularly important when considering pathology and therapy of

obstructive pulmonary diseases, such as asthma.

1. Contractile mechanism

The crux of the contractile mechanism is the adenosine triphosphate (ATP)-
dependent sliding of smooth muscle myosin filaments on actin filaments, by the
cross bridging and stepping of globular heads of myosin filaments (Gabella, 1984).
Contraction is triggered by phosphorylation of myosin-light chain by myosin light-
chain kinase, and is terminated by dephosphorylation by myosin light-chain
phosphatase (Kamm and Stull, 1985, 1986; Word et al., 1994). Myosin light chain
kinase is activated by calcium-calmodulin complexes, therefore, calcium is a central
trigger of airway smooth muscle contraction in response to a wide range of stimuli

(Figure 1.1A).

2. Excitation-contraction coupling

Contraction of airway smooth muscle can occur from electromechanical
mechanisms, as there are a number of voltage-gated calcium channels in the smooth
muscle membrane that can respond to slight changes in membrane potential.
Airway smooth muscle contraction can also occur from direct pharmacological
agents that trigger signal cascades with little or no dependence on membrane

depolarization. Acetylcholine-induced contraction of smooth muscle evokes a slight

10



depolarization, but repolarizing currents and blockade of voltage-gated calcium
channels do not reverse contraction (Coburn and Yamaguchi, 1977). Contractile
agonists induce slight depolarization of airway smooth muscle cells, probably
through the action of calcium-gated chloride channels, but an action potential is not
detected due to rectification from increased potassium conductance through
voltage-gated potassium channels. This can be mimicked experimentally in the
absence of contractile agonists by direct chemical depolarization of the airway
smooth muscle membrane using KCI (Stephens, 2001). The trigger of signal
cascades in response to depolarization of the cell membrane, and the induction of
membrane depolarization in response to contractile agonists, suggests an
interdependence of the electromechanical and pharmacologically evoked signal
cascades. These mechanisms might cross regulate each other to generate sustained
muscle contraction, particularly due to the transient and oscillatory nature of

intracellular calcium signals.

3. Calcium signaling and calcium sensitivity

Calcium signaling is an important component of contractile mechanisms. Though
electromechanical coupling requires extracellular calcium for influx through
voltage-gated calcium channels, pharmacomechanical coupling operates even in the
absence of extracellular calcium. Rather, their action results in calcium release from
intracellular stores (Stephens, 2001). Contraction evoked from electromechanical
coupling only occurs independently in experimental conditions by direct electrical

stimulation of the smooth muscle (as opposed to the nerves) or chemical

11



depolarization with KCI. Physiologically, changes in electrical characteristics of the
smooth muscle membrane are induced by the pharmacological action of
neurotransmitters like acetylcholine or serotonin released by the prejunctional

nerve on receptors in the airway smooth muscle membrane.

Agonist-induced contraction of airway smooth muscle most-frequently occurs
through G-protein coupled receptors that couple to Gg, activating phospholipase C.
The action of phospholipase C generates the second messenger inositol
trisphosphate (IP3) from the membrane phospholipid phosphatidylinositol 4,5,-
bisphosphate (PIP2), which initiates calcium release from the sarcoplasmic
reticulum via [P3-gated calcium channels (Baba et al., 1989; Baron et al., 1989).
Calcium-release triggers further calcium release from the opening of calcium-gated
calcium channels on the sarcoplasmic reticulum, such as ryanodine receptors,
propagating a calcium wave across the cell (Collier et al., 2000). There is an initial
rise in calcium within 10 to 15 seconds that rapidly declines to a lower plateau or
oscillations of increasing and decreasing intracellular calcium (Murray and Kotlikoff,
1991; Murray et al,, 1993). The sustained calcium signal is required for sustained
contractions. It is clear that the initial rise in calcium comes from IP3-gated
intracellular stores, but the sustained calcium plateau or oscillations are maintained
by influx of extracellular calcium (Murray and Kotlikoff, 1991). It is unclear whether
extracellular calcium influx is through store-operated calcium channels that open in

response to elemental calcium, ligand-gated calcium channels activated by

12



diacylglycerol another product of phospholipase C activity, or voltage-gated calcium

channels activated in response to slight depolarization.

Sustained airway smooth muscle contraction is probably achieved by a combination
of all of these mechanisms, where agonist-induced intracellular calcium release
induces membrane depolarization through calcium-gated chloride efflux and
calcium-gated calcium influx, which in turn amplifies calcium influx through
voltage-gated calcium channels. Calcium then repolarizes the smooth muscle
membrane by potassium efflux through calcium-gated potassium channels, allowing
the reuptake of intracellular calcium into the sarcoplasmic reticulum through the
sarco-endoplasmic reticulum Ca2?+-ATPase (SERCA), to restart the whole contractile
cycle (Berridge, 2008) (Figure 1.1B). Because not all of the airway smooth muscle
cells are innervated to receive the contractile neurotransmitter agonist signal,
changes in intracellular ion concentrations are propagated through gap junctions to

synchronize the airway smooth muscle cells.

