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Abstract

Salmonella enterica serovar Pullorum causes a septicaemic, persistent, systemic discase
of poultry known as Pullorum Disease (PD). PD causes high mortality in young birds
with those that survive becoming carriers of the disease, Transmission between hirds in
the same generation is predominantly taecal-oral, with birds in subsequent generations
becoming infected via vertical ransmmission. Groups of virulence genes on the
Salmonella genome cluster in areas known as pathogenicity istands. A range of in viiro
and in vivo techniques were used to assess the role of Salmonella pathogenicity islands
1 and 2 (SPI-1 and SPI-2) in the establishment and persistence of serovar Pullorum
infection in the chicken. The results collectively suggest that serovar Pullorum does not
promote the induction of a pro-inflammmatory iimmune response in the got, but virulence
factors encoded by SPI-1 lead to up-regutation of I.-18, 11.-6, CXCILil and CXCILi2 to
recruit phagocytes to the site of infection. Thereby, although not required for full-
virulence, SPI-1 enables faster dissemination of serovar Pullorum to systemic sites. At
systemic sites away from the gut, SPI-1 is respousible for down-regulation of the
antimicrobial peptides avian -defensins 1, 3 and 5, and of CXCLil. SPI-2 is
responsible for maintaining sustainable intracellular numbers within macrophagcs,
inhibiting nitric oxide synthesis and down-regulating 1L.-6 expression. SPI-1 and SP1-2
both contribute to the virulence of serovar Pullorum, enabling the establishment of a

more rapid and stealthy infection in the chicken.
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Chapter 1: General Introduction

1.1 Salmonella enterica

Salmonella enterica encompasses a large number of discase-causing serovars
which can be loosely split into two main groups. The first group includes the serovars
Typhimurium and Enteritidis, which causc gastrointestinal discases in a wide range of
hosts. Infections with serovars from this group either remain restricted to the
gastrointestinal tract for the duration, or in some circumstances will become systemic.
For example, the serovars Typhimurinm and Enteritidis cause a systemic infection when
infecting young animals, but usnally remain in the gastrointestinal tract when infecting
mature animals, Systemic infections foliow a successful intestinal colonisation, which is
sustained throughout the infection course. The second group of serovars cause host-
restricted, chronic, typhoid-like diseases. This group includes serovar Typhi in humans,
serovar Dublin in cattle and serovars Gallinarum and Pullorum, which both cause
systemic disease in chicken. During infection with serovars from this group, bacteria
move out of the intestine and spread systemically. An example of the aetiological
difference between these groups can be found by comparing bacterial numbers in the
chicken during mnfection with serovar Typhimurium and with serovar Pullorum. During
infection with serovar Typhimurium, bacterial numbers in the caeca and in the intestines
remain at a constant level over the course of the infection, demonstrating effective
intestinal colonisation (Henderson et af., 1999). During infection with serovar Pullorum
bacterial numbers in the caeca and intestines fall rapidly over the course of the infection
as the bacteria migrate to more systemic sites (Henderson er al., 1999).

The most common route of infection for S. enferica is faccal-oral. Serovar

Typhimurium (Ilenderson ez al., 1999; Miitrucker and Kaufiman, 2000), serovar
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Gallinarum (Lowzy et al., 1999; Henderson et af., 1999; Barrow et @f., 2000) and
serovar Pullorum (Henderson et af., 1999) favour associations with, and therefore most
likely entry through, the gut-agsociated lymphoid tissue (GALT). In mammals, S.
enterica can exit the gut lumen through cells within the intestinal mucosa, such as M
cells (Wallis and Galyov, 2000). The processes involved in this are discussed in detail
later in the Chapter. However, this may not be the case for the avian-specific serovars
Pullorum or Gallinarum, where the caecal tonsil and bursa of Fabricius have been
proposed as routes of entry from the intestine (Henderson et al., 1999). The caecal
tonsils are the largest lymphoid aggregate in the avian gut and are found at the junction
between the caeca (two blind-ended sections of intestine sitnated at the anterior section
of the ileum) and the ileum. Caeca have a very low flow rate, on average emptying
twice a day. They are therefore a favourable site of colonisation for many avian
intestinal pathogens. The bursa of Fabricius is a primary and secondary lymphoid organ;
the site of B cell maturation in bivds. It 15 situated dorsal to the cloaca, so is easily
accessible to bacteria in the gastrointestinal tract,

A further route of infection may be through the process of retrograde peristalsis,
which causes the movement of material from the cloacal opening back towards the
colon. This results in an mnflux of bacteria to the distal intestine from the cloacal
opening. By this route, it is possible that bacteria in the external environment may
bypass the digestive process.

Although the exact mechanisms for the systemic spread of S. enferica are not
tully understood, phagocytic cells have been considered as possible vehicles for
systemic transpoti in mammals from muecosal sites such as Peyer's patches to mesenteric
lymph nodes and other organs (Rescigno et af., 2001; Cheminay et @l., 2002). Early

dissemination is thought to be via CD18-expressing phagocytes in mammals (Vazquez-
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Torres et al., 1999). The cell surface antigen CD18 mediates leukocyte transmigration
and congenic CD18-deficient mice are resistant to systemic dissemination (to sites such
as the liver and splcen) of serovar Typhimurium following oral infection in mice
(Vazquez-Torres ef al., 1999). During avian infection with serovar Pullorum,
macrophages are also thought to be responsible for transporting the bacteria
systemically (Wigley et a/., 2001). Following oral infections, confocal microscopy was
used to show gfp-expressing serovar Pullorum bacteria localised within macrophages in
the spleen (Wigley et al., 2001).

Folio«_'wing spread o systemic organs, the bacteria may select specific subsets of
macrophages to use for persistence. During infection with serovar Typhimurium, the
vast majority of bacteria reside within macrophages located within the red pulp and
marginal zones of the murine spleen (Saleedo ez af, 2001). A low proportion of serovar
Typhimurtum invade marginal metallophillic macrophages and a relatively high
proportion invade phagoceytic marginal zone macrophages (Salcedo ef al, 2001). The
phagocytic ability of macrophages in the spleen varies, and is considerably lower for
marginal metaliophillic macrophages than for phagocytic marginal zone macrophages

(Kraal, 1992; Hughs ¢f af., 1995). Levels of bacterial uptake may theretore result from

the phagocytic ability of the cells rather than the invasive potential of serovar
Typhimurium (Salcedo et al., 2001). Salmonella can persist for long periods of time,
residing within macrophages, often after all visible symptoms of the disease have
ceased.

Serovar Enteritidis is one of the most common S. enterica serovars alfecting the
human population in the UK and is therefore of serious public health concern (data from
the Health Protection Agency). One of the main causes of Salmonella infection in the

human population is contact with contaminated food, which is mainly of animal origin.




19

A big risk factor is the ability of serovar Enteritidis to contaminate eggs often without
causing serious illuess in the chicken, meaning it can remain undetected in a fiock. In
the UK, incidence of human infection with serovar Enteritidis has been steadily falling
in rceent years and this has mainly been attributed to industry control programs,
including the vaccination of chicken flocks but the importation of eggs from foreign
countrics where these control programs are not in place still poses a significant risk

(data from the Health Protection Agency and Food Standards Agency).

1.2 Pulloxum Disease

Pullorum Disease (PD) is caused by infection with Salmonella enterica serovar
Pullorum. It is a septicaemic, persistent, systemic disease of poultry. PD causes high
mortality in young birds with those that survive becoming carriers of the disease.
Transmission, as with other S, enferica serovars, s initially faecal-oral and so affects
birds in the sare generation, but systemic disease can lead to infection of the
reproductive tract in sexually mature adult birds and consequently vertical transovarian
transmission to subsequent generations (Snoyenbos, 1991).

Salmonella entevica serovar Pullorum is a rod-shaped facultative intracellular
Gram-negative bacterium, The slender serovar Pullorum rods are between 1.0-2.5 pm in
length and between 0.3-1.5 pm in width (Shivaprasad, 2000). Serovar Pullorum forms
homogeneous smafl, discrete, greyish-white colonies and can be grown on Salmonella-
selective media such as Brilliant Green agar (Shivaprasad, 2000). Serovar Pullorum is
very stmilar to serovar Gallinarum at the chromosomal level (Olsen ef al., 1996) and
both are part of serogroup D according to the Kauffman-Whitc scheme. The Kauffman-
White scheme is a classification system which differentiates serological varieties of

Salmonelia from each other by determining the surface antigens of the bacterium.
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Separation of serotypes is on the basis of antigenic polymorphisms in O (somatic), Vi
(capsular), and H (flagellar) antigens. The somatic O group aotigens arc the
polysaccharide side-chains associated with lipopolysaccharide (LPS) which is the main
constituent of the outer membrane of Gram-negative bacteria. Although the core
structure of this molecule (lipid A) remains largely conserved in all Salmonella, the
polysaccharide side chains are highly polymorphic because the #/D region, containing
enzymes necessary for the biosynthesis of LPS, is polymorphic (Liu ef al., 1991). The
different antigens are mumbered sequentially and cach scrotype is given an antigenic
formula and classified into a group. Both serovar Pullorum and serovar Gallinarum
possess the LPS O antigens 1, 9 and 12, with the antigenic formula for serovar Pullorum
being 1, 9, 12y, 12, and 125. Most antigenic variation in serovar Pullorum strains
mvolves antigen 12, with differing amounts of the minor somatic antigens 12; and 123
depending on the strain,

PD was first described by Rettgerin in 1900, and was originally known as
“bacillary white diarrhoea” due to the symptom of white diarrhoea which is associated
with the infection, PD is historically a disease of chicks and poults with the highest
mortalily rates occurring between 2 and 3 weeks of age. Both mortality and morbidity
due to P are highly variable and dependent on various factors including age, strain and
the general health of the birds infected. Although morbidity is generally higher than
mortality following infection, mortality rates can vary greatly between O and 100%. In
cases when death does occur, this is usually between 5 and 10 days after initial
exposure. The main clinical signs of PD have been described previously (Beaudette,
1930; Beaudette, 1933; Evans et al., 1955; Ferguson et al., 1961, Johnsen et al., 1992;
Mayahi et al., 1995; Salem ef «l., 1992). They include anorexia, depression, dehydration

and white diarrhoea, Non-clinical signs may inchude a reduction in feed consumption, a
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droopy appearance and ruffled feathers. During acute cases of infection, the liver,
spleen, kidneys and heart may become congested and enlarged with visible white
necrotic foci. Ulceration in the caeca and the small intestine is often accompanied by a
generalised vascularisation and infiltration of a mixed population of inflammatory cells
(Shivaprasad, 2000). In adult layers, lesions can also be observed on the ovaries. Birds
which survive the initial infection with serovar Pullorum will often become sub-clinical
carriers of the bacterium. After primary infection, the birds appear to recover. At this
stage the bacteria persist within macrophages within the liver and spleen at almost
undetectable levels. In females, once sexual maturity is reached, bacterial numbers
increase greatly and there is a subsequent colonisation of the reproductive tract. This
docs not happen in males and the bacteria remain at a low level for the duration of the
infection (Wigley et al., 2005). The increase in bacterial numbers in female birds
coincides with a non-specific suppression of cetlular responses which occurs at the
onset of laying (Wigley et af., 2005). This suppression is thought to enable serovar
Pullorum to infect the reproductive tract, resulting in transmission to eggs (Wigley et
al., 2005).

PD causes high morbidity, mortality and reduced fecundity in infected
commercial flocks, resulting in a massive loss of revenue. Serovar Pullorum can survive
for a long time within a favourable environment outside the host {Snoeyenbos, 1991)
and therefore once a PD outbreak occurs it is easily transmitted to other flocks. This can
be by infected feed, or through farm workers or veterinarians who do not take
appropriate measures to avoid transport of the bacteria from place to place. The full
economic losses attributed to PD can therefore be very high. General good-practice
disease management procedures have eradicated PD from commercial poultry in much

of the developed world (e.g. Western BEurope, USA, Canadu, Australia and Japan),
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although PD is still common and poses a problem in areas ot the world which have
developing poultry industries {e.g. Mexico, Central and South America, Africa and the
Indian sub-continent). Commercial flocks in the US and in northern Europe still suffer
from occasional outbreaks which may indicate a reservoir for the bacteria in wild and
non-commercial birds (Shivaprasad, 2000). PID may become a more important issue due
to the increasing popularity of free-range farming techniques, where biosecurity is hard
to maintain and birds can come into contact with wild reservoirs of the disease.
Although the presence of PD in commercial flocks in the US and northern Europe
remains very limited, it can still be found in small non-commercial flocks (Erbeck et al.,
1993; van Buskirk, 1987; Shivaprasad, 2000). The separation of commercial and non-
commercial flocks is usually effective in preventing the spread of PD between these two
populations (Shivaprasad, 2000). A series of outbreaks in the USA, which occurred in a
completely integrated broiler operation across 5 states between 1990 and 1991, can be
used as an example of the extent of the cost that PD can have {or the poultry industry
(Iohnson ef af., 1992; Salem ef uf., 1992). The outbreak, which eventually involved 19
breeder flocks and over 260 grower facilities, was traced back to an infected
grandparent line and resulted in the eradication of the grandparent, parent and grower
birds (Johnson ef al., 1992). Although the exact economic cost of this outbreak is
unknown, it was considerable as it led to the replacement of all the bird lines eradicated

and loss of profits during the outbreak (Johnson ef al., 1992; Salem et «l., 1992).

1.3 LEarly stages of Salmonella enterica infection and the role of Sulmaonella
Pathogenicity Isiand 1
Comparisons of a range of gonomic scquences of Gram-negative bacteria have

suggested that Salmonella originally evolved as a pathogen through the acquisition of

fie
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large clusters of -Vi1'ulencc gencs (Baumler ef af., 1998; Groisman and Ochman, 1997).
These virulence genes are often grouped together on the genome in areas known as
pathogenicity islands, Two of the best described of these pathogenicity islands are
Salmonella Pathogenicity Island 1 (SPI-1), and Safmonelia Pathogenicity Island 2 (SPI-
2), which are homologous to pathogenicity islands described in other gram-negative
bacteria, such as Zscherichia coli and Yersinia pestis. These two pathogenicity islands
appear to be important in both the establishment and persistence of Salmonelia
infections.

Type three secretion systems {TTSS) are found In many different species of
Gram-negative pathogenic bacteria, and their machinery spans the cell wall or
membrane, facilitating the transfer of effector proteins out of the bacterial cell and into a
target cell. A diagrammatic representation of the structure of a TTSS is shown in Figure
1.1. The Salmonella TTSS which facilitates entry into the host/target cell is encoded by
a locus appmximelxtcly 40 kb in length encoded on SPI-1, at centisome 63 of the
chromosome. Thc-: SPI-1 TTSS consists both of structural proteins to form a needle-like
delivery system, and secreted proteins which are delivered through the TTSS into the
target cell.

Components of the SPI-1 TTSS needle-like delivery systom apparatus include
inner membrane proteins (InvA, Spal’, SpaQ, SpaR and SpaS), outer membrane proteins
(InvG, PrgH and PrgK), protcins involved in cnergy transduction (InvC), chaperones
(Invl, SicA), regulatory proteins {InvFE, HilA, OrgA, InvE), and two other proteins
associated with invasion (InvH and IacP) (Suarez and Riissmann, 1998). Proteins
scercted by the SPI-1 TTSS can be split into two groups; those which are directly
involved in the secretion process (Inv], SpaO, SipD) and those which have a putative

effector function in the target host cell (SipA, SipB, SipC, SptP, AvrA) (Sudrez and
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Figure 1.1: Diagrammatic representation of the needle-complex structure of a type three
secretion system (TTSS). Host cell membrane (HCM), bacterial outer membrane (OM),

bacterial inner membrane (IM).



Riissmann, 1998). The genetic organisation of the SPI-1 locus is shown in Figure 1.2.
The SPI-1 contributes to, but is not essential for, full virulence in serovar Pullorum
infections (Wigley ef al., 2002). Jones ef al. (2001) found that SPI-1 function had no
effect on the virulence of serovar Gallinarum fr vifro, and had little or no effect in vivo.
A more recent study has demonstrated a more important role for SPI-1 in the virulence
of serovar Gallinarum iz vive (Shah er al., 2005). These differences could be due to the
differences in the age and breed of chicken used for the experimental infections (Shah ef
al., 2005). 1t is therefore most likely that althouglt SP1-1 contributes to the virulence of
scrovar Gallinarum infection, the age and genetic makeup of the chicken may also
contribute to any effect (Shah ef al., 2005).

