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Summary

Asthma 1s a disease with a worldwide distribution and of increasing prevalence. There
are two forms of the disease; intrinsic, which is believed to follow a Thl cytokine
profile and extrinsic, which follows a Th2 response. A problem with many current
treatments is the side effects they cause at high doses. For this reason, a number of
novel compounds were evaluated in animal models of delayed type hypersensitivity

(DTH) and asthma.

In extrinsic asthma, an allergen stimulates a Th2 response, IgE production from B
cells and mast cell degranulation, causing the release of eicosanoids and various
cytokines. This stimulates the recruitment of leukocytes such as eosinophils and
neutrophils to the lungs and ultimately leads to hypersensitivity of the airways.
Bronchial hyper-reactivity also occurs following leukocyte recruitment in intrinsic
asthma although it may follow a Thl response and has not been shown to involve

mast cells or IgE production.

A number of novel compounds were tested in three animal models of DTH, namely;
the methylated bovine serum albumin (mBSA) model, the sheep red blood cell
(SRBC) model and the oxazolone model. 3C8 and 3C9 potently reduced inflammation
in both the mBSA and SRBC models (P<0.05). Since a Thl response is generated in
each model, such compounds may be useful in treating intrinsic asthma. Compounds
were next evaluated in rat and mouse models of asthma. While many animal models
of extrinsic asthma have been established by generating a Th2 response, the addition

of Freunds complete adjuvant containing Mycobacterium tuberculosis (FCA(T)) as a
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Thl inducer would hopefully enable us to mimic the intrinsic form of the disease.
Sensitising animals to OVA using AIOH as a Th2 inducer and FCA(T) as a Thl
inducer would hopefully mimic extrinsic and intrinsic asthma respectively. A third
model was set up using both adjuvants for sensitisation, which would theoretically
generate a mixed Th1/Th2 response. 3C8 potently reduced bronchoalveolar lavage
(BAL) fluid eosinophil levels in both the Th2 and mixed Th1/Th2 models in rats and
mice (P<0.05). This is of particular significance due to the role that eosinophils play
in the pathogenesis of asthma through the release of various cytotoxic proteins,
eicosanoids and cytokines. Eosinophil peroxidase (EPO) and neutrophil
myeloperoxidase (MPO) levels generally correlated well with levels of eosinophils

and neutrophils, from which they originate.

Levels of the cytokines interleukin-4 (interleukin; IL), IL-5, IL-10 and interferon
gamma (IFNy) were measured in mouse BAL fluid and lung extracts. 3C8 and 3C9
reduced levels of all four cytokines in one or both asthmatic models (Th2 and mixed
Th1/Th2), with 3C8 found to significantly reduce levels of all four cytokines in the
mixed response model, and 3C9 having this effect in the Th2 model (P<0.05). This
highlights the potential suitability of these compounds for the treatment of asthma,
particularly due to the significant role of IL-4 in the Th2 response and IFNy in the

Th1 response.

Results for these novel compounds, in particular 3C8 and 3C9, are very promising.
Due to their significant impact on both Th1 and Th2 models, they may be suitable for
treating asthma, organ transplantation rejection and autoimmune diseases such as

rheumatoid arthritis and multiple sclerosis.
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Chapter 1: Introduction

Extrinsic and intrinsic asthma are believed to involve a Th2 and Th1 cytokine profile
respectively. This concept and the aetiology of both forms of the disease will be
detailed later on. Delayed type hypersensitivity (DTH) responses, as explained in
section 1.5, generally involve a Thl response and are often used to examine T cell
mediated immune responses in vivo. There may therefore be a link between intrinsic
asthma, also thought to involve a Thl response, and DTH. For this reason, animal
DTH models were, in addition to animal models of both forms of asthma, used to

examine the effects of the test compounds.