Calcium sensitivity describes the difference in contractile responses to the same
levels of intracellular calcium (Sanderson et al., 2008). Though the initiation of
contraction of airway smooth muscle is dependent on intracellular calcium, the
degree of tension does not always correlate with intracellular calcium levels (Perez
and Sanderson, 2005). This is due to a number of mechanisms that change the
sensitivity of the contractile mechanism to intracellular calcium levels. A striking
example of this phenomenon was demonstrated when airway smooth muscle was

able to relax although the intracellular calcium concentration was held at contractile
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levels, and addition of contractile agonists induced further contraction without
changing intracellular calcium concentration (Bai and Sanderson, 2006).

Differences in calcium sensitivity most often reflect changes in the activity of myosin
light chain phosphatase, which exerts an inhibitory effect on contraction (Somlyo
and Somlyo, 2003). For example, increased myosin light chain phosphatase activity
at equivalent intracellular calcium levels will decrease contractility. Changes in
myosin light chain phosphatase activity are frequently regulated by Rho kinase and
protein kinase C, both of which can be activated by G protein coupled receptor
agonists (Chiba and Misawa, 2004). In this way, different G protein coupled receptor
agonists can induce different levels of contraction to equivalent calcium signals.
While a number of mechanisms are proposed to explain airway hyperreactivity
characteristic of asthma, some propose a model in which increased calcium-
sensitivity in airway smooth muscle of asthmatics accounts for the increased

responsiveness to equivalent stimuli (Sanderson et al., 2008).

4. Signaling pathways regulating airway smooth muscle contractility

The number of signaling entities that regulate airway smooth muscle contraction is
ever increasing. This section focuses on some of the more well-characterized

pathways.

G-protein coupled receptors
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Parasympathetic innervation provides the dominant autonomic control of the
airway smooth muscle, and specifically acetylcholine released from nerve terminals
activates the M3 muscarinic receptors on smooth muscle. These receptors are Ggq-
coupled, and trigger a signal cascade resulting in intracellular calcium release from
the sarcoplasmic reticulum as described above. Histamine, a well-characterized
transmitter of allergic airway contraction, is released by mast cells onto histamine
H1 receptors expressed on the smooth muscle, which are also coupled to IP3-
mediated calcium release. Other bronchoconstrictive agonists that signal through Gq
include bradykinin, substance P, leukotriene D4, and serotonin (Panettieri et al.,

1989; Farmer et al,, 1991; Abela and Daniel, 1994; Yang et al., 1994) (Figure 1.2A).

Interestingly, not all Gq-coupled receptors induce contraction. It was recently shown
that bitter taste receptors expressed on airway smooth muscle can mediate airway
relaxation in response to bitter tastants (Deshpande et al., 2010). This is due to a
localized calcium response near the smooth muscle cell membrane that activates
large-conductance calcium-gated potassium channels resulting in membrane
hyperpolarization. This surprising finding suggests that not all calcium signaling is
the same even within the same cell type, and subcellular localization of signaling
components determined by organelles and scaffolding structures may be critical to

the function of the calcium signal.

In general, Gs-coupled receptors in airway smooth muscle mediate relaxation
(Figure 1.2A). Beta agonists, which bind to Gs-coupled [3z2-adrenergic receptors on

airway smooth muscle, are used as rescue therapy for bronchoconstriction in
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asthma. Other Gs-coupled relaxant receptors in the airways include the
prostaglandin E; receptors, vasoactive intestinal peptide receptors, and adenosine
Azg receptors (Hall et al,, 1992; Maruno et al.,, 1995; Mundell et al,, 2001). Agonists
at Gs-coupled receptors induce generation of cyclic adenosine monophosphate
(cAMP) via activation of adenylyl cyclase. cAMP in turn activates protein kinase A,
which regulates many downstream proteins by phosphorylation. Some of these
downstream targets have relaxant effects. IP3 production can be inhibited by protein
kinase A, limiting calcium release from the sarcoplasmic reticulum and subsequent
contraction (Hall and Hill, 1988). Calcium release or reuptake through channels can
be inhibited by protein kinase A, again limiting the propagation of calcium
oscillations and contraction (Volpe and Alderson-Lang, 1990). The large-
conductance calcium-activated potassium channels described above are activated
by protein kinase A, which hyperpolarizes the membrane and limits contraction
(Kume et al., 1994). Myosin light-chain kinase can be inactivated by phosphorylation
at a protein kinase A regulatory domain, limiting myosin light-chain activation and
contraction (Anderson, 2006). These protein kinase A-mediated mechanisms

explain the relaxant effects of agonists at Gs-coupled receptors (Figure 1.2A).

Gi-coupled receptors generally mediate contraction in airway smooth muscle
(Figure 1.2A). Activation of these receptors inhibits adenylyl cyclase and
counteracts relaxant effects of Gs-coupled receptors. Gi can also directly inhibit the
large-conductance calcium-activated potassium channels, inhibiting

hyperpolarization and relaxation (Kume et al., 1992). Gi can also promote
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contraction via activation of RhoGTPase, which mediates actin polymerization and
contractility (Hirshman and Emala, 1999) (Figure 1.2A). The Mz muscarinic
receptors and Al adenosine receptors are Gi-coupled receptors that contribute to

contraction (Widdop et al., 1993; Mundell et al., 2001).

