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Abstract

Particulate vaccine adjuvants (PVA) have been used in vaccines both
experimentally and clinically for almost a century. However, the mechanisms by
which adjuvants, such as alum and poly lactide-co-glycolide (PLG) microparticles
promote immune responses are not well understood. This project set out to
investigate the mechanisms by which PVA promote immune responses and the
relationship between specific PVA characteristics and the induction of innate and
adaptive immunity. Firstly, the ability of PVA to activate immune cells in vitro was
investigated. These studies revealed that neither alum, PLG nor polystyrene (PS)
microparticles promoted the maturation of dendritic cells (DC). Furthermore, the
particulates did not directly promote cytokine production by DC. In contrast, PVA
synergised with TLR agonists to dramatically enhance the secretion of IL-1p, IL-18
and IL-1a. The enhancement in IL-1p secretion was dependent on particle uptake
and potassium efflux. Furthermore, the increase in IL-1p secretion was dependent
on caspase-1 activation via the NLRP3 inflammasome. PVA promoted
inflammasome activation via a process dependent on lysosomal disruption and the
lysosomal protease, cathepsin B. In addition, following injection the ability of PVA
to promote the recruitment and activation of innate immune cells was dependent on
NLRP3.  Furthermore, PVA-mediated enhancement of antigen-specific IL-6
secretion occurred in a NLRP3-dependent manner. In contrast, the ability of PVA to
enhance antigen-specific humoral responses was NLRP3-independent.

While in vitro data suggested that PVA require the addition of a TLR agonist
to enhance IL-1P secretion, injection of PVA in the absence of a TLR agonist was
sufficient to promote the local production of IL-1B. This suggests that following
injection, PVA can synergise with endogenous factors to promote IL-1 secretion. In
agreement with this, PS microparticles synergised with HMGBI1, a known
endogenous danger signal, to enhance IL-1B and IL-la secretion by DC.
Furthermore, all the PVA tested were toxic to DC and splenocytes in vitro and
induced cell death at the injection site in vivo. Thus, PVA may promote the release
of immunostimulatory endogenous danger signals from cells around the injection
site, which could synergise with the particulates to promote IL-1 secretion. In
support of this, the injection of supernatants from alum-treated splenocytes together
with Ova enhanced antigen-specific cell-mediated immunity.

Having established the in vitro effects of PVA, studies were carried out to
investigate the relationship between PVA composition and adjuvant properties.
Injection of alum, PLG or PS microparticles principally enhanced antigen-specific
Th2 responses. The most striking finding was that injection of PVA alone exerted
modulatory effects on cytokine production within 3 h of injection. In particular,
injection of alum or PLG primed splenocytes to secrete IL-10, IL-6 and IFN-y.
Moreover, PLG enhanced expression of IL-21 mRNA in splenocytes 1 day after
injection. These results indicate that there are shared responses to injection of
particulates in terms of cytokine modulation. However, it was important to dissect
the relationship between particle size and the type of adaptive immune response
induced. The injection of PS nanoparticles promoted strong local inflammatory
reactions and specifically enhanced the secretion of IL-17 and IFN-y. In contrast,
injection of larger PS particles induced a small discrete lesion with a low level of
cellular infiltration and promoted Th2-associated cytokines. However, all PS
particles, regardless of their size, enhanced the production of antigen-specific
antibodies, suggesting that particle size is a key determinant of the type of cell-
mediated immunity induced by particles but less important in dictating humoral
immunity. Overall, these studies have revealed remarkable immunomodulatory
effects of PVA and add to our understanding of how these materials induce and
direct immune responses. These findings will be useful in the design and application
of novel vaccine adjuvants.
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1.1 Vaccines

The concept of vaccination dates back to the late 18" century, when Edward Jenner
made the observation that milkmaids that had contracted cowpox were protected against
smallpox. Subsequently he inoculated a small boy, James Phipps, with cowpox to test
his theory. The procedure was termed ‘vaccination’ and this was the beginning of
immunology as a science [1]. Jenner’s approach was successful and would eventually
lead to the eradication of smallpox. The next major advance in vaccination was made
by Louis Pasteur, who demonstrated that attenuated micro-organisms could induce
long-lived protection against infection caused by the virulent or infectious form of the
organism. Pasteur developed vaccines against chicken cholera in 1879 and human
rabies in 1885 [2]. Vaccination was widely introduced during the 19 century and has
greatly reduced the numbers of deaths due to infectious diseases. The traditional
method of vaccine development was the use of live attenuated and inactivated viruses or
bacteria. These types of vaccines have been effective against a number of diseases,
including smallpox, rabies and measles. Safety issues and the advances made in
molecular biology and immunology has led to a push towards subunit vaccines, using
just isolated components from the microorganisms. The subunits used may be peptide
or protein antigens, polysaccharides or DNA. Additionally, advances made in genomics
and bioinformatics have greatly changed the way in which vaccines are developed. For
example, a process known as ‘reverse vaccinology’ involves scanning of the genome
sequences of infectious micro-organisms in order to identify potential vaccine targets
[3]. This technique has led to the identification of vaccine candidates for Neisseria
meningiditis serogroup B and is currently being applied to other infectious agents, such
as Yersinia pestis [3-4]. The increased safety profile associated with subunit vaccines
comes with reduced immunogenicity, decreasing the efficacy of these vaccines. The
lower immunogenicity is due the absence of microbe-associated molecular patterns
(MAMP), such as LPS or flagellin, which are highly immunostimulatory. It is also
thought that the particulate nature of the attenuated microorganism may present the

MAMP to the immune system in a way which is more immunogenic [5].



Cells of the innate immune system have the ability to recognise these MAMP and
trigger the induction of tailored pathogen-specific immune responses. There are
currently two main theories on how our immune system distinguishes self from non-

self; (1) Janeway’s self versus non-self model and (2) Matzinger’s danger theory [6-7].

1.2 Innate Immune recognition

The original model of how the immune system distinguishes self from non-self and the
presence of invading microorganisms was proposed by Burnet. He hypothesised that
lymphocytes possess a single receptor specific for a pathogen and that multiple copies
of this receptor are expressed on their cell surface [8]. This idea was then extended to
introduce the idea of a ‘stimulator cell’, now known as an antigen presenting cell
(APC). The APC was thought to be required to provide a signal for T cell activation
and that this signal was species-specific [9]. Almost 30 years later, Charles Janeway
put forward the idea that APC could recognise MAMP through a set of germline
encoded receptors, known as pattern recognition receptors (PRR) [6]. According to this
model, APC that have not encountered pathogens are in an inactive state and once they
come into contact with a pathogen they become activated and upregulate co-stimulatory
molecules, which allows them to interact with naive T cells. These interactions between
APC and T cells results in the generation of an antigen-specific immune response

through the adaptive immune system.

The PRR proposed by Janeway equip the APC with the ability to distinguish “infectious
non-self” from “non-infectious self” [6]. Although Janeway’s theory is widely accepted
and experimentally supported, there are examples of immune activation in disease states
which do not fit into this model, such as autoimmune diseases or graft rejection. In
addition, this theory cannot explain how non pathogen-derived adjuvants, such as

aluminium hydroxide (alum), stimulate the immune system.

In an attempt to explain these discrepancies, Polly Matzinger proposed that APC are
activated by “danger” or “alarm” signals released from dying or damaged cells [7].
This ‘danger’ theory suggests that the immune system recognises non-self in the context

of ‘danger’ or damage. The identification of endogenous molecules, such as HMGBI,



uric acid, hyaluronic acid and heat shock proteins that can stimulate immune responses

adds substance to this novel theory [10-12].

The common idea in both Janeway’s and Matzinger’s theories is the existence of a set
of evolutionarily conserved receptors on cells of the innate immune system which
allows them to quickly and efficiently sense the presence of invading pathogens and

also damaged, injured or stressed cells.

1.3 Pathogen Recognition Receptors

PRR can be expressed on the cell surface, intracellularly or secreted. Recognition of a
MAMP or danger signal triggers intracellular signalling cascades, which ultimately
results in the expression of inflammatory effector molecules, such as cytokines, reactive
oxygen species (ROS) and co-stimulatory molecules.  During the acute phase of
infection, the liver can secrete PRR, such as C-reactive protein and mannose-binding
lectin, which recognise phosphorylcholine and terminal mannose residues, respectively
[13-14]. Binding of these secreted PRR helps to ‘label’ antigens as foreign and allows
their subsequent interaction with other molecules of the innate immune system. The
surface expressed and intracellular PRR currently comprise of four main families: Toll-
like receptors (TLR), RIG-1-like receptors (RLR), C-type lectin receptors (CLR) and
the Nod-like receptors (NLR). CLR include Dectin-1, mannose receptor, DC-SIGN and
Mincle [15] It is thought that the existence of multiple PRR with the ability to sense
microorganisms or danger signals, or even both, guarantees the detection of danger,

even when the signalling competency of a single PRR is compromised.

1.3.1 RLR

RLR can detect viral nucleic acids and activate members of the interferon response
factors (IRF) family. Retinoic acid inducible gene 1 (RIG-1) and melanoma
differentiation-associated gene 5 (MDA 5) can detect the presence of dsRNA, which is
present during the replication stages of many viruses (Table 1.1) [16-17]. Both PRR
contain a helicase domain, which is responsible for RNA binding. In addition, both

molecules contain a caspase-activating recruitment domain (CARD) which allows them



to signal downstream via homotypic interactions with other CARD-containing proteins,
such as IFN-B promoter stimulator 1 (IPS-1), resulting in the activation of IRF-3 and
nuclear factor kappa B (NFxB) [18]. RIG-1 and MDA-5 are found as inactive
monomers in resting cells and ligand binding induces a conformational change that
exposes their CARD regions, allowing for oligomerisation and subsequent signalling
[18]. More recent studies have demonstrated that, activation of MDA-5 and RIG-1
occurs in a length-dependent manner, with MDA-5 being specifically activated in
response to longer poly(I:C) polymers [19]. This suggests that these dsRNA sensors
may be able to distinguish between different types of RNA viruses. Database searches
have also identified another helicase-containing protein, known as laboratory of
genetics and physiology 2 (LGP2). Although LGP2 contains a helicase domain, it is
lacking a CARD region and acts as a negative regulator of both MDA-5 and RIG-1
[20].

Additional PRR necessary for the sensing of non-self DNA have also been identified.
DNA-dependent activator of interferon regulatory factor (DAI) has been shown to bind
dsDNA directly and induce type I IFN secretion via activation of TRAF family
member-associated NFkB activator (TANK)-binding kinase 1 (TBK-1) and IRF3 [21].
The sensing of non-self DNA within the cytoplasm can also trigger activation of
caspase-1 via inflammasome formation, induced by a DNA-sensing protein known as
absent in melanoma 2 (AIM2). AIM2 has been shown to induce inflammasome

activation in response to transfected DNA and vaccinia virus [22-23].

1.3.2TLR

TLR were first discovered based on their homology with the Drosophilia protein Toll.
The Drosophilia toll gene was initially discovered to be required for dorso-ventral
patterning during embryonic development. However, it was later found that Toll
induces the production of the antimicrobial protein drosomycin, suggesting a role in
immune responses. Homologues of Toll have been identified in several species,
ranging from plants to mammals. The first human toll-like receptor was reported in
1994 [24]. However the physiological relevance of these proteins in mammals was not
identified until 1998 when Poltorak et a/ showed that the mice susceptible to infection

with Gram-negative bacteria possessed a mutation in their 7/r4 gene, suggesting that its



role is to sense the presence of pathogens through LPS [25]. Since their initial

discovery, 13 mammalian TLR have been identified.

TLR are type I transmembrane proteins, which means that they have an extracellular N-
terminal. The defining features of all TLR, however, is the presence of an intracellular
Toll/IL-1 receptor (TIR) domain and an extracellular leucine-rich repeat (LRR)
associated with pathogen sensing [18]. The leucine-rich repeat region consists of -
strands and o-helices, which run parallel to the same axis, producing a non-globular
horseshoe-shaped molecule. More importantly, the LRR is associated with interactions
between the receptor and its ligands [26]. The TIR domain is highly conserved and
forms complexes with the TIR-containing adaptor molecules Myeloid differentiation
factor 88 (MyD88), MyD88 adaptor-like protein (Mal/TIRAP), TIR domain-containing
adaptor protein inducing interferon B (TRIF) and TRIF-related adaptor molecule
(TRAM) [27]. In addition to these stimulatory adaptors, sterile-a and HEAT-Armadillo
motifs (SARM) was identified as the first TIR-containing adaptor to have an inhibitory
role [28]. MyDS88 is utilised by all TLR except for TLR3, which signals through TRIF,
while TLR4 has the ability to recruit either MyD88 or TRIF [29].

