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ABSTRACT

The incidence of allergic and autoimmune disease in the developed world has
increased dramatically in the past century. This has coincided with a reduction in
the incidence of infectious disease. The hygiene hypothesis suggests that
reduced exposure to infectious organisms, and in particular parasitic worms
(helminths), has led to disordered regulation of the immune system, and hence to
an increase in these inflammatory disorders. Infection with parasitic helminths
induces polarised Th2 immune responses but this is largely ineffective at clearing
the parasite. Indeed, the host remains remarkably tolerant to helminths. There is a
growing consensus that the host and parasite work in tandem to mediate this
effect, with the helminth benefiting through survival, while the host benefits from
not mounting destructive inflammatory reactions. Host immunity to helminths has
thus developed, perhaps through co-evolution with helminths, to limit pathology
and to balance immune resistance with susceptibility and immune pathology. In
recent years, it has been recognised that helminths not only suppress immune
responses against themselves, but promote an environment of general immune
suppression.There is now convincing epidemiological and experimental evidence
to suggest that parasitic helminth infections can prevent the induction of and
suppress the severity of autoimmune (Th1/Th17-mediated) and allergic disease
(Th2-mediated). This study identifies novel immunomodulatory mechanisms
utilised by the helminth parasite F. hepatica that mediate the suppression of
autoimmunity and allergy. Infection with Fasciola hepatica protects mice against
experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis,
mediated predominantly by Th17 cells. This protection was associated with the
recruitment of regulatory T cells and the production of the anti-inflammatory
cytokine, TGF-B. The excretory/secretory products (ES) of F. hepatica were
investigated to determine their immunoregulatory properties. F. hepatica ES also
attenuated the clinical severity of EAE, in an IL-5 dependent but IL-4 and TGF-
independent manner. Moreover, ES had suppressive activity on dendritic cells. F.
hepatica ES inhibited LPS-induced production of pro-inflammatory cytokines and
the maturation and antigen presenting cell capacity of dendritic cells; thereby
preventing the induction of Th1 and Th17 immune responses in vivo. Furthermore,
ES induced the release of TGF- from cells of the innate immune system through
the induction of reactive-oxygen species. However, ES also promoted the
differentiation of Th2 cells and induced eosinophilia in vivo. Despite this, ES was
capable of suppressing pathogenic Th2 responses in a model of allergic asthma.
These findings provide experimental evidence for the validity of the hygiene
hypothesis and describe the immunological mechanisms which promote
immunosuppression. This study suggests that the specific components of F.
hepatica ES which mediate these effects may have therapeutic potential in the
treatment of allergic and autoimmune disease in humans.
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The Siphonaptera

“The vermin only teaze and pinch
Their foes superior by an inch.
So, naturalists observe, a flea
Has smaller fleas that on him prey;
And these have smaller still to bite 'em,

And so proceed ad infinitum.”

Jonathon Swift, 1733

An extract from “On Poetry: a Rhapsody”,
Inspired by Leeuenhoek’s discovery

that fleas which infest man were

in turn, paratisised

by mites
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Chapter 1 Introduction




1.1 The immune system

The mammalian immune system protects the host from infection with pathogenic bacteria,
viruses, protozoa and parasitic worms. In order to respond to such a wide variety of insults,
the immune system has evolved a complex system of receptors, cells and organs, which act in
concert to detect and eliminate pathogens. At its foundation is the discrimination between self
and non-self. Detection of ‘non-self’ pathogens activates the inflaimmatory response; a
mobilisation of immune cells and histological changes that culminates in the elimination of
the invader. However, inflammation is a destructive process that can cause collateral damage
to the tissue. Indeed, inappropriate activation is the underlying cause of many inflammatory
diseases, including allergy and autoimmunity. To prevent such outcomes the host has evolved

an array of regulatory mechanisms that control inflammatory processes.

The immune response can be broadly classified into two categories, innate and adaptive. The
innate immune system provides the first line of defence against pathogens, being immediate
in its response and broad in its reactivity. It is activated by conserved molecules shared by
many pathogens. The adaptive immune response is essential to the elimination of infections
that fail to be controlled by the innate response. While being slower to respond, the adaptive
immune system is highly specific and results in the development of immunological memory’
and immunity to subsequent infection. Upon repeat exposure to the same organism, the
second, adaptive immune response is quicker, more pronounced and leads to rapid clearance

of the pathogen.

The concept of memory was first recognised in 1796 when Edward Jenner demonstrated that
prior exposure to vaccinia virus (the causative agent of the bovine disease, cowpox) induced
protection against human smallpox, a discovery that led to the development and widespread
use of vaccination, and eventual eradication of smallpox. Jenner achieved this feat without
any understanding of the underlying mechanisms, but research conducted in the past 200
years has provided not only an explanation for immunological memory but has revealed the

great complexity of the immune system and its importance for human health.



1.2 The innate immune system

Innate defence mechanisms fall into two broad categories: constitutive and inducible
tiumunity. Constitutive mechanisms are the barrier functions of the skin and mucosal
membranes that prevent entry of pathogens. However, if these barriers are breached,
inducible defence mechanisms play a crucial role in eliminating or controlling infection. Here,
the cells of the innate immune system play a crucial role in the detection and destruction of

pathogens once they gain entry to the body.

1.2.1 Pattern recognition receptors

The mechanism by which the immune system detected pathogens was unknown until
relatively recently. In 1989, Charles Janeway published his theory of pattern recognition,
where he proposed that cells of the innate immune system were responsible for the detection
of pathogens via the detection of essential conserved molecules (molecular patterns) shared
by wide variety of pathogens (1). Research conducted in the last 20 years has validated this
theory (2), and it is now accepted that the innate immune system detects pathogens via a set
of germline encoded nonclonal receptors, termed pattern recognition receptors (PRRs). PRRs
recognize conserved microbial components called pathogen associated molecular patterns

(PAMPs) (3).

PAMPs are molecules essential for survival and replication of microbes and include
lipopolysaccharide (LPS) from Gram-negative bacteria, lipoteichoic acid from Gram-positive
bacteria, cytosine-guanine dinucleotide (CpG) motifs and lipoproteins, also from bacteria and
double stranded (ds) RNA, produced by viruses during their infection cycle. PRRs are
expressed on the cell surface, intracellularly on endosomal membranes or within the
cytoplasm. Recognition of PAMPs by PRRs activates host defence signalling pathways, which
control the expression of a variety of immune response genes (3). Downstream effects of this
includes the expression of pro-inflammatory cytokine, the enhancement of phagocytosis and
other killing mechanisms in phagocytes and the expression of molecules required for antigen
presentation. Some PPRs may also recognise endogenous ligands that associated with damage
and inflammation such as heat-shock proteins, HMGB1, host DNA and Uric acid crystals.

Such ligands are referred to as damage-associated molecular patterns (DAMPS)



Currently identified transmembrane and cytoplasmic PRR belong to four different classes,
toll-like receptors (TLR), C-type lectin receptors (CLR), retinoic acid-inducible gene (RIG)-1-
like receptors (RLR) and NOD-like receptors (NLR). The TLR family are the most
intensively studied PRRs. TLRs are expressed on the cell surface or on the membranes of
lysosomes and endosomes (4). Thirteen TLRs have been identified in mammals and are found
to be expressed on a wide variety of immune cells (5). Specific TLR are involved in
recognition of distinct classes of PAMPs (6). The cytoplasmic signalling domain is known as
the Toll/IL-1R (TIR) domain (6). Signalling by TLR utilises a number of TIR containing
adaptor proteins, including myeloid differentiation factor 88 (MyD88, used by TLR1, 2, 4, 5,
7, 8, 9), MyD88 adaptor like (MAL), TIR domain containing adaptor protein inducing IFN-8
(TRIF, used by TLR3 and TLR4) and TRIF related adaptor like molecule (TRAM) and results
in the downstream activation of signalling cascades leading to cellular activation. Each TLR
uses different combinations of adaptor proteins , and depending on the identity of the TLR
activated, a number of specific signalling pathways can be induced, leading to an appropriate

and effective immune response (7).

1.2.2  Cells of the innate immune system

The cells of the immune system reside in tissues of the body or circulate in the blood and in a
specialized system of vessels called that comprise the lymphatic system. Innate immune cells
originate in the bone marrow where they develop from pluripotent hematopoietic stem cells.
They follow two main pathways of differentiation, the lymphoid lineage that gives rise to T
and B lymphocytes and natural killer (NK) cells, and the myeloid lineage that gives rise to the
mononuclear cells, including macrophages, mast cells, monocytes, dendritic cells (DC) and
polymorphonuclear leucocytes (PMN) or granulocytes, which include eosinophils,

neutrophils, and basophils.

Macrophages and neutrophils actively kill invading bacteria by phagocytosis, a process by
which extracellular bacteria are engulfed and destroyed in internal vesicles. The word
phagocytosis comes from the Greek word, phagein, meaning “to devour” was first identified
by IIya Mechnikov in 1882, and its specific mechanisms elucidated by the work of Zanvil
Cohen in the 1960s and 1970s (8).