Nitric oxide

The mechanisms listed above are all mediated by G-protein coupled receptors, but
the membrane permeant gas nitric oxide mediates airway smooth muscle relaxation
independent of surface receptors. Nitric oxide is generated in the airway epithelium,
as well as in parasympathetic and non-adrenergic non-cholinergic neurons, from L-
arginine by the enzyme nitric oxide synthase (Fischer et al., 1993; Yoshihara et al.,
1998; Kesler et al., 2002). Nitric oxide diffuses into the smooth muscle where it
activates guanylyl cyclase, in turn generating cyclic GMP (cGMP). Similar to protein
kinase A activation by cAMP, cGMP activates protein kinase G which phosphorylates
a number of downstream targets to induce smooth muscle relaxation (Hamad et al.,
2003). Furthermore, myosin light chain phosphatase activity is potentiated, also
exerting a relaxant effect (Figure 1.2B). Nitric oxide synthase activity can be

inhibited with N-methyl-L-arginine (L-NMMA) (Salerno et al., 2002).

Potassium channels

As stated above, other than small fluctuations, the airway smooth muscle membrane

potential is relatively stable. Small changes in membrane potential are due to the
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activity of ion channels, including calcium, chloride, and potassium channels.
Delayed rectifier potassium channels contribute to the membrane potential stability
(Boyle et al., 1992). In general, potassium channel activity repolarizes or
hyperpolarizes the airway smooth muscle membrane by outward potassium
currents, exerting an inhibitory or relaxant effect (Figure 1.2C). The large-
conductance calcium-activated potassium channel (MaxiK or BK) mediates a part of
the relaxant effects of the Gs-coupled receptors described above (Kume et al., 1989).
This channel is activated both by membrane depolarization and intracellular
calcium (Ghatta et al.,, 2006), in effect only opening under contractile conditions to
induce relaxation. Further regulation of MaxiK is contributed by protein kinase A
activity in response to Gs-coupled receptor agonists (Kume et al., 1992; Kume et al,,
1994). MaxiK potassium channels can be blocked with paxilline (Knaus et al., 1994)

(Figure 1.2C).

Prostaglandins

Prostaglandins are eicosanoid lipid mediators with potent effects on airway
physiology and inflammation. They are metabolites of the essential fatty acid
arachidonic acid (Bergstroem et al., 1964). Arachidonic acid is released from the cell
membrane by phospholipase Az, and in turn is converted into prostaglandin H;
(PGH2) by the cyclooxyegenase-1 and -2 enzymes. PGH: is further converted by a
family of metabolic enzymes into the other prostaglandin subtypes. The
prostaglandins are an autocrine or paracrine molecule, signaling at or close to their

location of synthesis respectively, through G-protein coupled receptors (Funk,
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2001). Multiple cell types in the airways can synthesize prostaglandins, including
epithelium, smooth muscle, neurons, and inflammatory cells. Additionally, these cell
types also contain specific prostaglandin receptors to respond to these molecules
(Coleman et al., 1994). As described above, the downstream physiological effects of
prostaglandins depend on the G-protein to which the prostaglandin receptor
couples. In general, airway smooth muscle relaxation results from the Gs-coupled
prostaglandin receptors (Figure 1.2D), while contraction results from those coupled
to Gq or Gi (Clarke et al.,, 2009). Prostaglandin signaling results in constrictive and
relaxant effects on airway vasculature and airway smooth muscle, but they are also
involved in fever, edema, and chemotaxis of various immune cells in the
inflammatory response, which in turn can affect airway smooth muscle function
(Funk, 2001). Prostaglandin E; (PGE2) is the predominant prostaglandin generated
in airway smooth muscle, and the EP; prostaglandin receptor coupled to Gs is the
predominant receptor expressed by airway smooth muscle, exerting a relaxant
effect on contracted airway smooth muscle (Delamere et al., 1994; Belvisi et al.,
1997; Penn et al., 2001). Prostaglandin synthesis can be inhibited by the
cyclooxygenase-1 and -2 inhibitor indomethacin (Sharma and Sharma, 1997)
(Figure 1.2D). There are a number of other eicosanoids, such as leukotrienes,
generated from arachidonic acid with potent inflammatory and physiological effects

that are not discussed further here.

Of particular importance to this thesis is that prostaglandin signaling can regulate

the activity of the large-conductance calcium-activated (MaxiK) potassium channels
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described above (Moreau et al.,, 1996; Lee et al., 1999). Some prostaglandins, such as
prostaglandin E; (PGE2) and prostaglandin I, relax airway smooth muscle (Tamaoki
et al, 1993; Hartney et al., 2006), as does opening of the MaxiK potassium channel.
In human corporal smooth muscle, PGE1 induces relaxation mediated by MaxiK,
accounting for the increased blood flow and pro-erectile effects of PGE (Lee et al.,
1999). In human osteoblast bone cells, PGE; activates MaxiK (Moreau et al., 1996).
Though not directly shown, it is possible that MaxiK mediates some of the relaxant

effects of prostaglandins on airway smooth muscle (Figure 1.2E).