1.1: Asthma

Asthma is a chronic inflammatory disease, which despite our improving knowledge,
is increasing in terms of its prevalence and mortality in many countries (Sidebotham,
Roche 2003; Pallapies 2006). The incidence of asthma has increased by almost two-
fold in the past two decades (Umetsu, Mclintire et al. 2002). It is the most common
chronic inflammatory disorder of the airways, affecting approximately twenty million
Americans, one third of whom are children. The prevalence of asthma has increased
dramatically in developed countries in the past decade, killing around five thousand
annually in the United States (Bharadwaj and Agrawal 2004). The highest incidence
of the disease in adults aged between 18 and 44 years old occurs in Ireland, where
there are approximately 400,000 sufferers in total. Asthma is defined as

bronchoconstriction and inflammation, which is reversible with time or with



treatment, ultimately leading to hypersensitivity of the airways. Patients suffer from
eosinophilic inflammation, mucus hypersecretion, reversible airflow limitation,
wheezing and coughing (Holgate 1993; Bochner, Undem et al. 1994; Busse, Neaville

2001).

There are two clinically defined forms of asthma; intrinsic and extrinsic. Intrinsic
asthma 1s associated with a Thl (Th; T Helper Cell) type cytokine profile whereas
extrinsic asthma follows a Th2 cytokine profile (Virchow, Kroegel et al. 1996).
Sufferers of both forms of asthma experience bronchoconstriction as well as epithelial
shedding, tissue remodelling and influx of inflammatory cells, particularly eosinophils
to the lungs. Eosinophils contribute further to the inflammatory process though the
release of cytotoxic proteins, cytokines and leukotrienes and are believed to contribute

largely to the development of airway hyper-responsiveness (AHR).

1.1.1: Clinical signs And Background

1.1.1.1 Extrinsic Asthma

Extrinsic asthma is also referred to as allergic or atopic asthma because patients show
a positive result to skin prick tests to common aeroallergens, resulting in IgE
production (Johansson, Hourihane et al. 2001). Sufferers experience coughing and
wheezing as a result of airflow limitation and mucus production, caused in part by the
influx of inflammatory cells (Holgate 1993; Bochner, Undem et al. 1994). It has an
early and a late phase. The early phase involves the stimulation of the Th2 response,

immunoglobulin E (immunoglobulin; Ig) production from the B cells and mast cell



degranulation, leading to bronchoconstriction, vasodilation, increased capillary
permeability and chemotaxis. This early phase occurs within five to fifteen minutes of
exposure and lasts for up to an hour. The late phase involves the influx of the
inflammatory cells, such as the eosinophils, leading to mucus hypersecretion,
epithelial shedding and bronchial hyper-reactivity. This occurs two to six hours after
exposure, peaking at about nine hours, with the airway obstruction resolved in twelve

to twenty four hours (Peters, Zangrilli et al. 1998; Varner, Lemanske 2000).

1.1.1.2 Intrinsic Asthma

Less is known about the intrinsic form of the disease. Intrinsic (or non-allergic, non-
atopic) asthma usually develops later on in life and is associated with female
predominance and a greater degree of severity (Rackeman 1947; Bentley, Menz et al.
1992; Humbert, Grant et al. 1996; Romanet-Manent, Charpin et al. 2002). It has been
reported that intrinsic asthma comprises approximately 10% of the total asthmatic
population. However, according to the Swiss SAPALDIA survey which included
more than eight thousand adults between eighteen and sixty years of age, one third of
the asthmatic population was intrinsic (Godard, Bousquet et al. 1997, Wuthrich,

Schindler et al. 1995).

As is the case in patients with extrinsic asthma, there is an influx of inflammatory
cells, in particular eosinophils to the lungs as well as epithelial shedding, tissue
remodelling and the development of AHR. Sufferers have more prominent
eosinophilia than extrinsic asthmatics, with more severe symptoms and a worse

prognosis. They also show a negative result to skin prick tests to common allergens



such as dust mites and grass pollen. This is a widely accepted method for
distinguishing intrinsic or non-allergic asthma from extrinsic or allergic asthma

(Romanet-Manent, Charpin et al. 2002).

1.1.2 Aetiology

1.1.2.1 Extrinsic Asthma

There are many possible causes for extrinsic asthma, one major factor being
immediate hypersensitivity to allergens such as dust mites and pollen. There is also a
significant genetic predisposition to the development of asthma in humans, with
monozygotic twins of sufferers being four times more likely to develop the disease,
and dizygotic twins being twice as likely to have asthma compared to the general
population (Duffy, Martin et al. 1990). Respiratory syncytial virus (RSV)-induced
bronchiolitis in infants is associated with an increased risk of asthma development
(Sigurs, Bjarnason et al. 1995; Stein, Sherrill et al. 1999). This may be related to the
fact that IFNy secretion in the peripheral blood mononuclear cells of these patients is
reduced (Renzi, Turgeon et al. 1999). IFNy downregulates IL-4 production and
receptor expression, therefore inhibiting the Th2 response (Paludan 1998). Thus, a
reduced production of IFNy as seen in patients with RSV-induced bronchiolitis may

facilitate the Th2 response and the development of extrinsic asthma.