The short-lived neutrophil granulocyte is the most abundant phagocyte; they constitute 50-
70% of blood leukocytes but are largely absent from healthy tissue. They are particularly
responsive to tissue injury and other inflammatory signals and can enter the site of injury or
infection within minutes. Circulating neutrophils respond to early mediators of inflammation
such as histamine, prostaglandins and leukotrienes. These mediators act on tissues to induce
the localised clinical symptoms associated with inflammation: pain, swelling and vasodilation,
which activates and further enhances the recruitment of leukocytes, which enter the tissues
from the blood stream by passing through the endothelial wall in a process known as
extravasation. Once in the tissue neutrophils play an important antimicrobial role through the
phagocytosis of bacteria and the release of toxic metabolites, such as reactive oxygen (ROS)
and nitrogen species, proteases and anti-microbial proteins. Neutrophils are also an important
source of late mediators, including protein factors, such as cytokines and chemokines, which

primarily act on other leukocytes, enhancing chemotaxis and the function of these cells.

The other major granulocytes, the eosinophils, constitute 1-6% of circulating leukocytes and
are recruited during parasitic worm infections and during allergic disorders. Eosinophils play a
role in controlling infection and mediating inflammation not by phagocytosis but through the
release of pre-formed pro-inflammatory molecules, such as histamine and proteins such as
eosinophil peroxidase, ribonuclease (RNase), deoxyribonucleases (DNAase), and major basic
protein. These mediators are released by a process called degranulation, which follows
activation of the eosinophil, and are toxic to both parasite and host tissues. Eosinophils are

also a source of cytokines and growth factors that modulate the immune response (9).

Depending on the nature of the infection, mast cells or basophils may migrate to the site of
infection. Mast cells are an important source of histamine, and are primarily located in the
tissue associated with blood vessels and epithelial surfaces. Basophils are similar to mast cells
in that both cell types can be activated by immunoglobulin (Ig) E, but are found in blood.
Mast cells are activated during parasitic infections and allergy (9) and play a role in the
development of the adaptive immune responses (10). NK cells are innate lymphocytes that
play a role in anti-viral and anti-cancer immunity. NK cells kill virally-infected and malignant
cells and limit infection and tumour growth prior to activation of the adaptive immune

response.

The macrophage is a large, long-lived, tissue-resident immune cell. There are numerous

macrophage populations in the body, each associated with a specific organ, and as such they

4



have highly heterogeneous functions within their specific tissues. In the steady state most
macrophages are anti-inflammatory and exert homeostatic functions, such as regulation of

metabolism homeostasis, fibrosis, wound repair and removal of dead cells (11).

Through the high expression of PRRs, macrophages also act as tissue resident immune
sentinels and respond to both pathogens (PAMPs) and tissue injury (DAMPs) through the
production of cytokines that enhance inflammation. Macrophages are highly responsive to
cytokines produced by the adaptive immune system. Interferon (IFN)-y enhances the
microbicidal activity of macrophages in a process known as classical activation. Classical
activation also enhances the production of inflammatory cytokines including tumour necrosis
factor (TNF)-« and interleukin (IL)-1, as well as the toxic metabolite, nitric oxide (NO). This
inflammatory state is important for the efficient destruction of bacteria by phagocytosis, but
can cause collateral damage to the tissue. In contrast, alternative activation of macrophages is
mediated by the action of IL-4 and IL-13. This activation state is anti-inflammatory and plays
an important role in wound repair following infection as well as providing a protective role

during worm infections (11).

Circulating monocytes give rise to the variety of tissue-resident macrophages and to
specialized cells such as dendritic cells (DC). Monocytes originate in the bone marrow from a
common myeloid progenitor that is shared with granulocytes. Monocytes constitute 5 to 10%
of peripheral blood leukocytes in humans. They circulate in the blood for several days before
entering tissues and replenishing the tissue macrophage populations (12). The production of
monocytes is enhanced during inflammation when they are required to increase the numbers

of macrophages and DC at the site of inflammation (11).

DC are functionally and developmentally similar to macrophages but were identified much
later; by Ralf Steinman and Zanvil Cohn in 1973 (13). DC serve as immune sentinels through
their high expression of TLRs (14). DC also detect pathogens indirectly by responding to
cytokines and other inflammatory factors released by macrophages, NK cells and endothelial
cells (15). The two major populations of DC are CD11c" myeloid and CD11c¢"" plasmacytoid
DC (pDO) (16, 17). It has been suggested that the different subsets of DC may play distinct
roles in immunity to infection (18), for example human and murine pDC play a vital role in
viral immunity by producing large amounts of anti-viral type-1 IFNs (19, 20). DC are the
principal cell type that bridge the innate and adaptive immune systems. DC and to a lesser

extent macrophages activate the adaptive immune response in a process known as antigen
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presentation, thus, these cells are sometimes referred to as antigen presenting cells (APC). DC
internalise antigen by phagocytosis or by receptor-mediated endocytosis, and present a
fragment of the antigen, bound to a histocompatibility complex (MHC) class II molecule, on
the cell surface (14). In order to illustrate the process of antigen presentation, it is first

necessary to describe the components of the adaptive immune system.

1.3 The adaptive immune system

The adaptive immune system is unique to jawed vertebrates, and allows the host to ‘recognise’
and ‘remember specific antigens on pathogens, which leads to a more robust secondary

Immune response.

The key features of the adaptive immune system are antigen specificity, diversity and memory.
The T and B lymphocytes, which together comprise the adaptive immune system, recognise
antigens through their antigen receptors, the T cell receptor (TCR) and the B cell receptor
(BCR). T and B cells are named after their site of maturation, the Thymus and the
Bursa/bone marrow. Each lymphocyte expresses an individual antigen receptor with unique
specificity for a particular antigen. This specificity is determined by the amino-acid sequence
in the antigen binding region of the antigen receptor. Billions of lymphocytes with unique
receptors are created through a complex gene rearrangement of the V-J-D genes that code for
the variable region of the BCR and TCR. This gene recombination is under the control of the
enzyme coded for by recombination activating gene-1 and -2. Specificity of each lymphocyte
clone is determined early in life and is irreversible, each clone gives rise to daughter cells with
the same specificity. The mammalian host generates billions of lymphocytes, each with a
distinct specificity that allows the host to detect an exhaustive number of unique antigens.
Lymphocytes are long-lived but in the resting state are non-proliferative. However, upon
eﬁcountering cognate antigens, lymphocytes become activated and proliferate readily. After
clearance of the infection some lymphocytes take on a memory phenotype and if the same
pathogen is re-encountered these lymphocytes are poised to rapidly expand and re-exert their
effects. This second, memory response is usually strong enough to clear infection prior to the
onset of symptoms. While both T and B cells originate from the bone marrow, T cells are

maturated in the thymus in a process known as T cell education.



The induction of adaptive immunity is tightly regulated to prevent unwarranted immune
activation but also to prevent the recognition of self-antigens. Innate cells are required for the
initiation of the adaptive immune response. The induction of T cell response requires the
presentation of antigen bound to MHC molecules expressed on APC. B cells, which can
directly recognise antigens through the BCR, nonetheless require activation signals supplied

by either activated T cells or innate cells.

1.3.1 B cells and the production of antibody

The antigen-recognition molecules of B cells are the Ig molecules. These proteins are
produced by B cells in a vast range of antigen specificities, with each B cell producing
immunoglobulin of a single specificity. Membrane-bound Ig on the B-cell surface serves as
the BCR. Once a B cell recognises its cognate antigen it differentiates into a plasma cell. The
terminally differentiated plasma cells secrete large amounts of the soluble form of the BCR
called antibodies. The secretion of antibodies is the main function of B cells and forms the
core of humoral immunity. Antibodies bind to specific antigens on pathogens or to their
products, including toxins. This has several benefits including the enhancement of
phagocytosis (opsonisation), the neutralisation of the effects of toxins and in the prevention

of microbes from entering host cells (18).

B cells produce distinct classes of antibodies each with unique effects. There are five Ig
classes in mammals, IgM, IgG, IgD, IgA and IgE. Immature B cells express IgM on their
surface, but upon activation begin to express IgD. Activated B cells are characterised by
secretion of IgG, IgA and IgE subtypes: IgA has been shown to play a role in mucosal
immunity, IgE in allergic and parasitic worm infections and IgG subtypes in opsonisation and
neutralisation (18). The Ig subclass expression is influenced by multiple factors, including the
prevailing cytokine environment. For example, in mice, I[L-4 preferentially induces switching
to IgG1 and IgE, whereas TGF-f§ induces switching to IgG2b and IgA (21, 22). In contrast,
IFN-y induces switching to [gG2a, 2b, and 3 (21).