Nucleotides

Nucleotides also modulate airway smooth muscle function. Adenosine acts through
a number of adenosine receptor subtypes, G-protein coupled receptors coupled to
Gs, Gi, and Gq (Wilson, 2008). Depending on the tone of the airway smooth muscle,
adenosine can exert either contractile or relaxant effects. Adenosine A; receptors
are expressed on airway smooth muscle cells, and mediate contraction through Gi-
coupling (Ethier and Madison, 2006). Adenosine Az, receptors are also expressed on
airway smooth muscle, but mediate relaxation through Gs-coupling (Wilson, 2008).
The resulting airway tone is probably due to complex regulation by multiple
receptor subtypes with opposing effects, and the role of individual subtypes might
change with airway tone. For example adenosine has been shown to contract airway
smooth muscle at rest, but relax precontracted airway smooth muscle (Caparrotta et
al,, 1984; Krzanowski et al., 1987; Farmer et al., 1988). Another level of complexity

arises when considering all of the cell types in the lung that express adenosine
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receptors, including immune cells, which may mediate indirect effects of adenosine
on airway smooth muscle function. Additionally, the purine ATP can bind to P2X and
P2Y receptors in the airway to further affect airway function (Bergner and

Sanderson, 2002; Mounkaila et al., 2005).

5. Inflammation

While the primary function of the airway smooth muscle is to regulate airway
caliber, the airway smooth muscle cells are capable of generating and responding to
inflammatory signals in response to infection (Halayko and Amrani, 2003; Hirst,
2003; Chung, 2005). Inflammatory cytokines, such as interferon-y and tumor
necrosis factor-a, act directly on receptors expressed by airway smooth muscle, to
stimulate the release of more inflammatory cytokines, chemokines, growth factors,
and matrix metalloproteinases, as well as to stimulate increased intercellular
adhesion molecule expression (Amrani et al., 1999; Chung, 2005; Tliba and Amrani,
2008). These mediators induce recruitment of immune cells and remodeling of the
airway wall (Hirst, 2003). These can have both beneficial effects, such as protection
from infection, but also deleterious effects, such as asthma. Airway smooth muscle
cells also express IgE receptors to respond to IgE released from B cells during

allergic inflammation (Gounni et al., 2005).

In the next sections, inflammation in the airways will be discussed in greater detail

with regards to both pathology, such as in asthma, as well as innate host defense.
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FIGURE 1.1. Schematics of airway smooth muscle contraction and relaxation

mediated by intracellular calcium and membrane potential.
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Figure 1.1. (A) In general, airway smooth muscle cells contract in response to global
increases in intracellular calcium, and relax in response to decreases in intracellular
calcium. The phosphorylation state of myosin light chain in response to intracellular
calcium concentration is the primary control for airway smooth muscle contraction
and relaxation. (B) In addition to calcium mechanisms, small changes in the airway
smooth muscle membrane potential contribute to contraction and relaxation. These
changes in membrane potential are controlled by ligand-gated (IP3) and voltage-
gated ion channels, but are also regulated by intracellular calcium released from and
taken back up in intracellular stores. Red arrows denote contractile contributions
and green arrows denote reset contributions of an oscillatory response. Dashed
arrows denote membrane potential contributions. SERCA is the sarcoplasmic
endoplasmic reticulum Ca?*-ATPase for calcium reuptake and replenishing of the

intracellular calcium storage.
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FIGURE 1.2. Signaling mechanisms regulating airway smooth muscle

contraction and relaxation.
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Figure 1.2. (A) Schematic of the main G-protein coupled receptor-mediated
mechanisms through Gs, Gi, and Gq of airway smooth muscle contraction and
relaxation. Acetylcholine (ACh) induces contraction through Gi-coupled M3
muscarinic receptors. Norepinephrine (NE) induces relaxation through Gs-coupled
B2 adrenergic receptors (32-AR). Adenosine (Aden) induces contraction through A
adenosine receptors. Cyclic adenosine monophosphate (cAMP); protein kinase A
(PKA); inositol trisphosphate (IP3). (B) Schematic of nitric oxide mediated
relaxation of airway smooth muscle. L-NMMA is a NOS inhibitor. Nitric oxide
synthase (NOS); Cyclic guanine triphosphate (GMP). (C) Schematic of the large
conductance calcium-activated potassium channel (MaxiK) mediated relaxation of
airway smooth muscle. Activation results in potassium efflux and repolarization or
hyperpolarization of the membrane. Paxilline is a MaxiK blocker. Membrane
potential (Vimem). (D) Schematic of prostaglandin E; (PGE2) mediated relaxation of
airway smooth mucle. Indomethacin (indometh) is a cyclooxygenase inhibitor that
inhibits prostaglandin synthesis. Prostaglandin E; receptor (EP2). (E) Schematic of

potential relaxant mechanism of prostaglandin E; regulating MaxiK function.
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C. ASTHMA

The work in this thesis contributes to the understanding of asthma and potential
therapeutics. The previous sections detailed the function and cellular components of
the normal lungs with particular emphasis on the function and signaling
mechanisms in airway smooth muscle. It is important to understand the dysfunction
in the lung contributing to asthma pathology. This section describes what is known
about the characteristics, causes, existing therapies, and animal models used to

investigate asthma.

