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Abstract

Campylobacter jejuni is the leading cause of gastroenteritis in humans, and
chickens are the primary vector for infection. The microbe colonises the caeca of
birds as a commensal, and it is hypothesised that intestinal defences regulate
colonisation. Identifying birds with enhanced abilities to clear C. jejuni would enable
the selective breeding of colonisation resistant birds. However, the caecal immune
response to C. jejuni has been poorly characterised to date and is the basis of this
thesis.

Initially, to study the immune response, expression of genes associated with
bacterial recognition and innate immune response was profiled in the caeca of C.
Jejuni-challenged birds across a 48 h timecourse. A S. Typhimurium infection model
was used as a comparison. In response to S. Typhimurium, 7ZR4, TLR5, TLR15 and
TLR21 were transiently increased while substantial cytokine and chemokine increases
were evident at each interval. In contrast, only 7LR4 and 7LR2] were transiently
increased (at 6 h) in response to C. jejuni while proinflammatory cytokine increases
were not evident until 20 h post-challenge, in which high /L8 with minor /L/f and
K60 increases were evident. /L8 was reduced at 48 h and comparable to minor /L1f
and /L6 increases evident at this interval.

Whole-genome microarrays were used to characterise further the caecal
immune response to C. jejuni at 20 h, at which time 270 genes were found to be
differentially expressed. Fold-changes were small and represented a wide range of
biological processes including cell growth, nutrient metabolism and immunological
activity. Immunological processes were validated by qRT-PCR, in which showed only
minor NOX1 (2.3-fold) and VCAM (1.5-fold) increases were evident. Other means of
normalisation and analysis confirmed the lack of immunological processes although
IL17 (3.6-fold), IL21 (2.1-fold) and TOPK (1.9-fold) increases were evident upon
validation. Further qRT-PCR analysis revealed significantly increased /L7R (4-fold)
and CTLA4 (2.5-fold) gene expression (P <0.05). Thus, C. jejuni had minimal effects
on global gene expression at 20 h post-challenge but potentially induced subtle T cell
activity.

The lack of increased caecal pro-inflammatory gene expression in response to

C. jejuni suggests that the microbe evades or subverts avian defences, possibly via
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several of its components. To explore this hypothesis, chicken cells were challenged
with C. jejumi recombinant cytolethal distending toxin (CDT), capsular
polysaccharide (CPS) and ultrapure lipooligosaccharide (LOS). LOS was obtained
from C. jejuni grown at both 37°C and 42°C. LOS induced cytokine (>700-fold) gene
expression in chicken HD11 macrophages, which was a result of NF-xB, p38, ERK
and JNK activation. LOS also upregulated 7LR15 gene expression (15-fold) in HD11
cells, through ERK and JNK activation. Chicken embryonic fibroblast (CEF) cells
responded differently to the LOS types; 37°C LOS, but not 42°C LOS, induced
proinflammatory gene expression. Thus, in a 42°C environment, such as the chicken
intestine, C. jejuni may fail to induce proinflammatory gene expression in certain cell
types. Furthermore, CPS failed to induce cytokine and chemokine gene expression in
either HD11 or CEF cells, which suggest that capsulated C. jejuni evades PRR
detection. CDT was also poorly inductive of proinflammatory responses in chicken
cells however, 80% of HD11 cells had undergone apoptosis at 48 h post toxin
challenge. It is thus improbable that C. jejuni expresses this toxin in the chicken
caecum, considering that commensalism is evident.

In conclusion, C. jejuni activates minimal immunological processes during the
early stages of caecal colonisation. Gene expression increases for key mediators of
innate immune response and bacterial clearance are lacking. Global gene expression
analysis further reveals minimal immunological activity although subtle innate T cell
responses are possibly initiated. The lack of immunopathology is likely due to
structural and behavioural aspects of C. jejuni. Capsulated C. jejuni are not likely to
activate intestinal PRRs as this outermost layer is immunologically inert. The LOS
component activates TLR4, but may evade an additional PRR. CDT is not a PAMP
although chicken cells are susceptible to its cytotoxic effects. The fact that
cytotoxicity is not evident in vivo suggests that C. jejuni exhibits a commensal
lifestyle during caecal colonisation. Whether birds have evolved immune systems
which evade the effects of C. jejuni or whether C. jejuni has evolved in order to

survive as a commensal in its avian host will require detailed interactive studies
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Chapter 1: General Introduction

1.1 Microbiology of the intestine

Immediately after birth, humans and other animals are exposed to a diverse
range of microbial species. Through consumption of ordinary food and water;
microbes such as nematodes, fungi, protozoa and bacteria enter the alimentary canal.
Most ingested species are benign, have minimal interactions with intestinal tissue, and
occupy the gut lumen only temporarily. Their inability to colonise is partially due to
host factors including pH, gastric and bile secretions, gut peristalsis, mucins and
nutrient availability (Manson et al., 2008).

Other benign bacterial species appear to have overcome the intestinal
environment, and colonise the mucosal surfaces of the gut, particularly the large
intestine. Collectively they are known as the “microbiota”, which consists of
approximately 10" cells, more than the sum of all the host cells (Manson ef al.,
2008). Despite such high numbers, at least 80% of the intestinal microflora cannot be
easily cultivated outside the host (Hattori & Taylor, 2009), which illustrates their
dependence and adaptation to the intestinal environment. Over 500 bacterial species
have been identified as colonisers of the human intestine to date (Pai & Kang, 2008),
and the Human Microbiome Project (HMP), funded by the National Institutes of
Health (NIH), aims to identify the total number of species (Peterson et al., 2009). It is,
however, estimated that 99% of the microflora consists of only 35 species, mainly
representing the Bacteroides, Bifidobacteria, FEubacteria, Fusobacteria and
Lactobacilli genera (Guarner, 2006; Manson et al., 2008). There is evidence that
many of these microorganisms promote intestinal health. Some bacterial species can
ferment carbohydrates to produce short chain fatty acids (Tuohy ef al., 2006), while
others can synthesise vitamin K and B12 (Hill, 1997). Commensal bacteria also deter
pathogenic colonisation through competition for space and nutrients. Furthermore,
commensals produce bacteriostatic molecules, known as bacteriocins, which are
capable of inhibiting the growth of rival commensal and pathogenic bacterial species
(Guarner, 2006). Administration of broad-spectrum antibiotics reduces the enteric
microflora and renders the intestine more prone to pathogenic assault (Viswanathan ef

al., 2009). The residential microflora constantly interacts with the intestinal immune
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system. Such interactions result in the intestine being in a “controlled state of
inflammation” under homeostatic conditions (Fiocchi, 2003), in which optimal
performance of the gut-associated lymphoid tissue (GALT) is apparent (Kelly et al.,
2005).

Pathogenic bacterial species do not reside solely in proximity to mucosal
surfaces. In addition, they can penetrate intestinal tissues, inducing inflammation and
damage in the process. Pathogenic species include Listeria monocytogenes,
Salmonella enterica, Enterohemorrhagic Escherichia coli and Shigella flexneri.
Unlike residential microflora, these species have clusters of virulence genes, known
as “pathogenicity islands”, on their chromosomes. (Dobrindt er al., 2003). These
virulence genes encode adhesins that enable attachment to the host cell and thus
colonisation, invasion mechanisms that enables microbes to traverse the intestinal
barrier and toxins that disturb normal cellular organisation and functions (de Souza,
2003). Such bacterial strategies result in the destabilisation of the intestinal
environment and contribute to the clinical signs of gastroenteritis (Viswanathan ef al.,
2009).

However, the status of a microorganism as a commensal or a pathogen does
not necesarily depend alone on the absence or presence of virulence genes. Many
bacterial species are commensals in their normal animal hosts but are pathogenic to
humans. The primary hosts of many of these microorganisms are domestic farm
animals. Interactions with such microbes are associated with the consumption of
undercooked or contaminated food and therefore are not normally encountered on a
regular basis. Campylobacter jejuni is regarded as a commensal in chickens yet is the

leading cause of gastroenteritis in humans (Hendrixson & DiRita, 2004).
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Figure 1.1 Similar commensal bacterial organisms colonise both human and chicken
gastro-intestinal tract regions albeit some differences are evident. (A) is adapted from
Sartor, 2008 (B) depicts bacterial levels in the chicken ileum (10’-10° CFU) and
caeca (1010 CFU) (Apajalahti et al., 1998; Bjerrum et al., 2006), as well as bacterial
groups (Amit-Romach et al., 2004; Bjerrum et al., 2006; Gong et al., 2007).
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1.2 Campylebacter jejuni

Campylobacter (Greek word meaning “spirally curved”) is an enteric bacterial
genus that first gained notoriety in the 1970s due to the ability of its members to cause
gastroenteritis (Fig. 1.2 A). Members of the genus are gram-negative and have
unipolar or bipolar flagella. They are obligate microaerophiles, utilising no more than
5-10% oxygen (Crushell ez al., 2004). To date, 17 species have been identified. C.
coli and C. jejuni are pathogenic to humans with the latter species being responsible
for the majority of clinical cases (Humphrey et al., 2007). As few as 800 viable C.
Jejuni cells are capable of causing infection (Black e al., 1988). The clinical signs of
infection include fever, nausea, abdominal pain and diarrhoea. In severe cases, the
stools commonly contain blood, pus or mucus (Crushell ez al., 2004).