When S. enterica cxit the gut in mammals they invade through M cells, which
have not yet been described in the chicken, M cells function as antigen-sampling cells
and consequently are often used by pathogens as a port of entry into the surrounding
intestinal tissue. The invasion of enterocytes and M celis results in the extrusion of
damaged and intfected epithelial cells into the intestinal lumen (Wallis and Galyov,
2000). This extrusion leads to villus blunting and consequently the loss of absorptive
surfaces, coupled with a polymorphonuclear cell (PMN) influx into the intestinal
mucosa (Wallis and Galyov, 2000). Thercfore, when S, enterica serovars exit the host
gut this typically results in a host inflammatory response which can cause a significant
amount of damage to the intestinal epithelia. Interestingly, during infection with serovar
Pullorumn there is relatively little inflammation in the intestines, whereas there is
considerable inflammation observed during infection with other S. enrerica serovars
{Henderson et al., 1999). Histological investigation has shown that during infection
with serovar Typhimuriuwm there is a marked PMN infiliration into the intestinal

epithelia, but that this is only mild during infection with serovar Pullorum (Henderson
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Figure 1.2: Genetic organization of SPI-1. Invasion region at centisome 63 in the Sa/monella
chromosome. Vertical arrows indicate the boundaries of the pathogenicity island. Horizontal
arrows indicate the direction of transcription of the corresponding open reading frames (adapted

from Collazo and Galéan, 1997).
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et al., 1999). Scrovar Pullorum is mote sensitive to PMN killing compared to serovar
Typhimurium (Henderson et ¢, 1999) and this apparent reduced inflarmation could
therefore be a mechanism used by the bacteria to reduce the chance ot elimination by
the host immune response, in order to spread systemically (Shivaprasad, 2000).
Although early slages in the infection ot different S. enterica serovars are thought to be
fairly distinct (Weinstein ef al., 1998), there has been a lack ot research into infection
with serovar Pullorum.

The uptake of 8. enterica into non-phagocytic enterocytes and M cells has been
termed “passive entry” and follows a cascade ofhost cell signalling events, resulting in
the manipulation and subversion of cellular membrane ruffles, which contain
macropinocytotic machinery necessary for mediating pmocytolic processes (Francis ef
al., 1993). Thus, S. enterica exploits the necessary process of pinocytosis though
membrane mftling in order to enter the cell by direct stimuiation of this membrane
ruffling process (Francis ef al., 1993). Tt is not just the exploitation of membrane ruffles
that enable the entry of these bacteria into non-phagocytic cells. The movement of
bacteria into non-phagocytic cells by macropinocytosis utiltises the nucleation of host
cell polymerisation of actin and the bundling of actin filaments into cables (Hayward
and Koronakis, 1999). Recent studies, revicwed by Zhou and Galan (2001), describe
Salmonella-induced reversible actin cytoskeleton rearrangements that take place as a
result of the delivery of SPI-1 etfector proteins into the host cell. These cytoskeletal
rearrangements are seemingly the result of two co-ordinated steps. Firstly, the
stimulation of signal {ransduction in the host indirectly promotes the rearrangement of
actin and secondly there is direct modulation of'the actin dynamics (Figure 1.3) (Zhou
and Galan, 2001). The initial stimulation of the actin cytoskeleton is with the SPI-1

effectors SopE (a guanyl-nucleotide-exchange factor) and SopB (an inositol
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Figure 1.3: Salmonella SPI-1-mediated cell entry. Multiple host and bacterial effectors
function in concert to promote entry. (a) Upon contact, Salmonella delivers multiple effectors
into the host cell. SopE/E2 and SopB induce RhoGTPase activation (Cdc42 and Rac) leading to
actin remodeling, presumably by way of the host-encoded actin nucleation machinery (Arp2/3).
Salmonella effectors also engage actin directly. SipA promotes F-actin polymerization and
bundling. Moreover, it prevents F-actin disassembly by inhibiting host ADF/cofilin and
gelsolin. SipC also nucleates actin polymerization. (b) Coincident with internalization, SopB
generates phosphatidyl inositol 3 phosphate (P13P) decorated, fusogenic macropinosomes and
Salmonella containing vacuoles (SCVs), which can coalesce to create a spacious phagosome for
Salmonella to reside. The rapid degradation of SopE by way of the host proteosome coupled to
the prolonged stability of SptP halts RhoGTPase-induced actin remodeling. The mechanisms to
counter SipA- and SipC-induced actin remodeling remain unclear (adapted from Patel and

Galan, 2005).
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polyphosphate phosphatase), which stimulate the host cell GTPascs cde42 and Rac to
carry out this rearrangement (Galdn and Zhou, 2000). ‘I'he SPI-1 actin-binding protein
SipC (Hayward and Koronakis, 1999) is enhanced by the prolein effector SipA
(McGhie er al.,, 2001) and directly modulates the actin dynamics of the host ccll in order
to enable bacterial update. It does this by lowering the critical concentration of G-actin,
by stabilising F-actin at the sile of bacierial entry, and by incrcasing the binding
activities of T-plastin (Galan and Zhon, 2000). Thesc ccll-altering activities are
relatively short-lived. The SPI-1°1"I'SS secreted effector SptP directly reverses these
rearrangements by acting as a G'l'Pase-activating protein (GAP) for both ede42 and Rac,
returning the cell to its original state (Fu and Galdn, 1999), It is possible that this
activity could be utilised by serovar Pullorum to exit the gut by stealth, as damaged
cells release signals to inducce the initiation of immune responses. Therefore, returning
the cells to their original state may be a way of minimising this. The exploitation of
membrane ruffles as a mode of non-phagocytic cell entry may not be the only
mechanism of invasion employed by Salmonella. Jepson et al. (2001) suggested the
involvement of the SPI-1 secreted effector protein SipA in promoting the invasion of S,
enterica by a mechanism other than menibrane ruffling, Serovar Typhimurium sipA
mutants failed to invade cells, or invaded at a very slow rate, following the spread of
membrane ruffles on the host cell (Jepson ef al., 2001), The SPI-1 gene invA is
important in the initial intestinal invasion event, as serovar Typhimurium bacteria
containing mutations in this gene displayed a decreased ability in mice to colonise
Peyer’s patches, the ileal wall, and the spleen compared to wild-type bacteria (Galdn
and Curtiss, 1989). The protein InvA is a membrane-bound protein with seven
hydrophobic transinembrane domains and a hydrophilic carboxyterminal domain which

is thought to be located within the cytoplasm (Ginocchio ef al,, 1994).
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In maramals, a SPI-1 TT8S-independent method of traversing the epithelial cell
lining of the gut involves bacterial up-take by dendritic cells (DC) (Resigno ef al,,
2001). DC are able to project dendrites through the cpithelial lining into the intestinal
lumen, internalize lumenal bacteria and then transport the organisims to the basolateral
side ol the epithelium (Rescigno et al., 2001). If transported by DC across the gut
epithelium, serovar Typhimurium gquickly exits DC by inducing cell death to enter
macrophages, which are its prefeired cell type (van der Velden er al., 2003). This is
probably due to the fact that although serovar Typhimurium is able to survive within
murine DC, the intracellular environment does not appear to support replication, as
numbers of intracellular scrovar Typhimuriun remained as a static, non-dividing
population over the course of infection of a population of murine bone marrow-derived
DC (Janisch et al., 2003).

The recruitment of inflammatory cells to the gut is thought to be a key factor in
dciermination of virulence, underlying the development of Salmonella-induced cnteritis
(McCormick et al., 1995). During infections with serovar Typhimuriun, the secretion
of SPI-1 TTSS effector proteins induces the activation of mitogen-activated protein
(MAP) kinase signalling pathways in the host cell (Ilobbie e af., 1997). This MAP
kinase activation then activates the transcription factors NI'kB and AP-1, and

consequently results in the expression of pro-inflammatory cytokines (Hobbie ez al,

1997). During serovar Typhimurium infection in the human intcsting, a trans-epithelial
migration of PMN rapidly follows the attachiment of the bacteria to the epithelial apical
membrane (McCormick et al., 1993). No such influx of PMN is observed following
serovar Pullorum infection in the intestine or in the caeca (Henderson et «/., 1999).
McCormick et af. (1993) demonstrated that serovar Typhimurium could signal through

intact cpithelium to recruit sub-epithelial PMN to migrate across the epithelia. Only
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those S. enterica serovars that caused enteritis were able to elicit this trans-epithelial
migration of PMN (McCormick ef al., 1995). This provides a link between PMN
migration and the intestinal mflaimmation which contributes to enteritis. In the intestine,
the mechanism by which serovar Typhimurium elicits trans-epithelial migration and
influx of PMN cells is by stimulating cpithelial cells to release chemoattractants such as
the chemokine IL-8 (Lee et al., 2000). The internalisation of bacteria is not required for
the release of these chemoattractants, which s via the protein kinase C-dependent
signalling pathway (Lec et al., 2000). SipA is thought to be involved in activating this
signalling pathway {Lee et al., 2000).

As the influx of PMN is not apparent during serovar Pullorum infection
{Henderson et al,, 1999), it is unlikely that SipA, if present in the scrovar Pullorum
genomg, is being transeribed effectively. Infection with serovar Typhimurium causes a
marked pro-inflanumatory response in the intestines of day-old chicks (Withanage ef @/,
2004), indicating an up-regulation of pro-inflammatory mediators. Transcription of IL-6
is up-regulated approximately [0-fold in chick kidney cells (4 gut epithelial cell model)
in response to mfection with serovar Typhimurium {Kaiser et ¢f., 2000). In comparison,
levels of transeription of this pro-inflaninatory cytokine following infection with
serovar Gallinarum arc not up-regulated and there is an active down-regulation of I1.-13
and IL-2 mRNA (Kaiser ef al., 2000). 'I'his indicates modulation of the itmumnune
response by serovar Gallinarum, which like scrovar Pullorum causes a chronic typhoid-
like disease in chicken. The down-regulation of pro-inflammatory cytokines following
infection with serovar Pullorum has been demonstrated i vitro in avian cells
{Lazzerine, Barrow, Wigley and Kaiscr, unpublished results). It is possible that this is
one of the mechanisms employed by serovar Pulloruin to enable initial establishment of

an infection and avoid clearance by the immune system.




It is widely thought that the SPI-1 I'I'SS apparatus and its effectors are only
used during the initial invasion event by S. enterica in the gut, but recent evidence
suggests otherwise. The invd gene is essential for successful intracellular replication of
serovar Typhimurium in non-phagocytic cells, with vacuoles containing invd mutant
bacteria exhibiting abnormal maturation (Steele-Mortimer et «f,, 2002). No such role
has yet been determined for invd in Salimonella internalised within phagocyte vacuoles,
and it is here that S. ¢nterica bacterial persistence takes place (Steele-Morlimer ef al.,
2002).

The transport system SitABCD is encoded in the SPI-1 but is not part of the
TTSS. SitABCD is important in the acquisition of iron for the bacteria, and is thereforc
thought to be required for the full virulence of scrovar Typhimurium (Janakiraman and
Stauch, 2000). Transcription of the sizA BCD operon is induced in iron-deficient
environmental conditions, and in the mouse these conditions are specifically
encountered foilowing intestinal epithelial invasion (Janakiraman and Slauch, 2000).
SitA is a periplasmic binding protein, SitB an ATP-binding protein and SitC and SitD
are integral membrane proteins {Zhou ez a/., 1999). In mice, infections with serovar
Typhimurium bacterial sif mutants are significantly attenuated, indicating an important
role for this genc locus in virnlence (Janakiraman and Slauch, 2000). Although this
transport system is encoded on the SPI-1, it functions are primarily in iron-restricted
environments, which arc typically during intracellular stages. This would suggest that
SPI-1 genes can be transeribed concurrcotly with SPI-2 genes, as SPI-2 is implicated in
intramacrophage survival, This implies an overlap between the operational stages of

SPI-1 and SPI-2 gene products, and their ability to be transcribed at the same time.
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1.4 Systemic Safmonella enterica infection and the role of Selmonella Pathogenicity
Island 2
A second 40 kb pathogenicity island region, known as SPI-2, lies at cenitsome

30.7 of the Salmonella chromosome (Ochman ef al., 1996; Shea ¢f al.,, 1996). SP1-2
encodes a second TTSS and a two-component regulatory system (Ochman ef al., 1996;
Shea et al., 1996). Loci within the SPI-2 region are annotated as ssa, for genes encoding
the secretion system apparatus; ssr, for genes encoding secretion system regulators; sse,
for genes encoding secretion system chaperones; and sse, for genes encoding secretion
system ettectors (Hensel et af., 1997a). The majority of ssa genes are located iz a 25 kb
segmenl beginning at the 31 centisomne boundary (Hensel ef «/., 1997b). These 13
structural genes found at the boundary comprise the ssaX/U operon and ssa/ (Hensel ef
al., 1997a). Two chaperones, (sscd and sseB) and seven effector proteins (ssed-G) are
located upstream of sse/ (Cirillo et al., 1998; Hensel ef al., 1998). SsaC encodes an
additional TTSS structural protein and is located in a region approximately 8 kb up-
stream from s/ {Hensel ef al., 1998; orf 11 in Shea et al., 1996, spid in Ochman ez al.,
1996). The two component regulatory system ss#4 83 is also located in this region
{Hensel ¢f al., 1998; orf 12 in Shea et al., 1996; spiR in Ochman ef af., 1996). Figure
1.4 shows the genetic organisation of the SP1-2 locus. Induction of SP1-2 gene
expression is modulated by the global regulatory system PhoPQ and is dependent on
SstAB (Deiwick ef al., 1999). The SPI-2 TTSS is thought to axd intramacrophage S.
enterica survival (Ochman ef al., 1996; Cirillo ef al., 1998; Hensel et af., 1998; Valdivia
and Falkow, 1997).

Macrophages play vital roles in both the innate and adaptive immune
response. In mammals they originate from myelomonocytic stem cells in the bone

marrow, which then form pro-monocytes before differentiating into monocytes. It is
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Figure 1.4: Genetic organization of SPI-2. Genes encoding the type III secretion system
apparatus (ssa, open arrows), putative effector proteins (sse, filled arrows), specific chaperones
(ssc, shaded arrows) and the two-component regulatory system (ss7, hatched arrows) of SPI2 are

indicated (adapted from Deiwick et al., 1999).
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likely that they differentiate through a similar route in avian species. Monocyies make
up approximatcly 10% of the whitc blood cells in avian blood, and upon leaving the
blood they can differentiate into phagocytic macrophages. Macrophages are involved in
the clearance and destruction of both intracellular and extracellular pathogens, through a
process of recognition then phagocytosis. The processing of sampled self and non-self
antigens encountered during scavenging is followed by expression of peptides from
these antigens through the Major Histocompatibility Complex (MHC). Two main types
of MHC molecules exist. MHC class [ molecules bind peptides derived from cytosolic
proteins. Present on most nucleated cells, they arc recognised by CDS8" T cells
{cytotoxic T cells). MHC class II molecules bind peptides from endocytosed proteins.
They are only expressed on antigen presenting cells (APC) and are recognised by CD4"
T cells (T helper cells). When non-self internalised peptides are presented, CD4" T cells
then activate the macrophage by producing IFN-y. Macrophages can also be activated
by coming into contact with endotoxins. In addition to their ability to phagocytose and
kill microorganisms and to present antigen to T cells, activated macrophages also
secrete a range of pro-inflammatory cytokines and chemokines.

Several different mechamsms contributing to intramacrophage survival have
already been recognised and associated with effector genes found in the SPI-2 1TSS of
S. enferica serovars. Entrance to the macrophage is via endocytosis into a Salmonella-
containing vacuole (SCV) within the cell. When a phagocyte (such as a macrophage)
ingests a microbe, it first encloses the microbe within a phagosome and then alters the
microenvironment of the phagosome by fusion with a lysosome. If successful, this
fusion then enables killing of the microbe by both oxygen-dependent (such as
superoxide and nitric oxide) and oxygen-independent mechanisms (such as acid

phosphatase).
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SPI-2 gene expression occurs in the SCV, where the pH is between 4 and 5, and
therefore a trigger factor for the expression of SPI-2 is likely to be the environmental
pH (Beuzén et al., 1999). Interestingly, the SPI-2 TTSS-secreted effector prolein SseB
is only secreted below pH 5.0 (Beuzdn ef ¢f., 1999). Environimental regulation of
serovar Typhinwrium SPI-2 gene expression is induced by Mg2+ deprivation and
phosphate starvation, which are both conditions in the SCV (Deiwick ef al., 1999). The
environmental signals for induction of expression of SPI-2 genes may therefore be a
combination of several factors rather than just a single cue. This could be a fail-safe
mechanism employed by the bacteria, to ensure the activation of the SPI-2 genes in the
event of a defect in any one of the receptors for environmental cues. This highlights the
importance of the functionality of the SPI-2 to the bacteria and, during infection with
serovar Pullorum, the full functionality of the SPI-2 TTSS is essential for virulence and
persistence (Wigley ¢t al., 2002).