1. Characteristics

As of 2008, the Global Initiative for Asthma (GINA), a collaboration of the National
Heart, Lung, and Blood Institute, National Institutes of Health, USA, and the World
Health Organization with asthma experts from around the world, reported 300
million cases of asthma worldwide (Bateman et al., 2008). By estimating disability-
adjusted life years, 1% of the global disease burden is attributed to asthma (Masoli
et al.,, 2004). The majority of asthma starts early in childhood and may remit later in
life, though relapses are frequent (Sears et al., 2003; Sly et al., 2008). GINA provides

an operational description of asthma as follows:

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
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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.

From the operational description above, the hallmarks of asthma can be broken
down to two main interdependent components, airway inflammation and airway
hyperreactivity, defined as excessive airway narrowing in response to stimuli that
have little effect in healthy individuals. The end result is airway obstruction that
makes breathing difficult (Figure 1.3). This airway obstruction can be
uncomfortable or limit the range of physical activity, but it can also be lethal, with
approximately 250,000 asthma-associated deaths yearly worldwide. The burden of
the disease extends to school and work absences, hospital admissions, and health
care costs. There are 2 million asthma-related emergency room visits and 5
hundred-thousand hospital admissions in the United States each year (Mallia et al,,
2007). The following subsections describe the airway inflammation and

hyperreactivity components of the asthmatic condition.

Inflammation

Many immune cells coordinate the inflammatory response including eosinophils,
mast cells, and CD4+ T lymphocytes. The CD4+ T lymphocytes are usually of the Tn2
phenotype associated with allergic inflammation (Anderson, 2002). In response to
crosslinking of their high affinity IgE receptors, mast cells release airway smooth
muscle contractile agonists, such as histamine and leukotrienes, as well as

mediators of airway remodeling, such as tryptase and matrix metalloproteinases
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(Bradding et al.,, 2006). Upon activation, eosinophils release a number of cytokines,
chemokines, and preformed granule proteins and tissue-damaging superoxides that
mediate inflammation and combat helminth worm infections (Kariyawasam and
Robinson, 2006). Eosinophils play a key role in airway hyperreactivity that will be
discussed further below in the section on airway hyperreactivity. Consequences of
the asthmatic inflammatory response include excessive mucus secretion and edema,
epithelial cell damage, remodeling and thickening of the airway wall, and immune
cell infiltration (Holgate, 2008). These are all factors causing airway obstruction,

resulting in difficulty breathing.

Th2-type immunity describes a specific immune environment characterized in large
part by a subtype of CD4+ T helper lymphocytes and the specific cytokines they
produce. This immune environment is well suited for host immunity to extracellular
parasites, such as helminths (Paul and Zhu, 2010). The Tr2 phenotype of T helper
lymphocytes is characterized by T cells that express the CCR4 chemokine receptor
and release the cytokines interleukin (IL)-4, IL-5, IL-9, and IL-13. Among other
effects, IL-4 and IL-13 facilitate class switching of B cell antibodies to IgE (Larche et
al,, 2003). IL-5 recruits eosinophils to the lungs (Robinson et al.,, 1999), and IL-9 is
involved in mast cell recruitment to the lungs (Paul and Zhu, 2010). Though the
environment is categorized by T helper cell subtype, other immune cells, epithelial
cells, nerves, and smooth muscle cells in the airways can release cytokines
contributing to the Tn2 immune environment. Allergy and asthma are often
correlated and both are categorized as Th2 diseases. It should be noted that the

distinction of asthma as a purely Ti2 disease is an oversimplification, as the immune
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system is a complex network of regulatory systems. In fact, T lymphocytes of the Tn1
subtype that secrete TNF-a and interferon-y contribute significantly to tissue
damage associated with severe asthma, particularly in response to virus infection
(O'Sullivan, 2005). Overall, however, airway environments with Th2-polarized
immune responses are characterized by allergy, eosinophilia, mucus secretion,
goblet cell hyperplasia, airway hyperreactivity, and airway remodeling,

characteristics also attributed to asthma (Kim et al., 2010).

The Tnl immune environment is characterized by cytokines secreted by T helper
type 1 lymphocytes, such as type I interferons, TNF-a, and IL-10. The Th1 immune
environment is particularly suited for combating virus or intracellular microbe
infections, as opposed to the extracellular parasites for which the Th2 immune
environment is suited. By the action of cytotoxic CD8+ T cells and interferon-y and
TNF-a secreting Tr1-type CD4+ T helper lymphocytes, virus infected cells in the
airways are recognized and killed (Papadopoulos et al., 2007). Some consider
asthma and allergic disease to be a problem in the balance in the Ty2 and Tr1
immune environments, with skewing towards a more Th2-dominated environment
(Vandenbulcke et al., 2006). In fact proponents of the ‘hygiene hypothesis’ attribute
the increase in allergic diseases and asthma with increased cleanliness and
sterilization due to a lack of exposure to infectious pathogens (Hertzen, 1998). The
result is skewing away from a Th1-type and towards a Th2-type immune
environment. This is in some contradiction to others who believe that early-life

virus infections predispose individuals to asthma development discussed later in
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this section (Mallia and Johnston, 2002). However, these theories can be unified by

contributions from other genetic and environmental factors.