C. jejuni is often carried asymptomatically in the intestines of pigs, cattle,
sheep, and birds (Humphrey er al., 2007). Poultry are considered natural hosts as C.
Jejuni grows optimally at 42°C, the metabolic temperature of birds. Also, C. jejuni is
highly adapted to the avian intestine, primarily in the mucus layer associated with the
caecal crypts (Beery ef al., 1988). As little as 30 CFU of C. jejuni can generate 10"
CFU/g of caecal contents in the absence of clinical signs (Newell, 2001). The
bacterial species is transmitted horizontally between chickens, and not vertically from
mother to offspring prior to hatching (Newell & Fearnley, 2003). Entire flocks can be
almost completely colonised within days (Corry & Atabay, 2001). Thus,
approximately 90% of commercial flocks are colonised by C. jejuni (Newell &
Fearnley, 2003). At slaughter, contamination of poultry products can occur, making
chickens a major vector for human infection (Humphrey ez al., 2007). Considering
that poultry products are particularly popular, C. jejuni is now considered the leading
cause of food-borne gastroenteritis in the developed world (Hendrixson & DiRita,
2004). Campylobacteriosis is therefore a considerable burden to the poultry industry
and national healthcare systems. For example, more than 2.5 million cases in the US
and 80,000 cases in the Netherlands are reported annually, resulting in economic costs
of US$4.3 billion and €21 million respectively. Considering that only 10% of
infections are reported, incidences and economic costs are likely to be even higher

(Humphrey ez al., 2007).
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In comparison to other enteric microbes, little is known about C. jejuni’s
molecular biology and its behaviour during its asymptomatic or pathogenic states.
Sequencing the C. jejuni genome in 2000 has somewhat helped to characterise the
microorganism. The genome of C. jejuni is particularly small (1.6 Mb in size), in
comprison to other microorganisms (Parkhill et al., 2000). However, high genetic
variability is evident, which is a result of horizontal DNA exchange among different
C. jejuni strains (Wilson et al., 2003). Analysis of the genome has also revealed a
number of virulence traits, despite the organism’s asymptomatic nature in its primary
hosts.

The outermost layer of C. jejuni consists of capsular polysaccharide (CPS)
(Karlyshev et al., 2000), which has roles in cell adhesion and cell invasion in
mammals (Bachtiar ez al., 2007). This capsular component is also required for optimal
C. jejuni colonisation of the chicken intestine (Bachtiar et al., 2007; Jones et al.,
2004). The underlying cell membrane contains an endotoxin component known as
lipooligosaccharide (LOS), which consists of oligosaccharide (OS) linked to toxic
lipid A (Moran & Penner, 1999) (Fig. 1.2 C). LOS promotes adhesion to and invasion
of human epithelial cells but does not appear to influence colonisation levels in the
chicken intestine (Fry et al., 2000).

The outer membrane of C. jejuni also consists of a number of adhesin proteins,
which are important for attachment to human epithelial cells. These include FIpA
(Konkel et al.), JIpA (Jin et al., 2001), CapA (Ashgar et al., 2007) and CadF (Konkel
et al., 1997). The latter two adhesins are critical for chicken intestinal attachment as
CadF and CapA mutants are unable to colonise caecum (Ashgar ef al., 2007; Ziprin et
al., 1999).

C. jejuni produces a number of virulence proteins associate with human
epithelial cell invasion including VirK (Novik ez al., 2009), Campylobacter invasion
antigen B (Konkel ef al., 1999) and CiaC (Christensen et al., 2009). CiaB is also
required for C. jejuni colonisation of chicken caecum (Ziprin et al., 2001). C. jejuni’s
flagella, which primarily enable motility (Hendrixson, 2008), may also be considered
as a virulence component as it has also been implicated in mammalian cell invasion
and chicken colonisation (Young et al., 2007).

C. jejuni is known to produce cytolethal distending toxin (CDT), a heat-labile
protein common to many other pathogenic gram-negative bacteria including Shigella

species, Helicobacter species and Salmonella enterica serovar Typhi (Ge et al.,
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2008a). The toxin is composed of three subunits, known as CdtA, CdtB and CdtC.
CdtB is the active subunit, which is delivered into mammalian cells by CdtA and
CdtC (Smith & Bayles, 2006). CdtB, which has DNase I-like properties, reaches the
nucleus and induces chromosomal damage, such as double-strand-breaks (Fig. 1.2 C).
As a consequence, cell division is halted until DNA damage is repaired. Different cell
cycle phases are, however, arrested with different cell types (Ge et al., 2008b; Lara-
Tejero & Galan, 2002). Recombinant C. jejuni CDT arrests epithelial (HeLa and
Caco-2) cell division at the G, phase between 24 hours and 48 hours post-challenge
(Whitehouse ef al., 1998). In contrast, human fibroblasts undergo cell arrest at both
G and G; phases upon encountering C. jejuni CDT (Hassane et al., 2003). Cell death
subsequently follows, regardless of the cell division phase arrested (Ge ef al., 2008b).
Apoptosis is evident when human monocytes are exposed to C. jejuni CDT, as a result
of caspase-8 and caspase-9 activation (Hickey et al., 2005). Other leukocytes are also
likely targeted, considering that CDT from other bacterial species induce apoptosis in
B and T lymphocytes (Cortes-Bratti ef al., 2001; Shenker ef al., 2001). It is unknown
whether C. jejuni CDT has cytotoxic effects on chicken cells.

While CDT toxin from Shigella contributes to clinical signs in the mouse
colon, little is known about the role of CDT in C. jejuni pathogenesis (Duong &
Konkel, 2009). It is a mystery that Campylobacter species have retained such a toxin
considering that it is benign in nature in its primary avian, swine and bovine hosts
(Young et al., 2007). CDT transcipts are detectable in the caeca of colonised chickens
but with an absence of CDT specific antibodies in the serum of such birds (Abuoun et
al., 2005). Mutating each of the corresponding three cdt genes does not affect
colonisation levels in the caecum, suggesting that CDT does not have a role in
colonisation (Biswas et al., 2006). The role of CDT in the development of the

commensal state in chickens has not been investigated.
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Figure 1.2 Campylobacter jejuni. (A) Electron microscope image of C. jejuni from

www.sanger.ac.uk/Projects/C_jejuni/ depicts the microbe’s spirally-curved

morphology (B) Major surface components of C. jejuni include the flagellum,
capsule, LOS, lipopeptides and peptidoglycan. (C) CDT docks to an unknown
receptor on the host cell surface via CdtA and CdtC, and is subsequently internalised.
CdtB reaches the nucleus and induces chromosomal damage, namely double-stranded
breaks DNA. Cj? indicates the molecular interactions that have been discovered using
CDT from bacterial species other than C. jejuni. (B) and (C) are adapted from Young
et al., 2007.



1.3 The immune response

While a microorganism’s level of pathogenicity is largely dependent on its
effect upon its host, the immune response encountered has a profound effect on
whether that microorganism is deemed a pathogen or a non-pathogen (Casadevall &
Pirofski, 2003). Initially, microbial species are detected by the host innate immune

system.

1.3.1 Pattern recognition receptors

Conserved microbial components, known as pathogen-associated molecular
patterns (PAMPs), are sensed by the innate immune system through families of germ-
line encoded pattern recognition receptors (PRRs) (Carpenter & O'Neill, 2007). These
include the Toll-like receptors (TLRs), the Nod-like receptors (NLRs) and the Rig-
like receptors (RLRs). The latter family has been shown to recognise only viral
components while TLRs and NLRs are both important in the detection of bacterial

and viral components (Mogensen, 2009).