1.3.2 T cells

T cells develop in the thymus and orchestrate cell mediated immunity, but also function in

humoral immunity by providing help for B cell differentiation and survival. Unlike B cells, T



cells do not secrete their antigen recognition receptors. Ligation of the TCR functions to
activate the T cell itself. The vast majority of T cells express a dimeric TCR composed of «
and B TCR chains. «* T cells can be subdivided into two categories, CD4" T-helper cells and
CD8" cytotoxic T cells. CD8* T cells act to kill virally-infected or tumour cells using an
armoury of cytolytic proteins or by inducing apoptosis that limits the spread of infection and
tumours. The function of CD4* T cells is to modulate and orchestrate effector immune
responses of other cells (both immune and tissue cells), primarily through the release of
cytokines. CD4" T cells exist in three activation states, naive (unresponsive cells that have not
encountered their cognate antigen), effector (T cells activated following antigen exposure) and
memory (a resting state of T cells that have formally encountered antigen, and which rapidly

divide upon re-exposure).

The TCR is structurally similar to the Ig molecules that comprise antibodies, and also possess
highly variable regions, which account for their specificity. However, unlike the BCR, the
TCR does not recognise and bind antigen directly nor does it recognise antigens in their
native form; instead it recognises short peptide fragments presented by MHC molecules
expressed on the surface of APC. Importantly, each TCR specificity recognises the
combination of MHC and peptide, thus T cells are said to be MHG restricted. The small
peptide fragments which bind to MHC (via the peptide binding cleft) can be derived from
either intracellular pathogens, such as viruses or bacteria that replicate in the cytoplasm, or
from extracellular pathogens that have been internalised by phagocytes from the extracellular
fluid. Antigens derived from intracellular pathogens are degraded into short peptide
fragments by the cytosolic proteasome and presented on the cell surface by MHC-class I
molecules. CD8" T cells are activated by peptides bound to MHC-class I molecules, this
ensures destruction of virally infected cells. Conversely, antigens which are derived from
extracellular pathogens activate CD4" T cells. Pathogens or large pathogen-derived molecules
are delivered to a phagosome during phagocytosis. The phagosome fuses with another
organelle, the lysosome to form the phagolysosome, the resulting drop in pH activates low-
pH-dependent proteolytic enzymes, which degrade large proteins to smaller peptides.
Peptides obtained in this fashion are presented on MHC-class II molecules. Unlike MHC-
class I that is expressed on every cell, the cellular expression of MHGC-class II is tightly

controlled, being restricted to APC.



Whereas the vast majority of T cells express TCR composed of o and  chains around 5% of
circulating T cells express the y and 8 TCR chains. Unlike a8 T cell, y8 T cells function as part
of the innate immune response. They are abundant in the gut mucosa and form the majority
of the intraepithelial lymphocyte population. y8 T cells are not necessarily MHC: restricted,
they respond to a limited diversity of atypical antigens, including non-peptide antigens,
phospho-antigens and heat shock proteins. y8 T cells are considered to play a role in the first
line of defence against pathogens and are importance sources of T cell associated cytokines

early in infection (18).

NKT cells are a population of cells that share properties of both T cells and NK cells. NKT
cells recognize the CD1d molecule, an antigen-presenting molecule that binds self- and
foreign lipids and glycolipids. They constitute only approximately 0.1% of all peripheral blood
T cells (23).

1.3.2.1 T cell education and tolerance

The immune system can discriminate between self and non-self and is tolerant to self-antigens
in healthy individuals (24). A breakdown in tolerance to self-antigens can result in the
development of autoimmune diseases. The prevalence of autoimmunity is relatively rare since
the immune system has developed a number of mechanisms which function to maintain
tolerance. Joshua Lederberg in 1959 and Bretescher and Cohen in 1970 provided the first
working theories on how this was achieved, suggesting that T cells that recognise self-antigens

would be eliminated in the thymus (25).

In the thymus T cells undergo two separate selection processes, collectively known as T cell
education. Positive selection or clonal deletion ensures the survival of only those T cells that
express a TCR capable of recognising MHGC-peptide complexes, thus ensuring MHC
restriction. CD4"and CD8* T cells diverge from double positive precursors in this manner
and those T cells that recognise MHC class I differentiate into CD8" T cells, whereas those
that recognise MHC-Class II develop into CD4* T cells.

However, the diversity of TCR generated during T cell development also creates T cells that
express TCR that recognise self-antigens. Self-reactive T cells normally undergo negative
selection; thymic medulla stromal cells present self-peptides loaded on MHC class I and class
IT molecules to thymic T cells. T cells which express TCRs with high affinity for MHC-self



peptide complexes undergo apoptosis (26). This is the origin of peripheral naive CD4* and
CD8* T cells which recognise only foreign antigens. However, education gives rise to another

distinct lineage of T cells, the naturally occurring regulatory T cells (nTreg).

nTreg cells possess a self-reactive TCR, but unlike cells that are deleted by negative selection
the affinity of the interaction is low and results in the production of anti-apoptotic molecules
(such as GITR), that protect the T cell from apoptosis. IL-2 and co-stimulatory molecule
interaction is also required for the differentiation of nTreg cells. Indeed, CD25, the IL-2R

alpha chain is highly expressed on nTreg cells (27).

nTreg cells are involved in immune regulation; in the periphery they act to suppress immune
responses to self-antigens and thus maintain tolerance. nTreg cells were first identified by
Shimon Sakaguchi in 1995 and were defined as CD4* CD25" T cells which compose
approximately 5-10% of peripheral CD4* T cells (28). nTreg cells are anergic and do not
respond in a proliferative manner to TCR activation (29). Instead, nTreg cells are hyper-
proliferative in response to stimulation with IL-2 (30). Mice which are deficient in either IL-2
or the IL-2R « or B chains have fewer nTreg cells and suffer from severe lymphoproliferative
autoimmune syndromes, thus demonstrating the importance of IL-2 in nTreg cell function
(31). Moreover, depletion of nTreg cells in mice results in the development of lethal

autoimmunity, which can be reversed by reintroduction of nTreg cells into depleted mice (28).

The function of nTreg cells is under the control of the master regulatory transcription factor,
FOXP3. The expression of FOXP3 in naive T cells results in T cell anergy and in the
development of a regulatory immune phenotype (32). FOXP3 was first described as the gene
bearing a mutation which gave rise to scurfy mice. Scurfy mice are characterised by lethal
multi-organ infiltration of T cells which is associated with autoimmune reactions (32). A
mutation in FOXP3 also causes the human disease immune dysregulation
polyendocrinopathy X-linked syndrome (IPEX), which clinically resembles the symptoms in
scurfy mice. Both scurfy mice and humans suffering from IPEX are totally lacking nTreg
cells. This suggests that FOXP3 is essential for the function of nTreg cells which themselves

are indispensable in preventing the development of autoimmunity.

nTreg cells exert their suppressive functions through several mechanisms, some of which

require cell-cell contact (33), while other mechanisms of suppression involve the production
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of the anti-inflammatory cytokines IL-10 and TGF-8 (34). nTreg cells can also suppress the

activation of T cells indirectly through the modulation of APC function (35).
1.3.2.2 Antigen presentation

Activation of T cells requires MHGCpeptide-TCR interactions, co-stimulation and the
presence of polarising cytokines. All three signals are provided by APC including DG
macrophages and B cells. DC are the most effective APC and may be essential for priming of
naive T cells (36). In their immature state, DC express low levels of MHC-class II and
costimulatory molecules and are poor activators of naive T cells. However, in their immature
state, DC function as sentinel cells and express high levels of TLRs and other PRRs.
Immature DC are very efficient at internalizing and processing antigen (14). DC are activated
upon encounter with pathogens. Activated DC migrate to the lymph nodes and undergo a
maturation process. Maturation is associated with a reduction in the antigen capturing and
processing capacity of DC with a concurrent enhancement in the expression of MHC and the
costimulatory molecules, such as CD80, CD86 and CD40 (36, 37). Antigen that was acquired
by DC in an immature state, is now presented on MHC-II to cognate T cells in the presence
of strong co-stimulatory activity (14). High levels of co-stimulation are required for successful
T cell activation; the well characterised co-stimulatory molecules, CD80 and CD86 bind to
CD28 on T cells. This ligation reinforces the signal provided by MHC-peptide-TCR
interaction (38). Without co-stimulation T cells that are activated through the TCR, undergo
apoptosis. This mechanism ensures that DC do not activate T cells in the absence of the
correct microbial stimulus and thus, prevents the induction of adaptive immune responses to

self and environmental antigens (39).

T cells are initially activated as undifferentiated ThO cells, but the release of cytokines from
activated DC ‘educate’ T cells to elicit an immune response tailored to the specific pathogen
encountered by the DC. As such, DC are central to not only the activation of adaptive

immune responses, but also in directing the nature of the adaptive response.
1.3.2.3 Functional phenotypes of CD4" T cells

CD4* T cells play a central role in directing and regulating immunity. CD4" T cells
orchestrate immune responses through the production of various cytokines and chemokines,

which provide help to B cells and thus promote the production of antibodies, but also
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through the activation of the microbicidal activity of macrophages and through the
recruitment of inflammatory granulocytes (neutrophils and eosinophils). The cytokines
produced by CD4* T cells also instigate changes in tissue morphology that promote the

removal of pathogens and which activate wound repair mechanisms following infection.