Many different pathogenic organisms opt for intracellular stages in their
lifecycle to evade the immune response and avoid detection. Diffexrent pathogens have
solved the problem of survival within the phagosome in different ways. One way is to
cscape the phagosome and live free within in the cytoplasm {c.f. Trypanosoma,
Leishmania and Listeria). S. enterica remain within the SCV and employ several
mcchanisms to enable survival following the targeting ot bactericidal events to the
SCV. These events include the intraphagosomal production of reactive oxygen species
(ROS), the acidification of the SCV, and the fusion of the phagosome with lysosomes
for the delivery of hydrolytic enzymes to the SCV (Gallois ¢f ¢l.,, 2001). One
mechanism used by seravar Typhimurium is the cxclusion of the NADPH oxidase
membrane corponent flavocytochrome 5558 firom the membrane of the phagosome

{(Gallois ef af., 2001). This prevents the assembly of the NAPDH oxidase complex, and
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consequently prevents the production of superoxide anion by the phagosome (Gallois et
al., 2001). This process of exclusion appears to be SPI-2-dependent during serovar
Typhirmurium infection of murine macrophages (Gallois ef ¢l., 2001). Phagosomes
containing SPI-2 null mutants, unlike those containing the wild-type, were able to
correctly assemble the NADPII oxidase and thereby generate ROS (Gallois ef al.,
2001}. It has been suggested that SPI-2 also interferes with the trafficking of oxidase-
containing vesicles to the phagosome, thus abrogating the assembly of NADPH oxidase
(Vazquez-Torres ¢t al., 2000). Reactive nitrogen intermediates (RINI), synthesised by
inducible nitric oxide synthase (iNOS}, are also involved in antimicrobial processes
directed towards the SCV. Immuno fluorescence microscopy of imuwine macrophages
has demonstrated cfficient localisation of iNOS in the SCV during infections with
serovar Typhimurium mutants facking a functional SPI-2 TTSS, compared to an
inability during infection with wild-type bacteria to localise INOS in the SCV
(Chakravortty ef al., 2002). Once in the macrophage, the bacteria can then replicate
using the host cell as a hiding place (Fields ef ¢/., 1986; Leung and Finlay, 1991).

In vitro investigations into serovar Typhimurium-induced cytokine production in
murine macrophages measured increased levels of IL-12, a pro-inflammatory cytokine
which is produced in respanse to intracellular pathogens (Svensson e af., 2001). 11.-6,
which promotes growth of antibody-producing B cells, and TNF-¢o, which stimulates the
recruitment of monocytes and neutrophils to the site of mfection, were also up-regulated
(Svensson et al., 2001). Surface expression of MHC class I, MHC class II, CD&6 (a co-
stirmulator for T cell stimulation) and CD54 (also known as ICAM-1 and important in
cell-cell adhesion) was also up-regulated (Svensson et ¢f., 2001). Initially, the up-
regulation of these molecules would seem to be an attempt to mediate an anti-

Salmonella immune response. This is not obviously beneficial to bacteral persistence,
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but one explanation could be that recruitment of monocytes to the site of infection may
facilitate further infection of these cells.

Salmonella replicate inside the SCV, as the ability {0 survive and replhicate in
macrophages is essential for virulence (Fields ef af., 1986; Leung and Finlay, 1991).
Salmonella that do not replicate in cultured cell lines are avirulent in animals (Ficlds et
al., 1986; Leung and Finlay, 1991). In infections with serovar Typhimurium this
replication is SPI-2 TTSS-dependent (Ochman et al., 1996, Cirillo ¢z «l., 1998; Hensel
et al., 1998). Following replication, the bacteria need to escape the cell and invade new
cells. One way in which they do this is by initiating apoptosis of the cell in which they
reside. The initiation of apoptosis at different stages of serovar Typhimurium infection
takes place at different rates (van der Velden et al., 2000). Rapid induction of
macrophage apoptosis during the mitial invasion event in the gut is dependent upon
SPI-1 and specifically the secreted eftector molecule SipB (van der Velden ef ¢l., 2000).
SipB activates the cysteine protease caspase-1, which causes both apoptosis and the
release of pro-inflammatory cytokines in mammalian cells (Monack et a/., 2000).
Experiments using mice lacking functional caspase-1 have shown that although
Saimonella are able to breach the initial M cell barrier in the gut, there is a decrease in
the number of apoptotic cells, intracellular bacteria, and a decrease in the recruitment of
PMN cells to Peyer’s patches compared to infection of intact mice (Monack ef al.,
2000). Caspase-1, a pro-apoptotic and pro-inflammatory mediator, is therefore essential
for the colonisation of the intestine and ultimately plays an important role in the
causation of systemic disease (Monack et al., 2000). Collier-Hyams ¢t af. (2002)
described another SPI-1 secreted effector that induces rapid apoptosis, but this time in
epithelial cells. AvrA, which ié homologous to the Yersinia protein Yopl, also induces

apoptosis in target cclls (Collier-Hyams et al,, 2002). Both proteins inhibit the
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activation of the transcription factor NF-xB but they appear to take effect at different
points in the associated signalling pathway, with Yopl being a potent inhibitor of IxB-«
whilst AvrA is not (Collier-Hyams et al., 2002},

The rapid induction of apoptosis in macrophages within the gut-associated
lymphoid tissue (GALT) may be due to the fact that the apoplosis event serves to attract
additional macrophages to the site of inflammation, thereby facilitating the infeclion of
a higher mumber of hiost eclls (van der Velden ef ¢, 2000). During infection with
serovar Typhimurmam, the SPI-1-dependent rapid killing mechanism becomes repressed
upon tull internalisation within macrophages (van der Velden et «f., 2000). A delayed
rate of apoptosis of the infected macrophages, dependent on ompR and SPI-2, then takes
effect (van der Velden et al., 2000). This delay provides the time needed for serovar
Typhimurivm to proliferate within the SCV before the apoptotic event, enabling the
systemic spread of the infection (van der Velden et af., 2000). Delayed apopotosis in
infected macrophages is also partly mediated by caspase-1 and is activated by virulence
proteins secreted from the SPI-2 TTSS, although it is not yet clear which proteins are
responsible (Monack et «f., 2001).

The relative importaace of SPI-1 and SP1-2 in the virulence of serovar
Gallinarum in avian infections has been asscssed through the use of bacterial mutants
(Joues et gl., 2001). The SPI1-1 1'TSS null mutant had decreased invasive capacity for
avian cells in vitro, but was still able to effectively infect and persist in macrophages,
which would indicatc that the SPI-1 TTSS has little effect on the virulence of serovar
Gallinarum (Jones et af., 2001). Functionality of the SPI-2 TTSS was required,
however, for the virulence of serovar Gallinarum, as although SPI-2 TTSS null niutants
were able to invade non-phagocytic cells, they were unable to persist in macrophages

(Jones et «l,, 2001). This suggests the SPI-2 TTSS is essential [or the virulence of
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serovar Gallinarum infections in chicken, whereas the SPI-1 TTSS is not (Jones et al.,
2001). The roles of the SPI-1 and SPI-2 have also been investigated for serovar
Typhimurium infection in chicken (Jones ef af., 2007). Interestingly the SPI-1 TTSS
was shown to be involved in both gastrointestinal and syslemic colonisation during
serovar Typhimuriom infection of chicken, but was not essential for either of these
processes (Jones ef al., 2007). The SPI-2 TTSS, though, was required for establishment
of successful systemic infection and played a significant role in the establishment of
gastrointestinal colonisation (Jones ef af.,, 2007). Therefore the roles played by SPI-1
and SPI-2, and their relative contribution to the virulence of the infection, may vary

hetween different serovars.

1.5 Immunc responses to 5. enterica infection

Host immune responses to S. enterica are important to consider when
investigating virulence, which is the relative ability of the bacterium to cause disease.
The host immune response to S. enterica infection must be either overcome or utilised
by the bacteria in order to establish a successful infection.

Cytokines provide insight into the host immune response, indicating cell
activation, suppression and clonal expavsion. In manals cytokine-specific ELISAs are
used to determine levels in samples. Unfortunately in avian species few of these specific
ELISAs exist, and so real-time detection of quantitative Reverse Transcriptase-PCR
(real-time qRT-PCRY} is widely used to quantify cytokine mRNA expression levels in
samples. It is important to consider, though, that mRNA levels do not necessarily
accurately represent levels of protein.

During serovar Pullorum infection, very little pathological physical evidence of

a pro-inflammatory immune response is observed in the chicken (Henderson ef al.,
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1999). This is in contrast to extensive pathology observed during infection with other S.
enterica serovars (Henderson ef ul., 1999). This project aims to investigate the
coniribution of SPI-1 and SPI-2 to the virulenee of serovar Pullorum. Since the
inflammatory response to serovar Pullorum appears unusually low compared to that
observed for other related serovars, the contribution of these pathogenicity islands to
any regulation of the pro-inflammatory immune response is of intcrest.

The cytokine IL-18 is a key mediator of host inflamatory responses in innatc
tmmunity. It is secreted by many different cell types and acts on a range of target cells,
In mammals, 1L-14 is part of the IL-1 gene family which alse includes IE-1oy the IL-1
receptor antagonist (IL-1ra), IL-18 und six other ¢ytokines (IL-1F5 -10). In avian
specics, only chllL-18 (Weining et al., 1998} and chlL-18 (Schneider ef /., 2000} have
been identified to date, Prior to the sequencing of ¢chll.-18, Hayari et al. (1982)
demonstrated an IL-1-like activity in the supernatants of LPS-stimulated chicken
splenocytes. Weining et al. (1998) cloned and sequenced chil-1/3, describing it as a
K60-inducing cytokine. K60, now known as CXCLil, is a chicken IL-8-like pro-
inflammatory chemokine. Induction of the chemokine IL-8 (CXCL8) is onc of the many
pro-inflammatory functions of IL-18 and this has been demonstrated in human cells
where IL-18 induced synthesis of [1 -8 (Mukaida ef a/., 1990). In adult chickens
intravenous injections of chiL-18 induce a rapid increase in serum corticosterone lovels
(Weining ef al. 1998). Serum cotticosterone is an immune-activating steroid which
helps to prepare the host to fight infection, in mammals it is often produced during
intestinal diseases.

In vitro infection of chick kidney cells (a gut epithelial cell model) with serovar
Typhimurium has little effect on IL-18 mwRNA expression, but during infection with

serovars Enteritidis and Gallinarum, 11L- {8 mRNA expression was down-regulated
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(Kaiser et al., 2000). When newly-hatched chicks were infected with serovar
Typhimurium, there was significant up-regulation of IL-1 in the intestinal tissues,
which accompanied extensive inflammatory pathology in these tissues (Withanage et
al., 2004).

IL-6 is a pleiotropic cytokine, produccd by a variety of cells, which plays a
major role in regulating immune responses, in acute phase reactions and in
haematopoiesis (Kishimoto et ¢l., 1993). TL-6 induces myeloid precursor differentiation,
and consequently it was previously described as macrophage granulocyte inducer type 2
(Shabo et al., 1998), IL-6 also switches the ditferentiation of monocyles from DC to
macrophages (Chowmarat ef al., 2000). It has been suggested that IL-6 may modulate the
Th1/Th2 response by actively inhibiting Th1 differentiation (Diehl et ¢f., 2000). Mice
deficient in TL-6 develop normally bui arc unable to control infections with vaccinia
virus and Listeria monocytogenes, as they have a severely impaired acutc-phase
response (Kopfet al., 1994), 1L-6 is essential for the regulation of the immune process
but overproduction of TL-6 leads to inflammation and auto-immune diseases in humans,
such as theumatoid arthritis and Crohn’s discase.

The infection of chick kidney cells with either serovar Typhimurium or serovar
Enteritidis in vitro up-regulates IL-6 mRNA expression levels, but this response is not
evident following infection with serovar Gallinarum (Kaiser ¢t al., 2000). Infection of
PBMC {peripheral blood mononuclear cells) with serovar Enteritidis, however, down-
regulates IL-6 mRNA expression (Kaiser ef al., 2006).

In most mammals there is a single gene encoding the pro-inflammatory
chemokine IL-8. At the equivalent locus in the chicken there are two genes, which share
similar identity to mammalian H.-8. These genes, previously known as K60 and 1L.-8,

are now known as CXCLil and CXCLi2 respectively (Kaiser ef al., 2005). CXCL1l and
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CXCLi2 share 48% and 50% homology with human CXCL8 (1L-8) (Sick er af., 2000,
Kaiser et al., 1999), but theit finctions differ. CXCLil preferentially chemo-attracts
heterophils (the avian equivalent of neutrophils) and CXCLi2 mainly functions to
chemo-uttract monocytes (Poh, Pease, Young, Bumnstead and Kaiser unpublished
results). It is therefore important to measure the activity of both CXCLil and CXCLi2
when investigating infection a8 this can give an insight into the types of cells that are
recruited as part of a pro-inflammatory response. CXCLil and CXCLi2 are hoth up-
regulated in the intestines and liver of newly-hatched chicks infected with serovar
Typhimurivm (Withanage er al., 2004}, During infection ot PBMC with serovar
Enteritidis there is a down-regulation of CXCLi2 expression (Kaiser et ., 2006).
Antimicrobial peptides have broad spectrium microbicidal activities, and in
marmmnals are expressed by a wide varicty of cells, One group of antimicrobial peptides
are the defensins. In mamimals there are two main types of defensin: o-defensins and S-
defensing, A third type of defensin, the 0-defensins, are found in the rhesus macaque. In
avian specics, the only family of defensins identificd arc f-defensing. They are
characterised by a conserved six cysteine residue motif, forming three disulphide
bridges (Sugiarto and Yu, 2004). The exact mechanism of action of these peptides is
unknown but they are thought to cause disruption in membrane integrity, resulting i
cell death (Kagan ¢ al., 1990). Avian antimicrobial peptides were first described by
both the terms “gallinacin™ and “S-defensin” and due to inconsistency in nomenclature
arising between different research groups, a new system has now been proposed and
they are now known as avian S-defensins (abbreviated to AvBD) (Lymn et gl., 2007). To
date 14 avian S-defensin molecules have been described in the literature and they are
now numbered AvBD1-14 (Table 1.1) (Evans ez ¢f., 1994; Harwig et a!f., 1994; Zhao et

al., 2004; Lynn et al., 2004; Xiao et al., 2004, Lynn et af., 2007).
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New gene/protein Lynn/Iiggs et al. Xiao ct al. RefSeq” definition RefSeq® accession
uame definition definition noe.

Avian -defensin 1 Gallinacin 1 (GAL1) Gallinacin. 1 Gallinacin 1 {GAL1} NM_ 204993
(AvBD1) (GALL)

Avian g-defensio 2 Gallinacin 2 (GALZ2) Gallinacin 2 Gallinacin 2 (GAL2) NM_204992
(AvBD2) (GAL2)

Avian B-defensin 3 Gallinacin 3 (GAL3) Gallinacin 3 Reta-defensin NM_204650
(AvBD3) (GAL3) prepropeptide (GAL3)

Avian #-defensin 4 Gallinacin 7 Beta-defensin 4 | GAL 4 (GALA4) NM_001001610
(AvBD4) prepropeptide (GAL7) | (GALA)

Avian B-defensin 5 | Gallinacin 9 Beta-defensin 5 | GAL 5 (GALS) NM_001001608
(AvBD3S) | prepropeptide (GAL9) | (GALS)

Avian S-defensin 6 Gallinacin 4 Beta-defensin 6 | GAL 6 (GALOG) NM_001001193
{AvBDG6) prepropeptide (GALA) | (GALG) o
Avian f-defensin 7 Gallinacin 5 Beta-detensin 7 { GAL 7 {GAL7) NM_001001194
(AvBDY7) prepropepiide (GALS) | (GALT)

Avian (-defensin 8 Gailinacin 12 Beta-defensin 8 | GAL 8 (GALS) NM 601001781
{AvBDB) prepropeptide (GAL12) | (GALS) R .