Multiple pathways can potentially be activated by TLR signalling, including NF«xB,
MAP-kinase (MAPK) and type I interferon (IFN) regulatory factors, ultimately
inducing the translocation of transcription factors into the nucleus. These transcription
factors regulate the expression of pro-inflammatory genes, including cytokines,
chemokines, co-stimulatory molecules and anti-microbial peptides [18]. TLR can be
broadly classified based on their cellular localisation. They can be found on the cell
surface (TLRs 1,2,4,5,6) or intracellulary on the surface of endosomes (TLR 3,7,8,9)
(Figure 1.1).

TLR3 recognises viral dsSRNA and polyinosine-deoxycytidylic acid (poly I:C), which is
a synthetic analogue of dsRNA [30]. TLR7 and 8 are highly conserved and both
recognise the synthetic imidazoquinoline-like molecules imiquimod (R-837) and
resiquimod (R848), which have anti-viral properties. In addition, TLR7 and TLRS8
agonists also include guanosine- or uridine-rich ssSRNA from viruses, such as HIV [31-
33]. Vertebrate DNA contains CpG motifs which occur infrequently and are highly

methylated. In contrast to this, unmethylated CpG motifs can be found in bacteria,



protozoa and viruses and these motifs have the ability to specifically activate TLR9
[34]. However, recently it has been shown that TLR9-dependent recognition of non-
self DNA occurs in a manner that is independent of the base sequence and that
signalling can be induced by sensing of the sugar backbone of DNA [35]. Furthermore,
malarial DNA, which is AT-rich, induces pro-inflammatory responses in a TLR9Y-

dependent manner [36].

Gram negative bacteria have an outer membrane, which is primarily composed of
lipopolysaccharide (LPS). It is the lipid-A region of LPS, which is recognised by cell
surface-expressed TLR4. The sensing of LPS occurs through a complex formed
between CD14, MD2 and TLR4 on plasma membrane (Figure 1.1)[18]. There is no
direct binding of LPS to TLR4, instead the LPS is delivered to the membrane bound
TLR4-MD2 complex by CDI14 recognition of LPS following LPS binding to LPS-
binding protein (LBP) [10]. TLR2 is also expressed on the cell surface and has the
ability to recognize MAMP from viruses, gram-negative and gram-positive bacteria and
fungi [37]. This broad range of specificity seen with TLR2 is due to its ability to form a
heterodimer with TLR6, TLR1 or non-TLR proteins, including CD36, CD14 and
dectin-1. For example, the TLR2-TLR6 heterodimer recognises zymosan and diacyl-
lipoproteins in conjunction with CD36, while TLR2-TLR1 binds to bacterial triacylated
lipopeptides [18, 38-39]. TLRS is highly expressed on the basolateral surface of
intestinal epithelial cells, where it binds to a highly conserved region of flagellin, a
protein component of bacterial flagella which is important for bacterial motility [40]. It
has also been shown that TLRS5 is not found on splenic DC, but is highly expressed on a
subset of specialised lamina propia DC, suggesting a role for TLRS in the regulation of

innate and adaptive immune responses in the intestine [41].

In addition to their ability to sense pathogens, TLR have also been shown to have the
ability to detect endogenous danger signals that can be released by necrotic, damaged or
stressed cells. Both TLR2 and TLR4 have been implicated in the detection of danger
signals, such as HMGBI, hyaluronic acid (HA), heat shock proteins and fatty acids [10,
42-44].

The expression of TLR can be restricted to specific cell types and this can have a major
impact on the effector mechanisms of those cells. A prime example of this, are

plasmacytoid DC (pDC), which play a key role in the innate response to viruses. These



cells specifically express TLR9 and TLR7, which allows them to detect viral nucleic

acids and produce high levels of type | interferons (IFN) [45].
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Figure 1.1: Cellular distribution of TLR and their respective ligands. TLR are
pathogen recognition receptors of the innate immune system. They are expressed on the
cell surface (TLR 1,2.,4,5.6) and intracellularly on endosomal compartments (TLR
3,7.8.9). Their localisation allows them to detect the presence of either extracellular or
intracellular pathogens. For example, TLR 3.9 have the ability to detect viral nucleic

acids while TLRS specifically interacts with bacterial flagellin.



TLR Agonist

TLR1- Pam;CSK4,

TLR2 Diacyl-lipopeptides (bacteria)

TLR2 Lipoteichioic acid, peptitoglycan, porins,
zymosan, HCV core and NS3 proteins, measles
virus, human CMV and HSV-1

TLR3 dsRNA, mRNA, poly (I:C) polymer

TLR4 LPS(bacteria),

Mannan(fungi),
Glycoinositolophospholipids(protozoa),
RSV fusion protein (virus)

TLRS Flagellin

TLR6- Triacyl-lipopeptides (bacteria)

TLR2

TLR7 ssRNA,

Imidazo-Quinolone-like molecules

TLRS8 ssRNA,

Imidazo-Quinolone-like molecules

TLR9 CpG DNA(bacteria, protozoa, virus),CpG
oligos, AT rich DNA (malarial)

TLR10 Unknown

TLR11 Uropathogenic bacteria

RLR Agonist

RIG-1 dsRNA, short poly (I:C) polymers,
5’ triphosphate RNA

MDA-5 dsRNA, longer poly (I:C) polymers, RNA mesh

Table 1.1: Natural and synthetic ligands of TLR and RLR.




1.3.3 NLR

Several new families of LRR-containing proteins have been identified since the
completion of the human genome project and evidence is increasing for their role in
pathogen sensing and host defence. ~An example of one such family is the
CATERPILLER (CARD, transcription enhancer, R (purine) binding, pyrin, lots of
LRRs) family, distinct from TLR due to the absence of a TIR domain. These proteins
are made up of three distinct regions (Figure 1.2); the C-terminal leucine-rich repeats
(LRR), the central NACHT domain (domain present in neuronal apoptosis protein
(NAIP) also referred to as the nuclear oliogmerisation domain (NOD), MHC class II
transactivator (MHC 1I), HET-E and TP1) and the N-terminal domain, which can
consist of a pyrin domain (PYD), a caspase recruitment domain (CARD) or a
baculovirus inhibitor of apoptosis repeat (BIR) domain. The leucine-rich repeat is

thought to play a similar role in ligand binding as it does in TLR [46].

The NACHT or NOD region of the proteins contains seven distinct motifs, including an
ATP/GTPase-specific P-loop and a Mg2" binding site. It also contains a motif
homologous to the NB-ARC domain in apoptosis protease activating factor 1 (APAF-1)
which is involved in the binding of ATP and cytochrome-c-dependent oligomerisation,
resulting in the activation of capase-9 [47]. Based on this, the NACHT/NOD domain is
thought to be required for oligomerisation and activation of NLR. The N-terminal
domain is responsible for linking the receptor to downstream effector and signalling
molecules. The NLR proteins can be subdivided into several families based on the class
of their N-terminal effector domain; NLRA proteins containing an acidic N-terminal,
NLRB proteins contain a BIR domain, NLRC proteins containing an N-terminal CARD
domain and NLRP proteins containing a pyrin domain [48]. In addition to the families
with known N-terminal effector domains, a protein localised to the mitochondrial
membrane has recently been identified as the newest NLR. This protein has been
designated NLRX1 due to the presence of an N-terminal domain. The N-terminal
domain of NLRX1 has no known homology with currently identified protein domains

[49-50].

The NLRA family consists of the MHC class II transactivator protein, known as CIITA
and there are three different forms of this protein found, with the only one containing a

CARD specifically expressed in DC [51]. The CARD region in the protein is required



for regulation of transcriptional activity within DC, through homotypic interactions with
other CARD containing proteins. Furthermore, CIITA has been shown to specifically
promote the transcription of MHC class Il-associated genes [51]. Currently, CIITA is
the only member of the NLRA family. However, further studies may identify similar

proteins.

The NLRB subfamily includes NLR proteins with a BIR N-terminal domain, such as
NAIP. The BIR regions are known to inhibit caspases, as shown by the ability of NAIP
to abrogate the progression of apoptosis [52]. In contrast to its role as an inhibitor of
caspases, NAIPS5 has been shown to recognise intracellular flagellin from Legionella
pneumophila and subsequently activates caspase-1 [53]. NAIPS is thought to co-
operate with NLRC4 in L. pneumophila induced caspase-1 activation, through its

recognition of a specific portion of the C-terminal region of flagellin [54].

This NLRC subfamily is characterised by the presence of an N-terminal CARD domain
which allows them to interact with other CARD-containing proteins via homotypic
interactions. The NLRC subfamily includes the NOD proteins and ICE-protease
activating factor or IPAF, now known as NLRC4 [48].
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Figure 1.2: Structure of the main NLR sub-families. NLR proteins are made up of

three distinct regions; the C-terminal leucine rich repeats (LRR), the central NACHT.

The N-terminal domain determines the effector function of the protein. The subfamilies

of NLR are classified based on their N-terminal domain, which can consist of a pyrin

domain (PYD), acidic domain, a caspase recruitment domain (CARD), a baculovirus

inhibitor of apoptosis repeat (BIR) domain or a mitochondrial translocation signal (MT)

(Adapted from [48]).

11



1.3.3.1 Nucleotide oligomerisation domain (NOD) proteins

NODI and NOD2 were discovered based on their homology with APAF-1, a regulator
of apoptosis [55-56]. They both also contain a NACHT-associated domain (NAD), the
function of which is currently unknown. The only structural difference between NOD 1
and 2 is that, NOD2 contains two caspase recruitment domains in its N-terminus. Both
NOD1 and NOD2 have been shown to induce activation of NFkB when over-expressed
(Table 1.2) [57]. One of the major constituents of the cell wall of gram-negative and
gram-positive bacteria is peptidoglycan (PGN). It consists of alternating N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) units, cross-linked
by short peptides. In gram-negative bacteria it forms part of a thin layer within the
periplasmic space, while in gram-positive bacteria it makes up a large proportion of the
cell wall. Bacterial remodelling of PGN results in the generation of shorter fragments,
which when present in the cytosol can be detected by NOD1 and NOD2. iE-DAP (y-
glutamyl-meso-DAP), is a dipeptide fragment that can be generated by the degradation
of PGN or secreted by bacteria during replication and this was identified as the core
region of PGN, which can be detected by NOD1 [58-59]. NOD2 also senses PGN,
although it does this by recognition of muramyl dipeptide which is the minimal
common motif found in PGN from gram-negative and gram-positive bacteria [59-60].
MDP-induced activation of NOD2 has also been shown to induce activation of caspase-
1 and this has been reported to involve co-operation between other members of the NLR

family, including NLRP3 and NLRP1 [61-63].

It has been proposed that the NOD proteins are present in the cytoplasm in an inactive
state and that conformational changes and oligomerisation are induced by ligand
recognition. Once activated, the serine threonine kinase RIP-like interacting CLARP
kinase (RICK also known as RIP2) is recruited, which subsequently targets the NFxB
essential modulator (NEMO/IKKY) for degradation by the proteasome and ultimately
leads to the translocation of NF«kB into the nucleus [64-65]. In addition to NF«kB,
NODI1 and NOD2 activate the MAPK pathway, which also requires recruitment of
RICK [66]. Triggering of both MAPK and NF«B pathways allows activation of the
NODs to induce the secretion of pro-inflammatory cytokines, chemokines and anti-

microbial peptides, such as a and B defensins [67].
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NOD2 has been associated with several autoimmune disorders. The uncontrolled
signalling of NOD2 is linked to two disorders characterised by granulomatous
inflammation in multiple organs and tissues, including the skin and eyes, known as Blau
Syndrome and early onset sarcoidosis [68-69]. This over-activation of NOD2 is due to
a missense mutation in the NOD domain of the protein, which is normally meant to
control oligomerisation during the activation of NOD molecules. Mutations within or
near the LRR region of NOD2 have been associated with an increased susceptibility to
Crohn’s Disease, which is characterised by trans-mural inflammation of the intestine.
The exact mechanisms by which NOD2 mutations contribute to the immunopathology
observed in Crohn’s patients are still not clearly understood [70-71]. In addition to
these abnormal responses, NOD1 and NOD2 have also been implicated in the adjuvant

activities of complete Freunds adjuvant (CFA) and MDP, respectively [72-73].