1.3.1.1 Toll-like receptors

The TLRs have been well characterised in mammals. TLR3, TLR7 and TLR9
are located intracellularly in endoplasmic vesicles and recognise viral nucleic acids
(Kawai & Akira, 2008). TLRO recognises bacterial CpG, and thus detects intracellular
bacterial species. TLR1, TLR2, TLR4, TLRS and TLR6 are expressed on the cell
surface, and mainly detect bacterial components. TLR2 can dimerise with either
TLR1 or TLR6 to recognise triacyl lipopeptides and diacyl lipopeptides respectively
(Kumar et al., 2009). TLR4 together with its accessory molecules, CD14 (which binds
to LPS) and MD2 (required for responsiveness), recognise lipopolysaccharide (LPS),
a major constituent of enteric gram-negative bacteria (Shimazu ez al., 1999; Wright et
al., 1990). TLRS detects flagellin and thus, is a key sensor flagellated bacterial
species (Mogensen, 2009).
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Each TLR is composed of a leucine-rich repeat (LRR) domain (either located
extracellularly or within endosomes), which confers ligand recognition. This domain
is linked by a transmembrane domain to an intracellular Toll/IL-1 region (TIR), which
propagates intracellular signalling (Carpenter & O'Neill, 2007). Ligand recognition
results in structural changes of the TIR region, allowing the recruitment of TIR
domain containing adapter molecules MyD88, MyD&88-adapter like (MAL), TIR-
domain-containing adapter-inducing interferon-p (TRIF) and TRIF-related adapter
molecule (TRAM) (Akira et al., 2006). All TLRs use the MyD88 pathway except
TLR3, which only uses TRIF. TLR4 also has a MyD88 independent pathway, in
which it uses TRAM and TRIF sequentially (Kumar er al., 2009). These TRIF
dependent pathways for TLR3 and TLR4 lead to the activation of Interferon
regulatory factor (IRF) 3 and IRF7, which results in Type 1 Interferon (IFN)
upregulation (Mogensen, 2009). Regarding the MyD88 dependent pathways, MyD88
recruits IRAK family members, which subsequently associates with TRAF6 (Kumar
et al., 2009). TRAF6 mediates the activation of transforming growth factor-activated
protein kinase 1 (TAK1) which is subsequently involved in two different pathways
(Mogensen, 2009). Firstly, TAKI activates the IKK complex that results in
phosphorylation of IxkB in the cytoplasm (Watters er al., 2007). Phosphorylation of
IkB leads to its polyubiquitinisation and subsequent degradation (Hayden & Ghosh,
2004). Degradation of IkB allows the translocation of NF-kB to the nucleus where it
binds to the promoter regions of proinflammatory genes (Hayden & Ghosh, 2004).
Secondly, TAKI1 activation also leads to activation of mitogen-activated protein
kinase (MAPK) pathways, namely ERK, JNK and p38, which also contribute to
proinflammatory cytokine upregulation (Fig. 1.3) (Kumar et al., 2009).
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Figure 1.3 TLR signalling pathways. TLR activation may initiate MyD88 or MyD&8-
independent signalling pathways. The former pathway results in the activation of NF-
kB and MAPK, which results in proinflammatory cytokine gene expression
upregulation. The Ilatter pathway primarily results in the activation of IRF
transcription factors, resulting in type 1 IFN gene expression upregulation. Adapted

from Kumar e al. 2009.
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1.3.1.2 Nod-like receptors

The Nod-like receptors (NLRs) are another important PRR family. These are
cytosolic proteins that are regarded as key detectors of intracellular microorganisms
(Mogensen, 2009). Nucleotide-binding oligomerization domain (NOD) 1 and NOD2
are the best characterised NLR proteins. They have been implicated in the recognition
of intracellular bacterial species. NOD1 recognises iE-DAP, a structural component of
peptidoglycan (PGN) produced by gram-negative invasive bacteria such as S. flexneri
and E. coli (Fritz et al., 2006). However, non-intracellular species may also be
recognised. For example, Helicobacter pylori activates NOD1 when it injects PGN
into host cells using its Type IV secretion system (Viala et al., 2004). NOD2
recognises muramyl dipeptide, a peptidogiycan component of both gram-positive and
gram-negative bacteria (Kaparakis et al., 2007). Each of the NODs consists of a LRR
region that is required for microbial recognition, a NOD domain with a role in self-
oligomerization and N-terminal regions involved in downstream signalling (Kaparakis
et al., 2007). Activation of NODI and NOD2 pathways results in NF-kB and MAPK
activation (Fig. 1.4 A) (Kaparakis et al., 2007).

Nacht LRR protein (NALP) 1, NALP3 and Ice protease-activating factor
(IPAF) are another important group of NLRs, and are components of multiprotein
complexes known as inflammasomes. NALP1 and IPAF recognise MDP and flagellin
respectively (Kumar et al., 2009; Mogensen, 2009). NALP3 responds to a range of
ligands including MDP, toxins, as well as bacterial and viral RNA (Kumar et al.,
2009). Activation of these NLRs results in the conversion of pro-caspase-1 to its
active form, caspase 1 (Carneiro et al., 2008). This enzyme is important for the
cellular secretion of important proinflammatory cytokines, namely interleukin-1§ (IL-
1B) and IL-18. NF-«kB activation by TLRs and other NLRs leads to the production of
pro-IL-1B and pro-IL-18 proteins, which are retained within the cells. Caspase-1
cleaves these proteins to their mature forms, allowing their cellular release (Fig. 1.4

B) (Martinon et al., 2002).
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1.3.2 Effectors of the innate immune response

Multiple innate immune effectors are transcribed and translated as a result of
microbial recognition. One group, the cytokines, are key components of the innate
immune response. These are a group of diverse proteins that mediate communication
between cells. They have autocrine, paracrine and endocrine targets. Cytokines
engage their respective receptors, which leads to intracellular signalling cascades that
result in the upregulation or downregulation of specific gene expression. A diverse
range of changes can occur including cellular proliferation and differentiation,
chemotaxis of cells, further cytokine production, transient expression of molecules
that promote inflammation and antimicrobial activity of infected tissues, as well as
measures to control the level of inflammation (Janeway Charles, 2001). Cytokines
associated with the inflammatory response include Tumour Necrosis Factor-a (TNF-
a), IL-1pB, IL-6 and IL-8 while IL-10 and TGF-p are considered key anti-inflammatory

cytokines.

1.3.2.1 Tumour Necrosis Factor-a

TNF-a is induced through MAPK pathways, such as p38 and ERK.
Macrophages and monocytes release high levels of this cytokine in response to
bacterial LPS. TNF-a has multiple proinflammatory effects which include neutrophil
and macrophage activation, E-selectin and ICAM-1 upregulation (collectively
resulting in endothelial activation), enhancement of vascular permeability and
induction of other proinflammatory cytokines. It also induces anti-inflammatory IL-

10, which in turn suppresses TNF-a production (Papadakis & Targan, 2000).

1.3.2.2 Interleukin-1 beta

The release of mature IL-1f from cells requires the co-activation of NF-xB
and the inflammasome (Fig. 1.4 B) (Martinon et al., 2002). Macrophages, endothelial
cells, epithelial cells and fibroblasts are sources of IL-1f that is involved in response

to various stimuli including LPS, TNF-a and IL-1p itself (Moller & Villiger, 2006).
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IL-1P induces endothelial cell activation and neutrophil activation, while also having
pyrogenic effects. Secreted IL-1f is regulated by several decoy receptors such as IL-
1Ra. IL-1Ra binds to IL-1B and neutralises its proinflammatory effects (Allantaz et
al., 2007).

1.3.2.3 Interleukin-6

LPS, IL-1B and TNF-a are potent inducers of IL-6 (Park & Pillinger, 2007).
Sources include fibroblasts, monocytes, macrophages and activated endothelial cells
(Moller & Villiger, 2006). I1L-6 induces B-cell differentiation and also has pyrogenic
effects. It stimulates hepatocytes in the liver to produce acute phase proteins, namely
C-reactive protein and serum amyloid A, which are major mediators of inflammation
(Park & Pillinger, 2007). IL-6 also has anti-inflammatory effects. It inhibits
proinflammatory IL-1B and TNF-a while activating anti-inflammatory IL-1Ra and IL-

10 (Papanicolaou et al., 1998).

1.3.2.4 Interleukin-10

IL-10 is from a family of cytokines with anti-inflammatory properties. IL-10 is
capable of inhibiting proinflammatory cytokine (including I[L1B and IL-6) and
chemokine (including IL-8) production from mononuclear phagocytes. The cytokine
can also induce the expression of cytokine antagonists (Moore et al., 2001). IL-10
promotes the degradation of inflammatory gene mRNA by targeting AU-rich
elements (ARE) in the 3’ untranslated region of the message (Kishore et al., 1999).
IL-10 is also capable of stabilising IL-1Ra (Cassatella ef al., 1994).

1.3.2.5 Transforming growth factor-f

Transforming growth factor-beta 1 (TGF-B1) is a pleiotropic cytokine
involved with regulating growth, differentiation and apoptosis of cells. It targets

diverse cells types associated with processes such as embryonic development, wound
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healing (Herpin et al., 2004) and maintenance of the neuromuscular system
(McLennan & Koishi, 2002). TGF-f1 is also an essential regulator of the
proinflammatory immune response, as mice lacking TGF-B1 are susceptible to severe
inflammation (Shull ef al., 1992). TGF-B2 and TGF-B3 have also been identified in
mammals although both have fewer anti-inflammatory roles than TGF-B1 (Li et al.,
2006).