In response to tissue damage from a wide range of insults from microbial to
environmental, the airway tissue needs to repair itself. Tissue repair is a beneficial
result of normal inflammation in response to tissue damage. There is excessive
damage and shedding of the airway epithelium in the asthmatic condition (Carroll et
al., 1993). The subsequent airway repair, however, is dysfunctional, and aberrant
repair leads to airway remodeling, resulting in a different airway composition
compared to prior to the damage (Holgate, 2008). T12 cytokines are associated with
aberrant tissue repair. As these cytokines are often upregulated in asthmatic
airways, they are an explanation for the excessive airway remodeling. Persistent
inflammation in response to these cytokines leads to the release of a number of
growth factors leading to airway remodeling (Holgate et al.,, 2001). As the name
“airway remodeling” implies, the lung was originally modeled in development, and
many growth factors that are over- or aberrantly expressed are the same growth
factors that guide development of the fetal lung (Jeffery, 2001). They are,
furthermore, characteristic of wound healing that is necessary in response to airway
tissue injury, but it is the persistence of the remodeling components that is

pathogenic in asthma (Jeffery, 2001).

In asthmatics, aberrant airway remodeling results in mucus gland, airway smooth
muscle, goblet cell, and epithelial hypertrophy and hyperplasia, as well as increased

deposition of extracellular matrix components, resulting in thickening of the airway
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wall and thinning of the airway lumen, contributing to the severity of the disease
(Bumbacea et al., 2004). Subepithelial fibrosis from the increased deposition of
extracellular matrix components alters the integrity and function of the overlying
epithelium (Jeffery, 2001). Goblet cell metaplasia from dedifferentiated preexisting
epithelial cells increases the number of goblet cells and subsequently increases
mucus secretion (Curran and Cohn, 2009). Airway smooth muscle mass is increased
in asthmatic airways due to hyperplasia and hypertrophy (Ebina et al., 1993), but
also potentially due to migration of dedifferentiated fibromyocytes and reduced
apoptosis of smooth muscle cells (Gizycki et al.,, 1997; Martin and Ramos-Barbon,
2003). Neuroplastic changes are also observed with potential physical increases in
sensory nerve innervation as well as changes in the phenotype and function of the
efferent nerves (Fryer and Jacoby, 2002; Nassenstein et al.,, 2006). An increase in
sensory nerve innervation may result in excessive mucus secretion and

bronchoconstriction.

As stated above, inflammation and hyperreactivity are interdependent components
of asthma, and the persistent influx of immune cells and constant exposure to
inflammatory mediators contribute to the physical and functional remodeling of the

lungs that result in airway hyperreactivity and airflow obstruction.

Airway hyperreactivity

[ humans with asthma, a number of mechanisms contribute to airway
hyperreactivity, defined by airway narrowing in response to stimuli that evoke little

or no airway narrowing in healthy subjects. These include thickening of the airway
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wall, which changes the contractile properties of the airway; smooth muscle
hypertrophy or increased calcium sensitivity, which increase smooth muscle
contraction to equivalent stimuli; increased sensitivity of sensory nerves, which
subsequently increases the activity of the efferent reflex parasympathetic
contractile innervation; or direct changes in efferent parasympathetic or non-
adrenergic non-cholinergic nerve function (Fryer and Jacoby, 2002; McParland et al,,
2003; Wang et al,, 2003; Black, 2004). Symptoms of acute exacerbations of airway
hyperreactivity include shortness of breath, cough, wheezing, and chest tightness

(Mallia et al., 2007).

Eosinophils and airway hyperreactivity

Because of its direct application to work in this thesis, the rest of this section will
focus on eosinophil-mediated changes in efferent parasympathetic nerve function as
a mechanism that results in airway hyperreactivity. The work in this thesis will add
a new proposed mechanism of airway hyperreactivity in asthmatic airways, while
contributing to what is already known about normal airway physiology and
maintaining a role for eosinophil-mediated airway hyperreactivity. It should be
stated, however, that a large number of asthmatics are refractory to anti-
inflammatory therapies, suggesting mechanisms of airway hyperreactivity inherent

to non-immune resident cells in the lung (Brusasco et al., 1998; Crimi et al., 1998).

Airway parasympathetic nerves induce contraction of airway smooth muscle by the
release of acetylcholine onto M3 muscarinic receptors on the airway smooth muscle.

In a self-regulatory system of autoinhibition, acetylcholine also acts through
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inhibitory M2 muscarinic receptors on the airway parasympathetic neurons,
limiting further acetylcholine release from the nerve terminal, in effect limiting
contraction of the airway smooth muscle (Fryer and Maclagan, 1984, 1987a, b)
(Figure 1.4A). Airway eosinophilia is a hallmark of asthma. Increased eosinophil
numbers are found in the sputum or biopsies of the majority of asthma cases, and
around the airway nerves of humans who died of asthma (Costello et al., 1997; Kay,
2005; Lemiere et al., 2006). The eosinophils chemotax to the airway nerves in
response to chemokines that bind CCR3 on the eosinophils (Fryer et al., 2006). Upon
reaching the nerve and binding to ICAM, the airway eosinophil is activated and
releases preformed granule proteins, such as major basic protein (Sawatzky et al.,
2002; Nie et al.,, 2007). Major basic protein is found deposited throughout the
airways of humans who died of asthma (Costello et al., 1997). Eosinophil activation
at the nerve can be triggered by virus infection, antigen inhalation in pre-sensitized
airways, or ozone exposure, all known causes of asthma exacerbations discussed in
the next section (Evans et al.,, 1997; Adamko et al., 1999; Yost et al., 2005; Proskocil
et al.,, 2008). Major basic protein released by the activated eosinophils is an
allosteric M2 muscarinic receptor antagonist. Its action at airway parasympathetic
nerves results in more acetylcholine release and more bronchoconstriction (Jacoby
et al,, 1993). Eosinophil-mediated airway dysfunction can be inhibited with an
antibody against IL-5, a cytokine for eosinophil recruitment and maturation, as well
as by antibody or heparin-mediated charge neutralization of major basic protein