1.3.3.2 NLRC4

NLRC4, otherwise known as ICE-protease activating factor (IPAF), CARDI2 or
CLAN, contains a C-terminal LRR, a central NACHT domain and an N-terminal
CARD. However, it is distinct from other NLR due to the absence of a NAD (NACHT-
associated domain) [74-75].

NLR are present in the cytosol in an inactive state until ligand binding via the LRR
region. It has been shown that the removal of the LRR from NLRC4 results in a
constitutively active protein. Overexpression of NLRC4 can activate caspase-1 and
NLRC4 can associate with other CARD-containing proteins such as procaspase-1,
NLRP1, NOD2, BCL-10 and ASC/PYCARD [74-75]. NLRC4 induces processing of
caspase-1 via the formation of a mulitprotein complex known as the inflammasome
[76]. Activation of caspase-1 in an NLRC4-dependent manner by several bacteria has
been reported, including Salmonella typhimurium and Legionella pneumophila [77-79].
In addition, studies have identified a single microbial molecule, flagellin, which is
required in order to induce activation of NLRC4 [77-79]. Furthermore, activation of
NLRC4 by the bacteria required an intact type III secretion system, normally used for
the delivery of host cell modulating proteins into the cytosol, and NLRC4 activation
could also be induced by cytosolic delivery of purified flagellin [77-78, 80-82]. NLRC4

has also been shown to be the key activator of caspase-1 in response to Shigella
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[flexneri, which is a non-motile bacteria that lack flagellin, suggesting that NLRC4 can

detect an as yet unidentified bacterial molecule (Table 1.2) [83].

NLR MAMP Microbial Bacteria and | Viruses DAMP
Toxins Fungi Non-
Microbial
NLRPI MDP Lethal Factor
(B.anthracis)
NLRP2 ? ? ? ? 7
NLRP3 LPS Nigericin S.aureus Influenza | ATP
Bacterial | Maitotoxin L.monocytogenes | Sendai ROS
RNA Listeriolysin | C. albicans Adenovirus | MSU
MDP O Aerolysin Alum
R838/837 Silica
Asbestos
PLG-
microparticles
B-amyloid
NLRP4- ? ? ? ? ?
14
NLRC4 | Cytosolic S.tymphimurium
flagellin
S.flexneri
NAIP Cytosolic L.pneumophilia
flagellin
NODI ieDAP
NOD2 MDP

Table 1.2 : Activators of the NLR family. LPS: lipopolysaccharide, ATP: adenine tri-

phosphate, ROS: reactive oxygen species, MSU: monosodium urate crystals, MDP:

muramly dipeptide, ieDAP: y-glutamyl-meso-DAP (Adapted from [84])
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1.3.3.3 NLRP

The NLRP subfamily is characterised by the presence of an N-terminal pyrin domain
(PYD). It consists of 14 members and is one of the largest subfamilies of
CATERPILLER proteins [85]. NLRP have been located to two main regions on the
human chromosome (Chr 11 and 19), with the exception of NLRP 1 (Chr 17) and
NLRP3 (Chr 1) [46]. Due to the recent discovery of these proteins there is a limited
amount of information about their functions, with the majority of our current knowledge

coming from studies involving NLRP1 and NLRP3 (Table 1.2).
NLRPI

The first NLRP protein was identified based on its homology with apoptosis protease
activating factor 1 (APAF-1). Initially, it was reported that NLRPI could induce
apoptosis through direct interaction with caspase-2 or -9 or indirectly through APAF-1
[86-87]. In humans, NLRP1 is the only one of the NLRP to contain a C-terminal
extension, consisting of a CARD and a FIIND (function to find) region. In contrast,
murine NLRP1 does not contain a FIIND region or PYD region [67]. NLRP1 has been
shown to bind APAF-1 and activate caspase-1 when overexpressed [86]. Martinon F et
al first proposed the idea that IL-1f processing occurs on a molecular platform in the
cytosol and suggested that NLRP1 formed an integral part of this molecular complex
through its ability to activate caspase-1 and caspase-5 [76]. By using purified
recombinant forms of NLRP1 and caspase-1, Faustin et a/ showed for the first time that
muramyl dipeptide (MDP) could interact with an NLR and activate NLRP1 [61].
However, this is in contrast with other studies showing a requirement for both NLRP3
and NOD2 in MD- induced IL-1B secretion. As a result, the role of NLRPI in the
sensing of MDP remains controversial [63, 88]. Macrophages isolated from inbred
mice have been found to be either resistant or susceptible to Bacillus anthracis lethal
toxin, which causes rapid caspase-1-dependent apoptosis in these cells [89]. It has
recently been reported that this difference can be associated with Nlrplb, one of the
three paralogues found in the N/rp! locus in mice [89]. Furthermore, it has been shown
that the activation of caspase-1 by Bacillus anthracis may involve a complex of NLRP1

and NOD2 [62].
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NLRP1 is associated with a skin disorder known as familial Vitiligo, which causes
depigmentation of the skin due to the absence of melanocytes [90]. It has been
suggested that aberrant activation of NLRP1 enhances secretion of IL-1fB and that this
could potentially prime T cells to target melanocytes. An evolutionary link has
previously been suggested between apoptosomes and inflammasomes, connecting the
apoptotic and inflammatory pathways. This theory is further supported by the fact that
macrophages deficient in the anti-apoptotic Bcl-2 exhibit increased caspase-1 activity
and IL-1P secretion in response to stimulation with MDP, whereas the overexpression
of Bcl-2 significantly reduced MDP-induced secretion of IL-1B [91]. Furthermore,
these suppressive activities have been shown to be due to direct interaction between
NLRP1 and anti-apoptotic proteins Bcl-2 and Bcel-x1, suggesting the existence of cross

talk between these two pathways [91].

NLRP3

NLRP3 is one of the most studied NLRP proteins. It was first identified as cryopyrin,
the protein product of a gene segregated in family members suffering from Muckle-
Wells (MWS) syndrome and familial cold autoinflammatory syndrome (FCAS).
Several groups identified this gene around the same time, resulting in multiple names
for both the gene and its protein product: CIAS-1, PYPAFI and NALP3 [85, 92-93].
The most commonly used name is NALP3 and this has more recently become NLRP3
[48]. Dysregulation of NLRP3 has also been associated with neonatal onset
multisystem inflammatory disease (NOMID) or chronic infantile neurological
cutaneous and articular syndrome (CINCA) and taken together, NOMID/CINCA, MWS
and FCAS are collectively known as cryopyrin-associated periodic syndromes (CAPS)
[94].

The mutations (Chr 1g44) in NLRP3 result in a constitutively active form of the protein
and they are clustered around the NACHT/NOD domain [95]. There are three splice
variants of this protein in mice, one of which has no LRR domain [92]. NLRP3 has
been reported to associate with apoptosis-associated speck-like protein containing a
CARD (ASC), resulting in formation of the NLRP3 inflammasome and subsequent

activation of caspase-1 [85, 96].
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A wide variety of NLRP3 activators have been identified, ranging from whole
microorganisms and vaccine adjuvants to environmental irritants. Several pathogens
have been demonstrated to activate the NLRP3 inflammasome, including the fungi
Candida albicans and Saccharomyces cerevisiae and bacteria that produce pore-
forming toxins, such as Listeria monocytogenes and Staphylococcus aureus [97-99]. In
addition, a range of viruses, including Sendai virus, adenovirus and influenza virus can
trigger activation of the NLRP3 inflammasome [99-100]. However, it is not only
exogenous stimuli that can trigger activation of the NLRP3 inflammasome, as several
endogenous molecules released by dying or stressed cells have been shown to promote
IL-1p secretion via the NLRP3 inflammasome. These include uric acid, hyaluronon and
extracellular ATP [99, 101-102]. A number of particulates have also been shown to
activate the NLRP3 inflammasome, including silica, asbestos, cholesterol crystals and
the vaccine adjuvants, alum and PLG microparticles [103-110]. It is worth noting,
however, that these activators of the NLRP3 inflammasome required a ‘priming’ step,
which involved pre-treatment of cells with a TLR agonist or DAMP. This is thought to
be necessary to increase the intracellular levels of pro-IL-1B, as most cells do not
constitutively express pro-IL-1B. However, it has also been suggested that this
‘priming’ step enhances the expression of NLRP3 itself via NFkB [111]. However, it
has recently been shown that the requirement may be dependent on the cell type and
species, as monocytes isolated from PBMC can release active IL-1f in response to TLR
ligation alone while human alveolar macrophages require a second stimulus, such as the

addition of exogenous ATP [112].

In vivo, NLRP3 has been shown to be involved in protection against invading
pathogens, progression of autoinflammation and the activity of particulate vaccine
adjuvants. As previously discussed, constitutive activation of NLRP3 can result in the
development of autoinflammatory disorders such as muckle wells and familial cold
autoinflammatory syndrome [85, 92-93]. It has also been suggested that, NLRP3 may
play a role in the immunopathology associated with type 2 diabetes. Zhou et al have
demonstrated that high extracellular glucose triggers the secretion of IL-1p via the
NLRP3 inflammasome [113]. Furthermore, the NLRP3-interacting protein TXNIP has
been implicated as a mediator of pancreatic B-cell death [114-115]. It has recently been
demonstrated that cholesterol crystals can activate the NLRP3 inflammasome and that

their deposition and activation of NLRP3 contributes to the pathogenesis observed with
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atherosclerosis [110]. NLRP3 activation has also been linked to the pathology
associated with environmental irritants such as asbestos, silica, UVB irradiation and
skin  irritants, including trinitrophenylchloride, trinitrochlorobenzene  and
dinitrofluorobenzene [103-104, 116-117]. Furthermore, a role for NLRP3 in the
adjuvant activities of the most commonly used particulate vaccine adjuvant alum has
also been suggested. Studies have shown that NLRP3 is necessary for the enhancement
of both cell-mediated and humoral responses by alum [105, 107-108, 118]. In contrast,
however it has also been reported that the adjuvant properties of alum are not
compromised in any way in NLRP3-deficient mice [118-119]. Therefore, the role of
NLRP3 in the activity of particulate vaccine adjuvants currently remains controversial.
The broad range of pathogens, vaccine adjuvants and endogenous danger signals which

activate the NLRP3 inflammasome highlight its importance in innate immunity.

1.4 The Inflammasome

Interleukin-1p (IL-1pB) is a potent endogenous pyrogen which induces the expression of
inflammatory genes encoding adhesion molecules, inducible nitric oxide synthase
(iNOS) and other pro-inflammatory cytokines such as IL-6. It has the potential to affect
almost every cell type in the body and does so by binding to its high affinity receptor,
IL-1R1, which associates with the IL-1R1 accessory protein (IL-1RAcP) once IL-B has
bound, resulting in the activation of both the NFkB and MAPK pathways [120]. Once it
is released into the circulation, IL-1P is a strong inducer of inflammation and, as a
result, its secretion must be tightly regulated. The effects of IL-1p dysregulation can be
seen in the form of several autoimmune disorders, such as systemic juvenile arthritis
and pyogenic arthritis where excess IL-1p plays a major role in the uncontrolled
immune responses [121]. IL-1B is transcribed as a biologically inert protein that is
31kDa in size and lacks a signal peptide, so it is not automatically secreted; a small
portion of it moves into lysosomes and the majority remains in the cytosol [122]. In
order to be secreted it must be converted into its active form (17kDa). The conversion
of IL-1B into its active form is carried out by IL-1 converting enzyme (ICE) or caspase-

1 which cleaves IL-1p after an aspartic acid residue at position 116 [123-124].
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Caspase-1 is part of a family of cysteine proteases which contain an N-terminal pro-
domain and a CARD region and have roles in apoptosis and inflammation. The
activation of caspase-1 must be tightly regulated in order to control the processing of
IL-1B. Therefore, caspase-1 is translated as a zymogen (45kDa) which must be
converted into an enzymatically active heterodimer (p10 and p20 chain) by cleavage at
an aspartic acid residue. In mice it has been shown that another inflammatory caspase,
caspase-11, is required for IL-1B processing, as mice deficient in caspase-11 or caspase-
1 are unable to process IL-1B [125-126]. The exact mechanism of activation of the

caspases remains unknown.