While TGF-B1 is best characterised as a regulator of cells of the adaptive
immune response, the cytokine can also target components of the innate immune
response. TGF-B1 blocks LPS-induced activation of proinflammatory cytokines by
downregulating CD14 gene expression in macrophages (Imai ef al., 2000). TGF-B1
also promotes the degradation of MYDS88 at the protein level, thus interfering with
TLR mediated NF-«xB activation (Naiki ef al., 2005).

1.3.2.6 Interleukin-8

Chemokines are a family of cytokines that play a role in chemotaxis. While
some family members are constitutively expressed fulfilling homeostatic roles, others
are transiently induced and recruit inflammatory cells to sites of infection or injury
(Laing & Secombes, 2004). IL-8 is an important inducible chemokine of the innate
immune response, which is induced through several pathways including NF-kB, ERK
and p38. It is induced by a range of stimuli including LPS, H»0,, IL-1p and TNF-a,
and is upregulated by a variety of cells including endothelial, epithelial, monocytes,
macrophages and neutophils (Hoffmann er al, 2002). IL-8 primarily recruits
proinflammatory cells such as monocytes, neutrophils and T cells to sites of its
induction upon binding to cell surface receptors, CXCR1 and CXCR2 (Hay & Sarau,
2001).

1.3.2.7 Host defence peptides

Host defence peptides (HDPs), also known as antimicrobial peptides (AMPs),
are important effectors of the innate immune response. While some are constitutively

expressed, others are inducible in response to direct PRR recognition (Linde et al.,
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2008). The MAPK and NF-«kB pathways have been implicated as mediators of HDP
upregulation. In human gingival epithelial cells, HDP upregulation in response to
Fusobacterium nucleatum (a commensal bacterial species) was shown to be
dependent on the p38 and JNK pathways (Krisanaprakornkit e al., 2002). In intestinal
epithelial cells challenged with peptidoglycan, HDP upregulation is mediated by both
the INK and NF-«kB pathways (Vora et al., 2004). In addition, HDPs can be induced
in response to proinflammatory cytokines. TNF-o and IL-1p induce HDP
upregulation in nasal, tracheal and bronchial cells (Harder er al., 2000). IL-17 induces
HDP production through the JAK/STAT and NF-kB pathways (Kao er al., 2004).
Translation of HDP genes results in the synthesis of inactive pro-peptides, which are
retained within the cell. Proteolytic processing of the pro-peptides is required for
cellular release of the biologically active forms (Lai & Gallo, 2009).

The mature peptides are between 12 and 50 amino acids in length and consist
of a number of positively charged residues (Lai & Gallo, 2009). Cathelicidins and
defensins are the two main types of HDPs in animal species with the latter divided
into a-defensins, B-defensins and 6-defensins (Sang & Blecha, 2008). Cathelicidins
are found in a range of vertebrates including sheep, goats, rodents, primates and birds
(Tomasinsig & Zanetti, 2005). 6-defensins are exclusive to non-human primates while
B-defensins are evident in all animal species, and are believed to have given rise to a-
defensins (Semple ef al., 2006). a-defensins are found only in mammals of the super-
order Euarchontoglires (Patil ef al., 2004) and therefore, are evident in primates anc
rodents but not domestic farm animals which are generally in the super-order
Laurasiatheria.

Cathelicidins are produced by neutrophils, macrophages and epithelial cells
(Bals & Wilson, 2003). a-defensins are produced mainly by neutrophils and Paneth
cells while B-defensins are produced by epithelial cells, and leukocytes including
neutrophils, natural killer cells, monocytes and macrophages (Holzl et al., 2008).

HDPs have antimicrobial properties against fungal, protozoal, viral and
bacterial organisms (Sang & Blecha, 2008). Using electrostatic forces, cationic HDPs
can insert themselves into negatively charged bacterial membranes, resulting in the
displacement of lipids, and subsequent pore formation. This membrane disruption
results in cell death (Brown & Hancock, 2006). HDPs can also inhibit the nucleic acid
synthesis, protein synthesis and enzymatic activity of bacterial species (Brogden,

2005). HDPs also have indirect effects on microbial infection. A human cathelicidin,
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LL-37, binds to formyl peptide receptor-like 1 (FPRLI) on the cell surface of
monocytes, neutrophils, mast cells and T cells. As a result, such cells are recruited to
sites of LL-37 induction (Holzl er al., 2008). HDPs can also modulate immune
responses. Several HDPs induce proinflammatory cytokine (including IL-2 and IFN-
v) and chemokine (including IL-8) production, while others prevent the transcriptional
upregulation of proinflammatory cytokines like IL-6 and TNF-a (Brown & Hancock,
2006). Many other functions continue to be ascribed to HDPs, some of which are

illustrated in figure 1.5.
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1.3.2.8 Acute phase proteins

TNF-0, IL-1p and IL-6 that enter the circulation during inflammation,
stimulate liver hepatocytes to produce glycoproteins known as acute phase proteins
(APPs). Subsequently, serum increases of these APPs by greater than 25% has
systemic effects on the host, serving to contain and resolve local infection and
inflammation (Gruys et al., 2005).

C-reactive protein (CRP), serum amyloid A (SAA) and haptoglobin (Hp) are
three APPs. CRP binds phosphocholine of a range of bacterial species but also
phospholipids and other components of damaged host cells resulting in their
opsonisation, thus having roles in both bacterial clearance and damage resolution
respectively (Gabay & Kushner, 1999; Murata et al., 2004). Monocytes stimulated
with CRP secrete tissue factor and proinflammatory cytokines (Gabay & Kushner,
1999). CRP also has anti-inflammatory effects on neutrophils, preventing their
recruitment and ROS production (Mortensen & Zhong, 2000). SAA binds LPS and
recruits T lymphocytes. It also has inhibitory effects on neutrophils, similar to CRP.
Free haemoglobin is required for bacterial growth, proinflammatory prostaglandin
synthesis and NO mediated vasodilation. Hp binds haemoglobin resulting in

inhibition of these processes (Sadrzadeh & Bozorgmehr, 2004).

1.3.3 Cells of the innate immune response

1.3.3.1 Macrophages

Macrophages are professional phagocytes that are resident in almost every
tissue, and are constantly replenished by monocytes, their blood-residing precursors.
Their primary function under homeostatic conditions is to engulf cellular debris
(Mosser & Edwards, 2008). Additionally, large numbers of macrophages are recruited
by chemokines to sites of infection, where they have essential roles in both innate and

adaptive immune responses (Mosser & Edwards, 2008; Smith ez al., 2005b).
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Macrophages initially engage microbial targets via their extracellular PRRs.
Additionally, they can indirectly detect complement and antibody coated microbes
through their CR1 and Fc cell surface receptors respectively. Following detection,
macrophages internalise such microbes into vacuoles known as phagosomes, which
subsequently fuse with cellular organelles known as lysosomes. Lysosomes have
degradative, oxidative and acidic substances that digest the microbe present in the
newly formed phagolysosome (Flannagan ef al., 2009). Subsequently, macrophages
use Major Histocompatibility Complex (MHC) Class II receptors to present degraded
microbial components to naive T cells (Hume, 2008). Macrophages stimulated with
TNF-a or IFN-y stimulation have enhanced abilities to phagocytose and to antigen
present (Mosser & Edwards, 2008).

Macrophages also produce toxic substances such as nitric oxide (NO), and
reactive oxygen species (ROS) including Hydrogen peroxide (H,0O:) and superoxide
dismutase (Salzman et al.). These substances kill microbes but also harm the host,
mainly through their cytotoxic effects. Furthermore, NO is involved in vasodilatation,
necrosis, modulation of cytokine responses and the downregulation of adhesion

factors (VCAM and ICAM-1) on activated endothelium (Tripathi, 2007).

1.3.3.2 Neutrophils

Neutrophils are polymorphonuclear phagocytes that primarily function to
eliminate microbes (Urban et al., 2006). Unlike macrophages, they have a short life
span and are absent from healthy tissue (Kobayashi et al., 2005). These cells circulate
in the bloodstream under homeostatic conditions but migrate to sites of infection and
inflammation in response to the chemoattractant properties of IL-8 (Urban et al.,
2006). This process also requires the simultaneous activation of the endothelium by
proinflammatory cytokines. This enables the attachment of neutrophils to the walls of
post-capillary venules and subsequent neutrophil transmigration into the sites of IL-8
induction (Kobayashi e al., 2005).

In common with macrophages, neutrophils have mechanisms of microbial
detection, phagocytosis, NO production and ROS production (Kobayashi ez al., 2005;
Tripathi, 2007). However, neutrophils exclusively produce extracellular fibrous

structures composed of granular proteins (e.g. myeloperoxidase) and nuclear
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components (e.g. chromatin DNA), which are known as neutrophil extracellular traps
(NETs). NETs function to contain bacterial species within sites of infection,
subsequently killing them with high concentrations of antimicrobial substances

(Wartha et al., 2007).