(Fryer and Jacoby, 1992; Jacoby et al,, 1993; Adamko et al,, 1999) (Figure 1.4B). IL-5
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is a Th2 cytokine, again emphasizing the role of this type of immune environment in

asthma pathology.

2. Causes of disease development and exacerbations

Factors contributing to the pathogenesis of asthma include genetic factors, such as
predisposition to allergy or obesity, as well as environmental factors, such as
allergens, infections, pollutants, cigarette smoke, occupational exposures, and diet.
These factors probably operate in distinct mechanisms but converge on final
common pathways that result in the airway inflammation, bronchoconstriction, and
airflow obstruction of asthma. For example, some pathogens might trigger a more
neutrophilic inflammation and allergens a more eosinophilic inflammation, while
oxidant pollution directly inflames airway epithelium. All of these pathways can
converge on asthmatic airway inflammation and hyperreactivity. While this is an
oversimplification, it is in this way that asthma is considered a very heterogeneous
disease. This section will briefly discuss some of the known triggers of asthma

exacerbations, with particular attention given to respiratory virus infections.

Allergy

Allergy plays a central role in asthma. More than 80% of children with asthma are
sensitized to environmental allergens (Singh and Busse, 2006). Again in support of
an association of the Th2-type immune environment in the lungs with asthma,
allergy is categorized as a Tn2 disease, and prolonged exposure to aerosolized
allergens results in Th2-driven allergic inflammation of the airways (Peden, 2001).

Common allergens include pollen, fungi, mites, dust, and pets. Following an allergen
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challenge, the asthmatic airway is characterized by eosinophilic inflammation and
elevated levels of the Tn2 cytokines IL-5 and IL-13 (Singh and Busse, 2006). The
role of eosinophils in the exacerbation of asthma was described above. The role of
allergy in asthma might be to set the immune environment that amplifies the effects
of other asthma exacerbating insults, so that the inflammatory effects are more
severe. The subsequent insult could be exposure to the sensitizing allergen, virus

infection, or pollutants.

Respiratory viruses

In a study of asthma in 9 to 11 year old children, up to 85% of exacerbations defined
by excessive wheezing, cough, and fall in peak expiratory airflow, had upper
respiratory virus infections as determined by polymerase chain reaction (Johnston
et al.,, 1995). These infections were predominantly attributed to rhinovirus, a
picornavirus, which is associated with the common cold. In studies in adults that
experienced an asthma exacerbation, as defined as a decrease in peak expiratory
flow rates, 57% of the patients had virus upper respiratory infections, mostly
attributed to rhinovirus (Nicholson et al., 1993). Furthermore, the rate of hospital
admission for asthma attacks closely correlates with the seasonal pattern of
rhinovirus infections (Johnston et al., 1996). Other studies suggest that as many as
80% of adult asthma exacerbations are likely associated with respiratory virus
infections (Minor et al., 1976). Though these studies focused on respiratory virus
infections of the upper airways, rhinovirus infection can spread to the lower

airways, and it is proposed that this might account for more sever asthma

36



symptoms (Mosser et al., 2002; Singh and Busse, 2006). Other respiratory viruses
associated with asthma exacerbations include coronavirus, influenza, parainfluenza,
and respiratory syncytial virus (Johnston et al,, 1995). These are all viruses that

have a single stranded RNA (ssRNA) genome.

The airway epithelium is the primary site of entry for respiratory viruses
(Papadopoulos et al., 2000). The viruses continue to replicate with virus shedding
and infection of neighboring cells. The epithelial cells release cytokines and signal
the presence of the virus infection, triggering an immune response to combat and
clear the infection (Jacoby, 2002). Respiratory viruses can also enter and replicate in
alveolar macrophages contributing further immune surveillance and releasing

cytokines to signal the presence of a virus infection (Cirino et al., 1993).

Both healthy humans and humans with asthma are infected by and clear respiratory
virus infections, but the symptoms are much more severe in humans with asthma. In
support of the skewing of the airway immune environment towards a Tn2 allergic
environment as a factor in asthma severity, it was found that rhinovirus shedding
and symptom severity were directly correlated with the Th2-type cytokine IL-5, but
inversely correlated with the Tn1-type cytokine interferon-y (Gern et al., 2000;
Parry et al., 2000). This supports the idea that while both allergy and viruses
exacerbate asthma, exacerbation by a virus infection might be more potent in an
already allergic environment. Conversely, the virus infection might potentiate
subsequent allergic responses (Lemanske et al., 1989). This tells us the importance

of the cytokines and cell types in the immune environment, but tells us little about
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the direct mechanisms mediating the asthma symptoms. Answering the question of
why the symptoms are so much more severe and result in exacerbations in the

asthmatic conditions is a focus of the work in this thesis.