Avian S-defensin 9 Gallinacin 6 Beta-defensin 9 | GAL 9 (GALY) NM_001001611
(AvBD9%) prepropeptide (GALG) | (GAL9)

Avian f~defensin 10 | Gallinacin § Bela-defensin 10 | GAL 10 (GAL13) NM 001001609
(AvBDI1H) prepropeptide {GALS) | (GAL10}

Avian B-defensin 11 Beta-defensin 11 | Gallicin 11 (GAL11) N 001001779
(A¥BDI1) - (GAT1])
Avian 8-defensin 12 | Gallinacin 10 Beta-defensin 12 | Beta-defensin 12 NM_ 001001607
(AvBD12) B prepropeptide (GAL10} | (GAL12) {(GAL12)

Avian G-defensin 13 | Gailinacin 11 Beta-defensin 13 | Beta-defensin 13 NM_G01001780
{AvBD13) prepropeptide (GAL11) | {GAL13) (GAL13)

Avian @-defensin 14

(AvBDI14)°

* NCBI RefSeq database (hitp://www.nobinlm aib.goviRelSeq?),

b Avian B-defensin 14 has recenlly been deposited in the GenBank dulubase as gallinacin 14 (GAL14)

{AMA02954).

Table 1.1; Nomenclature of avian §-defensins (adapted from Lynn et al., 2007}



http:////'ww.ncbi.nlm.nih.gov/RejKeq/
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Transgenic mice expressing human enteric defensin 5 have complete protection
against normally lethal doscs of serovar Typhimurium (Salzman et /., 2003). Also,
mice deficient in matrilysin, the protein responsible for the activation of enteric
defensins, are more susceptible to serovar Typhimurium infection (Wilson et al., 1999),
AvBD1 and AvBD2 were first isolated from chicken heterophils and both elicit a potent
antimicrobial action against serovar Enteritidis in vitro (Evans ef al., 1995; Harwig et
al., 1994). AvBD3 has been isolated from chicken epithelial tissues including the
tongue and the large intestine (Zhao et al., 2001), and AvBD9 has been isolated in
relatively high lcvels ftom the oesophagus and the crop, with moderate levels found in
the rest of the gastro-intestinal tract (van Dijk ef al., 2007). A recent analysis ofthe
distribution of AvBD4, AvBD5 and AvBD6 through chicken epithelial tissue has shown
that AvBD4 is ubiquitous in its distribution, whereas AvBDS5 and AvBDG6 are specific to
epithelial tissues including the ovary (Avi3D5 and AvBD6), trachea (AvBD6), and lung
(AvBDS) (Milona er a!l., 2007). Furthermore, there is an up-regulation of AvBD4 in the
liver in rcsponse to infection with serovar Enteritidis (Milona e/ ., 2007). Expression
of AvBDS5 and AvBD®6 is not induced in vivo during infection with serovar Enteritidis,
but in vitro assays demonstrate that AvBD4, AvBDS and AvBDS all have antimicrobial
activity against serovars Enteritidis and Typhimurium (Milona ez al., 2007).

Inducible nitric oxide synthase (iNOS) is a free radical-generating system found
in a variety of cells, but most commaonly described in macrophages, that has potent
antimicrobial functions. Inducible NOS is a cytusolic cnzyme absent in resting cells but
induced following stimulation. In macrophages, iINOS can be induced in IFN-y primed
cells in response to LPS. In non-immune cells, iNOS production follows stimulation
through the JAK/STAT signalling pathway. The enzyme functions by catalysing the

conversion of arginine to citrelline n order to produce nitric oxide (NQO), NO has many
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roles and functions. It is a potent endogenous vasodilator, is involved in
neurotransmission, inflammation, thrombosis, immunity, and in the control of cell
growth and cell death (Bredt and Snyder, 1994; Dawson and Dawson, 1995). Tt can
therefore be a useful indicator of induction of an inflammatory immune response. When
produced in acidic phagosomes, NO combines with hydrogen peroxide or superoxide
anion to produce highly reactive peroxynitrite radicals, which have a potent
antimicrobial function. This makes NO important in controlling intracellular infections.
Measuring the NO produced by a cell can give an indication of both the immune
response to, and the ability ol a cell Lo clear, intracellular pathogens. NO levels can be
measured in cell culture supernatants using the Griess assay. Nitrite is a stable
breakdown product of NO and can be measured using a diazotization reaction originally
described by Gricss in 1879, Pathogens may intertere with iNOS induction in order to
ensute successtul intracellular survival. Immuno fluorescence microscopy has
demonstrated that scrovar Typhimurivin without a functional SPI-2 can effectively co-
localise INOS, but wild-type bacteria are unable to do this (Chakravortty et al., 2002).
This suggests that the SPI-2 systemn interferes with the localization of iINOS during

intracellular infections (Chakravortty et ed., 2002).

1.6 Aimas and objectives of the study

'The overall aim of this research was to investigate the role of SPI-1 and SPI1-2 in
persistent Salmonella enterica serovar Pullorum infection in the chicken. There are
several different stages of disease during infection with serovar Pullorum, including the
mitial exit of the bacteria from the gut, the move to systemic sites, low-level bacterial
persistence within systemic sites, followed by a rapid increase in bacterial numbeys at

the onset of sexual maturity in female birds and subsequent colonisation of the
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reproductive tract. The mechanisms leading to this colonisation are not known, but it
results in vertical transovarian transmigsion to subsequent generations (Snoyenbos,
1991). Previous work has implicated SPI-1 and SPI-2 TTSS as being important in the

carlicr stages of infection. The SPI-1 TTSS is wnvolved in, but not essential for, the

establishment of a systemic infection (Wigley et ai., 2002). SP1-1 TTSS-attenuated

seravar Pullorum mutants were reduced in virulence in orally infected day-old chicks

when compared to wild-type bacteria (Wigley et al., 2002). The study also
demonstrated that the SPI-2 TI'SS was essential for virulence by serovar Pullorum
(Wigley et al., 2002), SPI-2 T'I'SS-attenuated mutants showed no reduction in
invasiveness, but were fully attenuated for virulence as they could not establish
successful systemic infection and were rapidly cleared from systemic sites {Wigley ef
al., 2002). This project will therefore concentrate on the carly stages of infection, i.e. the
initial invasion event in the gut, the movement of the bactetia to systemic sites and the
establishment of persistence at these sites. Previous studies have concentrated on
whether or not SPI-1 and SPI-2 TTSS contribute to virulence and not on the actual
virulence mechuanisms. The effect of serovar Pullorum infection on the host immune
response has therefore not yet been investigated. As serovar Pullorum interacts so
closely with the host, virulence will be delermined in part by the host immune response.
This study will therefore investigatc the cffect of SPI-1 and SPI-2 TTSS on the host
imimune response in order to determine some of the bacterial virulence mechanisms.
Due to the lack of an obvious visual pro-inflammatoty immunc response following
infection with serovar Pullorumy, in contrast to infection with other S. eniterica scrovars
(Hendersou ef al., 1999), it is likely that the bacteria modulate the host immune
response. This study aims to determine the involvement of SPI-1 and SPI-2 TI'SS in

immune modulation by the bacteria. To do this, the project will use both ir vive and in
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vitro infection models. The hypothesis is that serovar Pullorum actively down-regulate
the pro-inflammatory host immune response during infection to aid in establishment and
persistence. To investigate this hypothesis, comparisons will be made with responses to
serovar Enteritidis.

An important consideration when investigating the role of pathogenicity islands
is the use of suitable bacterial mutants in vitro and in vivo. Although a bacterial mutant
in both the SPI-1 TTSS (Jones ef af,, 1998; Wigley et al., 2002) and SPI-2 TTSS (Jones
et al., 2001; Wigley ef al., 2001) already exists, these constructs were engineered via an
insertion mutation and were not deemed to be sufficiently stable for long-term iz vivo
work. An initial aim of'the project Will therefore be to construct stable bacterial mutants
in a range of selected genes using the A-Red mutagenesis technique, which has not been
previously used with scrovar Pullorum.

Using in vitro techniques to determine virulence has the advantage of
concentrating on specific cell types and therefore separates out the different responses
of these cells to infection. The movement of bacteria out of the gut during serovar
Pullorum infection of the chicken occurs through areas of organised gut-associated
lymphoid tissue (GALT) (Henderson et al., 1999). 1t is difficult to accurately replicate
these areas of GALT in vitro, and therefore the most appropriate ccll model to use is
that of intestinal epithelial cells. No chicken intestinal epithelial cell line has yet been
developed and so an alternative must be used. Chick kidney cells (CKC) contain a high
proportion of epithelial cells, relatively few phagocytic cells, and are readily invaded by
a range of 8. enterica serovars (Barrow and Lovell, 1989). CKC have been used in
previous studies to model different aspects of the Salmonella invasion event, and
consequently are now accepted as the best available model for chicken gut epithelial

cells (Kaiser et al., 2000; Wigley et al., 2002). A different cell type is needed to model
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persistence. Macrophages are sites of persistence during systemic serovar Pullorum
infection (Wigley et al,, 2001) and they arc thercefore the most useful cell type for study
when modelling this event. Although a chicken macrophage-like cell line, HD11, is
already widely available tor use (Beug ¢/ @l., 1979), previous attempts (0 use this cell
line to model serovar Pullorum persistence have been unsuccessful (Paul Wiglcy,
personal communication). This could be due to the fact that once the cells are infected
they cannot be kept for a long-enough period of time in culture to observe the
phenotype. One of the aims of the project will therefore be to develop a new appropriate
cell model for use in persistence assays. Development of this cell model will require
characterisation of the cells, a secondary aim of the project. The main aim of the in vitro
studics will be to determine the effect of the SPIE-1 and SPI-2 TTSS during infection of
CKC and macrophages with serovar Pullorum. The hypotheses are that there will be a
SPI-1-mediated down-regulation in pro-inflammatory cylokine production during
infection of CKC and that there will be a SP1-2-mediated down-regulation in both pro-
inflammatory cytokine production and in NO synthesis during infection of macrophages
with serovar Pullorum. Also, that functionality of the 8P1-2 is necessary for long-term
petsistence in macrophages.

Although in vitro assays cnable the dissection of the host immune response, with
regards to the specilic cells mvolved in the infection, they do not give a true picture of
what is happening during infection. The itmmune response of an organism is very
intricate, involving a complex network of interactions between different components of
the immune system. The ability to carry out experimental infections in vivo gives a
valuable overview of the interactions between pathogen and host. The main aim of the
in vivo rescarch in this project will be to mvestigate the chicken immune response

during carly-stage serovar Pullorum infection, to test the hypothesis that SP’I-1 enables a
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quicker and quieter establishment of systemnic infection, by reducing the pro-
inflammatory immune response and thereby reducing host-mediated pathogenesis in the
gut,

The project, therefore, will usc a range of techniques to establish the role of the
SPI-1 and SPI-2 TTSS in persistent systemic infection in the chicken with serovar
Pullorum. This should enable a better understanding of the mechanisins by which
serovar Pullosrwimn bacteria seemingly avoid detection and clearance by the host during

infection.
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Chapter 2: Materials and Methods

2.1 Molecular techniques
2.1.1 Polymerase Chain Reaction (PCR)

2.1.1.1 Standard colony PCR

Polymerase chain reactions {(PCR) to amplify specific DNA sequences were
performed in standard 50 gl rcactions. A small number of live bacteria, less than half of
a bacterial colony, were used to provide template DNA for the reaction, which was
estimated as approximately 40 ng DNA using a spectrometer. The reaction also
contained 1 x PCR Buffer (Invitrogen), 1.5 mM MgCl, (Invitrogen), 0.2 mM dN'I'Ps
(Invitrogen), 0.2 uM of each Primer (Sigma-Genosys) and 1 unit of 7ag Polymerase.
Typical cycle conditions were:

Denaturation 95°C 10 miin 1 cycle

Denaturation 95°C 30 scc \l

Annealing 50°C* 30 sec = 25 cycles

Extension 72°C 30 sce ,(

Extension 72°C 10 min 1 cycle
(* The annealing temperature was varied according to the melting temperature of the
primers used).

The reactions were performed using an Eppendor{ Mastercycler PCR machine,

2.1.1.2 PCR for A-Red Mutagenesis
PCR for the A-Red mutagenesis technique was also performed in a standard 50

pl reaction containing 40 ng template DNA, 1 x PCR Butffer (Invitrogen), 2 mM MgCl,
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{(Invitrogen), 0.2 mM dNTPs (Invitrogen), 0.3 pM of each Primer (Sigma-Genosys) and
1 unit of Tag Polymerase. Typical cycle conditions were:
Denaturation 95°C 1 min 1 cycle

Penaturation 95°C 30 sec

Annealing 55°C* 30 sec == 29 cycles
Extension 72°C lmin .
Extension 72°C 5 min 1 cycle

(* The annealing temperature was varied according to the melting temperature of the
primers used).

The reactions were performed using an Eppendorf Mastercycler PCR machine,

2.1.1.3 Agarose gel electrophoresis

‘T'o determine the success of the PCR and to visualise the size of the product, 2
ul loading buffer (Invitrogen) were added to 10 gi of PCR product. The product was
then loaded onto a 0.8% agarose gel containing cthidivm bromide (1 pg/ml) and
electrophoresed in 1 x {ris-borate-EDTA (TBE) buffer (Sigma) for approximately 1 h at
100 V. The addition of ethidiwm bromide enabled visualisation of the DNA following
electrophoresis using an ultraviolet transilluminator connected to a camera and a

monitor.

2.1.2 Purification of PCR product

2.1.2.1 PCR product divect purification

The QIAquick PCR Purification Kit {Qiagen) was used for PCR product
purification as per the manufacturer’s instructions. Five volumes of buffer PB were

added to 1 volume of the PCR sample, mixed, then placed onto a QlAquick spin column
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in a 2 ml collection tube and centritfuged for 1 min at 13,000 x g. The addition of buffer
PB to the PCR product resulted in a high salt concentration which enabled binding of
the DNA to the silica-mcmbranc, whilst non-DNA contaminants passed through the
column. The flow-through was discarded and the column placed back into the same
collection tube. The bound DNA was then washed by the addition of 0.75 ml of buffer
PE to the column followed by centrifugation for 1 nin at 13,000 x g to remove any
impurities. Again, the flow-through was discarded and the column placed back into the
same collection tube and centrifuged for a forther minute at 13,000 x g. The column was
placed inio a clean microcentrifuge tube and the DNA then eluted by centrifugation at

13,000 x g for 1 min in an appropriate amount of H.O (Sigma).

2.1.2.2 Gel purification of PCR products

After electrophoresis through an agarose gel (section 2.1.1.3), fragments of
interest were excised and purified using the QLAquick Gel Puritication Kit (Qiagen) as
per the manufacturer’s instructions. The excised gel fragments were weighed i clear
microcentrifuge tubes and 3 volumes of buffer QG were added per 1 volume of gel. The
gel fragment was incubated with buffer QG at 50°C for 10 min to dissolve the fragment,
vortexing every 2-3 min to mix. The dissolved gel fragment i buffer QG was then.
placed onto a QlAquick spin column in a 2 ml collection tube and centrifisged for 1 min
at 13,000 x g. The addition of buffer QG to the PCR product resulted in a high salt
concentration which enabled binding of the DNA to the silica-membrane, whilst non-
DNA contaminants passed through the column. The flow-through was discarded and the
column placed back into the same collection tube. The bound DNA was then washed by
the addition 0£0.75 ml ofbulfer PE to the cotumn followed by centrifugation for 1 min

at 13,000 x g to remove any impurities. Again, the flow-through was discarded and the
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columm placed back into the same collection tube and centrifuged for a further minuic at
13,000 x g. The column was placed into a clean microcentrifiige tube and the DINA then
eluted by centrifugation at 13,000 x g for 1 min in an appropriate amount of H,O

(Sigma).