The initial description of discrete T helper (Th) cell subsets was provided by Mossmann and
Coffmann in 1986. They divided CD4" T cells into two lineages, Th1 and Th2, according to
the cytokines that these cells produced. Th1 cells are characterised through their production
of IFN-y while Th2 cells produce IL-4 and IL-13 (40). Mossmann and Coffmann also
observed that the differentiation of CD4" T cells into either subset was dependent on the
cytokines present at initial activation. These cells appeared to be reciprocally regulated and
had divergent roles in immunity. Early reports suggested that Th1 and Th2 cells were induced
by infections with different pathogens, with Thl cells being induced by intracellular
pathogens, whereas Th2 cells were activated during parasitic infection and allergy (21).
Another, more recently described subset, the Th17 cells, are thought to be induced in
response to extracellular bacterial infections and fungi (34). A fourth subset, induced
regulatory T cells (iTreg) act in a suppressive capacity and prevent immune responses directed
against self and environmental antigens and in dampening down chronic immune responses

that lead to immune pathology.

The discovery of that distinct T cell sub-types expressed distinct transcription factors, (Th1-
(T-bet and STAT4), Th2- (GATA-3 and STATS6), Th17 (RORyt and STAT3) and iTreg-
(STAT5 and FOXP3)) which control the expression of associated cytokines added to the
validity of the Th1/Th2/Th17/iTreg paradigm. Moreover, the individual subsets appear to be
cross-reciprocally regulated as lineage commitment antagonises the development of T cells

into other subtypes.
1:3.2.3.1 Thi cells

Thi cells play a crucial role in immunity to intracellular parasites, including infection with
viruses, mycobacterium and protozoa (21). However, until relatively recently Thi cells were
also thought to be responsible for delayed-type hypersensitivity and were thus implicated in

the pathogenesis of autoimmune disease (41).
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The principal cytokine products of Thl cells are IFN-y, IL-2 and tumour necrosis factor
(TNF)-« and lymphopoietin. IFN-y is important in the activation of macrophages, increasing
their microbicidal activity through classical activation (42). Classical activation leads to the
expression of inducible nitric oxide synthase (INOS) in macrophages and induces reactive
oxygen and nitrogen mediators that kill microbes. IL-2 plays a role in the proliferation of
CD4" T cells and primes CD8* T cells and NK cells, which kill infected cells (34). TNF-u is a

cytokine implicated in destructive inflammatory processes (18).

IL-12 is critical for the development of Thl cells. IL-12 is primarily produced by activated
DC and macrophages (stimulated through PRR with bacterial/ viral products) and induces the
production of IFN-y by T cells and NK cells. IFN-y in turn acts on differentiating T cells to
enhance the STAT-4-dependant expression of T-bet, the master transcription factor of Thl

cells (43).

The expression of T-bet is essential for the production of IFN-y (44). T-bet also enhances the
expression of the IL-12RB2 on T cells, which enables T cells to directly respond to IL-12 (43).
T-bet expression leads to Thl lineage commitment and the overexpression of T-bet in Th2
cells promotes production of IFN-y, whilst simultaneously suppressing their capacity to
produce IL-4 (43). Cells from mice deficient in T-bet have severe defects in Thl cell

differentiation both i vitro and in vive (45).
1.3.2.3.2 Th2 cells

Th2 cells mediate host defence against extracellular parasitic worms and play a key role in
promoting wound repair following infection (21). Th2 cells also mediate the pathogenic
immune responses that cause asthma and other allergic diseases. Th2 cells produce a range of
cytokines including IL-4, IL-5, IL-9, IL-10, IL-13 and IL-25 that have pleiotropic effects
central in immunity to parasitic worms (34). IL-4 plays a role in T cell and B cell activation
and is the major mediator of IgE class switching in B cells (46). IgE binds to FceRI on
basophils and mast cells and antigen recognition results in their degranulation and secretion
of active mediators including histamine and type-2 cytokines, such as IL-4 and IL-13. IL-5 is
important in the activation and recruitment of eosinophils and enhances antibody secretion
by B cells (47). IL-9 enhances production of mucin during allergic reactions (34). IL-10,
produced by Th2 cells, suppresses the proliferation of Th1 cells and inhibits the function of
APC (48). The effector cytokine IL-13 is involved in the expulsion of helminths by inducing
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changes in the macroscopic nature of mucous membranes, including mucus secretion
epithelial/ goblet cell hyperplasia. IL-13 also mediates many of the effects of allergy (49). IL-
25 (IL-17E) further enhances the production of IL-4, IL-5 and IL-13 through the activation
of a newly described innate lymphoid cell called nuocytes (also called natural-helper cells or
Innate lymphoid cell-2 cells), which play an important role in type-2 immunity, particularly in
the early activation of Th2 cells (50, 51).

IL-4 is essential for Th2 differentiation and thus is both a major effector cytokine and
differentiating factor for Th2 cells (52). Studies in vitro have shown that IL-4 exerts its effects
through the IL-4Ra, which activates the transduction of the transcription factor STAT6 and
in turn, controls the expression of GATA3, the Th2 master transcription factor (53).
However, the role of IL-4 may be more complicated 7n vivo, as Th2 cells can differentiate in
the absence of IL-4, for example, infection with the gastrointestinal helminth parasite
Nippostrongylus brasiliensis or the administration of the schistsome product Omega-1 induces a
robust Th2 response in mice that lack the IL-4Ro and are thus unresponsive to IL-4 (54, 55).
The adjuvant alum also induces Th2 responses independent of IL-4 signalling; Th2 responses
appear to be induced instead by inflaimmatory factors released by dying cells (56, 57).
Cytokines such as IL-25, thymic stromal lymphopoietin (TSLP) and IL-33 have been
implicated in IL-4-independent Th2 differentiation (53). TSLP, primarily synthesized by
epithelial cells, acts on DC to generate a type-2 inducing APC phenotype; it has also been
implicated as a primary mediator in models of airway hypersensitivity and asthma (58). The
cellular source of IL-4 has also been hotly debated, as Th2 responses can exist in the absence
of DC. Indeed, DC are poor producers of IL-4 (59). It has been reported that basophils and
eosinophils can produce high concentrations of IL-4 (60), and it was shown that basophils
can act as both a source of IL-4 and as APC which promote Th2 differentiation (61-63).
Other reports contest these findings with the demonstration that mice deficient in DC are

devoid of Th2 cells (64).

Parasitic worm products and allergens such as house dust mite and bee venom, can induce
Th2 responses. However, the specific mechanisms of how these products promote Th2
differentiation via DC are unclear. Indeed some molecules that induce Th2 cells via DC can
act independent of TLR ligation. Proteases, for example, are potent inducers of Th2 cells and
are detected via proteases-activated receptors in a poorly understood mechanism (65) The

cysteine protease, such as papain can promote the induction of Th2 cells via ROS production
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that subsequently activates the release of TSLP from epithelial cells (66). However, TLRs are
required for the detection of other proteases. The house dust mite protease, Derpl induces
the activation of TLR-4, which results in the production of TSLP and IL-33 by epithelial cells,
which in turn acts on DC to promote the differentiation of Th2 cells (67). FceR1 and OX40L

when expressed on DC, are also associated with the induction of Th2 responses (68, 69).
1.5.2:3.3' 'Thl] cells

Th17 cells are an inflammatory cell subset which play a crucial role in immunity to
extracellular bacteria such as Kkbsiella pneumonia, and fungi such as Candida spp. Th17 cells are
central to the pathology of chronic inflammatory and autoimmune diseases (70). Th17 cells
are characterised by the production of IL-17A, but also produce IL-17F, IL-21, IL-22 and
GMSCF (34). IL-17 promotes inflammation, primarily through recruitment and activation of
neutrophils, but can also induce the production of GM-CSF, IL-6 and IL-8 (a major
chemotactic factor for neutrophils) and a range of other chemokines by macrophages (34, 71).
Furthermore, the IL-17 receptor is ubiquitously expressed on many cell types, enabling I1-17
to exert global pro-inflammatory effects (71). IL-22 enhances the barrier function of epithelial
cells and is considered to play a protective role in the gut, where barrier integrity is essential to
contain commensal bacteria in the lumen. However, I1-22 also mediates the pathogenic skin
hyperplasia in psoriasis (72). IL-21 acts in an autocrine manner on Th17 cells to amplify the
early IL-17 response (73). GMCSF primarily stimulates the differentiation of granulocytes in

the bone marrow (18).

Until recently the Th1-IL-12 axis was thought to play a central and unique role in organ-
specific autoimmune diseases. However, Cua et al demonstrated that IL-23 and not IT-12 was
required for the development of experimental autoimmune encephalomyelitis (EAE), a
mouse model for multiple sclerosis (74). Further studies demonstrated that IL-23 plays a
central role in the development of Th17 cells which were subsequently described as a unique
Th subset (75, 76). A firm role for Th17 cells in many T cell-mediated autoimmune diseases is

now well established (70).