Some of the proposed mechanisms of virus-mediated airway hyperreactivity in
asthma are described here. Neutral endopeptidase activity in the epithelium is
reduced during respiratory virus infection. Neutral endopeptidase in the airways
inactivates tachykinins, such as substance P, which are non-adrenergic non-
cholinergic peptide transmitters released from sensory nerves that induce airway
smooth muscle contraction, recruit lymphocytes, and stimulate mucus secretion
through neurokinin receptors. As activity of this enzyme is reduced during
respiratory virus infection, there is reduced inactivation of contractile tachykinins,
allowing their effects to persist (Jacoby et al., 1988; Dusser et al., 1989). Histamine
also induces reflex bronchoconstriction. Virus infections can reduce the activity of
histamine N-methyltransferase, which inactivates histamine (Nakazawa et al.,
1994). The result is increased histamine persistence in the airway and increased
bronchoconstriction. Viruses can potentiate [gE-mediated histamine release from
basophils and mast cells in the airways (Ogunbiyi et al., 1988; Clementsen et al.,
1991). Virus-mediated potentiation of 5-lipoxygenase increases the production of
contractile leukotrienes lipid mediators described earlier (Seymour et al., 2002).
Decreased non-adrenergic non-cholinergic nerve function in response to virus
infection can reduce the bronchodilating effects of nitric oxide and vasoactive
intestinal peptide (Folkerts et al., 1998). Epithelial damage in response to virus

infection can occlude the airways with cellular debris, as well as expose sensory
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nerve endings, increasing the sensory-mediated reflex bronchoconstriction

described earlier (Papadopoulos et al., 2007).

As previously described, asthma is associated with a pathological skewing of the
immune environment away from an antiviral Th1-type towards a Th2-type.
Regardless of other Th2-type allergic symptoms, the reduced ability to combat virus
infections in the Th2-type environment is also proposed for the more severe and
longer sustained symptoms of respiratory virus infections (Wark et al., 2005). For
example, viruses could persist due to reduction of interferons characteristic of the
Tnl-type immune response (Graham et al.,, 1994). Interferons are particularly well
suited to combat virus infection by priming cells to inhibit infection and replication

of the virus (Contoli et al., 2006).

In a previous section, a mechanism of eosinophil-mediated airway hyperactivity was
described. A virus-induced increase in intercellular adhesion molecule expression
on airway effector structures can increase eosinophil recruitment (Papi and
Johnston, 1999; Grunberg et al., 2000). Virus-induced eosinophil activation can
trigger airway hyperreactivity by causing dysfunction of prejunctional M2
muscarinic receptor on parasympathetic nerve terminals (Adamko et al., 1999).
Reduced M2 muscarinic receptor function might also occur by reduced M2 receptor
expression in response to virus infection or interferon signaling, or direct
modification of the receptor by the activity of viral neuraminidase (Fryer et al.,

1990; Fryer and Jacoby, 1991; Jacoby et al., 1998).
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Although eosinophils can be activated by virus to mediate airway hyperreactivity, it
is important to note that eosinophils also exert potent antiviral properties (Adamko
et al, 1999). This presents an interesting conundrum that emphasizes the
complexity of the immune system and the limitations of oversimplified
interpretations. Eosinophilia and asthma are associated with Trn2-type immune
responses, but eosinophils themselves are potent antiviral effector cells, which is a
property of a Th1-type immune response. Furthermore, allergic eosinophil
activation, responsible for M2 muscarinic receptor dysfunction, is associated with
Th2 responses, but virus infections induce interferon production associated with Tin1
responses that can also reduce M2 muscarinic receptor function (Fryer et al., 1990;
Jacoby et al., 1998). This emphasizes the need to consider a more complex spectrum
of immune phenotypes rather than absolute definitions of immune environments. It
further emphasizes the need to consider functional changes in immune cells, such as
the eosinophils, under different conditions, rather than attributing the presence of a
particular cell type to an absolute type of immune response, suggesting that

eosinophil subtypes may mediate different responses.

Bacterial infections of the respiratory tract, such as Mycoplasma pneumoniae and
Chlamydia pneumoniae, are also associated with asthma exacerbations, but are not

the focus of this work (Johnston and Martin, 2005).

Pollution

Pollutants associated with asthma exacerbations include tobacco smoke, ozone, and

organophosphorus pesticides (Bernstein et al., 2004; Brims and Chauhan, 2005).
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Occupational exposures to a number of chemical and animal products add to the
growing list of agents that exacerbate asthma (Mapp et al., 2005). As they are not
the focus of the work in this thesis, they will not be discussed further. However, it
should be stated again that asthma is a heterogeneous disease with common
symptoms in part driven by ubiquitous mechanisms of airway physiology, so
proposed therapies that arise from the work in this thesis, though discovered in a
context of virus-induced asthma, might extend to multiple types of asthmatic airway
dysfunction. Furthermore, as the effects of virus infection might be amplified in an
allergic immune environment, the effects of virus infections can be ampli