2.1.3 Plasmid DNA preparation

Qiagen Plasmid Midi Kits (Qiagen) were used to purify plasmid DNA. Qiagen
plasmid purification protocols are based on a modified alkaline lysis procedure followed
by the binding of plasmid DNA to Qiagen anion-exchange resin under appropriate low-
salt and pH conditions. The plasmids in lab £. coli A-pir strains were cultured overnight
in 100 ml selective LB medium at an appropriate ternperature (i.e. 37°C for non-
temperature-sensitive plasmids or below 30°C for temperature-sensitive plasmids) with
vigorous shaking (300 rpm). The bacterial cells were harvested by centrifugation at
6,000 x g for 15 minutes at 4°C, and the rosulting pellel re-suspended in 4 ml o { buffer
P1. Then 4 ml of buffer P2 worc added to the re-suspended cells und mixed thoroughly
by inverting the sealed tube 6 times. The mixture was then incubated at toom
temnperature for 5 min. Chilled buffer P3 (4 ml) was then added to the lysate, which was
mixed thoroughly by inverting 6 times. The lysate was then incubated on ice for 15 min,
then centrifuged at 20,000 x g for 30 min at 4°C, and the supernatant containing the
plasmid DNA removed. The supernatant was then centrituged again at 20,000 x g for 15
min at 4°C 10 remove suspended and particulate material trom the lysate and the
supcrnatant removed immediately. This centrifugation prevents the application of
particulate material to the Qiagen-tip 100 which could block the flow. The Qiagen-tip
100 contains an anion-cxchange resin which binds plasmid DNA under low-salt and pH

conditions. To cquilibrate the Qiagen-tip 100, 4 ml of buffer QBT were run through the
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column by gravitational How. The supernatant was then added to the column and
allowed to run through by gravitational flow. RNA, protcins and low molecular weight
impurities were removed by medium-salt washes of 2 x 10 ml buffer QC. Plasmid DNA
was eloted in the high-salt buffer QF. The DNA was concentrated, desalted by
precipitation in 0.7 volumes of isopropanol and pelleted by centrifugation at 15,000 x g
for 30 min at 4°C. "T'he supcrnalant was carelully removed from the DNA peliet, which
was then washed by adding 2 ml of room temperature 70% ethanol, and centrilugation
at 15,000 x g for 10 min. The supernatant was carefully removed from the DNA peliet,
which was then left to air-dry for 10 min. The pellet was then re-suspended in 100 pl

H,O (Sigma).

2.1.4 RNA cxtraction

2.1.4.1 Collection and homogenisation of samples from cells

RNA was extracted from cells using the RNeasy Kit (Qiagen), following the
manufacturer’s protocol. The supernatants were removed from cell monolayers and
cells were then lysed by the addition of 350 gl RLT buffer. RLT buffer contains the
highly denaturing chemical guanidine isothiocyanate, which acts by immediately
inactivating RNases and lysing the cells. Samples were homogenised by centrifugation

at 13,000 x g for 2 min through a QlAshredder (Qiagen).

2.1.4.2 Collection and homogenisation of samples from tissues

Tissues (below 30 mg in weight) were removed from birds and placed directly
ito cryovials containing 500 il RNAlater (Qiagen). The cryovials were stored
overnight at 4°C to enable effective penetration of the tissues with RNA/afer, then

transferred to -20°C for storage until processing. To extract the RINA, the tissue was




removed from the RNAlater and weighed to ensure its weight was below 30 mg, then
transferred into a cryovial containing 600 ul RLT butfer and a sterile 3mm stainless
steel bead. The sample was then disrupted and homogenised in a Retsch MM300 bead
mill. The lysate was then centrifuged for 3 min at 13,000 x g and the supernatant

carefully removed and transferred to a new tube,

2.1.4.3 RNA cxtraction from homegenised lysate

To extract the RNA from the homogenised lysates of samples, 70% ethanol {1
volume) was added to the homogenised lysate and mixed. The lysate was then
transferred to an RNeasy spin column in a 2 ml collection tube, and centrifuged at 8,000
x g tor 15 sec. The RNA binds to the silica-based membrane of the RNeasy column,
made possible by the addition of ethanol to the lysate which provides the appropriate
binding conditions, The flow-through was discarded. Buffer RW1 (700 p1) was added to
the column and it was then centrifuged at 8,000 x g. The flow-through was discarded
and the column transferred to a new collection tube. The column was washed by the
addition of 2 x 500 ul of buffer RPE with centrifugation for 15 sec at §,000 x g for the
first wash, and centrifugation for 2 min at 8,000 x g for the second wash, discarding the
flow-through. The collection tube was discarded and replaced with a new tube to collect
residual fluid by centrifagation at 13,000 x g for 1 min. RNA was eluted into a fresh
tube following the addition of 30 ul DEPC-11,0 for preparations from cells or 50 pl for
preparations from tissues to the colwmn, then centritugation at 8,000 x g for 1 min.

Samples were stored in the short-tern at -20°C, and at -80°C in the long-term.
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2.1.5 Real-T'ime Quantitative RT-PCR

To quantify levels of cytokine and avian 8-defensin mRNA in cell and tissue
samples from assays, real-time quantitative R'T-PCR (qRT-PCR) was used. The
TaqMan assay uses specially designed reagents with a sequence detection system to
quantify mRNA expression through a PCR-based assay. Laser scanning technology
within the sequence detection system excites fluorescent dyes in the TagMan probes,
and Real-Time sequence detection sofiware allows the visualization of increases in
detectable fluorescence. TagMan probes are designed to the target sequence of RNA,
with a quencher dye at the 3” end and a fluorescent reporter dye at the 5” end. When the
probe is intact, the close proximity of the quencher to the reporter suppresses the
reporter’s fluorescence. During the PCR, forward and reverse primers hybridize to the
target sequence within the sample RNA, and the TagMan probe then hybridizes to the
target sequence within the PCR product. Taq polymerase then displaces the 57 end of
the probe, before cleaving it with its 57-3” nuclease activity during the extension phase
of the PCR. This cleavage evenl separates the reporter and quencher dycs, resulting in
an increase in the detectable fluorcscence of the reporter dye. This change in detectable
fluorcscence is directly proportional to the increase in PCR product. Detectable
fluorescence is determined at cach of the 40 cycles of the PCR cycle. An endogenous
control (housekeeper gene) is used to normalise the quantitation of the mRNA target for
differences in the amounts of total RINA added to each reaction. This method is widely
used for quantitatively measuring levels of specific cytokine mRNA in samples. RNA
was purified from the samples and real-time qQRT-PCR performed using the Reverse
Transcriptase gPCR™ Master Mix kit (Eurogentec). Experiments were performed in

parallel to detect both gene-specific as well as 285 rfRNA-specific amplification. The




58

detection ofthe housekeeping gene 288 rRNA allows for the normalisation of RNA
amounts in each sample.

The primer and probe sequences for the cytokines and 288 were provided by Dr
Pete Kaiser (IAH), and the primer and probe sequences for the avian g-defensins were
provided by Annelise Soulier (IAF). These are shown in Table 2.1, The probes were
labelled with 5-carboxyfluorescein (FAM) at the 5' end and the quencher N,N,N,N'-
tetramethyl-6-carboxyrhodamine (TAMRA) at the 3' end. Although a DNase digestion
step was not performed during RNA extraction, the silica-based columms provided in
the RNeasy kit are designed to preferentially bind to RNA, thus minimising
contamination from genomic DNA. As an additional measure taken to minimise false
posilives from DNA contaminalion, either one of the primers or the probe used for cach
message had been designed spanning an intron/exon boundary. Te maximise specificity,
both the primers and probe were designed to be 18-30 bases long, with 30-80% GC
content, Mis-priming of the probe was minimised by ensuring that there were less than
4 contiguous Gs. The Tm of the primers was 58-60°C, whilst the Tm of the probe was
68-70°C. A 5' G was avoided in the probe as this quenches the fluorophore. The 3' end
of the primer was designed as close as possible to the probe to keep 5' nuclease activity
at an optimum.

Real-time gRT-PCR measures the accumulation of PCR product during the
experimental phase ol the reaction through the detection of the reporter dye. Whilst the
probe is intact, the quencher dye is located in close proximily and so absorbs the
emission from the reporter dye. During the extension phase ofthe PCR reaction, the 5'-
nuclease activity of the #7t4 DNA polymerase hydrolyses the probe and in doing so
separates the quencher from the reportcr. Results are expressed as threshold cycle

values (C\), when the increase in fluorescence emission, subtracted from background




Probe/Primer Sequence (5°-3°)

“Probe

Forward
Reverse

Optimal primer
councentration
(sM)

(FAMY-AGGACCGCTACGGACCTCCACCA{TAMRA)
GGGGAAGCCAGAGGAAACT
GACGACCGATTTGCACGTC

06

IL-18

Probe
Forward
Reverse

(FAM)-CCACACTGCAGC TGGAGGAAGCC-{ TAMRA)
GCTCTACATGTCGTGTGTGATGAG
TGTCGATGTCCCGCATGA

0.4

IL.-6

Probe
Forward
Reverse

(FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-(TAMRA)
GCTCGCCGGLTTCCA
GGTAGGCTGAAAGGCGAACAG

iL-18

Probe
Forward
Revarse

(FAM)-CCGCGCCTTCAGCAGGGATG-(TAMRA)
AGGTGAAATCTGGCAGTGGAAT
ACCTGGACGCTGAATGCAA

0.8

CXGLi1

Probe
Forward
Reverse

(FAM}TGGCTCTTCTCCTGATCTCAATG(TAMRA)
GCACTGGCATCGGAGTTCA
TCGCTGAACGTGCTTGAGCCATACCTT

04

CXCLi2

Frobe
Farward
Reverse

{FAM)-GCCCTCCTCCTGGTTTCAG-{TAMRA)
TGGCACCGCAGCTCATT
TCTTTACCAGCGTCCTACCTTGCGACA

0.6

AvBD1

Probe
Forward
Reverse

(FAM)}-ATCCTGCAGCACCCTGGGCCA{TAMRA)
TGCTCCTCCCCTTCATCCT
GAAAACAATCTGACTTCCTTCCTAGAG

AvBD2

Probe
Forward
Reverse

(FAM)-CCAGGTTTCTCCAGGGT TGTCTTCGC-(1AMRAY
CCTGCTTTTCTCTCTCCTCTTCCT
CCCTCCTTTACAGAAGAGCATGT

1.0

AvBD3

Probe
Forward
Reverse

(FAM)-TGGCAGTTCCTGCAGCACCCTG-(TAMRA)
CATCCCCTTCTTCCTCTTGTITC
CACGACAGAATCCTCCTCTTATTCT

0.8

AVEDS

| Probe

Forward
Reverse

(FAM)-CAGCCCTGGTTCTGCCCGGA{TAMRA)
AGATCCTGCCTCTCCTCTTTGC
CCCACGGCGCTCACAGT

0.6

AvBD14

Prabe
Forward
Reverse

(FAM)-CCCAGCCTGCACCAGAG T CGGA-{TAMRA)
CTGTITCTTGTTCTCCTGGCAGTA
CTTCATCTTCCGACATGTGACAGT

0.6

Table 2.%:

Primers and Probes for Real-Time gRT-PCR




signal, passes a significant threshold. Amplification and detection of specific products
was performed using the ABI PRISM™ 7700 Sequence Detection System, with the
following cycle profile: 1 cycle of 50°C for 2 min, 60°C for 30 min (reverse
transcription step) and 95°C for 5 min (hot stait), and 40 cycles 0T 94°C for 20 sec
{denaturation step) and 59°C for 1 min (annealing and extension).

Experimental primor concentrations bad been optimised previously and were
supplied by Dr Pete Kaiser (IAH) and Annelise Soulier (IAH). These are shown in
Table 2.1.

Each RT-PCR reaction {25 ul} was sct up as described below:

2 X Master mix {(Eurogentec gRT-PCR kit) 12.50 ul
Enzyme (Eurogentec qRT-PCR kit) 0.125 ul
Forward primer 0.50 pl
Reverse primer 0.50 ui
DEPC-H,O 5.875 pl
Total RNA 5.00 pl

To generate standard curves for the cytokine, avian S-defensin and 285 rRNA-
specific reactions, total RNA exiracted from . coli LPS-stimulated HD11 cells was
serially diluted in sterile DEPC-H,O and difutions made from 10™ to 10°. Each
experiment contained three no-template controls, test samples in triplicate and a logie
dilution series (standard curve) in triplicate,

The threshold AR, (change in the reporter dye) was determined as the lowest
fluorescence detected above background that was on the exponential phase of the
standard curve, and this factor was kept constant throughout the éexperiment. Bascline

values were set to those cycles in which there would be insufficient product for

60
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detection and were also kept constant throughout the cxperiment. Any product detected
during these cycles was considered as background and subtracted from measurements.

Results are calculated as described in Moody ef al. (2000) and in Kaiser et al.
(2000). Results are expressed in terms of the cycle threshold value (Cy), which is the
cycle at which the change in the reporter dye (AR,,) passes a significant threshold. Cycle
threshold values are expressed subtracted from 40 which is the negative end point of the
assay. Therefore, higher values represent higher levels of cytokine mRNA. To control
for variation in sampling and RNA preparation, the C, values for cytokine-specific
product for each sample were standardized using the C; value of 2885 rRNA product for
the same sample from the reaction run simullancously. To normalize RNA levels
between samples within an experiment, the inean C; value for 288 rRNA-specific
product was calculated by pooling valucs from all samples in that cxperiment. Tube to
fube variations in 288 rRNA C; values, about the experimental mean, were calculated.
The slope of the 28S rRNA log)o dilution series regression line was used to calculate
differences in input total RN A. Using the slopes of the respective cytokine logp dilution
series regression lines, the difference in input total RNA, as represented by the 285
rRNA, was then used to adjust cytokine-specific C values.

In summary, to calculate the corrected C, values (D;;), a normalisation factor (N;)
was added to the sample mean (Cy). The normalisation factor was calculated by
dividing the sample slope (S) by the 288 slope (S} and multiplying this by the value
obtained from the mean ofthe 288 C values (Cy') for the associated samples subtracted
from the median of the 28S Cvalucs (D)) for the associated samples. The equations are
shown below:

Dy =Cy+ N,

where N; = S (D'« Cy)
S!
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2.2 Microbiological techniques
2.2.1 Bacterial strains

A spontaneous nalidixic acid-resistant {Nal') mutant of S. enferica serovar
Pullorum 449/87 was provided by Professor Paul Barrow and was grown from stocks
maintained at -70°C in Luria Bertani (LLB) broth supplemented with 30% v/v giycerol.
This strain was originally ffom the Veterinary Laboratories Association, where it had
been isolated from a case of Pullorum Discase which had occurred in free-range birds,
and has been previously well characterised (Berchieri ef 4/., 2001; Wigley er af., 2001).
The strain containing a mutation in spasS, a structural component of'the SPI-1 TTSS,
was provided by Mike Jones and had been generaled by conjugation of the suicide
plasmid pSST (Jones ef 4l., 1998) into scrovar Pullorum 449/87 Nal' to make an
insertion mutant. This mutant is referred to in the text as spaS™. The strain containing a
mutation in ssaU, a stroctural component of the SPI-2 TTSS, was also provided by
Mike Jones and had been generated by the conjugation of the suicide plasmid pSS2
(Jones ef al., 2001) into serovar Pullorum 449/87 Nal' to make an insertion mutant. This
mutant is referred to in the text as ssaU. A spontaneous nalidixic acid-resistant (Nal)
mutant of S. enterica serovar Enteritidis 125109 was provided by Professor Paul
Barrow, and was grown from stocks maintained at -70°C in LB broth supplemented
with 30% v/v glycerol. This strain was isolated Fom a poultry farm that had been
identified as the cause of a human outbreak by the Public Health Laboratory in
Colindale, and has previously been well characterised (Barrow 1991; Barrow and
Lovell, 1991; Barrow et al., 1991; Halavatkar and Barrow, 1993; Berchieri ef af., 2001).
The bacteria were streaked aseptically onto LB agar using an inoculating loop and

incubated overnight at 37°C. To obtain single colonies, the overnight growth was
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touched with a sterile inoculating loop and re-streaked in three slages onto fresh LB
agar, incubating overnight at 37°C.

Before use, bacteria were grown to a late log phase of growth, by inoculating LB
broth with a single colony and culturing for 16 h at 37°C in an orbital shaking incubator
at 160 rpm, then using this culture to re-inoculate a fresh LB culture at 1/1000. This
culture was then grown for a further 4 h in the same conditions, until the optical density
(OD) of the culture was either 0.25 for serovar Pullorum or 0.4 for serovar Enteritidis,

at which point the bacterial concentration of the culture was 1x10® cells/ml.