The Kuchroo and Stockinger groups demonstrated in 2006 that IL-6 and transforming
growth factor-beta (TGF-B) play a central role in the differentiation of Th17 cells (77, 78).
These cytokines were subsequently shown to induce the STAT3-dependent expression of

RORyt, the master transcription factor of Th17 cells (79). RORyt is essential to Th17
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function as mice deficient in rore (the gene coding for RORyt) have reduced numbers of Th17
cells and are resistant to EAE (79). However, it was later shown, that only low concentrations
of TGF-B were required for the differentiation of Th17 cells and higher concentrations of
TGF-B in fact suppressed their development (34). It was subsequently reported that TGF-8
was only required indirectly, to inhibit T-bet and GATA-3 expression and thus allow ROR-yt
to dominate (80). However, IL-6 does appears to be required for Th17 cell differentiation as

mice deficient in IL-6 are resistant to actively induced EAE (81).

Later, findings from this laboratory demonstrated that IL-18 in combination with IL-23 can
induce I1-17 production by Th17 cells independent of TGF-# and 11.-6 (82). However, the
exact role of IL-23 in the development of Th17 cells was still unclear. While I1-23 was shown
to be dispensable for the de novo differentiation of Th17 cells (77, 83), several reports
demonstrated that I1-23 was essential later in the development of Th17 cells to expand,
maintain and stabilise committed Th17 cells (34, 77, 83, 84). Importantly, I1-23 is essential
for the pathogenic function of Th17 cells in EAE (74).

Gamma-delta (y8) T cells, a non-classical innate T cell subset, were shown to produce IL-17
in response to IL-1 and IL-23 (85, 86) and are intimately involved in the induction of
autoimmune processes. Since the discovery that Th17 and not Thl cells mediate the
pathogenesis of EAE, numerous groups have demonstrated a pathogenic role for IL-17 and

Th17 cells in human autoimmune diseases including MS, psoriasis and Crohn’s disease (34).
1.3.2.3.4 iTreg cells

Treg cells play a critical role in maintaining self-tolerance and in the prevention of immune
pathology (33). Approaches aimed at increasing the frequency of Treg cells numbers have
therapeutic potential in the treatment in autoimmune diseases. On the other hand, depletion
of Treg cells can enhance immunity against tumours (87). There are two major types of Treg
cells, nTreg and inducible Treg cells (iTreg). Unlike nTreg, iTreg cells differentiate in the
periphery (outside the thymus) in a similar manner to other Th cell lineages and while nTreg
cells are sufficient to control immune responses to self-antigens, iTreg cells are essential in

maintaining tolerance to food, environmental and commensal antigens.

High concentrations of TGF-B, in the absence of proinflammatory cytokines (which may

favour Th17 cell differentiation) acts as the differentiating factor for iTreg cells. (88, 89). In
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2003, Chen et al demonstrated that TGF-8 can convert naive T cells into iTreg cells which
express FOXP3 (88). IL-2 1s also required for the expression of FOXP3. TGF-§ and IL-2
together, enhance the survival and function of iTreg cells (90). TGF-8 can also act on DC to
enhance the expression of indoleamine 2,3 dioxygenase (IDO) an enzyme that confers
suppressive activity on DC (91). These tolerogenic DC express costimulatory molecules at

low levels and preferentially induce iTreg cells.
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Figure 1.1 Summary of the four CD4 T helper cell Lineages: their functions, their
cytokine products, their characteristic transcription factors, and cytokines critical
for their differentiation. Figure modified from Zhu and Paul, 2008 (34)

1Treg like n'Treg cells can exert their suppressive function by cell-cell contact (33). Cell contact
mechanisms can involve the expression of the inhibitory T cell ligand CTLLA-4 which binds to
CD28 and antagonises CD28-CD80/CD86 co-stimulation (92). However, iTreg cells also

mediate suppression via the production of regulatory cytokines.
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Regulatory-type-1 (Trl) cells, a subset of iTreg cells were originally classified by the high
production of I1.-10. IL-10 exerts a variety of suppressive effects. 1L.-10 1s important in
limiting immune mediated pathology during infection. For instance, during infection with
Leishmania spp, Treg-derived 11.-10 protects mice against catastrophic organ damage at the
cost of reduced clearance (93). However, I1.-10 is not under control of FOXP3 and has
recently been shown to be produced by all four Th cell subsets under certain conditions; thus
Tr-1 may represent a functional state, rather than a truly differentiated cell type (94).
Regardless, iTreg cells produce high amounts of 11.-10 and mice deficient in Treg-derived I1.-
10 develop colitis and lung inflammation eatly in life suggesting an important role for IL.-10 in

the regulation of commensal and environmental antigens (95).

iTreg cells that produce TGF-8 were initially classified as Th3 cells, although this name is no
longer used (96). TGF- is a pluripotent cytokine, with effects including, immunosuppression,
fibrosis and in development (97). TGF-$1 deficient mice die within 3-4 weeks of birth due to
a multi-organ inflaimmatory syndrome, which is characterized by the hyper-activation of T
cells and a progressive infiltration of leukocytes into the affected organs (98). TGF-§ affects T
cell proliferation, differentiation and survival. One of the mechanisms underlying the
inhibition of T cell proliferation by TGF-8 1s the blockade of 11.-2 transcription (99). TGF-§
inhibits the proliferation of naive T cells, but does not affect activated 'T' cells, which have
reduced expression of TGF-BRII (100). Interestingly, 11.-10 induces the expression of TGF-
BRII, thereby conferring TGF-B responsiveness upon activated T cells (100), suggesting that

these cytokines may work in tandem to regulate immune responses.
1.3.2.3.5 Plasticity

Recent work has questioned the concept that CD4" T cell subsets are terminally differentiated
An emerging view is that these subsets may be more plastic that previously appreciated and
under certain conditions may convert into a different subsets. Thus, CD4" subsets may
represent functional states of activated cells. One factor contributing to this change in dogma
is increasing complexity; since the original description of the Thl /Th2 dichotomy, the
paradigm has been amended to include the two more types, Treg cells and Th17 cells. In
addition, T follicular helper (Tfh) cells have been recently considered to be a separate lineage.
These cells are committed to helping B cells to produce antibody specific for T cell dependent
antigens. Tth also express a unique master transcription factor, Bcl6 (101). However, these

cells can share many properties with Thl and Th2 cells, including the production of
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associated cytokines and are considered by many to represent a functional state of Th1/Th2

cells similar to the memory phenotype of T cells.

Similarly, IL-10 was originally considered to be a Th2 cytokine and more recently a Treg
cytokine. However, IL-10 is now known to be produced by all T cell subsets (102). Moreover,
although reciprocally regulated, IL-17 and IFN-y can be expressed together in Th17 cells.
These cells are potent inducers of inflammation ## vivo. Th17 cells can also completely loose
expression of their signature cytokine and become sole expressers of IFN-y (102). Th17 cells
differentiated 7» vitro lose their expression of IL-17 without constant exposure to TGF-§ and
IL-6 (103) and may convert to a Thl or Th2 phenotype in the presence of IFN-y or 11.-4,
respectively (103). In addition, IL-17*IFN-y* T cells have been reported in the CNS of mice
with EAE (104), these cells are highly pathogenic and can induce EAE upon transfer (105).
Similarly, Th1 cells have been shown to produce IL-13, a cytokine once thought to be
produced exclusively by Th2 cells (101).

This plasticity may be explained by expression of multiple transcription factors/ repressors
concurrently in one T cell. For instance, FOXP3, the transcriptional repressor originally
thought to be expressed exclusively by committed Treg cells is now known to be co-
expressed with T-bet, GATA-3 and RORyt in Th1l, Th2 and Th17 cells under certain
conditions. Under these conditions FOXP3 binds to lineage specific genes including I1-2,
NFAT, AP1, IL-4, GM-CSF and TINF-«, which results in a reduction in cytokine expression

and induction of regulatory activity (106).

Effector function is thus controlled by gradients of expression of multiple transcription
factors. This plasticity may be advantageous to the host as they adapt to shifting conditions
during the natural course of infection. The plasticity hypothesis need not replace the theory of
CD4" subsets, which has a strong molecular basis, but rather does not consider that this
commitment is absolute, adding another level of complexity that confers on the immune

system more options for the maintenance of homeostasis.

1.4 Immune-mediated diseases

The loss of tolerance to self, environmental or commensal antigens leads to the induction of
adaptive immune responses that are deleterious to the host. Autoimmune diseases are

mediated by adaptive immune responses against self-antigens, which cause organ-specific
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tissue damage. Such diseases include type-1 diabetes, MS, rheumatoid arthritis and systemic
lupus erythematous. Colitis and Crohn’s disease are mediated by a breakdown in the tolerance
to commensal bacteria in the gut. Allergic disorders are caused by inappropriate immune
responses against innocuous environmental antigens and include allergic asthma, allergic

rhinitis and eczema.