In 2002 Martinon et al proposed the existence of the ‘inflammasome’, a multiprotein
complex which helped to induce activation of caspases, resulting in the processing of
IL-1B. Using a cell-free system they showed that a complex comprising of caspase-1,
caspase-5, NLRP1 and Pycard/ASC (apoptosis-associated speck-like protein containing
a CARD) could activate both caspases and subsequently cleave IL-1B [76]. ASC was
first identified in cells undergoing retinoic acid-induced apoptosis as a detergent-
insoluble protein and has since been shown to be expressed in several cell types,
including epithelial cells, leukocytes and peripheral blood lymphocytes. The bipartite
structure of ASC, consisting of a CARD and a PYD, allows it to interact with NLRPs
and caspases [127-128]. NLRPI, 2 and 3 have all been shown to interact with ASC [76,
85, 129]. Since the discovery of the inflammasome, several have been identified
including NLRP1, NLRP3 and IPAF [61, 130]. In addition, a non-NLR protein known
as AIM2 has recently been shown to form an inflammasome and activate caspase-1 [22-

23].

Our knowledge of how the inflammasomes are activated and assembled has expanded
greatly since their discovery. The current theories suggest that NLR, such as NLRP3,
are present in an autorepressed state in the cytosol. In this state the NLR is in a
conformation within which the NACHT/NOD and effector domains are concealed by
the LRR domain, preventing any interaction with other proteins. In agreement with
this, previous studies have shown that a truncated version of IPAF/NLRC4 lacking its
LRR domain was found to be constitutively active [75]. The LRR are thought to be
responsible for pathogen or danger signal sensing. It is proposed that once a ligand has
bound to the LRR region, the protein undergoes a conformational change, making its

protein interaction domains accessible. This allows the protein to oligomerise with
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other NLR as well as associate with downstream molecules containing either CARD or

PYD domains such as caspases or ASC (Figure 1.3).

As an alternative to the idea that repressed NLRP proteins are activated by direct ligand
binding, it has also been proposed that they are activated in response to endogenous
danger signals, changes in the cytosolic ionic milieu or redox state. Several models
have been proposed that may not be exclusive. Many of the studies into activation of

inflammasomes have focused on the NLRP3 inflammasome.

The first model of NLRP3 activation involves extracellular ATP which activates the
P2X7 ATP-gated ion channel triggering K* efflux and opening of the pannexin-1-
mediated pore in the cell membrane [81]. The authors proposed that opening of this
pore allows direct cytosolic access for agonists of NLRP3 [81]. In agreement with this,
Petrelli et al have demonstrated that low intracellular potassium levels, trigger
formation of the NLRP3 inflammasome [131]. The second model suggests that all
activators of the NLRP3 inflammasome promote the enhancement of intracellular
reactive oxygen species (ROS) [103-104, 132]. In support of this model it has been
shown that scavenging of reactive oxygen species (ROS) by N-acetyl-cysteine (NAC)
impairs ATP, MSU, silica, malarial hemazoin and Candida albicans-induced
inflammasome activation [97, 103-104, 133]. Furthermore, an ROS-sensitive molecule
found in the cytosol, thioredoxin-interacting-protein (TXNIP), has been implicated in
the activation of NLRP3 [113]. Thirdly, several studies involving activation of the
NLRP3 inflammasome by particulates have demonstrated that lysosomal disruption and
release of lysosomal contents into the cytosol can be detected by NLRP3 [106].
Hornung et al have shown a requirement for the lysosomal protease cathepsin-B, and
demonstrated that acidification of lysosomes is necessary for activation of the NLRP3
inflammasome in response to silica and alum [106]. Furthermore, inhibition of
cathepsin B has been shown to abrogate the ability of PLG microparticles, amyloid-$
and cholesterol crystals to activate the NLRP3 inflammasome [109-110, 134].

The mechanism of activation of other inflammasomes, such as NLRP1, NLRC4/IPAF
and AIM2 are less well understood. The components of the NLRP1 inflammasome
differ from that of the NLRP3 inflammasome. The NLRP1 protein consists of an extra
domain which contains a CARD region, allowing it to interact directly with pro-

caspase-1 and bypass the need for ASC. It has been demonstrated that activation of the
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NLRPIb inflammasome in macrophages does not require ASC [62]. However, in a
similar manner to NLRP3, it has been reported that the NLRP1 inflammasome requires
K" efflux for activation [135-136]. In contrast, activation of the NLRC4/IPAF
inflammasome does not require K" efflux [131]. The AIM2 protein consists of a C-
terminal HIN domain and an N-terminal PYD region, and in a similar manner to
NLRP3 it requires ASC in order to recruit pro-caspase-1 [22-23]. However, formation
of this inflammasome is not triggered by a central oligomerisation domain but by
clustering of multiple AIM2 proteins, via its HIN domain, around the binding sites of its

ligand, dsDNA [22-23].

Activation of the inflammasome is also regulated by other intracellular processes.
Autophagy is a constitutively active process by which the cell sequesters, degrades and
recycles the constituents of damaged proteins, organelles or pathogens within a double
membrane compartment, known as an autophagosome [137]. In addition, autophagy
can also be induced by various immunostimulatory stimuli, including IFN-y, TNF-a and
TLR agonists [137]. Recently, it has been shown that blockade of proteins required for
autophagy, Atgl6L1 and Atg7, enabled LPS-induced inflammasome activation, thus
suggesting that autophagy negatively regulates activation of the inflammasome [138].
The exact mechanism of this regulation of the inflammasome by autophagy is currently
unknown.  However, it has been proposed that autophagosomes may target
inflammasomes for degradation [139]. Furthermore, studies within our lab have shown
that pro-IL-1p is sequestered in autophagosomes in LPS-treated macrophages (Harris J

and Lavelle EC et a/ unpublished findings).
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Figure 1.3: Proposed mechanism of activation of the inflammasome. Current

theories suggest that NLR proteins are present in an autorepressed state in the
cytoplasm, in a conformation which conceals the NACHT/NOD and effector domains,

preventing any interaction with other proteins. Once the NLRP protein is activated a
conformational change is induced, exposing the PYD/CARD domains. This leads to
recruitment of ASC and, subsequently, caspase-1 activation which then goes on to

convert pro-1L-1f into active IL-1p and pro-IL-18 into active IL-18 [140].
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1.4.1 Regulation of the Inflammasome

Several proteins involved in the regulation of inflammasome activation have been
identified. For example, pseudo-ICE and ICEBERG are proteins which contain a single
CARD domain allowing them to interact with caspase-1. It is thought that they can
bind to caspase-1 and prevent its recruitment into the inflammasome [141]. Another
protein, protease inhibitor-9 (PI-9), can impede caspase-1 activation by binding to its
active site and may also prevent the recruitment of caspase-1, thus, negatively
regulating formation of the inflammasome [142]. ASC2 or POP, which is homologous
to ASC but lacks a CARD, has been proposed to inhibit ASC activity, presumably by
preventing caspase-1 recruitment [143]. Orthologues of NLR proteins, known as R
proteins, can be found in plants and these proteins are important for host protection
against invading pathogens. These R proteins have been shown to associate with the
ubiquitin ligase-associated protein SGT1 and the chaperone protein heat shock protein
90 (HSP90) [144]. In a similar manner, mammalian NLR have been shown to associate
with SGT1 and Hsp90 [145]. Furthermore, the activation of NLRP3, NOD1 and NOD2
requires active heat-shock protein 90 (Hsp-90) and SGT1. These proteins are proposed
to associate with the autorepressed form of NLR proteins and dissociate once a
pathogen or danger signal is sensed, resulting in NLRP oligomerisation and subsequent

inflammasome formation [145].

The ability to recognise and react to a wide variety of pathogen and danger-associated
stimuli is one of the key attributes of the innate immune system. Not only do PRR alert
the immune system to the presence of danger or invading pathogens, but their activation
results in the induction and development of adaptive immune responses, which are
central to generating immunological memory. A key link between the innate PRR and

the adaptive response is provided by dendritic cells (DC).
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1.5 Dendritic Cells

The first observation of DC was made in the 1800s by Paul Langerhans, who identified
what are now known as Langerhans cells in skin sections [146]. However, it was not
until 1973 that Steinman and Cohn discovered DC in the secondary lymphoid organs of
mice, describing them as “cells that did not look like other white blood cells”. These
cells were star-like and had the ability to continually extend and retract processes. They
were subsequently named dendritic cells from the greek word Dendron, meaning ‘tree’,
based on their unusual morphology [147]. Following on from their initial studies,
Steinman and others later demonstrated the unique ability of DC to initiate immune
responses. This was reflected in their superior ability to stimulate a primary mixed
leukocyte reaction in comparison to other known APC, such as B-cells and
macrophages [148-149]. Further studies demonstrated a difference between the
requirements for priming naive T cells and previously activated T cells, as it was found
that all APC could stimulate activated T cells, while only DC had the ability to activate
naive Tcells [150]. These potent immunostimulators are a heterogeneous population of
cells that can be further subdivided based on their localisation. For example, there are
tissue-specific DC which reside in the gut and lungs, Langherans cells are found in the
epidermis of the skin, while other DC are constantly circulating. DC subtypes also
differ in their migratory pathways, immunological function and the types of stimuli

required for their activation or generation.

DC can be broadly classified into three main groups; pre-DC, conventional DCs and
inflammatory DC [151]. Pre-DC are cells which do not exhibit the classical
morphology of DC or any DC-like functions but can develop into DCs with little or no
division. Plasmacytoid DC are round, long-lived circulating pre-DC that can convert
into DC which characteristically produce large amounts of type-1 interferons (IFNs) and

are important for innate responses to viruses [45, 152].

Conventional DC (¢DC) are cells which already have both DC form and function and
can be further subdivided into two categories; migratory DC and lymphoid-tissue-
resident DC. These cells are generally short-lived and are replaced by blood-borne
precursors [153-154]. The migratory DC are found in peripheral tissues, where they
sample antigens in the surrounding area, and travel to the T and B cell zones of

secondary lymphoid organs. There, they present internalised antigens to lymph node T
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cells. A prime example of these cells are Langerhans cells [155]. These cells, express a
high level of langerin (CD207), a type II lectin with mannose specificity, and can be
found in the epidermis and epithelia of the intestines, digestive and reproductive tracts
[156]. However, others have challenged the ability of LC to prime T cell responses,
bringing into question the long-held idea of LC as the classical DC (refs in [146].
Lymphoid tissue-resident DC can be found in both the thymus and the spleen, where
they sample self-antigen for presentation to resident T cells. Splenic ¢cDC can be further
subdivided based on their expression of CD8a. The CD8a" and CD8a  cells differ in
their immune functions and cytokine profiles [157-158]. For example, CD8a." splenic
cDC have the ability to present exogenous peptides in complex with MHC class I
molecules, a phenomenon known as cross-priming [157]. CD8a” lymphoid resident
¢DC can be even further subdivided based on their expression of CD4, adding another
layer of complexity to the classification of these cells [159]. In addition, further studies
have identified the existence of specialised subsets of ¢cDC within the lung, gut, lamina
propia, and the draining lymph nodes of the skin which express the integrin, CD103
[160-163]. This expression of CD103 by these specialised cDC has been suggested to
be important for the recruitment of T cells in a tissue-specific manner during
inflammation [161]. A more recent review has suggested that ¢DC should be
subdivided based on their expression of CD11b and takes into account the differential
expression of CD4, CD8 and CD103 on ¢cDC [146]. Taken together, all of these studies
suggest that cDC can be subdivided based on their expression of CD4, CD8, CD11b and
CD103, which is related to the effector functions of these cells, thus highlighting the
heterogeneity of cDC subsets.

The state of the immune system in a healthy mammal in the absence of any infections or
inflammatory stimuli is known as ‘steady state’. In contrast to pDC and cDC,
inflammatory DC (iDC) are not found in the ‘steady state’ and are normally induced
during inflammation or in response to infection. One such example is a subset of DC
known as Tip DC, which appear in mice after Listeria monocytogenes infections and
produce TNF-a and inducible nitric oxide synthase. These specialised DC were not
required for adaptive antigen-specific responses, but were important for innate
responses against the intracellular bacteria and the absence of these cells resulted in an

inability to clear the infection [164]. Inflammatory DC have also been reported to be
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recruited to the site of injection after immunisation with alum-adjuvanted Ova in a uric

acid-dependent manner [165].