As stated earlier, extrinsic asthma can be divided into the early phase and the late
phase response. The early phase occurs following allergen exposure in a sensitised

asthmatic patient. It involves the initiation of the Th2 response, leading to IgE



production from the B cells and subsequent mast cell degranulation. A number of
inflammatory mediators are then released from the mast cells, including histamine,
eicosanoids and cytokines such as IL-3, IL-4, IL-5, IL-6, GM-CSF and TNFa. The
result is bronchoconstriction, vasodilation, increased capillary permeability and
chemoxtaxis. This early phase occurs within five to fifteen minutes of exposure,

lasting for up to an hour.

Two to six hours after exposure, the late phase occurs and lasts for twelve to twenty-
four hours. This involves the influx of the inflammatory cells (eosinophils,
neutrophils, monocytes, macrophages, T lymphocytes), leading to mucus
hypersecretion, epithelial shedding and bronchial hyper-reactivity (Peters, Zangrilli et

al. 1998; Varner, Lemanske 2000).

1.1.2.1.1 Early Phase

1.1.2.1.1.1 Th2 response and IgE production from B cells

The presentation of antigen, stimulation of the Th2 response and subsequent isotope
switching of the B cells to produce IgE is illustrated in figure 1.1.2.1.1.1. Upon
allergen exposure, the antigen is processed by an antigen presenting cell (APC).
Examples of such cells include macrophages, monocytes, dendritic cells, Langerhans
cells and B lymphocytes. Fragments of the antigen bind to the major
histocompatibility complex (MHC) molecules of the APC, forming the antigen-MHC
class two complex. This complex interacts with the T cell receptor (TCR) of the naive

T helper cell (ThO cell). IL-4 is produced and released from the ThO cell, stimulating



the maturation and proliferation of Th2 cells. More IL-4 is then produced from the
Th2 cells, along with the cytokines IL-3, IL-5, IL-6, IL-9, IL-10, IL-13 and GM-CSF
(Krishna, Chauhan et al. 1996). IL-4 is the main cytokine involved in the stimulation
of the Th2 response. It is also one of the most crucial components in stimulating the
isotope switching of the B cells to produce IgE and plays a role in upregulating the
endothelial adhesion molecules necessary for leukocyte recruitment in the late phase
(Vercelli, Geha 1992; Herz, Bunikowski et al. 1998). IL-5, IL-6 and IL-13 also
contribute to the differentiation of the B cells to IgE producing cells. IL-5 may have
an additive effect (Pene, Rousset et al. 1988) while IL-6 appears to have an obligatory
effect on IL-4-induced IgE production (Lacy, Levi-Schaffer et al. 1998). IL-13 can
stimulate B cell growth and differentiation with equal potency to I1L-4 although IL-4
can stimulate greater IgE production. It may act to sustain IgE production when IL-4
has been downregulated since it is produced earlier from the Th2 cells and sustained
for longer than IL-4 (Robinson 1996; Bousquet, Yssel et al. 1997). Apart from these
cytokines, a T cell-B cell interaction is also necessary for IgE production, allowing for

a second signal to be sent from the T cell to the B cell (Krishna, Chauhan et al. 1996).