1.4.1 Autoimmunity
1.4.1.1 Multiple Sclerosis

MS is an inflammatory demyelinating human disease of central nervous system (CNS) (107).
MS is a chronic debilitating disease and is the second leading cause of disability in young
adults in the developed world (108). The aetiology of disease is still largely unknown, but
there is evidence to suggest that genetic susceptibility, environmental contributions and/or
infectious agents may play a role. Individuals with HLA DRB1 1501 are three to four times
more susceptible than individuals with a different HLA type at this locus, suggesting a role for
APC (108). Low levels of sunlight have also been identified as a contributing factor, with
higher incidence of disease at higher latitudes (108). Studies have also shown that MS
exacerbations often follow viral infections, suggesting that infections may play a role in
disease development and progression (108). Molecular mimicry has been proposed as a
mechanism to explain how infections may induce MS; suggesting that self-reactive T cells are

activated by pathogen antigens that are homologous to self-antigens (108).

Several studies have indicated that MS is a classic T cell-mediated autoimmune disease, of
which the autoantigen(s) is contained within myelin. It is noted that healthy individuals
possess anti-myelin specific T cells, but in MS patients these myelin reactive T cells are of an
activated phenotype (109, 110). It is thought that MS involves the activation of myelin-
specific Thl and Th17 (111). Both IFN-y and I1.-17 are involved, leading to the recruitment
and activation of macrophages and neutrophils (111, 112). These macrophages exhibit
increased phagocytic activity and release NO metabolites, matrix metallo-proteases (MMP)
and complement, which damage myelin (111). Auto-antibodies raised against myelin are also
important in demyelination (113). Typically, the disease course involves periods of remission
and exacerbation, which can last for decades prior to progression to a stage of continuous

inflammation and neurodegeneration (107).
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1.4.1.2 Experimental autoimmune encephalomyelitis

EAE is a widely used animal model of autoimmunity. EAE is a demyelinating CNS disease
that shares clinical and pathological features with MS (111) and has been used in the
development of therapies for MS, including natalizumab and copaxone (114). EAE is actively
induced in susceptible strains of mice and rats by immunisation with one of a number of
purified recombinant myelin antigens emulsified in complete Freund’s adjuvant (CFA),
followed by injection of pertussis toxin (115). EAE is primarily a CD4" T cell mediated
autoimmune disease and initiates with the permeabilization of the blood-brain-barrier,
followed by translocation of myelin-specific CD4* T cells into the CNS. Upon entering the
CNS, myelin-specific CD4* T cells are reactivated by local and infiltrating APC, which
present myelin-associated peptides to T cells, resulting in subsequent inflammatory reactions

that eventually damage CNS tssue (115).

Myelin-specific Th1 and Th17 cells have both been implicated in the initiation of EAE and in
almost all models of the disease, these T cells can be isolated and used to transfer disease to

naive animals (116).

EAE can be induced in susceptible mice by adoptive transfer of IFN-y producing T cells
(117), Moreover, T-bet deficient mice are protected from EAE (118). However, the role of
IFN-y in the pathogenesis of this autoimmune disease has been questioned, since mice
deficient in IL-12p35, STAT1 or IFN-yR are more susceptible to EAE (74) and animals with
disrupted IFN-y genes are not protected from disease (119). In addition, a number of groups
have reported that EAE can be induced in mice lacking the IL-12R (120) and IL-12 (121).

Cua et al demonstrated that IL-23, not IL-12 was essential for the induction of EAE (74).
Mice deficient in the I1-23p19 or IL-12p40 subunit and therefore lacking in IL-23 or IL-12
and IL-23 respectively were resistant to EAE, whereas mice lacking in the IL-12p35 subunit
alone were susceptible to disease (75, 76). Previous studies investigating the role of IL-12 had
utilised animals deficient in [L-12p40, but these were deficient in IL-23 as well as IL-12. It has
since been shown that Th17 cells expanded by IL-23 induced EAE following transfer to naive
mice (122). However, a study investigating the kinetics of T cell infiltration during the course
of EAE revealed a decrease in the infiltration of Th17 cells during the late stages of disease,
which corresponded to an increase in Thl cells and resolution of EAE, suggesting a possible

regulatory role of IFN-y (104).
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Thus, the precise role of Th1 and Th17 cells in EAE has become rather complicated. Indeed,
abrogation of genes associated with either Thl or Th17 cells often provides contradictory
results as to which cell is more important; adding complexity is the apparent cross-regulation
of these two cell types.. However, another study reported that EAE could be induced by
adoptive transfer of Thl or Th17 cells, but each cell induced disease with distinct clinical
outcomes and with different localization within the CNS (123). Transfer of Th1 cells induced
ciassical EAE with only spinal cord involvement, whereas Th17-induced EAE was
characterized by atypical disease involving inflammation of the brain (123). Thus it appears
that Th1 and Th17 are both involved in complementary pathogenic processes in CNS

autolmmunity.

1.4.2 Allergy

Allergy is the hypersensitivity to innocuous environmental antigens (allergens) (124).
Common allergies include asthma, hay fever (allergic rhinitis), insect venom and food
allergies, such as those to peanuts. It is estimated that 40% of the population of Western
Europe are atopic (prone to allergic responses). These conditions range from minor irritants

to potentially fatal diseases (124).

The symptoms of allergy are caused by type-1 (or immediate) hypersensitivity reactions to the
allergen. Allergen-specific IgE produced by plasma cells binds to FceRl1 which is
constitutively expressed on mast cells. The allergen cross-links IgE on the surface of mast
cells, inducing degranulation and release of allergic mediators, such as histamine,
prostaglandins and leukotrienes. This results in the development of early phase symptoms of
dicease, including itching, inflammation and the contraction of smooth muscle. Mast cells also
releases cytokines and chemokines which attract T cells, eosinophils and basophils, in what s
referred to as the late phase response (6 hours or more) and contributes significantly to
inflammation (124). Eosinophils release toxic granule proteins such as eosinophil peroxidase
and major basic protein which cause significant damage. Activated eosinophils can also

enhance the expression of FceR1, which enables them to respond directly to IgE (125).

Th2 cells predominately mediate allergy. The mechanism by which allergic responses are
initiated in atopic individuals is still not clear but both environmental and genetic factors are

thought to play a compounding role. As most allergic disorders present clinically at epidermal
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and mucosal surfaces, a breakdown of the physical barrier is thought to play a role in
pathogenesis. Experimental studies in mice have shown that the route of administration of
antigen can influence the immune response as the mucosal membranes seem to be
predisposed to a Th2 response; possibly as an adaptation that prevents destructive type-1 and
17 responses at these sites. The mechanism of induction of allergy by some but not other
antigens is unclear, but molecular mimicry of antigens present in parasitic worms is a possible
explanation e.g. bee venom and peanuts. Other factors include high solubility of allergen
(allowing penetration into the mucosa) and protease activity (which disrupts epithelial

borders) (124).
1.4.21 Asthma

Asthma is a common chronic allergic disease characterised by airflow obstruction and
bronchospasm. Symptoms include wheezing, coughing, chest tightness, and shortness of
breath. Acute attacks of asthma can be fatal and it is estimated that 250,000 people die each
year from the disease worldwide (126). Asthma appears to be more prevalent in urbanised and
developed countries, although it is associated with higher mortality rates in less developed
regions, owing to the lack of treatment options available (126). Management options involve
avoidance of allergens and triggers (tobacco smoke for example), while common therapeutics
target bronchoconstriction e.g. albutamol, a short-acting 2-adrenergic receptor agonist used
for the relief of bronchospasm, and general immunosuppressive therapies such as inhaled or
oral glucocorticoids. Allergens that are implicated in allergic asthma include house dust mite,
animal dander and aspergillus mould, but also include any number of inhaled particulate
proteins and chemicals. The aetiology of disease is complex and thought to include genetic
and environmental factors. Obesity and the male gender are associated, as is air pollution and
tobacco use. Chronic exposure to allergens is a mitigating factor but not a direct cause.
Genome-wide linkage studies have revealed an atopy linkage region on chromosome 5q31-33
(127). This region contains genes for IL-4, IL-13, CD14 (co receptor along with TLR4 for
LPS) and the B, adrenergic receptor (ADRB2, regulates smooth muscle contraction). Certain
HLA haplotypes have also been associated with progression of disease, underpinning the
importance of antigen presentation. Single nucleotide polymorphisms (SNPs) in the genes
coding for STAT6, CTLA-4, IL-4Ra, FCeR-1, TLR 4, TGF-B, 11.-10, CD14 and NOD2 are

also associated with development of disease, suggesting defects in microbial sensing, Th2
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biology and immune regulation may play a role. Other genes associated with epithelial cell

barrier function and airway remodelling also appear to be important (127).