1.3.3.3 Dendritic cells

Dendritic cells (DCs) are important phagocytic immune cells present in low
numbers in a range of tissues. They are found in the thymus, spleen, lymph nodes,
blood, skin and the intestinal mucosa (Wan & Dupasquier, 2005). In their inactive
immature form, they constantly traffic between lymphoid tissues and nearby non-
lymphoid tissues. They express PRRs which recognise microbes, followed by
microbial internalisation, which results in DC activation. DCs can also be activated by
proinflammatory cytokines such as IL-13 and TNF-a (Kelsall & Leon, 2005). Mature
DCs are also a source of cytokines such as IL-10 and IL-12 in response to bacterial
infection (Scott et al., 2005). DCs that have phagocytosed microbial components
display such antigenic components on their surface via MHC class I or MHC class II
molecules. Subsequently, DCs enter lymphoid tissue and prime naive T cells with
their MHC molecules containing microbial peptides. Thus, DCs are important to
linking innate and adaptive immune responses. Furthermore, each organ has distinct

populations of DCs with specialised functions (Wan & Dupasquier, 2005).

1.3.4 Bacterial mediated subversion of host defences

Bacterial species have developed a wide range of strategies to counter host
innate immune defences. The strategies include evasion of PRR detection,
interference with intracellular signalling pathways and antagonism of cytokine
functions.

Flagellin is relatively conserved between bacterial species. Members of the o
and & Proteobacteria, such as pathogenic Helicobacter pylori and Bartonella

bacilliformis, have mutations in their flagella that enables them to evade TLRS
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recognition (Andersen-Nissen ef al., 2005). As these bacterial species require their
flagella to invade mucosal tissue, these mutations were probably selected to allow
TLR evasion (Galkin er al., 2008). Brucella’s LPS and flagellin is structurally
distinct, and evades TLR4 and TLRS detection respectively, resulting in reduced
TNF-a, IL-1p and IL-6 increases in response to the microbe (Tsolis et al., 2008).

Other bacterial species have developed strategies to prevent the NF-xB
mediated upregulation of innate immune genes. S. salivarius, an oral commensal, is
capable of inhibiting NF-«kB activation by preventing the nuclear translocation of the
P65 subunit (Cosseau ef al., 2008). Similarly, non-virulent strains of Salmonella
interfere with the ubiquitinisation of IkB-a in polarised epithelial cells, preventing its
degradation. As a result, NF-kB cannot migrate to the nucleus (Neish et al., 2000).
Similarly, Lactobacillus casei can increase the stability of IkB-a in epithelial cells,
which subsequently prevents Shigella flexneri-mediated induction of proinflammatory
responses in such cells (Tien et al., 2006). Other non-pathogenic bacterial species
(e.g. Bacteroides vulgatus) are capable of inducing NF-kB activation in intestinal
epithelial cells (Haller ef al., 2002), suggesting that the lack of subsequent pathology
may be controlled downstream of cell signalling.

Streptococcus pyogenes cleaves the C terminus of the IL-8 protein, inhibiting
neutrophil recruitment to sites of infection (Edwards er al., 2005). PTx, a virulence
factor from Bordatella pertussis, has been shown to inhibit the chemotactic
recruitment of neutrophils across endothelial cells (Kirimanjeswara et al., 2005).
Similarly, B-hemolysin, a Staphylococcus aureus protein, is capable of inhibiting
neutrophil migration across endothelial cells by downregulating /L8 expression at the

mRNA level in endothelial cells (Tajima et al., 2008).

1.4 The Intestinal epithelium

Innate immune responses eliminate microbes but often give rise to host
damage in the process. Considering that the host is colonised by a range of non-
pathogenic microorganisms, particularly in the intestine, measures must be in place to
reduce harmful innate immune responses to the microbiota, while regulating the level

of colonisation and still being capable of mounting an effective response to virulent
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microbial species. One important physiological structure for mediating this activity is
the intestinal epithelium.

The intestinal epithelium consists mainly of a single layer of polarised
columnar epithelial cells with brush-border villi. Tight junctions are responsible for
linking the adjacent cells and maintaining polarity. These tight junctions enable the
epithelium to separate the luminal contents from the underlying intestinal layers (Fig.
1.6 and Fig 1.7). Several dietary and protective roles have been ascribed to the
intestinal epithelium that work in synergy with its barrier function (Viswanathan et
al., 2009). The epithelium can prevent harmful substance uptake while simultaneously
allowing the absorption of digested nutrients. The epithelial barrier also enables
epithelial mediated fluid regulation in the lumen, which is a prerequisite for optimal
nutrient digestion and absorption (Barrett, 2008).

Regarding the high volumes of immunogenic microbial species present in the
intestinal lumen, the epithelium is of great importance in preventing microbial access
to the underlying intestinal layers. Other than providing a physical barrier as
protection, the columnar enterocytes together with other intestinal epithelial lineages,
namely goblet cells and paneth cells, produce substances that regulate microbial
colonisation and growth.

Stem cells at crypt bases give rise to goblet cells, which are short lived and
apically secrete glycoproteins known as mucins. These mucins, together with
inorganic salts, form a layer of mucous that overlies the epithelium (Lievin-Le Moal
& Servin, 2006). The mucous layer provides an additional physical barrier for
microbes to overcome. It also reduces microbial adhesion to the epithelium (Schenk
& Mueller, 2008). However, mucins also provide a niche for commensal colonisation
as they contain nutrients, such as saccharides, that are beneficial for bacterial growth
(Lievin-Le Moal & Servin, 2006).

Paneth cells are located at the bases of crypts of the small intestine during
homeostatic conditions. During chronic inflammation, they are also evident in the
large intestine (Schenk & Mueller, 2008). They secrete a number of antimicrobial
substances from their apical surface into the intestinal lumen (Fig. 1.7). One of these
is an enzyme known as secretory phospholipase A2 (PLA2). PLA2 degrades the
membrane phospholipids of gram-negative and gram-positive bacterial species
(Muller et al., 2005). Paneth cells also produce lysozyme, which hydrolyzes

peptidoglycan, and is therefore bactericidal towards gram-positive bacterial species.

38



PLA2 and lysozyme are both constitutively expressed and their expression is not
influenced by microbial stimuli (Mukherjee et al., 2008). Paneth cells are the only
epithelial lineage that produces a-defensins. o-defensins are both constitutively
expressed and inducible in response to microbial stimuli. They have been implicated
in the reduction of bacterial colonisation in the small intestine (Keshav, 2006;
Mukherjee et al., 2008). In host species that lack Paneth cells, it is likely that other
intestinal epithelial cells have complementary antimicrobial roles. For example,
enteric lysozyme is produced by villus epithelial cells in chickens (Nile er al., 2004).
These cells also produce B-defensins and cathelicidins (Muller ez al., 2005).

The epithelium that overlies the lymphoid aggregates (Peyer’s patches) has
cells specialized for luminal sampling known as M (microfold)-cells (Fig. 1.6 and Fig.
1.7). In comparison with other enterocytes, the overlying mucus layer is either thin or
absent. M cells also have a distinct basolateral intra-epithelial pocket (Kyd & Cripps,
2008). These cells endocytose a range of antigenic substances including bacterial
toxins, carbon particles and liposomes. Larger particles and bacteria are
phagocytosed. The antigens are then transported in endocytic vesicles and are
subsequently released into the intraepithelial pocket via exocytosis. In the pockets, the
antigens encounter residential antigen presenting cells (APCs) (macrophages and
dendritic cells) and lymphocytes (B and T cells). Such interactions either result in
inflammatory or protective immune responses (Corr et al., 2008). Also, M cells are
targeted by pathogenic species. In comparison to other enterocytes, M cells are more
susceptible to invasion by species such as S flexneri, Vibrio cholerae, L.

monocytogenes and E. coli (Corr et al., 2008; Kyd & Cripps, 2008).
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Figure 1.6 The intestinal epithelium. A single layer of enterocytes forms a barrier
between the intestinal lumen and the underlying intestinal layers. Enterocytes produce
antibacterial substances including glycocalyx and antimicrobial peptides (Host
Defence Peptides). M cells overlie Peyer’s patches and function in luminal sampling.

Adapted from Artis, 2008.
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1.5 PRRs of epithelium

The epithelium and underlying cells have PRRs to detect pathogenic
microorganisms they encounter. Recognition of pathogens results in the induction of
proinflammatory cytokines, which serve to resolve intestinal infection, but also
contribute to pathology. For example, 1L1f and TNF-a production have multiple
roles in innate defence, but both these cytokines also destabilise the intestinal
epithelium (Papadakis & Targan, 2000; Sansonetti et al., 1995). Considering that the
epithelium constantly encounters approximately 10" residential bacterial cells in the
absence of substantial pathology, and that commensal bacterial species have similar
PAMPs (e.g. LPS, flagellin and lipoteichoic acid) to pathogenic species, epithelial
cells must have strategies for regulating immune responses towards different threat
levels.