2.2.2 Competent cells

Competent cells were made by aseptically inoculating 10 ml of LB with the
required bacterial culture, then growing overnight (16 h) in an orbital shaking incubator
at 37°C, 160 rpm. This overnight culture (1 ml) was used to aseptically inoculate 100 ml
of LB, which was then grown for 4 h under the same conditions to obtain ccils at the
late log growth phase. The culture was then put on ice at 4°C for 10 min to halt growth.
The culture was then split into two 50 mi polypropylene tubes (Falcon), and the cells
were pelleted by centrifuging the culiure at 3, 500 x g for 15 min at 4°C. The
supernatant was then removed and the cells in each polypropylene tube re-suspended in
50 ml Super-Q water. The cells were then centrifuged at 2,000 x g for 12 min at 4°C
and the supernatant removed from each cell pellet. The cells were re-suspended in. 50 ml
Super-Q water per polypropylenc tubce and centrifuged at 2,000 x g for 12 min at 4°C,
The supernatant was removed from cach ccll pellet and the cells re-snspended in 2 ml of
sterile 10% glycerol The cells were centrifuged at 2,000 x g for 12 min at 4°C and the

glycerol supernatant poured off the pellet. Due to the viscosity of glycerol, a small
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amount (approximately 500 ul) was left in each polypropylene tube and the cells were

re-suspended in this. The competent cells were immediately stored at -80°C until usc.

2.2.3 Agglatination assays

Slide agglutination assays can be used to determine if a bacterial colony has an
intact (smooth) or damaged {rough) LPS coat. They can also be used to determine the
antigenic identification of the colony. O surface antigens are somatic antigens from the
external part of cell wall LPS, and the different anligenic groups are used for
characterisation under the Kaufman-White serotyping scheme, as described in Chapter
1. The Salmonellu enterica serovars are part of the D group and serovar Pullorum can
be identified using the O9 surface antigen of this group. To deterinine whether the LPS
structute is intact, an inoculation loop-full of sterile PBS was put onto a glass slide.
Approximately half a cfu (colony forming unit) of the bacterial colony to be tested was
transferred from an LB agar plate to the glass slide aseptically using an inoculation
loop, and mixed well with the PBS. A loop-full of acriflavin (1 g/500 ml) was added to
the suspension on the glass slide and mixed well. If the suspension remained opaque
then the bacterial colony was deemed smooth. If agglutination was observed in the
suspension, then the bacterial colony was deemed rough. If the colony was smooth, the
antigenic identity of the bacterial colony was then determined by the addition of an
inoculation loop-full of O9 antisera. If agglutination was observed in the suspension,
then the bacterial colony was positively identified as S. enferica serovar Pullorum, A
negative control was performed using 027 antisera, to which serovar Pullorum would

be negative, to demonstrate the specificity of agglutination.
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2.3 Immunological techniques
2.3.1 Cells

2.3.1.1 Chick Kidney Cells

Chick Kidney Cells (CKC} were prepared as described in Barrow and Lovell
(1989) by the 1AII Compton Microbiological Services. Afler isolation, cells were
seeded at 5x10° cells/ml in 24-well plates in EMEM (Eagle’s modified Eagle’s
medium) containing 12.5% heat-inactivated newborn bovine serum, 10% trypose
phesphate broth (TPRB), 1% HEPES and 0.1% penicillin and streplomyein (from a stock
at 10,000 units/mi). After seeding, cells were incubated at 37°C, 5% CO; for 48 h before
use. Two hours prior to use, the monolaycr was washed to remove all traces of
antibiotics and the cell culture media was replaced with pre-warmed DMEM
(Dulbecco’s moditied Eagle’s medium) containing 12.5% heat-inactivated foetal bovine

serum and 10% TPB, adjusted to pH 7.0.

2.3.1.2 D11 cells

HD11 cells (Beug e al., 1979) are maintained by the JAH Compton
Microbiological Services. Cells were initially seeded in 24-well plates at 3x10° cells/ml
in RPMI 1640 containing 2.5% foetal bovine serum, 2.5% chicken serum (Sigma) and
10% TPB. After seeding, cells were incubated at 37°C, 5% CO- for 48 h before use.
Two hours prior to use, the monolayer was washed to remove all tra.cés of antibiotics
and the cell culture media was replaced with RPMI 1640 containing 2.5% heat-

inactivated foetal bovine seruim
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2.3.1.3 [solation of blood-derived nionocytcs

Birds were killed then bled by cardiac puncture and the blood collected via a
needle info syringes containing heparin to prevent clotting. The blood was diluted with
an equal volume of PBS and 5-10 mi were carefully overlayed onto 5 ml room-
temperature Histopaque 1083 (Sigma) in a 15 ml polypropylene tube (Falcon). The tube
was then centrifuged at 1,200 x g for 40 min without braking. After centrifugation, the
peripheral blood mononuclear cells (PBMC), which form a buffy coat at the inierface
between the red blood cells and serum, were removed and transferred to a new
polypropylene tube (Falcon). The volume was made up to 10 ml with PBS and the cells
pelleted by centrifugation at 1,200 x g for 10 min. The cells were then washed three
times in icc-cold PBS by centrifugation at 1,200 x g for 5 min at 4°C and re-suspended
at a concentration of 5x10° cells/ml in complete media. For approximately 100 ml
corplete media, 93 ml RPMI 1640 containing L-glutamine (Sigma) were supplemented
with 5 ml chick serum (Sigma), 2 ml HEPES, 100 ul gentamicin (IAH media stock at 50
mg/ml), 100 ul penicillin and streptomycin stock (IAH media stock at 10,000 units/mt}
and 200 pl nystatin (IAH media stock at 10,000 units/ml). The cell concentration was
delermined and cell viability was assessed by mixing equal volumes ot cell culture and
Trypan blue, then counting viable cells using a Neubaucr haemocytometer. Live cells
have the ability to exclude the dye Trypan blue whereas dead or dying cells do not. The
cells were cultured in 24-well flat-bottomed plates at 37°C, 5% CO,. After overnight
incubation, the medium was gently agitated to distodge non-adberent cells. The
supernatant containing the non-adherent cells (Iymphocytes and granulocytes) was
removed and replaced with fresh, pre-warmed complete media. Cells were incubated for
a turther 48 h before usc, replacing the supernatant with fresh complete media daily, to

remove contaminating thrombocytes.




2.3.2 Monoclonal antibody purification

2.3.2.1 Monoclonal antibody purification using protein G

Monoclonal antibody 2G11 (to chicken MHC class IT) was obtained as
technomouse fluid from Jim Kaufinan (IAH). This was gently passed through a 0.45 gm
filter to remove debris. Protein G sepharose fast flow beads (5 ml, Amersham} were
centrifuged at 300 x g for 5 min at 4°C. The supernatant was then removed and the
beads re-suspended in 10 ml starting buffer (20 mM sodium phosphate pH 7.0). The
bead solution was added to a C10 chromatography column (GE Healthcare Life
Sciences), to hold the beads which were used to bind the antibody, coupled with an
AC10 adaptor (GE Healthcare Life Sciences). The column was washed with 50 ml
starting buffer, The monoclonal antibody preparation was then loaded onto the column
and left to flow through so the antibody could bind to the beads. The column was then
washed with 50 ml starting buffer. The bound antibody was cluted with 20 ml glycine
elution buffer (0.1 M glycine pH 2.7) and collected in 1 ml fractions. The fractions were
collected directly into eppendorf tubes containing 60 ul neutralising buffer (1 M Tris-
HCI pIl 9.0) to neutralise the pH of the ¢luted antihody solution. The protein
concentrations of the fractions were then calculated in order to determine which
fractions containcd the highest levels of antibody, using the BCA assay kit (Perbio
Science) according to the manufacturer’s mstructions (described below). The fractions
with the highest protein (antibody) concentration were aliquotted into smaller volumes
and stored at -20°C until usc. The column was stripped by passing 20 ml of stripping

buffer (6 M guanidine hydrochloride) through it.
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2.3.2.1 BCA protein assay

Protein concentrations from samples were determined using the BCA™ assay
kit (Perbio Science) according to the manufacturer’s instructions. A standard curve was
prepared in a 96-well plate by performing a serial dilution of 2 mg/ml BSA (25 ul per
well). The BCA™ working reagent was made by adding 50 parts BCA™ reagent A to 1
part BCA™ reagent B. Experimental samples were added to the 96-well plate in 25 gl
volumes. BCA™ working reagent (200 ul} was added to every well and mixed
thoroughly. ‘The piate was then incubated at 37°C for 30 min protected from light. The
plate was then cooled to room temperature and the absorbance was measured in a plate
reader ai 562 nm. The protein concentration of the experimental samples wus

determined using the standard curve.

2.3.3. Detection of surface antigen by flow cytometry

Bone marrow-derived cells were stained for surface antigens by flow cytometry
using KULOT and 2G11 mAbs. In preparation [or flow cytometry, bone marrow-derived
cells were grown in low-adherence plates (Corning) as described in Chapter 3. Once
cells were ready for use, 100 pl of cell suspension at 1x107 cells/m! were added to a
round-bottomed 96-well plate. The plate was centrifuged at 350 x g for 1 min and the
supernatant briskly flicked off. The cell pellets were washed in FACS bufter (PBS
containing 10 mg/ml BSA and 0.2% sodium azide) by centrifugation at 350 x g for 1
min, then the supernatant briskly flicked off. t'o stain surface antigen, cells were mixed
and incubated with 100 gl of the appropriate concentratton for each mAb for 15 min at
room temperature, protected from light. For concentrations of mAbs and stains used sce
Table 2.2, Following staining, the cells were washed three times using FACS buffer by

centrifugation at 350 x g for 1 min, then briskly flicking the supernatant off the plate.
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To determine viability of the cell population, 50 ul propidium iodide (PT) was used, as
viable cells exclude this stain. When staining with PI, the cells were stained for 5 min
on ice, protected from light, followed by washing as previously, prior to analysis. Cells
(100 ui) from each well were added 10 plastic FACS Lubes containing 500 gl PBS and
kept on ice until analysis. The fluorescence of 10,000 cells in each sample was
measured on the fluorescence-activated cell sorter FACScan (Recton Dickinson) using
CELLquest™ software (Becton Dickinson). T'he instrument settings were sef up as
follows, saved and used for all repetitions of the assay. 'I'o capture the maximum
amount of cells, the voltage of the FSC and the SSC photomultiplier tubes were
adjusted using the unstained cells, until the bulk of the cells appeared in the lower left
quadrant of a FSC vs SSC dot plot. A “spill over” of one colour from one channel into
another can happen if the tluorochrome used is too bright or has a broad spectrum. To
minimise this, the compensation was adjusted using histograms for all the channels used
(FL1, FL2, FL3 and FL4). The data were analysed using FCS Express version 2 flow

cytometry analysis software (Dc Novo softwarc).

2.3.4 Staining for confacal microscopy

2.3.4.1 Phagocytosis assay

To demonstrate the phagocytic ability of primary cells, fluorescent beads were
added to the culture and visualised via confocal imaging. The beads used were
Fluoresbrite™ Carboxylate Microspheres, with a diameter of 0.50 y and Yellow-Green
(YG) in colour (Polysciences Inc.). The manufacturet’s lnstructions were followed
(Polysciences Inc., data sheet 430). The beads were supplied at a conceniration of
1.8x10° particles/ml and prior to the assay were first opsonised using normal serum to

tacilitate phagocytic activity. To opsonise, 1 mi o[ beads was incobated with 500 pl
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foetal calf serum (Sigma) and 500 ¢l PBS at 37°C for 30 min. Once opsonised, 10 ul of
the beads (at 9.0x107 cclls/ml) were added to 100 gl primary cells on a monolayer in
complete media (at 5x10° cells/ml) and incubated at 37°C for 1 h. The phagocytosis
reaction was stopped after 1 h by the addition of icc-cold PBS to the cells and mixing by
pipetting. The cell monolayer was washed three times in ice-cold PBS to remove all

adherent, non-phagocytosed beads.

2.3.4.2 Staining cells for confocal microscopy

Primary cells grown on a monolayer on glass coverslips in 24-wellplates were
stained with various antibodies and stains to identify both ultrastructure and cell surface
antigens (see ‘I'able 2.2). To reduce background staining a 15 min incubation step at
room temperature with 5% foetal calf serum (Sigma) in PBS was performed. Staining
was by incubation with the required antibody (see Table 2.2 for concentration uscd) for
15 min at room temperature protected from light. If necessary, this was followed by
incubation with a secondary antibody. This was followed by washing the cell monolayer
three times in PBS to remove excess antibody/stain. Staining of the cells to visualise
ultrastructure was performed at IAH Pirbright by Pippa ITawes. Cells used for ;this
purpose were first fixed for 1 hin 4% paralormaldehyde in PBS. The fixative was then
removed and replaced with PBS. The cclls were kept in PBS on ice for transport {o IAI
Pirbright, where the ccll monolayers were treated with 0.1% Triton-X 100 in PBS for 15

min to permeabilise cells then stained for confocul analysis as described above.

2.3.4.3. Confocal microscopy
Once all staining had been completed, the glass coverslips were removed from

the 24-well plate using forceps and dipped into deionised water. The coverslip was then
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Antibody/Stain

Antigen
recognised or
target for stajn

Working
concentration

Souree/refercnce

KULO1 {meurine mAb)

Unknown but a chicken

wacrophage matker

Confocai 1/5000
Flow cytometry 1/100

Southerm Biotech

25 pg/m} solution

2G11 (murine mAb) Chicken MHC class 11 | Confocal 1/1000 Dr Jim Kaufinan, IAH
Phalloidin conjugated to | Actin Canfocal 1/25 Invitrogen
Alexafluor 568
Tubnlin (murinc mAb) Tubulin Confocal 171000 Sigma ]
ERP60 (rabbit Ab) | Tumenal Endoplasmic | Confocal 1/200 Dr Paul Monaghan,
Reticulum JAH
DAPI Nucleus Confocal 1/10000 Sigma
TRITC (rabbit Ab) Murine Ig Confocal 1/10000 Molecular Probes
FITC (rabhit Ab) Murine [g Flow cytometry 1/20 Molecular Probes
Nile Red Lipid Bilayer Confocal 1/500 Molecular Probes
CC14 (muwine mAb) Bovine CD1 Flow cytometry 1/5 Machugh et al., 1988
Propidium fodide Dead/dying celis Flow cytometry 50 gl of | Sigma

Table 2.2: Antibodies and stains used for confocal microscopy and flow cytometry
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mounted onto glass slides using aqueous Vectorshield mount (Vector Laboratories),
sealing with nail varnish. The cells were examined under a Leica Sp2 microscope with

405, 488, 568 and 633 lasers at 63x using emersion oil. 1.CS Lite Leica confocal

software was used to analyse the images.

2.3.5 Transmission Electron Microscopy (TEM)

The cells were grown on a monolayer on 13 mm diameter Thermanox EM
coverslips (Science Services UK). The cells were fixed with EM fixative, which was
prepared as follows in the fume-hood, To make 0.2 M EM buffer, 50 ml solution A
(2.722 g sodium dihydrogen orthophosphate in 100 mi distilled water) were added to 32
ml solution B (8 g sodium hydroxide in 100 mi distilled water). The pH was checked
and adjusted to pH 7.2, and the solution diluted to 0.05 M in distilled water. EM fixative
was then made with 92 m! 0,05 M buffer plus 8 ml 0f25% gluteraldehyde and [.71 g
sucrose. The supernatant was carefully remwoved from the cell monolayer and the cells
were washed three times in PBS. Cells were then fixed in EM fixative and transported
immediately in the fixative to TAII Pisbright for processing and TEM imaging, carried
out by Pippa Hawes. Processing of the cells at IAH Pirbright was as follows. The cells
were incubated at room temperature in the EM fixative for approximately 2 h. The EM
fixative was then removed from the monolayer and replaced by 1% osmium tetroxide,
incubating at room temperature for 2 h. The 1% osmium tetroxide was then removed
and the cell monolayers dehydrated in an ethanol series (70% ethanol for 45 min, 90%
ethanol for 15 min, 100% ethanol for 2 x 15 min). The coverslips were then transferred
into polythene cups and washed in propylene oxide (a transitional fluid) for 15 min to
prepare them for the embedding process. The samples were infilirated with a 1:1 mix of

propylene oxide and epoxy resin for 30 min at room temperature on a rotator. The 1:1
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mix was removed from the coverslips and replaced with 100% epoxy resin. The cell
samples on the coverslips were infilirated for 1 h on a rotator. The coverslips were
transferrcd into fresh polythene cups containing fresh resin and polymerised at 60°C for
approximately 20 h. The Thermanox backing was then removed from the blocks leaving
the cells cmbedded iu the resin. The resin blocks werc then incubated at 60°C for a
further 24 . lmages of the cells cmbedded in the resin blocks were taken using a Tietz
F214 2k x 2k digital camera (Gauting, Germany} attached to a FE1 Technai 12

Microscope (Eindhoven, Netherlands).