Asthma attacks are triggered by allergen-induced activation of sub-mucosal mast cells in the
lower airway and follow an early/late phase pattern similar to many other atopic diseases.
Allergen-induced mast cell degranulation causes the immediate release of histamine and
prostaglandins, which act on the airways causing self-resolving bronchoconstriction.
However, several hours later mast cells produce cytokine, chemokines and leukotrienes
(which must be synthesised by the mast cells before release), resulting in the late phase

response, characterised by influx of Th2 cells, eosinophils and basophils (124).

A compounding problem of asthma is this late phase response does not self-resolve.
Prolonged inflammation and damage results in the generation of positive feedback
mechanisms, whereby influx and activation of Th2 cells continually recruit other cells (124).
The airways thus become characteristically hyper-reactive; in this stage, factors other than re-
exposure to allergen can trigger acute attacks, which explains why tobacco smoke or
infections can exacerbate disease in the absence of allergen. In the long term, the original
antigen may become irrelevant as the self-perpetuating atopic inflammation takes over. The
constant interplay of inflammatory cells and the release of mediators leads to tissue
remodelling of epithelial cells, goblet cells, smooth muscle and results in chronic damage of

the airways.

While mast cell degranulation mediates bronchoconstriction, obstruction of the airways is
caused by mucus deposition, a severe problem in asthma as this obstructs the already
constricted airways. IL-13 acts on the bronchial epithelial layer to induce goblet cell
hyperplasia. Goblet cells produce and secrete mucin into the airway lumen, which acts to

aggregate and obstruct the airways (128).

Thus, Th2 cells, through the production of IL-4, IL-5 and IL-13 can initiate and maintain the
key pathogenic features of asthma. IL-4 is important for original allergic sensitisation and IgE
production. IL-5 is crucial for eosinophilia and eosinophil survival and IL-13 mediates many
of the tissue—specific features of disease, such as the remodelling of tissue and deposition of

mucus (129).
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There has been considerable interest regarding the protease activity of allergens in the
aetiology of asthma. The faeces of house dust mites contain a papain like cysteine protease,
called Derp-1. Cysteine proteases active Th2 cells by inducing cytotoxic damage or by
activating protease activated receptors, which are linked with DC maturation (65). Proteases
may also reduce the integrity of the mucosal epithelial barrier, allowing allergen to be taken up
by sub-epithelial APC (124). The Th2-inducting activity of proteases is supported by the fact
that native but not inactivated papain induces IgE responses in mice (130). The presence of
low amounts of endotoxin in Derp-1 seems to be important for initial immune activation
(67). Low concentrations of LPS are known to preferentially induce Th2 responses (131).
Interestingly, Derp-2, a related protease also found within house dust-mite faeces, is
structurally similar to MD2 a co-receptor for TLR-4 and thus may act as an adjuvan as well

as an allergen (132).

Recent studies have demonstrated the importance of non-canonical type-2 cytokines released
by epithelial cells in the generation of Th2 cells in the lung. Proteases such as papain also
induce Th2 cells via the production of TSLP and IL-25 by epithelial cells (66). Derp-1 acts on
TLR-4 expressed on airway epithelial cells to promote the production of TSLP and IL-33
(67). TSLP was found to be required for AHR in mice (133) TSLP is also thought to
condition DC to generate a Th2-inducing phenotype. Downstream, I1-25 and IL-33 acts on
nuocytes, which are an innate source of type-2 cytokines, aiding the development of Th2 cells
(134). Indeed these cells may contribute to the overall atopic environment as a recent report
demonstrated that airway hypersensitivity could be induced in mice that lacked T or B cells.

This was mediated via the production of IL-4 and IL-13 by nuocytes (135).

1.5 Parasites

The word parasite is derived from the Greek word, Parasitos which means literally "one who
eats at the table of another." Kiichenmeister, in 1855 defined parasites in the following

manner:

“Parasites are independent organised beings... in order that they may be enabled to
complete their development, growth, or reproduction... take up their abode either
constantly or temporarily in or upon a second animal... from which they also

derive their nourishment.”
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Parasitism is a complicated phenomenon that not only includes internal parasite infections
but external infestation by lice and fleas and any behaviour where one organism benefits at
the expense of another. Parasites increase their fitness by exploiting hosts for resources
necessary for their survival, including nutrients, heat, habitat, and transmission. It differs from
predation in that the host is usually much larger than the parasite and parasite does not intend
to kill the host. Internal parasitism usually refers to infections with macroparasites and
infections with viruses and bacteria, while technically parasitical in nature are, in general use,
excluded from the term. Protozoa and parasitic worms are macroparasites which infect
mammals. One common feature of such infections is that parasites generally have a
complicated life cycle that require infections of both definite (mammalian) hosts, and
intermediate hosts, which can include arthropods and other invertebrate animals or even
other mammals. Diseases of humans caused by protozoal infections include African
trypanosomiasis (sleeping sickness) and Chagas’ disease caused by infection with flagellate
protozoa of the genus Trypanosoma or malaria which is caused by infection with the protists of

the genus Plasmodium.

1.5.1 Helminths

Worms are metazoan invertebrate animals, which belongs to one of several phyla. Parasitic
worms are called helminths, in order to differentiate them from free living worms. Helminths

include species from two phyla, Nematoda and Platyhelminthes.

Nematoda or roundworms: are elongated and cylindroidal in shape with a basically bilateral
symmetrical arrangement. The outer surface consists of a non-nucleated cuticle secreted by
the underlying hypodermis. Unlike cnidarians (free-living worms) and platyhelminthes,
nematodes have tubular digestive systems with openings at both ends and those that are
parasitic in humans are unisexual (136). Those nematodes of interest to human and mouse
immunology include, the intestinal nematodes Helgmosomoides polygyrns, Nippostrongylus
brasiliensis and  Necator americanus, Strongyloides stercoralis, the filarial nematodes I.itomosoides

sigmodontis and Brugia malayi and the whipworms Trichuris suis and Trichuris muris.

Platyhelminthes or flatworms: These helminths are bilaterally symmetrical and are
compressed dorsoventrally to give a flat leaf-like (trematodes) or tape-like shape (cestodes).

Unlike  nematodes, they lack a body cavity and they have no
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specialized circulatory or respiratory organs which restricts them to flattened shapes to
enable oxygen and nutrients to pass through their bodies by diffusion. Instead, they are
covered in tegument, a biologically active outer layer of multinucleated cells covered with a
carbohydrate glycocalyx. The tegument performs all the vital activities such as protection,
absorption, excretion and secretion. It has a large surface area for the enhanced absorption of
nutrients. The tegument is also the host-parasite interface, protecting the worm from digestive

enzymes and immune system of the host. Flatworms are subdivided into two classes:

Cestoda or tapeworms: The adult worms are usually segmented with the body being divided
transversely into separate, sexually complete units called proglottids. In cestodes the tegument
is further covered with highly specialized microvilli, which project from the outer membrane
of the tegument. Since cestodes are devoid of any digestive and excretory systems, the
tegument constitutes the principal site of absorption of nutrients and elimination of waste
materials. Adult worms of different species live almost exclusively in the intestine and are
hermaphroditic. Species of the genera Taenia and Echinococous are parasites of mammals. Taenia
solium infection in humans is widely known to be contracted by consumption of undercooked

pork since the pig is the intermediate host.

Trematoda or flukes: These worms are unsegmented and the adult forms have suckers and
an incomplete gut for digestion. Thus, trematoda use the tegument for excretion and gas
exchange. The tegument contains a number of invaginations or surface pits, and is dispersed
with bristle-like projections called spines which are composed of actin filaments. Trematodes
are hermaphroditic and reproduce both sexually and asexually in the definite host. Almost all
trematodes use molluscs as intermediate hosts. The two best described flukes are the blood

flukes of the genus Schistosoma, and the liver flukes of the genus Fasciola.
1.5.1.1 Heterogony and transmission

Most helminths require more than one host in order to complete their life cycle. A definite
host is one in which the adult worm reproduces and an intermediate host, is one which
contains one or more types of larval stages. However, there are exceptions, namely
hookworms, which exist as independent soil-living worms in their larval stage and do not
require an intermediate host. These concepts are called heterogony, and were first conceived
by Peter Christian Abildgaard, who in 1790 discovered the larva form of a tapeworm known

to infect ducks in the intestines of fish and demonstrated that ducks became infected by
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eating these fish. Such observations helped dispel the prevailing view, held since classical

times that worms arose from "spontaneous generation" in the host (136).