It is now becoming clear that the PRRs of epithelial cells are strategically
distributed (Fig. 1.7) (Artis, 2008). Intestinal epithelial cells have low 7LR4 gene
expression, in comparison to human dermal microvessel endothelial cells (HMECs),
and lack a MD2 co-receptor. As a result, epithelial cells are unresponsive to LPS
(Abreu et al., 2001). Similarly, TLR2 and TLR6 have low gene expression in
intestinal epithelial cells, in comparison to monocytes, and are thus unresponsive to
TLR2/TLR6 specific ligands (Melmed er al., 2003). A reduction of these surface
PRRs contributes to reduced extracellular epithelial recognition of gram-positive and
gram-negative bacterial species, resulting in reduced proinflammatory responses. In
response to pathogens, surface PRRs might be upregulated by some unknown
mechanisms. 7LR4 gene expression is higher in epithelial cells during inflammatory
conditions (Fukata & Abreu, 2007).

Extracellular TLR expression and function also differs between the apical and
basolateral surfaces. TLRS5 is expressed on the basolateral surfaces of colonic
epithelial cells, but not on the apical surfaces (Fig. 1.7). As a result, flagellated
bacterial species need to traverse the epithelium to activate TLRS (Gewirtz er al.,
2001), a characteristic more apparent in pathogenic species. Most remarkably, TLR9
protein expression is evident on apical and basolateral surfaces of intestinal epithelial
cells, as opposed to its intracellular location in other cells. Basolateral stimulation

results in NF-kB activation. This transcription factor fails to be activated by apical
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stimulation. Instead, apical stimulation has been shown to inhibit TLR9 mediated
activation of NF-kB and ERK (Lee et al., 2008).

Also, several proinflammatory cytokines (e.g. IL-1pB) are produced in inactive
forms in response to TLR activation, and require additional intracellular
inflammasome activation to produce their active forms (as previously mentioned). In
epithelial cells, inflammasome activation would likely require bacterial invasion or
internalisation of bacterial products. Therefore a reduction in the levels of active

proinflammatory cytokines would be evident in response to non-pathogenic species.

42



Small intestine Follicle-asso<iated Colon
epithelial cell

Basolateral
surface

Basolateral
Peyer's patch surface

Enterocyte

Epithelial

stem cell Enterocendocrine’

cell

[TLRY u:f c:.f ﬂz.f
G:xm @:xm _ino

Enteroendocrine
cell

Paneth
cell

Lamina propria

Nature Reviews | Immunology
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1.6 Intra-epithelial lymphocytes

The basolateral surface of the intestinal epithelium contains populations of
intraepithelial lymphocytes. In mammals, one IEL is evident between every 5-10
columnar epithelial cells (Cheroutre, 2005). These lymphocytes are predominantly
CD8" T cells. Both of and y8 T cell populations are evident although up to 40% of
IELs are y& T cells, which is the highest concentration of such cells in the body
(Kunisawa et al., 2007). All IELs present at the epithelium are in an activated state,
suggesting that they have initially been presented with antigen (Cheroutre, 2005).
[ELs have roles in regulating innate and adaptive immune responses. In response to
epithelial stress, ap” IELs can trigger the maturation of underlying dendritic cells and
can downregulate CD4" and CD8" T cell responses (Cheroutre & Madakamutil,
2004). y8" IELs have been shown to produce keratinocyte growth factor (KGF),
which promotes epithelial growth and tissue repair (Kunisawa ef al., 2007).

Therefore, IELs may also have roles in maintaining intestinal homeostasis.

1.7 Lamina propria

The lamina propria contains mesenchymal cells and myofibroblasts, which
give rise to the structural integrity of the villi (Illemann er al., 2004). Under
homeostatic conditions, the lamina propria also contains large numbers of leukocytes
namely activated T cells, B cells, plasma cells, mast cells and dendritic cells (Fig.
1.8). On this basis, the intestine is regarded as being in a state of “physiological
inflammation™ (Platt & Mowat, 2008). These cells serve to eliminate microbes that
breech the epithelial barrier through phagocytosis and the induction of innate and
adaptive immune responses, while minimising pathological immune responses with
the aid of regulatory T cells (Sartor, 2008).

Macrophages residing in the lamina propria lack expression of multiple innate
receptors including LFA-1 and CDI14. Like conventional macrophages, this
population phagocytoses microbes but lack the ability to produce proinflammatory

and anti-inflammatory cytokines (Smythies et al., 2005). This may be a strategy for
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dealing with microflora that reach the lamina propria without inducing intestinal
inflammation (Platt & Mowat, 2008).

During pathogenic encounters, CC chemokines recruit larger numbers of
monocytes to the site of infection. CC chemokines are produced by a range of cells
including epithelial cells and are also induced by proinflammatory cytokines such as
IL-1B and TNF-a under pathological conditions (Smith e al., 2005b). The resulting
activated macrophages express substantial levels of CD14 (Grimm et al., 1995).
Higher TLR2 and TLR4 expression is detectable in intestinal macrophages during
inflammation, in comparison to the intestinal macrophages that operate under

homeostatic conditions (Hausmann et al., 2002).

1.8 Gut associated lymphoid tissue

The lamina propria is adjoined by regions of gut-associated lymphoid tissue
(GALT) that underlie the epithelium. These are predominantly located in the small
intestine and are known as Peyer’s patches (Fig. 1.6 and Fig. 1.8) (Forster ef al., 2008;
Kyd & Cripps, 2008). Other lymphoid aggregates known as isolated lymphoid
follicles (ILFs) are also found. They are evident in both the small and large intestine
(Izcue et al., 2006). Peyer’s patches and isolated lymphoid follicles are both overlain
by M cells and contain antigen presenting cells (APCs) namely dendritic cells and
macrophages, but also B and T lymphocytes (Forster et al., 2008; Izcue et al., 2006).
M cell transcytosis of antigens from the intestinal lumen to the basolateral epithelial
surface enables DCs of the GALT to detect and subsequently internalise such antigens
(Tsuji & Kosaka, 2008). Additionally, DCs of the GALT (and the lamina propria) can
extend their dendrites between two adjacent epithelial cells and into the lumen,
enabling sampling of luminal antigens (Coombes & Powrie, 2008). In both
circumstances of antigen detection, DCs present antigens to naive lymphocyte
populations in the PPs or the mesenteric lymph nodes (Tsuji & Kosaka, 2008). The
primary functions of PPs and ILFs appear to involve generating protective immune
responses while maintaining homeostasis. DCs of the intestine produce high IL-10, in
comparison to splenic DCs (Coombes & Powrie, 2008). Intestinal DCs are more

likely to activate several types of regulatory T-cells, which produce anti-inflammatory
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cytokines, such as IL-10 and TGF-B1. Both these cytokines target components of
innate and adaptive immune responses, reducing inflammation (Tsuji & Kosaka,
2008). TH1 and THI17 cell responses resulting in proinflammatory cytokine
production in response to pathogenic challenge are evident but are tightly regulated
(Peron et al., 2009).

Following their uptake of commensal microorganisms, DCs also activate naive
B cells in the PPs. Activated B cells subsequently give rise to plasma cells, many of
which will migrate to the lamina propria. These plasma cells predominantly produce
dimeric antigen-specific IgA, which is essential for bacterial deterrence and
maintaining homeostasis (Macpherson et al., 2005). Secreted IgA binds to polymeric
Ig receptor (plgR) located on the basolateral epithelial surface, which enables the
antibodies to translocate to the apical surface and be secreted into the lumen. IgA
coats specific microbes in the lumen, trapping them in the mucus and minimises their
contact with the epithelium (Cerutti & Rescigno, 2008). IgA can also neutralise
bacterial toxins, such as cholera toxin. Therefore, IgA responses are also important in
limiting pathogenic microbes (Macpherson et al., 2008). Microbes that do manage to
breach the epithelium become coated with IgA. IgA coated bacterial species are
targeted for destruction by phagocytes expressing FCR1. Additionally, [gA coated
microorganisms in the lamina propria are transported back into the lumen via plgR

(Cerutti & Rescigno, 2008).
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1.9 C. jejuni mediated immune response and pathology in mammals

In the intestinal lumen of mammals, C. jejuni initially encounters the mucus
layer, which appears to both deter and promote infection. MUC2, the predominant
mucin of the mucus layer, inhibits C. jejuni growth. However, the microbe
upregulates pathogenicity genes including flad, cadF, ciaB and cdtABC in the
presence of this mucin (Tu ef al, 2008). The mucus layer has also recently been
shown to promote C. jejuni adhesion to and invasion of human goblet-like cells
(Alemka et al.). C. jeuni traverses the intestinal epithelium through both transcellular
and paracellular routes (Alemka ef al., 2010a; Bras & Ketley, 1999). Following the
latter route, the epithelium is invaded through the basolateral surface (Monteville &
Konkel, 2002). Subsequent to invasion, the epithelial barrier is destabilised through
increased permeability and necrotic cell death of epithelial cells (Chen et al., 2006;
Kalischuk er al., 2007; Wine et al., 2008). Epithelial cell death is considered to occur
in a CDT-independent manner (Kalischuk ez al., 2007).