Figure 1.1.2.1.1.1: Stimulation of the Th2 response and subsequent IgE

production from B cells
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1.1.2.1.1.2 Mast Cell Degranulation Pathway

Following production of the IgE specific to the antigen, the antigen-IgE complex is
formed and cross links with the FCeRI mast cell receptor. This triggers a chain of
events leading to degranulation of the mast cells and the release of inflammatory
mediators (Kobayashi, Ishizuka et al. 2000; Galli, Wedemeyer et al. 2002). This mast

cell degranulation pathway is illustrated in figure 1.1.2.1.1.2. Following cross



linkage, protein tyrosine phosphorylation takes place, occuring within five to fifteen
seconds (Benhamou and Siraganian 1992; Hamawy, Mergenhagen et al. 1995;
Suzuki, Takei et al. 1997). The B and y subunits of the FCegRI receptor are
phosphorylated at the tyrosine residue by a tyrosine kinase called lyn. Lyn then
phosphorylates another tyrosine kinase called syk, thus activating syk which activates
phospholipase Cy (PLCy), again via phosphorylation. PLCy catalyses the hydrolysis
of phosphatidylinositol (PI) to phosphatidylinositol bisphosphate (PIP,), which is
converted to inositol triphosphate (IP3) and diacylglycerol (DAG). IP; acts on the
endoplasmic reticulum (ER), causing an increase in intracellular calcium (i.c. Ca").
Following the mobilisation of the Ca®' from i.c. stores, possibly by means of
sphingosine-1-phosphate (S1P) (Choi, Kim et al. 1996), more Ca’’ enters from
extracellular (e.c.) sources by means of the calcium release-activated calcium
channels (CRAC) and this is chloride ion (CI') dependant. The calcium/calmodulin
complex is then formed, which activates Ca®' dependant enzymes. These enzymes,
together with DAG activate protein kinase C (PKC), which activates a degranulating

protein by means of phosphorylation, leading to mast cell degranulation.



Figure 1.1.2.1.1.2: Mast cell degranulation pathway

ﬂ/,{////////

Calcium/Calmodulin Calcium dependant
Conplex enzymes $
>
a
Degranulating
Protein
Mast Cell
Degranulation
Preformed mediators Newly Formed Mediators
(Histamine, Tryptase) (Arachidonic Acid, PAF)

[Adapted from (Benhamou and Siraganian 1992; Hamawy, Mergenhagen et al. 1995;

Bondeson 1997)]



1.1.2.1.1.3 Formation of Mast cell Products

Following degranulation, a number of preformed and newly formed mediators are
released from the mast cells. This is again illustrated in figure 1.1.2.1.1.2. Preformed
mediators include histamine and tryptase. Newly formed mediators come from the
breakdown of the membrane phospholipids to arachidonic acid (AA) and platelet
activating factor (PAF), either by phospholipase A, (PLA,) in a Ca’' dependant
manner or through the phospholipase D- phosphatidate phosphohydrolase-
diacylglycerol lipase (PLD-PAPase-DAG lipase) pathway. AA can be further broken
down through the cyclo-oxygenase (COX) pathway, forming the prostaglandins (PGs)
and thromboxanes (TXs), or though the 5-Lipoxygenase (5-LO) pathway, forming the
leukotrienes (Bell, Harris et al. 1997; Lazarus 1998). These two pathways for AA
breakdown are illustrated in figure 1.1.2.1.1.3. 5-LO, once activated by 5-
Lipoxygenase Activating Protein (FLAP), breaks down the AA to leukotriene A4
(leukotriene; LT). This can be converted to LTB4 by LTA4 hydrolase, or to LTC,4 by
LTC,4 synthase. LTC4 can be further broken down to LTD,4 and then LTE4. These
three LTs (LTC4, D4 and E,) are the cysteinyl leukotrienes (cLTs). They were
originally termed the slow-reacting substance of anaphylaxis due to the slow onset but
prolonged and powerful contractions they caused upon allergen challenge in guinea
pig ileum as opposed to the rapid onset but brief contractions caused by histamine

(Lazarus 1998).
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Figure 1.1.2.1.1.3: Arachidonic Acid formation and breakdown through the

COX and 5-LO pathways in mast cells
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1.1.2.1.1.4 The role of Mast cell Products in the Early Phase

The preformed product histamine, released from the mast cells upon degranulation
causes bronchoconstriction through HI1 receptor stimulation, and also causes
vasodilation and increased capillary permeability (early phase characteristics). The
cLTs are potent bronchoconstrictors, with over a thousand times greater potency than
histamine and the PGs. TXA, is a potent vasoconstrictor while PGE, is a vasodilator
which also increases vascular permeability and inhibits T-cell proliferation and
production of the Thl cytokine IL-2 (Chouaib, Welte et al. 1985). PGE, can also
inhibit the induction of TNFa, a pro-inflammatory cytokine that plays a crucial role in

leukocyte recruitment in the late phase.