Helminths enter the definite host via contaminated food or water, soil, insect bites, and even
sexual acts. Poorly washed vegetables, eaten raw may contain eggs of nematodes such as
Ascaris, Enterobius, Trichuris, and/or cestodes such as Tuenia and Echinococcus. Plants such as
watercress can be contaminated with liver fluke metacercariae. Undercooked meats may
transmit Taenia (pork, beef and venison), Trichinella (pork and venison), Diphyllobothrinm (fish),
Clonorchis (tish), and Paragonimus (crustaceans). Schistosomes and nematodes such as hookworms
(Ancylostoma and Necator and Strongyloides) infect the host by actively penetrating the skin upon

contact with contaminated water or soil.
1.5.1.2 Epidemiology

It is estimated that one quarter of the population is infected with helminth parasites.
However, in developing counties this prevalence is much higher (137, 138). Hookworm
infection affects between 750-1300 million people worldwide, but this is almost entirely
restricted to sub-Saharan Africa, Latin America and south-east Asia (138, 139). There are
several reasons for the disparity in the geographic spread of helminthiasis: the endemic
regions overlap with the natural geographical range of the intermediate hosts of many
helminths. In addition, the greater reliance on the use of untreated water supplies can provide
habitats for the intermediate mollusc host of schistsomes and these regions generally lack
availability to anti-helminthic drugs. In these regions, infection of individuals with numerous
species is common (polyparasitism) as is coinfection with HIV and malaria, which is likely due

to the overlapping geographical distribution of these diseases (140, 141).

Helminths cause long lasting infections that inflict harm on their host via competition for
nutrients, mechanical/enzymatic damage during tissue translocation and immune pathology.
Common symptoms include chronic anaemia, malnutrition and fatigue. However, a major
feature of many helminth infection is that they are often totally asymptomatic in otherwise
healthy adults (142). In most cases, infection with species of the genera Schistosomes, Necator
and Trichuris, which collectively infect over a billion people, cause mild or benign disease,
although the severity of disease is proportional to worm burden. However, other species of
helminths are associated with significant morbidity, disability and reduction in life expectancy.

For example Brugia malayi and Onchocerca volyulus are the causative agents of the disabling and
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disfiguring diseases, lymphatic filariasis (elephantiasis) and river blindness, respectively.
Infection with these parasites results in a chronic inflammatory disease, tissue damage and

fibrosis, which may persist even after the worm 1s expelled (143).

Most helminth species have a propensity to infect children. Children and adolescents harbour
greater number of worms and are more vulnerable to infection than adults (143, 144).
Moreover, in addition to the aforementioned symptoms observed in adults, infection of
children has more insidious effects including growth retardation, diminished physical fitness
and even impairment in cognitive development (145). Helminth infections are thus viewed as
not only an important individual health problem, but also as one of social and economic
development (140). It 1s estimated that the disability-adjusted life years lost each year as a
result if helminth infection is 39 million, a figure higher than that of malaria and almost
comparable with tuberculosis (146). Such disease also has an immeasurable effect on societal

development through days lost in school and work and diminished fitness of the population.
1.5.1.3 Treatment of helminth infections

Helminth infections are regarded as neglected tropical diseases (138). Deaths are rarely
directly caused by helminth infection and as a result the impact of these pathogens on human
health has been largely overlooked. Helminth infections also primarily affect poorer people in
resource-constrained regions of the world, those people that lack the resources to protect
themselves from infection. As disease results largely from poverty, it in turn contributes to

further poverty by impairing agricultural and economic productivity (139).

International investment into the problem of helminthiasis is quite poor, especially when
compared with diseases typically associated with the developed world (heart disease, diabetes
and cancer). This is also reflected in research spending; less than 1% of global research funds
are targeted for helminth diseases, with little investment from the pharmaceutical industry,
likely due to a perceived lack of return on investment due to helminth infections being
restricted to the world’s poorest people. These facts go a long way to explaining why there
has been little development in drugs or vaccines for the treatment of helminth infections
(143). However in the past two decades NGOs and charities have tasked themselves to deal
with this problem. Of note are the WHO’s Neglected tropical diseases initiative, the Bill and

Miranda Gates foundation’s Global Health Program and that Mass Drug administration
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program (139). The primary aim of these organisations/initiatives is to promote the

eradication of tropical diseases including helminth infections.
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Figure 1.2 Classification of helminths infecting mouse and man. A summary
of the major helminth infections of humans and their mouse model counterparts.
Estimates of human infection numbers are taken from Hotez et al. (2008) (143).
Figure reproduced from Maizels et al (2010) (147).
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The elimination of disease may be best achieved through public health initiatives which target
the intermediate host or vector (143). Reducing transmission by use of clean water supplies,
provision of housing and education regarding the risks of swimming and bathing in open
water is of paramount importance, given the prevalence in poor regions of soil transmitted

helminths that are transmitted via contaminated water (138).

Systematic use of anti-helminthic drugs on the entire population of endemic areas regardless
of whether an individual is infected or not, is another method being used: this has the added
benefit of not only treating the affected individuals but also preventing transmission by
eradicating helminths from treated regions. Some of these initiatives have made astounding
progress. The WHO’s global program to eliminate lymphatic filariasis (elephantiasis) for
example is on track to eliminate the disease by 2020, through the systematic blanket
administration of diethylcarbamazine or ivermectin plus albendazole to large geographic
regions, where the causative filarial nematodes are endemic and thus far 900 million people
have been treated (148). Eradication of helminthic diseases will require significant investment,
with a multi-faceted approach that not only targets populations using drugs but aims to

reduce vectors together with societal development that deals with the underlying cause,

poverty.

One worrying aspect is the lack of investment in primary research. Advancement in genomic
and molecular biology has revolutionised the fight against diseases such as malaria and
tuberculosis and while the genomic sequence of some helminths have been completed they
have yet to be annotated. Basic research remains especially important given the selection
pressure on helminths to evolve resistance to the major anti-helminthic drugs. Helminth
vaccines are another approach being developed. While there is, as of yet, no helminth
vaccines approved for use in humans, there are several vaccines being used for veterinary

cestode infections (149-151).

No doubt the development of such interventions will be aided by research into the host-
parasite interactions. Why do some people clear infection while others do not? How can a
macroscopic creature evade the host’s immune system for years or even decades? The next
section will deal with the question: how does the immune system respond to infection with

helminth and in turn how do helminths evade immunity?

a1



1.5.1.4 Host-parasite interactions: The Protective Immune response to helminths

“A Man, whose body abounds with a certain sort of Humour, will produce
Worms ... and he who has no Humour proper for the Eggs of Worms, will

produce none, and so be free of them.”
Nicolas Andry, 1700 foreshadowing the concept of immunity to helminths.

Adult helminths are rarely killed by the immune system. Thus, it is suggested that the immune
response limits infection by reducing the viability and reproductive capacity of helminths or
to physically expel them from the mucosal membranes in which they characteristically reside
(e.g., the intestine, lungs and skin). Protective immunity to helminths is mediated by Th2
responses (152). The importance of the Th2 response in helminth immunity is supported by
population genetics which have demonstrated an association between loci that control Th2
responses and their effector cytokines with susceptibility to infection (153). However, it may
be more useful to describe the response to helminths as a “type-2 response” rather than a

>

“Th2 response,” as this term more accurately describes the multiple cell types (innate and
adaptive) mobilised during anti-helminth response, rather than suggesting immunity is
mediated by Th2 cells alone. For instance, it was shown that the archetypal Th2 cytokine IL-
4, is not required for the expulsion of the gastrointestinal nematode N. brasiliensis, however,
subsequent studies revealed that IL-13, IL4Ra« and STATG were all required; suggesting that
separate facets of type-2 immunity work in tandem to mediate protective immunity against
helminths (154). IL-4, once considered to be the hallmark type-2 effector cytokine is now
viewed to be more important for the polarisation of T cells and in class switching (IgE class)
of B cells rather than in mediating protective immunity. Indeed, IL-13 and IL-5 appear to be
more important for the actual expulsion of helminths. Liang et al showed that IL-13-

producing cells in mice infected with N. brasiliensis home to the infected tissue, while IL-4

producing cells remain in the LN to provide ‘help’ to B cells (155).

IL-13 is involved in mediating changes to the physiology of target organs and is particularly
associated with the induction of goblet cell hyperplasia, mucus production, epithelial shedding
and smooth muscle contraction that can act to physically expel helminths from these
membranes in what is referred to as the ‘weep and sweep’ response. During T. Muris

infection, IL-13 increases epithelial cell turnover in the gut, which removes parasitiased cells
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(156). Similar flushing effects are controlled by the action of IL-13 and IL-25 in response to

infection of the gut by H. po/ygyrus and N. brasiliensis.

Upon allergen encounter, helminth specific IgE bound to mast cells via FceR1 induces mast
cell degranulation and release of factors including TNF-a and LTE which act on endothelial
and epithelial cells to induce vasoconstriction, permeability and the expression of VCAM-

1/Eotaxin that promotes the recruitment of eosinophils (9).

IL-5 recruits and activates eosinophils (157). A classic, but simplified understanding is that
eosinophils kill helminths. Ir zivo, helminths are too large to be phagocytised and are thought
to be killed by eosinophils through the release of preformed or metabolic mediators, such as
major basic protein (MBP), or through antibody-dependent cell-mediated cytotoxicity. As a
purified protein, MBP has potent in witro toxicity against a number of parasites, including
Schistosomes spp. (9). However, few studies could replicate this finding 7z wive. It is hotly
debated whether eosinophils kill worms at all. Worms are commonly found 7# vive, coated
with eosinophils, but the chronic nat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>