Proinflammatory responses to the microbe may also contribute to barrier
destabilisation. C. jejuni activates NF-xB, ERK, JNK and p38 in human epithelial
cells (Chen et al., 2006; Watson & Galan, 2005), resulting in the production of an
array of cytokines and chemokines including TNF-a, IFN-y, IL-10, IL-6, CCL2,
CCL4, CCL20, CXCL10, CXCLS5 and especially IL-8 (Al-Salloom et al., 2003;
Bakhiet er al., 2004; Friis et al., 2009; Johanesen & Dwinell, 2006; Zheng ef al.,
2008). TNF-a and IL-8 are released predominantly from the basolateral surface
(Zheng et al., 2008). C. jejuni mediated production of IL-8 from epithelial cells is
associated with invasion (Beltinger ez al., 2008; Hickey et al., 1999; Zilbauer et al.,
2007) although boiled C. jejuni extracts are also capable of inducing the chemokine
(Mellits et al., 2002; Mellits et al., 2009). Epithelial cells also produce hBD2 and
hBD3 in response to C. jejuni, and both peptides have bactericidal effects against the
microbe (Zilbauer et al., 2005).

Such proinflammatory responses to C. jejuni have recently been shown to be
initiated by several PRRs. Boiled cell extracts and lysed C. jejuni activate TLR2,
more so than live C. jejuni (Al-Sayeqh et al., 2010; de Zoete et al., 2010a). The
precise TLR2 ligands have yet to be identified. TLR4 has also been shown to be

activated by the microbe’s lysate, more evidently than live C. jejuni, resulting in the
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activation of MyD88-dependent and MyD88-independent pathways (de Zoete et al.,
2010a). Specifically, TLR4 has recently been shown to recognise the LOS component
(Kuijf et al., 2010; van Mourik et al., 2010). TLRS is unable to recognise C. jejuni, as
a result of the distinct amino acid sequence of the microbe’s flagella (Andersen-
Nissen et al., 2005; Johanesen & Dwinell, 2006) and it is unknown whether IPAF
recognises C. jejuni flagellin. TLR9 is also evaded, due to the low GC content of the
microbe’s genome (Dalpke et al., 2006; de Zoete et al., 2010a). Other non-TLR PRRs
have, however, been shown to sense C. jejuni and its components. Heat shock protein
(Hsp) 90a, a cell surface receptor, activates NF-kB and p38 in epithelial cells upon
contact with the C. jejuni JIpA lipoprotein (Jin et al., 2003). Epithelial cell invasion
by the microbe results in NOD1, but not NOD?2 activation, resulting in /L8 and hBD2
gene expression upregulation (Zilbauer ef al., 2007). NOD2 can, however, activate
NF-kB in response to live C. jejuni in transfected human embryonic kidney (HEK)
cells (Al-Sayeqh et al., 2010). It is unknown precisely what C. jejuni components are
recognised by these NLRs. Conversely, C. jejuni CDT induces IL-8 in epithelial cells
(Hickey et al., 2000) through an unknown PRR. C. jejuni-specific interactions with
human PRRs are illustrated in figure 1.9.

Largely as a result of epithelial cytokine and chemokine production, an initial
influx of neutrophils to the underlying lamina propria followed by mononuclear cells,
is evident in response to C. jejuni infection in humans (van Spreeuwel et al., 1985).
Appropriate animal models of infection are lacking although ferrets and IL-10"" mice
challenged with C. jejuni show similar neutrophil and mononuclear cell infiltration of
the lamina propria (Mansfield ez al., 2007; Nemelka ef al., 2009).

Neutrophils and macrophages both produce NO, which can kill the microbe. /n
vitro experiments have shown that macrophages upregulate NOS2, a gene responsible
for NO production, in response to C. jejuni. Macrophages with NOS2” are less
efficient at killing the microbe, in comparison to wild-type NOS2 macrophages
(Iovine et al., 2008). In vivo, mice were shown to have increased iNOS (inducible
nitric oxide synthase) gene expression in liver cells, splenocytes and macrophages in
response to C. jejuni (Tarantino et al., 2009). These studies suggest that reactive
nitrogen species are important in response to the microbe.

Recruited neutrophils and mononuclear cells are also likely to be important
producers of proinflammatory mediators in C. jejuni infection. Live and heat-killed C.

Jjejuni induce comparable levels of IL-la, IL-1B, IL-6, and IL-8 from THPI
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monocytes (Jones et al., 2003). Similarly, increased /L1 and /L8 gene expression is
evident in challenged Mono Mac 6 (MM6) monocytes. With MM6 cells, lysed C.
Jejuni are more inductive of proinflammatory gene expression than live C. jejuni (de
Zoete et al., 2010a). Furthermore, murine macrophages induce IL-6 in response to C.
Jejuni LOS (Kuijf et al., 2010). Dendritic cells also induce proinflammatory cytokines
but more importantly, link the innate and adaptive immune responses during
infection. Live C. jejuni are phagocytosed by dendritic cells, which subsequently
produce TNF-a, IL-1B, IL-6, IL-8, IL-10, [L-12p40 and [FN-y. The LOS component
alone is sufficient to induce these cytokines (Hu et al., 2006; Kuijf ef al., 2010).
Maturation markers are also upregulated, namely CD40, CD80, CD86 and HLA-DR
(Hu et al., 2006; Kuijf et al., 2010) while LOS upregulates CD80 (Kuijf ez al., 2010).
In murine dendritic cells, cytokine production and maturation in response to C. jejuni
has been shown to be mediated through TLR2 and TLR4 (both MyD88 and MyD88-
independent) activation (Rathinam et al., 2009).

Mature dendritic cells subsequently promote the adaptive immune response.
Supernatants from C. jejuni LOS challenged dendritic cells are capable of
proliferating naive B cells (Kuijf ez al., 2010) while Th1 cell priming is also evident,
as C. jejuni activated dendritic cells induce IFN-y production from CD4" T cells
(Rathinam et al., 2009).

[gA and IgM producing plasma cells as well as lymphocytes have been
observed in the lamina propria of campylobacteriosis patients, seven days-post onset
of symptoms (van Spreeuwel et al., 1985). C. jejuni-specific IgA is found in stool
samples of C. jejuni infected individuals while specific IgM, IgG and IgA are also
detectible in the serum (Blaser & Duncan, 1984; Cawthraw et al., 2002; Tribble ef al.,
2010). These antibodies target various C. jejuni components including flagellin, outer
membrane proteins and LOS (Cawthraw et al., 2002; Panigrahi et al., 1992)

In humans, the immune response to C. jejuni is successful in containing
infection to the intestine and results in complete clearance of the microorganism in the
majority of cases within 2 weeks (Young et al., 2007). However, with the majority of
cases, the immune response contributes greatly to the clinical signs of
campylobacteriosis. Inflammation of the small intestine, colon and rectum is a
common occurrence, which contributes to the symptoms of cramping and diarrhoea.
These symptoms last for 3 to 4 days. In one-third of cases, individuals experience

severe intestinal inflammation, which results in bloody diarrhoea (Janssen et al.,
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2008). In certain incidences (about 30% of cases), influenza-like symptoms namely
fever, malaise, dizziness and headache are evident prior to the manifestation of
gastrointestinal symptoms (Crushell ef al., 2004; Janssen et al., 2008).

A number of complications can occur during and after C. jejuni infection.
Campylobacteriosis has been linked to abortion and premature birth in humans
(Crushell ef al., 2004). In immunocomprimised individuals, bacteremia may occur (4
in every 1000 cases)(Janssen et al., 2008).