Both myeloid and lymphoid progenitors can develop into DC [166-167]. The
development of DC occurs in the bone marrow and starts from a single myeloid
precursor (MP), which gives rise to a common monocyte, macrophage and DC
precursor (MDP). The MDP can subsequently become either a monocyte, some
populations of macrophage or a common dendritic cell precursor (CDP) [168]. In
addition, CDP can also arise from lymphoid-committed precursors. CDP have the
potential to develop into both pDC and ¢DC, but no longer retain the ability to give rise
to monocytes [153, 167, 169]. During cell differentiation, transcription factors play a
determining role in deciding the fate of developing cells. Currently, the identity of all
of the transcription factors necessary for DC development remain unknown, however
several key players have been identified. For example, PU.1, a transcription factor
which is required for the early stages of cell development within the myeloid lineage,
also plays a key role in deciding the fate of MDP [170]. The presence of high levels of
PU.1 will drive an MDP towards the DC pathway and prevent it from becoming a
monocyte or macrophage, by inhibiting the activities of the macrophage-inducing
transcription factors c-Maf and MafB [171-172]. Once a cell has committed to the DC
pathway, it has the potential to become either a pDC or a ¢cDC. The development of
pDC is fully completed in the bone marrow and depends on the presence of a basic
helix-loop-helix transcription factor know as E2-2 [173]. In contrast, cDC development
is completed outside the bone marrow within secondary lymphoid organs during which
further cell divisions are partially instructed by signals from regulatory T cells (Tregs),
the fms-related tyrosine kinase receptor, Flt3 and the lymphotoxin-p receptor [153-154,
174].

1.5.1 Dendritic cell maturation

The idea that DC can exist in two different functional states was first proposed after
studies showing that freshly isolated LC were more efficient at capturing and processing
antigen, while cultured LC were potent immune stimulators [175-176]. Furthermore, it
was shown by Austyn et al that DC could migrate from the blood to the spleen [177].

These studies led to the idea that DC existed in an ‘immature’ state in the periphery and
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once they have captured and processed antigen they become ‘mature’ DC, a process that
is thought to occur while the DC migrates to secondary lymph organs. Immature
dendritic cells are highly efficient at antigen uptake and processing but are unable to
activate T cells. Immature DC can internalise antigen in several ways, including
micropinocytosis, receptor-mediated endocytosis via C-type lectins, such as DEC-205
or Fey receptors (CD64 and CD32), and phagocytosis [178]. Once antigen uptake has
occurred, several changes are triggered within the DC which converts it into a potent

APC.

The events leading to maturation involve several steps, such as the loss of endocytic
receptors, upregulation of co-stimulatory molecules, including CD40, CD80 and CD86
as well as expression of peptide-containing MHC class II molecules. As a result of this
process, mature DC express high levels of MHC molecules, CD80, CD86, CD40 and
CD83 [179]. These molecules are necessary for T cell interaction, conferring on DC the
ability to prime and subsequently activate T cells. DC maturation can be triggered by
the sensing of MAMP, endogenous danger signals, local cytokines and also T-cell

derived signals.

Several models have been proposed to describe DC maturation and also to explain how
DC have the ability to induce several different effector responses specific to the
activating signal received (Figure 1.4). The linear maturation model suggests that DC
are either in an immature or mature state and that specific subsets of DC exist with the
ability to prime each type of immune response required [180]. Others suggest that
immature DC give rise to mature DC that initially produce high levels of IL-12-
inducing Thl cells, and that further maturation converts the DC into a cell that no

longer secretes IL-12 and subsequently generates Th2 cells [181].

An alternative to both of these models presents a more flexible scenario, where the same
type of DC can mature with the ability to prime both Th1 and Th2 cells [182-183]. All
of the models to date are based on the idea that only mature DC are immunogenic and
that tolerogenic DC, which can induce anergy, deletion or the development of
regulatory T-cells, are in an immature state. However, in contrast to this, it has been
shown that mature DC can be non-immunogenic and that tolerogenic DC can express
high levels of co-stimulatory molecules and other markers of maturation [184-185].

Based on the confusion regarding whether maturity equals immunogenicity, it has been
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proposed that DC should be described based on their phenotype, ontogeny and their

effector functions, rather than simply the expression of particular surface markers [179].
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Schematic representation of the models

proposed to explain the maturation of DC. (a) Proposes the existence of specific DC

subsets with the ability to prime Th1 or Th2 responses. (b) Matured DC initially secrete

large amounts of IL-12 with the ability to induce Thl type response, following further

maturation the DC no longer produces IL-12 and as a result induces Th2 type responses.

(c) DC exist in a more flexible state with the ability to induce both Thl and Th2 type

responses, depending on the type of activation signals received (Figure from [179]).
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1.5.2 Antigen Presentation by Dendritic Cells

Antigens engulfed by DCs are processed and presented in complex with either MHC
class I molecules, MHC class Il molecules or CD1 molecules, depending on the nature

of the antigen and the route of uptake.

1.5.2.1 MHC class I Pathway: The activation of CD8" cytotoxic T cells by DC
requires the presentation of peptides in the context of MHC class I molecules. The
MHC class I antigen presentation pathway can be found in almost all cell types,
allowing the display of endogenous peptides on the cell surface. This is central to the

development of immune responses against intracellular pathogens, such as viruses.

MHC class I molecules are made up of an a chain associated with a f2-microglobulin
subunit. Folding of these molecules occurs in the endoplasmic reticulum (ER) and
initially the a chain is joined to the chaperone protein calnexin, which is required for
stable folding and assembly with the B2 microglobulin subunit [186]. Once the B2-
microglobulin chain associates with the o chain, it forms a partly folded o:f2
microglobulin complex, which then dissociates from calnexin. Subsequently, the partly
folded molecules associate with a complex of proteins, containing calreticulin, Erp 57
and tapasin, known as the MHC class 1 loading complex. MHC class I molecules
acquire peptides during their assembly within the ER. This endogenous pathway
involves degradation of cytosolic proteins, initiated by labelling proteins via ubiquitin
conjugation. This targets proteins to the proteasome, which consists of a catalytic
subunit, 20S core particle, and two regulatory subunits, 19S regulatory particles. The
proteasome recognises ubiquitinated proteins and degrades them in a process that is

regulated in an ATP-dependent manner [187-189].

The degraded proteins are then translocated to the ER via transporters associated with
antigen processing (TAP) 1 and 2 [190-191]. Binding of peptides to TAP1-TAP-2
induces a conformational change that stimulates ATP hydrolysis and provides the
energy necessary for peptide transport [188, 192]. Studies have shown that peptide
binding to the MHC class I molecules involves a process of initial binding, followed by
peptide exchange and editing, in order to match the right peptides to the binding cleft
[193]. It has been proposed that tapasin, a type I transmembrane glycoprotein, is

responsible for peptide editing [194]. Erp57, a thiol oxidoreductase that forms a
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disulfide bond with tapasin, is thought to maintain the sulphide bonds within MHC

molecules during peptide loading [195].

The peptides which have access to the MHC class I presentation pathway are mostly
newly translated polypeptides, including defective ribosomal products that are rapidly
degraded by the proteasome into peptides of 2-25 amino acids in length [196]. In
contrast to this, it has been proposed that newly synthesised polypeptides are protected
from degradation immediately after translation and that the real source of the majority

of peptides found on MHC class I molecules is actually pre-existing proteins [197].

As well as presenting peptides derived from endogenous sources, DC also have the
ability to present exogenous peptides from the endocytic pathway to CD8" T cells in the
context of MHC class I molecules [198-199]. This phenomenon is known as ‘cross-
priming’ or ‘cross-presentation’. Two of the main pathways involved in cross
presentation are the TAP-dependent and the TAP-independent pathways. The TAP-
independent pathway is thought to involve peptide exchange in recycling endosomes or
on the cell surface and a specific role for cathepsin S has been demonstrated [200].
However, the TAP-dependent pathway is thought to dominate and involves the transfer
of antigens from endosomes to the cytoplasm. Cell or particle-associated antigens are
more efficient at inducing cross-presentation and a subset of CD8" DC found in the
spleen are specialised for this function [157, 201]. Furthermore, it has been shown that
the mechanism of uptake of soluble antigens may determine the method of presentation
[202]. Improved understanding of this pathway may allow for vaccine targeting of
antigen directly to the MHC class I pathway, allowing for the generation of CD8" T

cells.
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Figure 1.6: MHC class I presentation pathway. The MHC class | antigen
presentation pathway can be found in almost all cell types, allowing the display of
endogenous peptides on the cell surface which is important during viral infections. This
endogenous pathway involves degradation of cytosolic proteins, initiated by labelling
proteins via ubiquitin conjugation. The targeted proteins are then transported to the
proteasome where they are degraded and translocated to the ER via TAP1 and 2 and
subsequently loaded onto MHC class I molecules before transport to the cell surface for

presentation (Figure from [186]).
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1.5.2.2 The MHC class II presentation pathway: This pathway is only found in
professional APC such as DC, B cells and macrophages. It allows exogenous antigens,
phagocytosed by APC, to be presented to CD4" T cells, resulting in the generation of T
helper cell responses. Exogenous antigens captured by DC are directed towards
lysosome-related intracellular compartments containing MHC class II molecules,
known as MIIC or MHC class Il-rich compartments [203-204]. While being
transported to the MIICs, the phagocytosed proteins are degraded to peptides. This
degradation is dependent on the fusion of the phagosome with lysosomes, which contain
lytic enzymes, to form phagolysosomes, resulting in acidification and subsequent
activation of enzymes necessary for antigen degradation, such as cathepsins [205]. The
MHC class II molecules are heterodimers consisting of o and B chains that are
assembled in the endoplasmic reticulum. During the assembly of these molecules, a
type II transmembrane chaperone protein, known as the invariant chain (i), associates
with the binding groove to prevent misfolding and promote stable assembly [206-207].
A series of proteolytic cleavage events eventually leaves a short peptide fragment,
CLIP, which remains in the antigen-binding groove. Cathepsin S, a cysteine
endoprotease, is responsible for cleaving the cytoplasmic domain of the Ii, which
releases the MHC class Il molecules from the endoplasmic retention signal [186]. The
proteolytic degradation of Ii is controlled by the ratio between cathepsin S and its
regulator cystatin C. During DC maturation, the levels of cathepsin S are increased,
promoting the loading of antigenic peptides for subsequent presentation [208]. A
protein known as H-2M (HLA-DM in humans) is also found in the MIICs, it helps to
stabilise the empty MHC class Il molecules and also catalyzes the removal of CLIP,

while enhancing the binding of antigenic peptides.

In order for the MHC complex to be stable, it must be associated with a peptide, as
empty MHC class II molecules are rapidly degraded. The available peptide pool comes
from any protein that can gain access to the endosomal pathway and peptides are
generated by the actions of endosomal proteases [186]. Once a stable complex has been
formed between the peptide and the MHC molecules, the peptide:MHC II complex is
transported to and expressed on the surface of the cell. Turnover rates and surface
expression of MHC class I molecules on DC are regulated by ubiquitination of the
cytoplasmic tails of the peptide-MHC complexes, therefore targeting them for
degradation [209-210]. Furthermore, it was also found that ubiquitination of MHC II
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molecules ceased in mature DC, allowing for the accumulation of MHC II:peptide
complexes on the cell surface [210]. It has also been shown that TLR play an important
role in the antigen presentation process, as signalling through TLR triggers efficient
peptide loading of MHC II molecules and TLR-loaded antigens results in more potent

activation of CD4" T cells [211].