2.3.6 Cecll stimulation
For assays requiring the stitnulation of cells, either | pg/ml £. cofi LPS (Sigma),
171000 v¢hIFN-y (from Dr Pete Kaiser, IAH Compton) or both were added to the culturc

for 24 h at 37°C, 5% COa.

2.3.7 Gentamicin protection assay

Bacterial cultures were added to the cells at 100 ul/ml of cells and allowed to
invade for | hat 37°C, 5% COs. A negative control of LB was also added to appropriate
cells for comparison. After 1 h, the supernatant was removed and replaced with the
appropriate media, according Lo the cell type, containing 100 pg/mi gentamicin. The
cells were then incubated for a further T h to kill all extracellular bacteria. The
supernatant was then removed and replaced with the appropriate media for the celi
culture, containing 50 pg/ml gentamicin, for the duration of the experimeni. To
determine the nitric oxide response to the bacteria at each time-point, the cell
supernatant was harvested for use in Griess assays. For RNA isolation, RLT buffer

containing S-mercaptoethano! (Sigma) was then added to the cell monolayer and the
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Iysate containing the mRNA from the eells was then harvested and stored at -20°C until
RNA isolation. To determine intracellular bacterial numbers at each timce-point, cells
were lysed for 10 min at 37°C, 5% CO:with 1% Triton X-100 in PBS, and dilutions of

the lysate plated aseptically onto plain LB agar.

2.3.8. Griess assay

The Griess assay is used to determine the nitrite concentration inn supcrnatants
from cell stimulation assays. A 100 uM nitrite solution was prepated in the buffer used
for the original ceil stimulation assay (i.e. commplete media). A nitrite standard curve was
constructed by performing a serial dilution in triplicate using 3 columns of a 96-well
plate (50 pl per well). Cell supernatant (50 pf) from each experimental samplc was then
added to the plate in triplicate. Room-temperature sulfanilamide (50 ¢l ofa 1 g/100 mi
i 2.5% phosphoric acid solution) was added to the standard curve and experimental
samples, then the plate was incubated for 10 min at room temperature protected from
light. Room temperature naphthylethylenediamide (50 gl ofa 0.3 g/100 ml in 2,.5%
phosphoric acid solution) was added to the standard curve and experimental samples
then the plate was incubated for 10 min at room temperature protected from light.

Absorbance was measured in a plate reader ut 550 nm. The nitrite concentration of the

experimental samples was calculated using the nitrite standard curve,

2.3.9 Supcroxide anion assay

Cells were grown on a monolayer at 5 x10° cells/ml in a 96-well plate and cither
fell un-stimulated or stimulated with 1/1000 rchIFN~y for 24 h. The supernatant was
removed from the cell monolayers and the cells were washed with phenol red-fiee

Hanks Buffered Saline Solution (HBSS) (Sigma). The cell monolayers were split into
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two groups {each containing stimulated and non-stimulated cells), A and B. To group A,
75 ul phenof red-free HBSS and 25 gl fearricytochrome C (2.7 mg/ml cytochrome C in
phenol red-free HBSS) were added. To group B, 50 pl phenol red-free HBSS, 25 pul
ferricvtochrome C and 25 ul SOD (superoxide dismutase, [ mg/ml) were added. A cell-
free control was also added to both groups. Then 10 ul PMA (10 pg/ml phoibol 12-
myristate 13-acetate in DMSO) were added to all wells, and the plate incubated for [ h
at room temperature protected from light. Supernatant (200 pl) from each well was
transferred into the cotresponding well in a new U-bottomed 96-well plate, to reduce
interference from particulate cellular matter when reading the plate. Absorbance of the
plate was read at 550 nm in a plate reader. Sodium dithionite (10 #l of I mg/m!) was
added to all wells on the plate and the absorbance read again at 550 nm using a plate
reader.

The amount of O~ was then calculated from the absorbance values as follows.
The total amount of ferricytochrome € reduction (% dithionite reduced) was deternyined
by expressing the first absorbance reading as a percentage of the absorbance reading
obtamed after dithionite treatment of the samples. The absorbance values of the SOD-
treated sumples were subtracted from the corresponding experimental samples (i.e,
experimental-SOD).
The equation used to calculate the nmol O;- released is as follows:

nmol Oz released = (experimental ~ SOD) x % dithionite reduced x 10.9 nmol

(N.B. 10.9 nmol is the amount of ferricytochrome C added to the reaction.)
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Chapter 3: Generation of bone marrow-derived macraphages

3.1 Introduction

Macrophages are a heterogeneous population of bone marrow-derived
mononuclear cells. This heterogeneity reflects the diverse {unctions of these cells. They
are potent innate effector cells with antimicrobial activities, and are integral in both
processing and presenting antigen to lymphocytes. Macrophages also function as
regulatory cells influencing both focalised and systemic responses by the secretion of
immmunomodulatory cytokines and metaboliles. Together, these functions help to clear
and protect against invading pathogens whilst minimising damage to the host.

The bone marrow is the site of production of all circulating blood cells through a
process called haematopoiesis. Progenitor cells within the marrow are stimulated to
differentiate down specific pathways by cytokines. Macrophages originate from a
monocytic lineage, and the production of thesc cells from mycloid progenitors is driven
by cytokines produced within the bone marrow. The main cytokine responsible for
driving this differentiation is GM-CSF (granulocyte-macrophage colosnty stimulating
factor); a haematopoietin which stimulates the growth and differentiation of
myelomonocylic stem cells. Once the cells have dilferentiated, they move to the blood
where they circulate as monocytes until they enter tissue, when they become
macrophages.

The activation of macrophages can be divided into two stages. The first stage
transforms naive cells from a “responsive” to a “primed” state, which decreases the
amount of secondary signal required for terminal activation. The model signal used in
vifro to prime the macrophage is [FN-y. IFN-y alters macrophage gene expression

(Hamilton and Adams, 1987; Tannenbaum ¢f al., 1988). The second stage of
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macrophagc activation results in terminal activation of the cell, and the model signal for
this is LPS. Although priming with IEN-y reduces the amount of LPS needed to activate
macrophages, prolonged exposure to LPS abolished the need for this priming (Johnston
et al., 1987).

Macrophages are often referred to as samnpling cells, due to their phagocytic
ability, which is a function of all sub-scts of these cclis. The extent of the phagoceytic
ability may vary between sub-sets of cells and this serves a variety of purposes.
Macrophages sample antigen through phagocytosts from their environment as they
travel through tissue. Once phagocytosed, these antigens are processed and broken
down into polypeptides, then presented to lymphocytes via the MHC. Another function
of phagocytosis is the internalisation of micro-organisms for destruction within
phagolysosomal vacuoles. This is again followed by the subscquent processing and
presentation of polypeptides from the antigen to Iymphocytes. Phagocytosis is also used
for the programmed climination of dead or dying cells. Macrophages can do this
effectively as they have an ability to distinguish self fiom non-self and also to
distinguish intected or dying from viable host cells. Phagocytosis can be described as
“specific”, which involves uptake of antigen via the Fc immunoglobulin receptor or the
C3 complementt receptor, or “non-specific”, which involves all other forms of
recognised antigen uptake.

Because macrophages are antigen presenting cells, their responses to bacterial
infection are central to the complex interactions between Salmonella and the host,
Extra-intestinal dissemnination of serovar Typhimurium to systemic sites in the mouse is
via CD18-expressing tissue macrophages (Vazquez-Torrez ef al,, 1999) and is a site of
persistence (Alpuche-Aranda ez al,, 1994) and of replication (Buchmeier and Heffron,

1989; Richter-Dahlfours et al., 1997, Salcedo et al,, 2001). Once inside the
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macrophage, scrovar 'I'yphimurium can influence both the expression of cell surface
molecules and the production of cytokines (Svensson et af,, 2001). Wigley et al. (2001)
demonstrated that spienic macrophages were a site of long-term persistence during
serovar Pullorum infeetion in the chicken using experimental in vivo infections and
confocal microscopy. The study of the avian macrophage is therefore important when
considering immune modulation and persistence of scrovar Pullorum in infections of
poultry.

Although macropbages play a key role in the host response to discase,
comparatively little has been done to investigate their role in avian species and
consequently methods for the isolation of primary macrophages are not as advanced and
well described as for mammalian macrophages. One routine method used to obtain high
numbers of murine primary cells is the isolation of peritoneal macrophages, but this
method in the chicken yiclds relatively low numbers of cells (Rose and Hesketh, 1974).
Other methods used by avian immunologists to obtain primary macrophages include the
isolation of bone marrow macrophages (Peck ef al., 1982), peripheral blood monocytes
(Vanio et af., 1983; Wigley et al., 2002), bursal-derived macrophages (Peck ef ul.,
1982), thymic-derived macrophages (Peck ef al., 1982) and splenic macrophages (Peck
et al., 1982; Wigley er al., 2001). Although these methods do indeed generate
macrophages, vields are low, and often not sufficient for use in extensive bacterial
invasion assays. This Chapter describes the development of a protocol for the isolation
oflarge quantities of primary macrophages from the chicken for use in subsequent
serovar Pullorum invasion and persistence assays.

Onc of the most widely used sources for macrophage isolation is the blood. The
isolation and culturc of primary monocytes from blood is possible because the

monocyte/macrophage cells are “sticky” and readily adhere to the plastic surface of
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culture vessels to form a monolayer. After approximately 48 hours, all dead or non-
adherent cells (i.e. contarmnating thrombocytes, erythrocytes, etc.) can be easily
removed by gentle washing of the monolayer. Another, more rapid, method of temoving
unwanted ccll types is by prior centrifugation of the blood over a Histopague 1086
gradient. Histopague 1086 has a density of 1.086, and consists ot ficoll and sodiwm
diatrizoate. During the centrifugation process, the ficoll aggregates the erythrocytes and
granulocytes causing them to sediment at the bottom of the tube, whilst the
mononuclear cells separate as a band at the plasma/Histopaque interface, where they
can then be harvested and washed before culture, However this method gives low yields
of cells. This is partly due to the difficuity of obtaining large amounts of blood from the
chicken. Another reason is that monocytes/macrophages cannot clonally expand in
culfure, and as the numbers of circulating monocytes in the blood is very low
(approximately 10% of the total immune cells) few cells can be harvested even with the
most careful isolation technique. Another primary macrophage isolation method, that
would avoid these problems and produce a very high yield, would be to isolate
myclomonocytic stem ecells and subsequently differentiate them (o the monocyie lineage
(as one progenitor will yield many monocyte/macrophage cells). This method relies on
the stitnulation of the progenitor cell with GM-CSF to produce monocyte/macrophage
cclls, and the lack of stimulation of other types of progenitor celk.

The culture and stimulation of pluripotent stem cells with GM-CSF from the
bone marrow to produce cells of the monocyte/macrophage lineage has the potential to
produce a very large population of cells, much greater than would be possible using the
method described by Peck ef af, (1982) to isolate macrophages direct from the marrow.
Routinely used methods to obtain bone marrow-derived macrophages from mice use

GM-CSF to drive the differentiation of progenitor cells. The previous unavailability of
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chicken GM-CST hampered the development of a similar imcthod for use with chicken
bone marrow cells. The sequencing of the chicken T2 cytokine gene cluster by Avery et
al. (2004) ideatified the GM-CSF gene and recombinant bioactive chicken GM-CSF
was expressed. The availability of rchGM-CSFE should enable the derivation ofa
protocol to generate chicken bone marrow-derived macrophages based on that used to
generate macrophages in mice.

It is very hard to conclusively prove that the cells obtained through any
purification or culture method are macrophages, as avian macrophages arc not well
described in the literature and may be quite different to their mammalian counterparts,
Therefore, a range of methods must be employed to gather evidence to suggest that the
cells are indecd macrophages. The physical appearance of the cells can be assessed by
their general appearance under the microscope and whether they adhere to substrate.
Adhering to substrate separates the cells from lymphocytes, which do not stick, and the
length of time they adhere for can separate them from thrombocytes, heterophils and
DC, which lilt off'the monolayer after 48 hours. Very few cell surface markers have
been described for avian macrophage-Tike cells and mauy ol the antibodies that
recognise these are not commercially available. KULQ1 (Mast ef al., 1998} 1s an
antibody which recognises an unknown non-specific chicken macrophage ccll surface
marker. Chicken MHC class I is recogniscd by the antibody 2GII (from Dr Jim
Kaufiman, IAH), but is not specific to macrophages so cannof be used to differentiate the
cells from other antigen presenting cclls. The phagocytic ability (physical capacity) of
the cells can be investigated using fluorescently labelled latex beads. The production of
secretory products and metabolites known to be produced by macrophages are chemical

properties which can be investigated (e.g. IL-18 mRNA, nitric oxide, superoxide anion).
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The combination of evidence from all these dilferent sources should prove, beyond

reasonable doubt, the cell lincage.

3.2 Methods
3.2.1 Bone marrow-derived macrophages

3.2.1.1 Complete Media
Complete media for bone marrow-derived macrophages was made as follows. For
approximately 100 ml of complete media; 93 ml RPMI 1640 (Sigma); 3 mi heat-
inactivated chicken seriun (Sigma); 2 mi HEPES (JAH Media stock); 100 gl gentamicin
(50 mg/ml, Sigma); 100 gl penicillin and streptomyein stock (10,000 units/ml, TAH
meclia stock); 200 ul nystatin (10,000 units/ml, IAH media stock); recombinant chicken

GM-CST added at a concentration ot 1/100 unless otherwise specified.

3.2.1.2 Generation of bone marrow-derived macrophages

The following protocol was developed and adapted from a proiocol to isolate
murine bone marrow-derived macrophages taken from “Isolation of murine bone
marrow-derived macrophages” Current Protocols in Immunology, Supplement 11,
14.1.3.

Femurs were removed post-mortem fiom out-bred Rhode Island Red (RIR)
chickens of a minimum age of 4 weeks. The ends of the bones were carefully cut using
sterile surgical bone-cutters and the marrow flushed out with approximately 20 ml pre-
warmed RPMI 1640 (this was adjusted slightly according to the size of the femur to
remove the optimum amount of bone marrow). The resulting marrow was then
centrifuged at 500 x g for 10 min at roomn temperature and the supernatant discarded.

The cells were re-suspended in 2 ml of pre-warined RPMI 1640 and counted using a
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haemocytometer, detcrmining the viability of the cells by Trypan Blue exclusion, and
the volume adjusted to S x 10 cells/ml in pre~warmed complete media (in some of the
assays described in this Chapter, cells were initially seeded at both 2.5 x 10° cells/ml
and 5 x 10° cells/ml for comparison). The cells were cultured ex vivo in one oftwo
ways, cither on a monolayer or if required in suspension, on Low-adherence plates
(Coming). The cells that were grown on a monolayer were seeded into 24-well cell
culture plates (Invitrogen) and incubated at 37°C, 5% CO; for seven days (in some of
the assays described in this Chapter, cells were grown [or both five and scven days ex
vivo for comparison), changing the media cvery 48/72 h, To change the media, ceil
supernatants were gently removed with a pipette and replaced with fresh, pre-warmed
complete media. The cells that were seeded into the Low-adherence plates were
incubated at 37°C, 5% CO; for seven days (in some of the assays described in this
Chapter, cells were grown for both five and seven days ex wivo for comparison),
changing the media every 48/72 h, To change the media of the cell suspension, the cells
were harvested from the Low-~adherence plates and centrifuged at 500 x g for 10 min at
room temperature, discarding the supernatant and re-suspending the cells in tiesh pre-
warmed complete. On day six (or day seven when using the cells for flow cytometry),
the cell suspension was careflully luyered over room temperature Histopague 1083, then
centrifuged at 1,200 x g for 40 min. Cells were then collected from the interface and
washed twice in PBS to remove any transferred histopaque. The cell concentration was
then adjusted to 5 x 10° cells/ml in pre-warmed media. The cells were incubated for a
forther 24 1 at 37°C, 5% CO; (except for cells used for flow cytometry which were used

mmmediately) before use.
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3.2.2 Data Analysis

Experiments were performed in on threc separate occasions and for each experiment
each parameter was repeated in triplicate. For real-time qRT-PCR, just one of the
repeated parameters was taken from each experiment (giving n=3) for the analysis.
Where appropriate, differences were analysed using Analysis of Variance and the twa-
tailed t-test, and were carried out using the Minitab for Windows version 14 statistical
package (Minitab Ltd., Coventry, West Midlands, UK). Values of P <0.05 were taken

as significant.