1.1.2.1.1.5 Bronchoconstriction

Calcium and calmodulin are essential for smooth muscle contraction. The
calcium/calmodulin  complex activates myosin light chain kinase, which
phosphorylates light chain myosin. This results in cross bridging between actin and
myosin and therefore smooth muscle contraction. The calcium/calmodulin complex is
formed through a similar pathway as was already described for mast cell
degranulation. This involves the activation of PLC, which catalyses the hydrolysis of
PI, leading to IP3 and DAG production. In this case however, the trigger for PLC
activation is different and involves receptor operated calcium channels (ROCs).
Following binding of a bronchoconstrictor to a ROC, (for example the histamine H1
and leukotriene cys-LT1 receptors), the active form of the G-protein coupled receptor

is formed. This involves the replacement of guanine diphosphate (GDP) with guanine
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triphosphate (GTP), the dissociation of the 3 and y subunits of the receptor and

formation of the GTP-a subunit. The active GTP-a stimulates PLC.

The resulting IP; causes the initial large rapid contraction by acting on the ER and
increasing i.c. Ca’’. The contraction is sustained due to PKC, which is in turn
activated by DAG and calcium dependant enzymes. PKC enhances the sensitivity to
calcium, possibly by phosphorylating the contractile proteins. Depletion of 1i.c.
calcium reduces the membrane potential, allowing for further calcium influx, thus
also contributing to the sustained contraction (Ahmed, Foster et al. 1984; Hall,
Donaldson et al. 1989). Depolarisation of the membrane as caused by KCL can also
cause bronchoconstriction by triggering the opening of voltage operated channels
(VOCs) (Foster, Okpalugo et al. 1984; Ahmed, Foster et al. 1985). This leads to

calcium influx and contraction in the same way as for ROC-mediated contractions.

1.1.2.1.2 Late Phase

The late phase, which lasts for twelve to twenty-four hours involves the recruitment of
leukocytes by means of rolling, activation, firm adhesion and trans-endothelial
migration (Sallusto, Lanzavecchia et al. 1998). The result of this is mucus
hypersecretion, epithelial shedding, subepithelial fibrosis, tissue remodelling and the
development of bronchial hyper-reactivity (Peters, Zangrilli et al. 1998; Varner,
Lemanske 2000). This hypersensitivity of the airways applies to a range of agents
including bronchoconstrictors, cold air, ozone, pollutants and methacholine (Blease,
Lukacs et al. 2000). Factors involved include cytokines such as IL-3, IL-4, IL-5, IL-6,

GM-CSF and TNFa, the eicosanoids and NO, as explained in section 1.1.2.1.2.1.
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Eosinophil derived mediators such as ECP and MBP also play a role and are believed
to contribute to the development of AHR. This is explained in more detail in section

1.1.2.4.1.

1.1.2.1.2.1 The role of Mast cell Products in the Late Phase

Cytokines produced from the mast cells include IL-3, IL-4, IL-5, IL-6, GM-CSF and
TNFa. These cytokines along with many other mast cell products contribute to the
development of the late phase response, involving leukocyte recruitment and the
development of AHR, as illustrated in figure 1.1.2.1.2.1. PAF and LTB, increase
leukocyte adherance (Bochner 1997), while PAF and the cLTS increase vascular
permeability (Dahlen, Bjork et al. 1981), allowing for migration of the leukocytes, all
of which contributes to leukocyte recruitment. Meanwhile, the PGs cause
vasodilation, allowing for a greater concentration of leukocytes at the site of
inflammation (Salmon and Higgs 1987; Miyake, Yamamoto et al. 1993). Tryptase, a
preformed mediator, may contribute to hypersensitivity. IL-3, IL-5 and GM-CSF are
eosinophil active cytokines, contributing to eosinophil differentation, activation and
survival. IL-5 is the most important of the three, acting specifically on mature
eosinophils, and also contributing to their chemotaxis and degranulation (Meng, Ying
et al. 1997). TNFa is a fibrogenic cytokine with many pro-inflammatory effects. It
upregulates the endothelial adhesion molecules necessary for leukocyte recruitment
(E-selectin, P-selectin, ICAM1 for lymphocytes, VCAMI1 for eosinophils, ELAMI
for neutrophils) (Krishna, Chauhan et al. 1996; Kumar, Dhawan et al. 1998) as well as
upregulating IL-5 production in T-lymphocytes, which as mentioned is the most