Autophagy, which is important to maintain cell homeostasis, is now also considered to
be important for the delivery of antigens to MHC class II presentation pathways.
Autophagy is considered to be a constitutively active process during which
autophagosomes fuse with MIICs [212]. Also, targeting of proteins to autophagosomes
is an efficient method of gaining access to the MHC II presentation pathway [212].
Therefore, through autophagy, endogenous or cytosolic antigens can be presented on
MHC II molecules. The levels of autophagy within a cell can be upregulated by TLR
signalling and certain cytokines suggesting interplay between TLR signalling,

autophagy and antigen presentation [205, 213-214].
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Figure 1.5: MHC class II presentation pathway. This antigen processing pathway
allows exogenous antigens, phagocytosed by APC, to be presented to CD4" T cells.
Exogenous antigens, captured by DC, are directed towards lysosome-related
intracellular compartments containing MHC class Il molecules, known as MIIC or
MHC class Il-rich compartments. CLIP is a short peptide which remains in the antigen-
binding groove, in order to maintain stability of the MHC Il complex, until HLA-DM
catalyzes peptide loading onto the MHC class Il molecules (Figure from [186]).
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1.5.2.3 CD1 presentation pathway: CDI proteins are a family of MHC-class-I-like
glycoproteins that present lipids to T cells. They are made up of five isoforms, CD1 a-
e. The structure of the CD1 molecules is similar to MHC class I molecules, consisting
of one heavy chain with three globular domains that are non-covalently associated with
a f2-microglobulin subunit [215]. CDla, b and c all present lipids to CD1-restricted T
cells found within the CD4" and CD8" aB-T cell pool [216]. In contrast, only CDI1d
molecules present lipids to natural killer T-cells (NKT) which express an invariant TCR
a chain and are innate like in their activities. Activation of NKT cells by DC via CD1
molecules results in upregulation of CD40L and IFN-y secretion by the iNKT cells,
which in turn further activates the DC [217-218]. a-galactosylceramide (a-GalCer) is a
known adjuvant and also the most commonly used activator of NKT cells [219]. Itis a
glycolipid which is presented by CDI1d-expressing APC and activates NKT cells to
secrete IL-1 and IFN-y [220]. Furthermore, it also has the potential to activate CD8" T
cells via its CD1d presentation to NKT cells [221-222].

1.5.3 Dendritic cells link innate and adaptive immune systems: T cell priming

Mature DC are highly efficient at antigen presentation and express high levels of
molecules required for interacting with T cells. DC have the ability to interact with and
activate both CD4" and CD8" T cells through their expression of MHC class II and class
I molecules, respectively. During antigen presentation, stable cell-cell junctions, known
as immunological synapses (IS), are formed between DC and T cells [223]. These
synapses involve interactions between, the MHC molecules expressed on the DCs and
the T cell receptor (TCR), along with the CD4 or CDS8 receptors on the T cell. In
addition, co-stimulatory molecules, such as CD28 and LFA-1 can be found on the T cell
surface and these interact with their cognate receptors expressed on activated DC. In
order to fully activate naive T-cells, three signals must be provided (Figure 1.7), two of

which can be found within the IS.

The pathogen-derived peptide:MHC complex, expressed on the surface of the activated
DC, is recognised by the T-cell receptor (TCR). This interaction determines the antigen
specificity of the response and constitutes for “signal one” [224]. In order to survive
and proliferate, T cells require a co-stimulatory signal, the absence of which results in

anergy and the induction of tolerance [224]. Co-stimulatory molecules, such as B7.1
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and B7.2 (also known as CD80 and CD86) are upregulated on mature DC and these
molecules interact with CD28 on the surface of the T cell providing “signal 2”. Other
cell adhesion molecules, such as LFA-1 and ICAM-1/3, also play important roles during
the interaction of the MHC-TCR. The aff TCR is associated with the CD3 complex,
due to the fact that on its own the aff heterodimer is signalling incompetent. The CD3
complex consists of CD3y, & and ¢, proteins that span the plasma membrane. They
contain specialised motifs for signalling, known as immunoreceptor tyrosine based
activation motifs (ITAM), on their intracellular domains. These cell surface molecules
are also associated with a zeta chain or {, which contains three ITAM on its intracellular
domain and plays an important role in intracellular signalling after activation of the
TCR. Ligation of the TCR results in activation of a complex intracellular signalling
cascade, which begins with phosphorylation of these ITAM. This cascade ultimately
results in the activation of transcription factors, such as NFAT, AP-1 and NFxB

increasing the transcription of interleukin-2 (IL-2).

Cytokines can be secreted by the activated DC, but also by other innate cells, such as
granulocytes or cells in the surrounding tissue, and these can determine the fate of the
naive T cell. The cytokines provide “signal 3” and the balance of these can have a
strong impact on the type of immune response generated [182]. The cytokines secreted
are determined by the type of pathogen-derived molecules or endogenous danger signals
sensed by the DC. For example, IL-12 is a well known Th1 polarising cytokine. Other
Th1-polarising factors include membrane bound factors, such as ICAM-1 and delta-like
Notch ligands [225-228]. In contrast, stimulation of DC in vitro and in vivo with the
egg stage of Schistosoma mansoni results in the development of Th2 T cells [229-231].
It is not just the presence of one key cytokine that decides the fate of a naive T cell, it is
the balance of all cytokines present in the local micro-environment at the time of

activation.

The T cell must receive all three signals in order to become fully activated. For
example, failure to provide signal 2 and 3 in the presence of signal 1 can inactivate T
cells by inducing anergy, cell death, or alternatively, the induction of tolerance by
diversion into a regulatory fate [232]. In addition to the requirement for all three signals
in order to fully activate naive T cells, it has been proposed that in order to induce
optimal responses, all three signals must be received from the same DC that has been

directly activated by the MAMP or danger signal [232].
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Figure 1.7: Activation and polarisation of T cells requires the integration of three
signals. Signal one is derived from ligation of the TCR by the MHC-peptide complex
and generates the antigen specificity of the immune response. Co-stimulatory
molecules, such as CD28 and its ligands CD80/CD86, provide the second signal which
is necessary for survival and proliferation of the T cell. The third signal is received
from cytokines, the balance of which is central to the type of response that is developed.
The type of cytokines will depend on the activation stimulus received by the DC, such

as MAMP and endogenous danger signals (Figure from [224]).
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1.6 The Adaptive Immune Response

The innate immune system is the first line of defence and has the ability to sense the
presence of invading pathogens or dying or stressed cells via an array of PRR. DC act
as the link between the innate and adaptive immune responses. The main cells of the
adaptive immune response are the T cells and B cells. Studies carried out by Cooper
and Good suggested that there were two subsets of lymphocytes in the bursa of
Fabricius of chickens, one of which was necessary for antibody production (B cells) and
another which required an intact thymus for their development (T cells) [233-234]. The
adaptive immune response executes two major types of responses, cell-mediated
immunity and humoral immunity. Activation of T cells, generates cell-mediated
responses, while B cells develop into antibody-producing cells, resulting in humoral

immune responses

1.6.1 T cells

T cells are a subset of lymphocytes and one of the main effector cells of the adaptive
immune system. They are defined based on their development in the thymus and the
presence of a heterodimeric receptor, known as the T cell receptor (TCR), expressed on
their cell surface in association with CD3 molecules. T cells have several effector
functions, including the provision of help to B cells to produce antibodies, activation of
macrophages and killing of cells infected with intracellular pathogens, such as viruses.
T cells can be subdivided based on their co-receptor expression and their effector
functions. Helper T cells (Th) express CD4 on their cell surface, which acts as a co-
receptor for MHC class II molecules. These cells provide help for B cells and activate
macrophages to kill intracellular bacteria. Cytotoxic T cells (CTL) express CD8 on
their surface, which is the co-receptor for MHC class I molecules and these cells kill
virally-infected cells. Each T cell expresses a TCR that is generated by somatic gene
segment re-arrangement. Most of the T cells generated possess a TCR made up of a and
B chains, so-called ap T cells. However, there is also a small subset of T cells which
express a Y0 TCR and are CD47CD8; these cells are thought to play a role in
immunoregulation. Once the gene re-arrangement is complete, the of3 T cells undergo

selection based on their recognition of self-MHC molecules and their non-

38



responsiveness to self antigens. Mature T cells then enter the periphery via the
bloodstream and are carried to the spleen and lymph nodes. where they can encounter
APC [235]. Naive CD4" T cells have the potential to develop into one of several
identified effector lineages, including Thl, Th2, Th17, regulatory T-cells and follicular
T-helper cells (Tth), during their initial interaction with antigen presented on MHC

class II molecules on the surface of DC (Figurel.8).
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IFN-7

v

IL-33.IL-28
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Figure 1.8: The fates of CD4" T cells. CD4" T cells have the potential to differentiate
into different effector subsets. Thl cells are induced via IL-12 and IL-18 and uniquely
express the transcription factor T-bet. Th2 cells develop in the presence of cytokines,
including IL-33, IL-25 and IL-4, which upregulates transcription factor GATA-3. Th17
cells are generated with a combination of IL-6, TGF-B and IL-21 and are associated
with ROR-yt expression. Exposure to IL-10 and TGF-B results in a tolerogenic
phenotype and the generation of regulatory T-cells associated with the transcription

factor, Foxp3. IL-21 induces development of follicular helper T cells (Tth).
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1.6.1.1 Thl

In 1986 it was formally shown that murine CD4" T cells could be subdivided into Th1
and Th2 subsets based on their cytokine profile [236]. However, the existence of these
sub-populations was not shown in humans until the 1990s, using samples from patients
with allergic or infectious diseases [237]. T cells were isolated from immunised mice
that secreted, IFN-y, IL-2, IL-3 and GM-CSF and promoted the production of IgG2a
antibodies by B cells in response to antigen or Con A. These were designated Th helper
1 (Thl) cells [236]. Thl cells are generally associated with intracellular pathogen
infections, such as Mycobacterium tuberculosis, autoimmune disorders and the
development of Thl cells is promoted by IL-12, the main source of which are DC and
macrophages. The induction of IL-12 secretion by DC is induced by TLR stimulation.
NK cells have been shown to act as an early source of [FN-y, which can further enhance
the level of DC-produced IL-12, promoting the development of Thl cells [238]. IL-12R
ligation on the surface of T cells results in the activation of STAT-4 and T-bet (T-box
expressed in T cells), subsequently activating the transcription factors NFxB and
nuclear factor of activated T cells (NFAT), resulting in an increase in the expression
levels of IFN-y and a decrease in IL-4 production [239]. More recently, it has been
shown that T-bet and STAT4 also co-operate in the transcription of Thl-specific genes
[240]. Runx 3 is a member of the runt domain transcription factors which function
mainly in cell-specific lineage decisions. One of the transcriptional targets of T-bet is
the Runx3 gene. Together Runx3 and T-bet bind to the silencer region within the //4
gene and thereby repress transcription. In addition, this complex of T-bet and Runx3
also bind to the /fny promoter, which enhances a positive feedback loop through the
secretion of IFN-y [241-242]. A role for IRF-1 (interferon response factor-1) in Thl
cell differentiation has been shown through its ability to regulate the expression of the
IL-12RB1 subunit and the p40 and p35 subunits of IL-12, thereby enhancing both the

secretion of IL-12 and responsiveness of T cells to IL-12 [243].

While many of the earlier studies into Thl differentiation highlighted the key role
played by IL-12, it is also important to note that Thl responses in vivo to certain
antigens can occur in an IL-12-independent manner. For example, mice with a targeted
disruption of the IL-12 p40 subunit generated a strong Th1 type response, characterised
by high levels of IFN-y and the absence of IL-4, when infected with mouse hepatitis
virus (MHV) [244]. Another study demonstrated that when mice defective in IL-12
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were immunised with Toxoplasma gondii tachyzoites, a significant number of Th1 cells
were detected [245]. Based on these and other studies, it has been suggested that the
role of IL-12 is not as the primary inducer of Thl responses, but as an enhancer of

effector cells already committed to Th1 differentiation [246-247].

The Notch proteins are a family of four (Notch 1-4) heterodimeric cell surface
receptors, all of which have been shown to be expressed on CD4" T cells [248]. The
ligands for these receptors can be divided into two families, the Delta-like ligands
(DLL) and the Jagged proteins [246]. Binding of ligands to the Notch receptors results
in cleavage of the intracellular domain of the Notch protein and their subsequent
translocation into the nucleus, where they associate with the DNA-binding factor
recombination-signal-binding protein for immunoglobulin «kJ region (RBPJ) and the co-
activator Mastermind-like 1 (MAML-1) [249]. Stimulation of APC with known Thl-
driving stimuli, such as CpG and LPS, has been correlated with enhanced expression of
DLL proteins [227-228]. In addition, Notch signalling may directly activate 7bx21,
which is the gene that encodes T-bet [250-251]. A regulatory role for ICAM-1 and
LFA-1 in the Th1/Th2 fate decision has also been proposed [226]. Once Thl cells are
fully differentiated they secrete their signature cytokine IFN-y, as well as IL-2 and TNF-
a. The effector functions of IFN-y include activation of macrophages and induction of

IgG2a antibodies by B cells, which are characteristic of a type 1 response.