C. jejuni infection has been linked to several autoimmune disorders namely
Guillain-barré syndrome (GBS), Miller-Fisher syndrome (a subtype of GBS that
affects eye movement) and reactive arthritis (van Doorn ef al., 2008). LOS from
several C. jejuni strains, which bears striking resemblance to human neuronal
gangliosides, initiates GBS. Antibodies generated to LOS of C. jejuni LOS cross-react
with host gangliosides of the peripheral nervous system (Young et al., 2007). Host
genetic factors also determine disease susceptibility, as GBS incidences are relatively
low, with only one in 1000 individuals who have had a recent C. jejuni infection,
developing the disorder. The severity of symptoms can vary, ranging from mild
numbness and weakening of the limbs to acute paralysis and respiratory failure.
However, with appropriate treatment, the majority of afflicted individuals make a full
recovery (van Doorn ef al., 2008). Reactive arthritis affects the joints shortly after the
resolution of campylobacteriosis but does not usually require medical intervention

(Janssen et al., 2008).
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Figure 1.9 Human cellular immune responses to C. jejuni and its components. TLR2
and TLR4 recognise live C. jejuni. The precise ligands for TLR2 are unknown, but
are likely to be lipopeptides. TLR4 specifically recognises C. jejuni LOS, resulting in
the activation of both MyD88-dependent and MyD88-independent pathways. The
microbe’s flagellin and nucleic acids fail to activate TLRS and TLRY respectively.
Live C. jejuni activates NOD1 and NOD2, but the precise ligands are unknown. CDT
induces IL-8 although it is unknown what PRR initiates the response. C. jejuni JIpA
lipoprotein activates p38 and NF-kB through the heat shock protein (HSP) 90a.
Invasion is important for C. jejuni-mediated NF-kB, p38 and ERK activation.
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1.10 The avian immune response

Several pathogens are associated with chicken mortality, including Eimeria
tenella, Influenza A, and Salmonella Gallinarum (Huberman & Terzolo, 2008;
McDonald & Shirley, 2009; Pantin-Jackwood & Swayne, 2009). Considering that
commercial chickens are housed in close proximity to each other (often more than
1000 birds in a house), disease can spread rapidly within flocks. This is a major
concern for the poultry industry. As a result, strategies are been sought to control the
spread of disease, which involve bird vaccination programs and selective breeding of
disease resistant birds (Pinard-van der Laan et al., 2009; Schroer ef al., 2009). The
successes of these strategies require a thorough understanding of the avian immune
response. In comparison to mouse and human immunology, avian immunology is not
well-characterised. Despite 300 million years of divergence between the avian and
mammalian lineages, sequencing the chicken (Gallus gallus) genome has revealed
that the innate immune system is generally conserved between the two lineages (Boyd
et al., 2007; Kaiser et al., 2005). However, the immune gene repertoires differ
somewhat between mammals and birds (Kaiser, 2007). Also, some immune cells and
proteins may have slightly different functions. As a result, it is likely that there are
differences regarding the avian and human immune responses to C. jejunmi. It is
therefore necessary to understand the difference between avian and mammalian

immunology.

1.10.1 Chicken pattern recognition receptors

The evolutionary divergence between mammalian and avian lineages has
resulted in similar and distinct components of the TLR repertoires. Humans have 10
TLRs (TLR1-10) while chickens have TLR1.1, TLR1.2, TLR2.1, TLR2.2, TLR3,
TLR4, TLRS, TLR7, TLR15 and TLR21 (Fig. 1.10) (Boyd et al., 2007). TLR1.2 and
TLR2.1 predominantly dimerise to recognise peptidoglycan and diacylated BLP while
all TLR1 with TLR2 combinations recognise triacylated BLP and Pam(3)CysSK(4)
(Higuchi et al., 2008). The ligands for TLR3, TLR4, TLRS and TLR7 are similar for
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mammalian and avian species (Boyd ef al., 2007). TLRS is a pseudogene in chickens
(Philbin ez al., 2005). TLR9 has not been identified in avian species. Instead, TLR21,
which is orthologous to genes in fish and amphibians (Temperley ez al., 2008), is
located in intracellular endosomes and recognises CpG motifs (Brownlie et al., 2009;
Keestra et al., 2010). TLR15 was recently discovered, and its mRNA was shown to be
upregulated in response to Salmonella enterica serovar Typhimurium in chicken
caeca (Higgs et al., 2006). Recently, S. enterica serovar Enteritidis has been shown to
increase 7LRI5 gene expression in chicken heterophils (the avian equivalent of
neutrophils) (Nerren ez al., 2009; Nerren et al., 2010) and the caeca of newly-hatched
chicks (Mackinnon et al., 2009). Increased 7LR15 gene expression is also evident in
heterophils challenged with gram-positive Enterococcus gallinarum (Nerren et al.,
2010). These studies suggest that TLR1S5 is important in the response to gram-
negative bacterial infections however, the precise ligands for this TLR have yet to be
identified.

It is unclear what roles NLRs play in avian infection as these receptors have
yet to be characterised in chickens (Fig. 1.10). In silico, NODI, NOD3, NOD4 and
NODS5 have been identified but NOD? is absent from the genome. A single NALP
ortholog is evident which closely resembles human NALPI, NALP3, NALP10 and
NALPI12 (Laing et al., 2008). To date functional studies on NLRs have not been

reported in avian species.
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Figure 1.10 Similarities and differences in PRR repertoires identified to date between
birds and humans. Avian 7LRI and 7LR2 have been duplicated but there are no
orthologs for 7LR6 and TLRI10. TLR3, TLR4, TLR5 and TLR7 are conserved between
the species. 7LRS is disrupted in chickens. Av7TLR2] is functionally equivalent to
human 7LRY. TLRI5 is avian specific. It is unknown whether this receptor is located
on the cell surface or within endosomes. NODI is evident in birds, but not NOD2.

Other avian NLRs are not well characterised.
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1.10.2 Chicken cytokines and chemokines

The chicken genome was sequenced in 2004. It revealed that the avian
repertoire of cytokines and chemokines differs somewhat to the mammalian
repertoire. Only 79 cytokines are evident in the chicken genome, in comparison to the
129 cytokines in the human genome (Kaiser, 2007). Genes conserved between the two
species include IL1f, IL6, IL10, IL12, IFNG, IL15 and IL17 (Kaiser et al., 2005). For
most of these cytokines, there is approximately 30% amino acid identity with their
mammalian counterparts. Consequently, there are very few cross-reactive antibodies
available for the quantification of avian cytokines (Kaiser ef al., 2005). This makes
studying their functions in birds a considerable challenge. However, some progress
has been made in determining the function of these effectors during the chicken
immune response through analysis of the chicken genome, profiling cytokine gene
expression in response to various stimuli and through the synthesis of recombinant
cytokine proteins. IL-f, IL-6, IL-8, 1L-10 and TGF-$4 appear to be important to the
avian innate immune response and are among the better characterised cytokines.

Chicken /LIf gene expression is increased in response to LPS stimuli and its
protein has confirmed proinflammatory effects (Weining et al., 1998). Chicken IL-6
functions are also conserved as it induces B cell proliferation and has inflammatory
roles in vivo (Schneider et al., 2001). Like IL-1p and IL-6, TNF-a is regarded as a key
component of immune responses in several species. However, while several TNF
family members are evident in the chicken genome, an ortholog of TNF-a has yet to
be discovered. However, a TNF-a receptor is evident in the chicken genome and
TNF-a like activity is apparent in the avian immune response. Therefore, it is likely
that a TNF-a homolog is present (Kaiser, 2007). Of course, the complete chicken
sequence only covers 90% of the genome, so TNF-a may be lurking in the part that is
hard to sequence.

Regarding chemokines, the chicken genome has two orthologs of mammalian
[L-8, namely K60 (also known as CXCLil) and IL-8 (also known as 9E/CEF4, CAF
and CXCLi2). They are adjacent to each other on chromosome 4 and are presumably
a result of tandem duplication. Respectively, these chemokines have 72% (Hughes &
Bumstead, 2000) and 52% (Kaiser ef al., 1999) amino acid identity with human /LS.

CXCR1 has been identified as the receptor for both chemokines and is expressed on
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the surfaces of heterophils, which are the avian equivalence to neutrophils. Both
chicken IL-8 and K60 proteins are capable of attracting heterophils although K60 is
the more efficient chemoattractant (Poh ef al., 2008). Chicken IL-8 is also capable of
recruiting monocytes, unlike human IL-8 (Barker er al., 1993).

Regarding anti-inflammatory cytokines, homologs of IL-10 and TGF-B are
evident in the chicken genome. Like its mammalian equivalent, chicken IL-10 is also
likely to have similar anti-inflammatory properties. Chicken IL-10 has been shown to
downregulate IFN-y in stimulated splenocytes at both the mRNA and protein levels
(Rothwell ef al., 2004). Chickens have 3 TGF-f genes known as 7GFf2, TGFf3 and
TGFp4. TGFp4 is regarded as an ortholog to human 7GFf1, and has similar anti-

inflammatory properties (Kaiser, 2007).

1.10.3 Chicken host defence peptides

Avian species lack a-defensins but have [-defensins and cathelicidins.
Fourteen avian B-defensins, AvBD1-14, have been discovered to date (Lynn et al.,
2007). They are expressed in a range of healthy tissues including bone marrow, testis,
ileum and colon although the basal level of gene expression differs between such
tissues while different tissues express different AvBDs (Lynn ef al., 2004). Increased
AvVBD gene expression is evident, in vivo, in response to microbial components
(Akbari et al., 2008; Mageed et al., 2008). Whether such increases are a result of PRR
activation or indirectly as a result of cytokine production remains to be determined.
To date, mainly the antimicrobial properties of AvBDs have been investigated. For
example, AvBD1 and AvBD2 are both active against L. monocytogenes and E. coli
(Sugiarto & Yu, 2004). AvBD4, AvBD7 and AvBD9 are active against S.
Typhimurium and S. Enteritidis (Milona et al., 2007). AvBD6 is also bactericidal
towards S. Typhimurium, but also toward E. coli and C. jejuni (van Dijk et al., 2007)<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>