important of the eosinophil active cytokines. It also induces iNOS and increases
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COX2 activity. NO is produced as a result of iINOS and can cause epithelial damage.
This damage is greater when NO is converted to the peroxynitrite anion (OONO"),
which causes lipid oxidation, protein degradation and DNA damage. TNFa can also
contribute directly to the late phase response by affecting fibroblasts and assisting in
tissue remodelling. IL-4, the Th2 inducer, also contributes to the late phase response
through upregulating VCAMI1 (Krishna, Chauhan et al. 1996). VCAMI, which as
mentioned is also upregulated by TNFa, binds to VLA4 on the eosinophil surface for
eosinophil recruitment. Finally, IL-6 has positive feedback on the mast cells as well as

on eosinophils.
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Figure 1.1.2.1.2.1: Mast Cell Products and the Late Phase
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It is clear from this evidence that the mast cells play a crucial role in the development
of the allergic Th2 response in extrinsic asthma. Many of the mediators produced
upon mast cell degranulation in the early phase contribute to the late phase response,

including leukocyte recruitment and the development of bronchial hyper-reactivity.
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1.1.2.2 Intrinsic Asthma

Intrinsic asthma is also referred to as post-infectious asthma since it has been known
to develop following a viral respiratory tract infection. It is possible that the virus,
acting as an antigen, would stimulate IgE production from the B cells and
consequently lead to mast cell degranulation, as in the early phase of extrinsic asthma.
However, B cell and mast cell involvement are unfounded in intrinsic asthma, and IgE
levels specific to common allergens have not been found (Humbert, Menz et al.
1999). The exact cause of intrinsic asthma is unknown and could involve a hidden
allergen. The disease appears to follow a Thl type cytokine profile, involving
interferon gamma (IFNy), IL-2, IL-3, IL-5 and GM-CSF. The latter three cytokines
are the three main eosinophil active cytokines. This may indicate how hypersensitivity

develops in intrinsic asthma.

1.1.2.3 Cell infiltration

1.1.2.3.1 Extrinsic Asthma

As already mentioned, the late phase of extrinsic asthma involves the recruitment of
inflammatory cells such as neutrophils and eosinophils. The recruitment of leukocytes
involves a rolling phase, activation, firm adhesion to the endothelial cells and finally
migration to the site of inflammation. Factors involved in cell infiltration in extrinsic
asthma include cytokines such as TNFa, IL-4 and IL-5 as well as the PGs and LTs,

all of which are produced from the mast cells as mentioned in section 1.1.2.1.2.1.
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The rolling phase is a process involving adhesion molecules known as selectins. E-
selectin and P-selectin are endothelial adhesion molecules, which when upregulated
by TNFoa bind to corresponding leukocyte adhesion molecules. L-selectin, a
leukocyte adhesion molecule, is also involved in this process, the purpose of which is
to slow down the flow rate of the leukocytes, allowing them to be activated (Carlos,
Harlan et al. 1994; Kansas 1996). The selectins have been shown to play a vital role in
eosinophil recruitment, where antibodies directed against either L-selectin or a
combination of both E-selectin and P-selectin almost completely abolished eosinophil
recruitment in lipopolysaccharide (LPS)-injected mice (Henriques, Miotla et al.
1996). Endothelial chemokines bind to their receptors on the leukocyte surface,
thereby activating the leukocytes. Following activation by the chemokines, which
causes the shedding of L-selectin and upregulation of other leukocyte adhesion
molecules, integrin-mediated firm adhesion to the endothelial cells can take place
(Picker, Butcher 1992; Springer 1994). Leukocyte adhesion molecules upregulated
include LFA-1 and the eosinophil adhesion molecule VLA-4. These again bind to
corresponding endothelial adhesion molecules, ICAM-1 for LFA-1 and VCAM-1 for
VLA-4. Both ICAM-1 and VCAM-1 have been shown to be upregulated in the
airways following antigen c