1.6.1.2 Th2

The second subset of cells identified by Mossman et al secreted 1L-3, IL-4, IL-5 and
enhanced B cell production of IgE and IgG1 [236]. These cells were given the name T
helper 2 cells (Th2). Th2 cells are generally associated with protection against
extracellular pathogens, such as Schistosoma mansoni and allergic reactions. IL-4 is the
signature cytokine of Th2 cells and it is essential for their development from naive
precursors. However, the source of IL-4 is still debated [252]. Furthermore, Th2 cells
have been shown to develop in the absence of IL-4 [253]. In support of this, it has been
shown in vivo that the absolute numbers of Th2 cells generated after helminth infection
in STAT6-deficient mice (STAT6 is an essential part of the IL-4R signalling pathway)
were comparable to those in wild type mice [254]. In a similar manner to IL-12, it has

been proposed that IL-4 is necessary for the enhancement of Th2 responses but is not
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the primary inducer of Th2 differentiation [246]. A role for IL-25 (also known as IL-
17E) in Th2 cell development has also been proposed, as it can enhance IL-4, IL-5 and
IL-13 secretion by signalling through IL-17RB [255-258]. Similar to IFN-y, IL-4 acts
in an autocrine manner to promote Th2 cell development and has an inhibitory effect on

the development of Th1 cells.

Another cytokine associated with type 2 immune responses is IL-33 (IL-1F11), which is
a member of the IL-1 family of cytokines. IL-33 has been shown to associate with the
orphan receptor ST2 and has the ability to promote IL-5 and IL-13 secretion by Th2
polarised cells in vitro. Also, immunisation with purified IL-33 induces secretion of
Th2-associated cytokines and eosinophilia [259]. Thymic Stromal Lymphopoeitin
(TSLP), which is secreted by stromal cells, was originally shown to act as a B cell
growth factor. It is expressed at high levels in the lungs of mice sensitised and
challenged with Ova. These mice develop a Th2-type response and lung eosinophilia,
both of which have been found to be reduced in TSLP-R knock-out mice, suggesting a
role for TSLP in the development of Th2 responses [260].

The binding of 1L-4 to its receptor results in the activation of the transcription factor
STAT-6, which subsequently induces the expression of GATA-3 and c-Maf, ultimately
resulting in the upregulation of IL-4 and IL-5 and downregulation of IFN-y [261-262].
GATA-3 is a zinc finger protein which was originally found to bind to the TCR o gene
enhancer, however, it is now known as the master regulator of Th2 cell differentiation.
It is thought to mainly influence Th2 cytokine expression by reorganising the Th2 locus,
rather than promoting proliferation of the cells [263-264]. Furthermore, GATA-3
inhibits Thl cell differentiation by preventing upregulation of the IL-12R f chain,
rendering the cells unresponsive to IL-12 and sensitive to the presence of IL-4 [263].
Other transcription factors proposed to play a role in Th2 differentiation include NFAT-
1, JunB and IRF-4, all of which have been shown to enhance //4 gene transcription
[265-266]. More recently, Dec2, a helix-loop-helix transcription factor, has been
implicated in Th2 cell differentiation, as Dec2-deficient mice show reduced Th2
responses following intraperitoneal injection with Schistosoma mansoni eggs [267].
APC which have been stimulated by Th2 driving factors, such as Schistosoma mansoni
egg antigen (SEA), upregulate their expression of Jagged proteins [231]. Furthermore,
Notch signalling has been shown to be sufficient to drive the differentiation of Th2 cells

in the absence of STAT6, in a GATA3-dependent manner. Signalling through Notch
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has been implicated as a requirement of Th2 differentiation, upstream of GATA-3,

further enhancing IL-4 transcription [268-269].

1.6.1.3 Th17

The recent discovery of an IL-17-producing subset of CD4" T cells has provoked a
rethink of the traditional Th1/Th2 paradigm. Langrish et al first reported the existence
of a set of IL-17-secreting CD4" T cells driven by IL-23. The cells secreted I1L-17, IL-6
and TNF-a and were shown to be responsible for pathogenicity in experimental allergic
encephalomyelitis (EAE), an inflammatory disease of the central nervous system often
used as the animal model for multiple sclerosis in humans [270]. These cells have since
been termed T-helper IL-17 cells or Th17 cells. IL-17, also known as IL-17A, is the
founding member of the IL-17 family of cytokines, which include IL-17A-F, and has
been shown to be involved in enhancing the production of chemokines and matrix

proteins to recruit neutrophils [271].

After the initial discovery of Th17 cells, little was known about the signalling pathways
involved in their development. As a result the idea that these cells were a separate T
cell lineage was controversial and it was suggested that they had diverged from the Thl
lineage at some point during their development. The divergence theory was supported
by the fact that T-bet-deficient mice were resistant to EAE, an autoinflammatory disease
associated with IL-17 [272]. In addition, it was also found that the IL-23R was not
expressed on naive T cells, despite previous reports that IL-23 was the initial driving
factor for the differentiation of IL-17-producing T cells [273-274]. In contrast, a series
of experiments by Park et al provided new evidence, which supported the idea that IL-
17 producing T cells were, in fact, a distinct lineage of T helper cells. They
demonstrated that a higher number of IL-17-producing T cells could be isolated from T-
bet deficient mice [275]. Work by Harrington et a/ added further support to the Th17
lineage theory by showing that IFN-y inhibited the secretion of IL-17 from naive T-cells
but that fully differentiated IL-17-producing cells were unaffected by the presence of
IL-4 or IFN-y [276]. Moreover, further studies have identified ROR-yt as the master
transcription factor required for the development of Th17 cells [277]. A role for STAT3
in Th17 development has also been demonstrated [278-279]. Key cytokines involved in
the development of Thl7 cells, including IL-6 and IL-23, induce STAT3 activation
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which subsequently binds to the 7//7 locus [280]. In addition to RORyt, a role for IRF4
has also been proposed in the differentiation of Th17 cells based on the reduced levels

of RORyt expression in the absence of IRF4 [281].

The identity of the key cytokines involved in the differentiation of Th17 cells is
somewhat controversial, but knowledge of this area is expanding rapidly. TGF-f, IL-
6, IL-1p and IL-23 are all thought to be essential for the development of Th17 cells in
humans [282-283]. In mice, TGF-B, IL-21 and IL-6 are thought to be involved in the
initiation of Th17 cell differentiation [284-286]. It was reported that IL-6 and TGF-j
induced the production of IL-17 from naive T cells activated with anti-CD3 and anti-
CD28, and Th17 cells were absent or diminished in all tissues of TGF-B-deficient mice
[285-286]. Furthermore, it was demonstrated that mice expressing a dominant negative
form of the TGF-B receptor were resistant to EAE and were deficient in Th17 cells
[284]. Several studies have indicated a role for IL-6 in inflammation, IL-6-deficient
mice are resistant to actively induced EAE and Thl7 cells are absent in the lamina
propria of mice lacking in IL-6 or RORyt [277, 287]. Thus, it was suggested that TGF-
B and IL-6 acted collectively to induce the differentiation of murine Th17 cells.
Recently, it has been shown that, TGF-f promotes the differentiation of Th17 cells by
inhibiting the development of Thl and Th2 cells in both mice and humans [288-289].
TNFa and IL-1 have been implicated in increasing the differentiation of Th17 cells in
the presence of IL-6 and TGF-f3 [286]. The role for IL-1 was further supported by the
fact that, induction of Thl7 cells is abrogated in IL-1R1 knock-out mice and
complemented by the fact that these mice have a lower incidence of EAE than wild
type mice [290]. Furthermore, it has also been shown that IL-1 and IL-23 activated yd
T cells promote the secretion of IL-17 by CD4" T cells [291]. In addition, a more recent
study has shown that IL-1 signalling in T cells regulates the expression of RORyt and
IRF4 [292]. Models of autoimmune disorders in mice deficient in ICOS and IL-23 have
shown that these two factors are necessary for IL-17 production [293-294]. It is now
thought that both IL-1 and IL-23 play important roles in the maintenance of Th17 cells

and the development of memory Th17 cells.
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IL-17 has been implicated in barrier functions by inducing growth, differentiation and
integrity of epithelial surfaces and Th17 cells exist constitutively in the intestinal lamina
propia [295]. A protective role for Th17 cells has been reported during infection with
the extracellular bacteria Klebsiella pneumoniae [296-297]. Furthermore, IL-17 reduces
Thl-mediated parasite-induced myocarditis during infection with Trypansoma cruzi
[298]. It has also been demonstrated that, effective protection against Staphylococcus
aureus and Candida albicans requires IFN-y and IL-17 [299]. In contrast, activation of
Th17 cells has been shown to prevent the generation of protective Thl responses against
Candida albicans and Aspergillus fumigates [300]. Therefore, the role of Th17 cells in

certain infections, such as Candida albicans infections, remains controversial.

1.6.1.4 Regulatory T cells

The idea that thymic-derived cells had the ability to both activate and suppress the
development of immune responses was first proposed in the 1970s [301]. However, it
was not until 25 years later that thymic-derived cells with the ability to induce tolerance
were identified. Sakaguchi er al were the first to describe a set of naturally occurring
CD4" T cells that could prevent the development of autoimmunity by inhibiting the
expansion of self-reactive lymphocytes. They showed that the depletion of a population
of CD4" CD25" cells, which constitute 5-10% of CD4" T cells in mice, resulted in the
spontaneous development of auto-inflammation. Furthermore, this auto-inflammation
could be reversed by reconstitution of the CD4" CD25" cells [302]. In agreement,
others have also reported aberrant T cell responses, characterised by excessive Thl and
Th2 cytokines resulting in autoimmunity, in mice deficient in these ‘regulatory’ T cells
[303-304]. The existence of a set of T cells, now known as regulatory T cells (Tregs),
with suppressive activity is currently widely accepted. Regulatory T cells can be
broadly subdivided into two subsets, natural Tregs (nTregs) and inducible Tregs
(iTregs) [305-306].

The CD4" CD25" T cells described by Sakaguchi et al are representative of natural T
regulatory cells. These cells develop in the thymus and play a role in controlling self-
reactive T cells in the periphery. It has recently been shown that TGF- is required for
their development in the thymus, as mice lacking TGF-BR1 have lower levels of

naturally occurring CD4'CD25 Foxp3” thymocytes [307]. Natural Tregs can be
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defined by their constitutive expression of Foxp3 and CD25 (IL-2Ra chain). However,
both Foxp3 (intracellular) and CD25 (surface) are expressed by activated T cells,

making it difficult to isolate regulatory T cells from other effector lineages [308].

Inducible Tregs (iTregs) develop in the periphery following TCR stimulation in the
presence of high levels of TGF-B and the absence of any other pro-inflammatory
cytokines, resulting in subsequent induction of Foxp3 expression [309-311]. These
converted Foxp3'CD25°CD4" cells were found to be unresponsive to TCR stimulation
and displayed suppressive functions when co-cultured with other T cells [309]. The
induction of Foxp3 by TGF-B requires the involvement of additional transcription
factors, including STAT3 and NFAT [306, 312]. In addition to Foxp3" converted
Tregs, the inducible Tregs, also include Trl cells which secrete IL-10 and T-helper 3
cells induced during oral tolerance which secrete TGF-P, both of which are Foxp3”
[313]. Trl cells can develop in several ways; naive T-cells can convert to a regulatory
phenotype following an encounter with an immature DC, they can be induced by
specific pathogens as a method of evasion or alternatively can be generated by repeated
exposure to antigen in the presence of IL-10, conditions which are associated with

chronic infections [314].

Foxp3, a member of the forkhead/winged helix family of transcriptional regulators, is
currently the main transcription factor associated with the regulatory phenotype. It was
discovered as the gene mutated in scurfy mice, which spontaneously develop
autoimmunity and severe inflammation [315]. Subsequently, it was shown that the
immune dysregulation observed in scurfy mice was due to a deficiency in Tregs and not
due to an intrinsic fault in CD4'CD25 T cells [316-317]. Furthermore, ectopic
expression or retroviral gene transfer of Foxp3 was sufficient to convert CD4'CD25™ T

cells to a regulatory phenotype [316-317].

In addition to Foxp3, several other transcription factors have been implicated in the
development and maintenance of both natural and inducible Treg cells. One of the
members of the runt domain transcription factors, Runx1, has been suggested to be
necessary for the maintenance of Foxp3 expression in both natural and inducible Treg
cells (ref as unpublished data in [318]). An unlikely co-factor necessary for the
differentiation of Treg cells has recently been identified. Several groups have found

that the presence of retinoic acid (RA), a metabolite of vitamin A, was necessary for the
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differentiation of Tregs induced by a specialised subset of DC isolated from the gut-
associated lymphoid tissue (GALT) [319-321].

The exact methods of suppression employed by Tregs to prevent activation of effector
lineages or control self-reactive CD4" T cells are unclear. However, certain central
molecules involved in the effector function of Tregs have been identified, including
CTL-associated protein 4 (CTLA-4), found to be constitutively expressed at high levels
by CD4°CD25" T cells in normal mice. In addition to CTLA-4, the cytokines, IL-10
and TGF-B have been suggested to play a role in the suppressive functions of Tregs
[322-323]. Recently, a multi-step process of suppression was proposed by Sakaguchi et
al [324]. The first step requires cell-cell contact between Tregs and APC during which
Tregs form aggregates around DC more efficiently than effector T cells, via an LFA-1-
dependent and CTLA-4-independent mechanism. Therefore, preventing access of
responder T cells to MHC class II presented antigen on the surface of APC. The second
step involves the down-regulation of co-stimulatory molecules on the surface of DC,
including CD80 and CD86, which occurs in a CTLA-4-dependent manner [324].
Sakaguchi et al, propose that this multi-step method may represent the core method of
suppression and that it may function in unison with additional mechanisms of
suppression that have been identified, such as the ability of Tregs to lyse cells through

their expression of perforin or granzyme [233, 324].

Currently, Foxp3 is the most definitive marker of nTregs. However, it is still difficult to
distinguish between converted Foxp3" iTregs and nTregs. Foxp3 is also upregulated in
activated T cells [308]. In addition, T cells with regulatory functions, such as Trl and
Th3 cells do not express Foxp3. The lack of a definitive marker for regulatory T cells
prevents them from being fully identified as a distinct T cell lineage rather than just a

transient set of cells that have diverged from other T cell lineages.
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1.6.1.5 Tth

The idea that B cells required help from T cells in order to secrete significant levels of
high affinity antigen-specific antibodies was first shown in the 1960s [325]. It was
initially thought that this important role was played by Th2 cells, due to their ability to
secrete large amounts of IL-4, which is known for its ability to drive class switch
recombination and B cell proliferation [326]. However, it was not until the beginning
of this century that a subset of CD4" T helper cells that specialises in B cell help was
identified. These cells were isolated from human blood and tonsillar tissue and were
characterised by their high level of CXCRS (the receptor for the chemokine CXCL13)
expression. CXCLI13 is specifically secreted by follicular stromal cells, thus attracting
these cells to follicular regions of lymph nodes [327-328]. Furthermore, co-culture of
these CXCR5" CD4" T cells with B cells induced activation and subsequent production
of antibodies by B cells [327-328]. Based on their ability to provide B cell help and
their anatomical localisation these CXCRS" CD4" T cells were termed follicular helper
T cells (Tth) [327-328]. Recent studies have characterised Tfh cells in more detail and
have shown that they express high levels of BCL6, programmed cell death-1 (PD-1),
Inducible co-stimulator (ICOS) and IL-21 [329]. While no unique transcription factor
has been identified for this novel subset of Th cells, studies have shown that the high
level of BCL6 expressed in these cells is a unique feature which cannot be seen in any
of the other Th cell subsets [330-331]. In addition to this, it has been shown that forced
overexpression of BCL6 in CD4" T cells represses the differentiation of Th1 and Th17
cells. This effect is due to the binding of BCL6 to the promoters of Thl and Th17
transcription factors, Tbet and RORyt respectively, thus suppressing their transcription
[330-331]. Taken together, these studies suggest that BCL6 may act as the master
regulator in the Tth differentiation pathway.

It was initially thought that Tfh cells were unable to secrete significant levels of
cytokines. However, recent studies have shown that Tth cells have the ability to secrete
high levels of IL-21, as well as IL-4 and IL-17 [329, 332-334]. IL-21 is thought to play
a key role in the development of Tth cells, as immunisation of IL-217" mice with a T
cell-dependent antigen results in a reduced frequency of CXCRS" CD4" T cells, in
comparison to wild type mice [335]. Adding further complexity to the differentiation of
Th subsets, a study by Tsuji et al showed that Foxp-3" CD4" cells were preferentially
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converted into Tfh cells associated with a down-regulation of Foxp-3 and increased
expression of IL-21, PD-1 and CXCRS [336]. Furthermore, the increased expression of
PD-1, IL-21 and CXCRS in Tth cells observed occurred in a B cell-dependent manner
via CD40 interaction, suggesting a role for B cells in the differentiation of Tth cells
[336]. It has also been proposed that Tth cells are preferentially generated from CD4" T
cells that express a TCR with high affinity for the antigen [337-338].

The main functions of Tth cells is providing ‘help’ to B cells within follicles of
secondary lymphoid organs, which is necessary for the progression and development of
the humoral immune response. Their ability to produce large amounts of IL-21 is key
to this activity, as IL-21 is a potent driver of B cell proliferation, isotype switching and
differentiation into plasmablasts through its enhancement of BLIMP-1 [339]. However,
if these cells are not tightly regulated they can contribute to the development of
autoimmune diseases such as Systemic lupus erythematosus (SLE) where high levels of
CXCRS5" CD4" T cells expressing increased levels of PD-1 and ICOS can be found in
the blood of patients [340]. A better understanding of the functions and differentiation
of Tth cells would potentially lead to the development of therapies for autoimmune
disorders involving autoantibody formation and also aid the design of new vaccine

adjuvants with the potential to promote Tth development.

1.6.1.6 Plasticity among T helper subsets

The original experiments by Mosmann et a/ identified the existence of a division of
labour among CD4" T cells. They isolated stable mouse clones from immunised mice
that produced a mutually exclusive set of cytokines which they deemed Thl and Th2
cells. In addition, these cells were grown in vitro during which they were able to
maintain expression of a unique cytokine profile [236]. Later studies confirmed the
stability of these founding lineages by demonstrating that naive cells polarised towards
a Th1 or Th2 phenotype could not be forced to change their cytokine profile even in the
presence of new polarising cytokines [341]. The identification of master transcriptional
regulators unique to specific subsets of Th cells helped to solidify the idea that each Th
subset represents a distinct terminally differentiated lineage characterised by the
expression of a unique master transcriptional regulator coupled with a distinct cytokine

profile.
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More recently however, the lineage model has been challenged. Several groups have
reported the existence of Foxp3'IL-17°CD4" T cells which have been shown to have
suppressive activities [342-343]. In addition, a set of Foxp3"'RORyt'CD4" T cells have
been isolated from the lamina propria of the small intestine and this dual expression of
transcription factors has been mimicked in vitro using TGF-B [343]. Based on these
studies it has been proposed that these Foxp3 "RORyt'CD4" T cells have the ability to
differentiate into either Tregs or Th17 cells and that this decision is determined by the
presence of pro-inflammatory cytokines such as IL-6, IL-21 and IL-23. Furthermore,
others have shown that Foxp3'CD4" T cells can be converted into IL-17-producing
RORyt" T cells upon co-culture with DC in an IL-23 dependent manner [344].

The differentiation of helper T cells into specific effector cells is intricately coupled to
epigenetic changes in chromatin structure, histone and DNA modifications and the
expression of small non-coding RNA [318, 345]. A recent study by Wei et al used
genome-wide analysis to track methylation states of histones within T helper subsets in
order to identify areas of DNA which were in either in a permissive or inactive state
[345]. Interestingly, they found that in some T cell subsets certain genes are in what
they called a bivalent state, meaning that they could be either transcribed or left in an
inactive state depending on signals received from the local microenvironment. In
agreement with previous findings by Krawczyk et al they have shown that the genes
encoding Gata3 and Tbet were shown to have bivalent marks in Th2 and Thl cells
respectively, further highlighting the idea of interconversion between subsets in certain
inflammatory conditions [345-346]. Treg cells were found to contain bivalent marks in
several genes including 7hx21, Gata3 and Roryt, consistent with studies demonstrating
the ability of Tregs to be converted to other effector Th subsets [344-345]. Taken
together, all of these studies suggest the existence of plasticity among CD4" T helper

cells which has previously been undemonstrated and unappreciated.
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1.6.2 B cells

The existence of a set of antibody-producing cells had been predicted since the
discovery of serum gammaglobulins [347]. B cells can be defined as, a subset of cells
that express clonally diverse cell surface immunoglobulin (Ig) receptors recognizing

specific antigenic epitopes [348].

There are five main classes of antibodies, IgM, IgD, IgG, IgA and IgE, all of which
have specific roles in the humoral response. Antibodies are made up of a light chain
associated with a heavy chain, each of which consists of constant and variable regions.
It is the constant region of the heavy chain which determines the isotype or class of the
antibody and subsequently their effector functions, by interacting with other molecules
and cells of the immune system via Fc receptors. The variable region of the heavy and
light chains form the antigen-binding region or Fab of the antibody and it is the
variability among these regions that add to the diversity of antibody specificity. The
type of cytokines secreted by T cells can direct the type of antibodies produced by
triggering class switch recombination within B cells in the germinal centre. For
example IL-4 has been shown to induce increased expression of activation-induced

cytidine deaminase (AID), an enzyme necessary for the heavy chain switch [349].

Antibodies have several functions within the immune system. They can bind to the
surface of a microorganism, preventing cell invasion as well as binding to substances
secreted by microorganisms such as toxins in a process known as neutralisation.
Secondly, antibodies can coat the surface of an organism in a process known as
opsonisation which promotes uptake by Fc receptors on phagocytic cells, which
recognise the constant portion of the antibodies. Thirdly, antibodies can activate the
complement system, resulting in the lysis of micro-organisms through pore-forming
complement proteins. Antibodies are the main effector proteins of the humoral immune

response and are important in defence against extracellular micro-organisms.

The surface receptor of the B cell is known as the B cell receptor (BCR) and consists of
a membrane bound immunoglobulin M (IgM) associated with invariant Igo and IgP
chains. The invariant Iga and IgP chains contain a single ITAM on their intracellular
domains, which is necessary for signalling. Similar to T cells, B cells express a co-
receptor composed of CD19, CD21 and CD81 [350]. Furthermore, the CD21/CD19

components of the co-receptor have been shown to be important for B cell survival
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[350]. Recognition of the specific antigen epitope by the BCR triggers a complex
intracellular signalling cascade, which begins with phosphorylation of the ITAM and

ultimately leads to the transcription of specific genes necessary for antibody production.

B cells develop from haematopoietic stem cells within the foetal liver and adult bone
marrow [351]. Immature B cells can be characterised by their short half lives, their
expression of membrane bound IgM and their tendency to undergo apoptosis following
BCR ligation [352-353]. Maturation occurs in the periphery and is accompanied by
upregulation of membrane-bound IgD and the ability to proliferate in response to
antigen stimulation [354-355]. Once immature B cells leave the bone marrow and enter
the periphery their maturation involves several stages during which they ‘home’ or
migrate to specific anatomical sites and develop into one of three subsets (Figure 1.9);

B1 cells, marginal zone B cells or follicular B cells [354-355].
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Figure 1.9: B cell subsets Immature B cells exit the bone marrow and migrate to
specific areas within the periphery. These immature cells then undergo several changes
within the periphery to become one of three mature B cell subsets: 1. Bl B cells (B1)
found in the peritoneal and pleural cavities. 2. Marginal zone B cells (MZ) found in the
marginal sinus of the spleen. 3. Follicular B cells (FB) which are located within the B

cell zones of secondary lymphoid organs. (Adapted from [355])
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B1 cells seed the peritoneal and pleural cavities [355]. These cells were fi<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>