3.3 Results
3.3.1 Physical appearance

Figure 3.1 shows typical transmission electron microscope (TEM) images of
bone marrow-derived macrophages grown to day 7 with 1/100 rchGM-CSF ex vive, The
iimages show that the nucleus was bifurcated and located to one side of the cell. The
organelles otf'the cell were generally visible and centrally located and they included the
endoplasmic reticulum, mitochondria, vacuoles and vesicles which appear to contain
granules. The cells contained a large amount of vacuoles, the number of which
increased with the size of the cell. The processes of the cells are visible in images 1 and
2 of the figure.

Figurc 3.2 shows typical TEM imagcs of PBMC. The nucici of the cclls were
again biturcated, and located to one side of the cell, The organelles of the cell were
again generally centrally located, including endoplasmic reticulum, mitochondria and
vacuoles. The vesicles containing granuies were clearly visible in higher numbers
throughout the cells compared to numbers observed in the bone marrow-derived

macrophages (Figure 3.1), and appeared to contain varying amounts of granules.




A: Nucleus

B: Endoplasmic Reticulum

C: Mitochondria

D: Vacuole

E: Vesicle containing granules

Figure 3.1: Typical TEM images of bone marrow-derived macrophages.
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A: Nucleus

B: Endoplasmic Reticulum

C: Mitochondria

D: Vacuole

E: Vesicle containing granules

Figure 3.2: Typical TEM images of peripheral blood mononuclear cells.
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Figure 3.3 shows typical TEM images of HD11 cells, The nuclei of the cells were
bifurcated and located to one side of the celi as with the bone marrow-derived
macrophages and PBMC. Although the organelles of the cell were centrally located,
they appeared to be much more densely packed into the cell compared to those in bone
marrow-derived macrophages and PBMC. The overall shape of the cells was rounder
than the bone marrow-derived macrophages and the PBMC.

Figure 3.4 shows typical confocal images of bone murrow-derived macrophages
to demonstrate ultrastructure. The nuclei of the cells shown in Figure 3.4A were DAPI-
stained (blue) and the actin of the cells was stained with phalloidin (red). The DAPI
stain shows that the nuclei were located to one side of the cells, and the phalloidin stain
shows that actin was present throughout the cells, with an increased staining intensity
towards the edges of the cell. The nuclei of the cells in Figure 3.4B were DAPI-stained
(bluc), the a-tubulin of the cclls were stained with Tubulin (red) and the endoplasmic
reticulum was stained with ERP60 (green). The nuclei of the cells were again visibly
located to one side, the c~tubulin appeared to be relatively centrally located within the
cells and the endoplasmic reticulum was visible as a network throughout the cell. There
were two main types ol cells visible, the first encompassing smaller, rounder cells, and

the second encompassing larger cells with more processes.

3.3.2 Cell surface markers and the physical capacity of the cell

3.3.2.1 Flow cytometry

Figurc 3.5 shows typical results taken from flow cytometry assays to investigate
the surface expression of KULGO! and MIIC class IT on bone maxrow-derived
macrophages cultured in 1/100 rchGM-CST till 7 days ex vivo. The controls for the

assay are shown in Figure 3.5A, B, C and D. The negative control (in-stained cells)




A: Nucleus

B: Endoplasmic Reticulum
C: Mitochondria

D: Vacuole

Figure 3.3: Typical TEM images of HD11 cells.
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Figure 3.4: Typical confocal images of bone marrow-derived macrophages to show

ultrastructure. The images show staining for actin (A), and staining for tubulin and
endoplasmic reticulum (B). The nuclei of the cells are stained and shown in blue (DAPI -
Sigma). Actin staining is shown in red (Phalloidin Ab conjugated to Alexafluor 568- Invitrogen)
in image A. Tubulin staining is shown in red (Tubulin - Sigma) and endoplasmic reticulum

staining is shown in green (ERP60 - IAH Pirbright) in image B.



89

A: Negative control B: Gated Negative control
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Figure 3.5: Typical flow cytometry results from bone marrow-derived macrophage cells.
To determine KULO1 surface expression, staining was with KULO1-FITC conjugate Ab
(Southern Biotech), which was visible in the FL1 channel. To determine MHC class II surface
expression, staining was with 2G11 Ab (Jim Kaufman, IAH) using a 2° FITC Ab (Molecular
Probes), which was visible in the FL1 channel. Cell viability was determined by staining with
Propidium lodide (Sigma), which was visible in the FL2 channel. The isotype control used was

the bovine antibody CC14 (Brenda Jones, IAH), which was visible in the FL.1 channel.
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[Mean % I5.D.
Gated 19. 677 2. 847
Gated 47, 327 1. 638
KUL01
Gated 33. 713 0. 271
MHC class Il
Gated 15. 053 1. 466
Propidium Iodide

Table 3.3.1: Flow cytometry results of bone marrow-derived macrophages stained with

antibodies for KUL)1 and MHC class TT in the FL-1 channe} and with propidium iodide in

the ¥L.2 channel, T'o determine KUTQ1 surface expression, staining was with KULQ1-FITC

canjugate Ab {Southern Biotech), which was visible in the FL1 channel. To determine MHC

class I surface expression, staining was with 2G11 Ab (Jim Kaufiman, IAH) using a 2° FITC Ab

{Molecular Probes), which was visible in the FL1 channel. Cell viability was determined by

staining with Propidium Iodide (Sigma), which was visible in the FL2 channel.
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scatter plots show the forward (I'SC) and side scatter (SSC) profiles of the cells,
reflecting both their cell surface area and their granularity/complexity (respectively).
From this a population of cells thought to include the cells of interest (1.e. medium to
high surfacc arca and granularity) was selected for gating. The gated ccll population is
indicated by the red area in Figure 3.5A. A large area of cells was selected in order to
encompass the mixed population of monocytes, macrophages and bone marrow
progenitor cells likely to be included in the population. The cells selected in this gated
area are shown in Figure 3.5B, which shows the un-stained cell profiles in the F1.1 and
F1.2 channels. A small amount of autofluorescence is evident for the un-stained cells
(10.15% in the assay shown). Figure 3.5C shows the gated population of the ceils
following staining with an IgG1 isotype control antibody {(CC14), to show non-specific
binding, as the antibodies used in the assay to check for KULO1 and MHC class 11
surface expression are IgG1. Figure 3.5D shows the gated population of the cells
following staining with a FITC antibody as a control, visible in the FL1 channel. ‘The
KULO1 antibody used in the assay is a ditect FITC conjugate and the MHC class I1
antibody uses a secondary FITC antibody, so the FITC control again shows non-specific
binding (11.56% in the assay shown). Figure 3.5E shows the gated cell population
following staining with the KULO1-FITC antibody. 47.21% of the cells are stained with
KULO1-FITC and this is shown in the FL1 channel. Figure 3.5F shows the gated cell
population following staining using the MHC class I antibody 2G11 and the scecondary
FITC antibody. 33.65% of the cells are positively stained with the 2G11 + FITC
combination and this is visible in the FL1 channel. Viability of the cell population is
shown by staining with propidium todide in the FL2 channel. Dead and dying cells take
up propidium iodide and so stain positive. The gated population shows only 1.13% of

the cells to be dead or dying. Table 3.3.1 shows the mean percentages of differentially
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stained cells from flow cytometry assays performed in triplicate. It shows that on
average approximately 20% of the cell populations investigated were included in the
gate specified. Approximately 47% of these were positive for KULOT surlace
expression, approximately 34% for MHC class II expression and approximately 15% to

be dead or dying.

3.3.2.2 Confocal imaging

Figure 3.6 shows typical confocal images of bone marrow-derived macrophages
following a phagocytosis assay using latex beads (shown in green on the image),
immunofluorescence staining to show KULOT surface expression using un-conjugated
KULO1 antibody with a secondary TRITC antibody (shown in red on the image) and
staining of the lipid bilayer of the cell using Nile Red (shown in blue on the image).
Figure 3.6A shows bone marrow-derived macrophages cultured till day 5 ex vive
without rchGM-CSF. Figure 3.6B shows hone marrow-derived macrophages cultured
till day 5 ex vivo in 1/100 rchGM-CSF. In both images, the cells have stained positive
for KULOT surface cxpression and readily phagocytosed latex beads. Figure 3.6C shows
bone marrow-derived macrophages cultured till day 7 ex vive without rchGM-CSF.
Figure 3.6 shows bone marrow-derived macrophages cultured till day 7 ex vive in
1/100 rchGM-CSF, Again, the cells shown in these images continued to stain positively
for KULO1 surface expression and readily phagocytosed latex beads. The confocal
images shown in Figure 3.7 comprise typical images of HD11 celis (Figure 3.7A) and
CKC (Figure 3.7B) taken following a phagocytosis assay using latex beads (shown in
green on the image), immuno fluorescence staining to show KULO1 surface expression
using un-conjugated KULO1 antibody with a scecondary TRITC antibody (shown in red

on the image) and staining of the lipid bilayer of the cell using Nile Red (shown in blue
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Figure 3.6: Typical confocal images of bone marrow-derived macrophages. Assays were
performed on cells grown till day 5 ex vivo without (A) and with rchGM-CSF (B) ex vivo, and
on cells grown till day 7 ex vivo without (C) and with rchGM-CSF (D) ex vivo. KULO1 staining
is shown in red (un-conjugated KULO1- Southern Biotech; 2° Ab TRITC-Molecular Probes),
the lipid bilayer of the cell is shown in blue (Nile Red- Molecular Probes) and phagocytosed
latex beads are shown in green (Fluoresbrite 0.5 pm YG Carboxylate microspheres-

Polysciences Inc.)
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Figure 3.7: Typical confocal images of HD11 cells (A) and CKC (B). KULOI staining

is shown in red (un-conjugated KULO1- Southern Biotech; 2° Ab TRITC-Molecular Probes),
the lipid bilayer of the cell is shown in blue (Nile Red- Molecular Probes) and phagocytosed
latex beads are shown in green (Fluoresbrite 0.5 um YG Carboxylate microspheres-

Polysciences Inc.)
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on the image). Figure 3.7A shows that the HD11 cells stained positively for KULOI
surface expression and readily phagocytosed latex beads. The CK.C shown in Figure
3.7B, though, did not stain positively for KULQ1 surface expression and did not

phagocytose latex beads.

3.3.3 Secretory products

3.3.3.1 Cytokines and chemokines

Figurc 3.8 shows pro-inflammatory cytokinc mRNA cxpression, as determined
by real-time qQRT-PCR, by bone marrow-derived macrophages at 5 days ex vivo culture
following stimulation for 24 h with either 2. coli LPS, with rchIFN-y, with £, coli LPS
+ rchIFN-y or following no stimulation as described in Chapter 2. The mRNA
expression profiles were compared with those of PBMC and HD11 celis treated in the
same way. Figure 3.8A shows IL-13 imRNA expression for the differentially stimulated
cells. The pattern of mRNA expression for the bone marrow-derived macrophages was
similar to that for the PBMC and HD11 cclls, but following stimulation up-regulation is
not as marked. Cells cultured without rchGM-CSF ex vivo had significantly up-
regulated IL-18 mRNA levels following priming with rchIFIN~y (P=0.003), stitnulation
with [.PS (P=0.0013) and stimulation with rch[EN-y + [.LPS (P=0.001) compared to
levels in un-stimulated cells. Cells cultured in 1/100 rchGM-CSF ex vivo had
significantly up-regulated T1.-18 mRNA expression following stimulation with LPS
(P=0.015) and stimnulation with IFN-y + LPS (P=0.006). There was a significant
diffcrence, following rchIFN-y priming, between the IL-18 mRNA cxpression fevels of
cells cultured with and without rchGM-CSF ex vivo (P=0.003), with cells cultured
without rchGM-CSF having sigaificantly up-regulated IL-18 mRNA. Figure 3.8B

shows IL-0 mRNA expression for the differentially stimulated cells. The pattern of
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Figure 3.8: IL-153 (A), IL-6 (B) and IL-18 (C) mRNA expression levels in bone marrow-
derived macrophages 5 days ex vivo following stimulation with either rchIFN-y, E. coli
LPS, E. coli LPS + rchIFN-y or no stimulation, compared with the mRNA expression
profiles for PBMC and HD11 cells. mRNA levels are expressed as corrected 40-Ct values as
obtained by real-time qRT-PCR. (n=3; SE£0.05). Statistical significance compared to un-

stimulated cells represented by *
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mRNA expression for the bone marrow-derived macrophages followed that measured
for the PBMC and HD11 cells, but following stimulation up-regulation was not as
marked. There were no significant differences measured between the un-stimmulated cells
and the stimulated bone marrow-derived macrophages. Figure 3.8C shows 11.-18
mRNA expression for the differentially stimulated celis. The IL-18 mRNA expression
profile for the bone martow-derived macrophages followed that measured for the
PBMC and HD11 cells, but up-regulation following stimulation was not as marked.
Again, there were no significant differences measured in IL-18 mRNA expression levels
between the un-stimulated and stimulated bone marrow-derived macrophages.

Figure 3.9 shows CXCLil and CXCLi2 chemokine mRNA expression levels as
determined by real-time qRT-PCR in bone marrow-derived mucrophages at 5 days ex
vivy cullure following stimulation with either £, coli LPS, with rehIFNw-y, with £, coli
LPS + rchIFN-y or following no stimulation. CXCLil and CXCLi2 mRNA expression
levels were investigated as these two chemokines both have a similar homology and
action to mammalian 1L-8. The mRNA expresgion profiles were compared with those
for PBMC and HD11 cells treated in the same way. Figure 3.9A shows CXCLil mRNA
expression for the differentially stimulated cells. The pattern of mRNA expression for
the bone marrow-derived macrophages was comparabie to that measured for the PBMC,
and was similar to that measured for the HID11 cells, but up-regulation was not as
marked following stimulation. Bone marrow-derived macrophages cultured ex vivo
without rchGM-CSF had significantly up-regulated CXCLi1 mRNA expression
following stimulation with LPS comparcd to un-stimulated cclls. Figure 3.9B shows
CXCLi2 mRNA expression for the differentially stimulated cells. The pattern of
CXCLi2 mRNA expression for the bone marrow-derived macrophages was similar to

that measured for the PBMC and HD11 cells, but up-regulation following stimulation
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Figure 3.9: CXCLil (A) and CXCLi2 (B) mRNA expression levels in bone marrow-
derived macrophages 5 days ex vivo following stimulation with either rchIFN-y, E. coli
LPS, E. coli LPS + rchIFN-y or no stimulation, compared with the mRNA expression
profiles for PBMC and HD11 cells. mRNA levels are expressed as corrected 40-Ct values as
obtained by real-time qRT-PCR. (n=3; SE£0.05). Statistical significance compared to un-

stimulated cells represented by *.
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was to a lesser extent. Bone marrow-derived macrophages cultuved without rchGM-CSF
ex vivo had significantly up-regulated CXCLi2 mRNA expression compared to the
control following stimulation with both LPS (P—0.030) and with rchIFN-y + I.PS
(P=0.039). Bone marrow-derived macrophages cultured in 1/100 rchGM-CSF ex vive
had significantly up-regulated CXCLi2Z mRNA expression following stimulation with
both I.PS (P=0.013) and with rchIFN-y + LPS (P=0.004).

Figurc 3.10 shows the cytokine mRNA expression as determined by real-time
gRT-PCR for bone marrow-derived macrophages at 7 days ex vivo culture following
stimulation with either . coli LPS, with rchITN-y, with %, coli LPS + rchIFN-y or
following no stimutlation. The mRNA expression profiles were compared with those for
PBMC and HD11 cells treated in the same way. Figure 3.10A shows the IL-18 mRNA
expression profile for the differentially stimulated cells. The pattern of TL-18 mRNA
expression followed that measured for both PBMC and HD11 cells, but up-regulation
following stimulation was to a lesser extent. Bone marrow-derived macrophages
cultured ex vive with and without rchGM-CSF had significantly up-regulated 1L-173
MmRNA expression following stimulation with rchlFN-y + LIPS compared to the un-
stimulated cells (P=0.008 and P=0.026 respectively). Figure 3.10B shows the IL-6
mRNA expression for the differentially infected cells. The mRNA expression profiles
for the bone marrow-derived macrophages were comparable to that measured for both
the PBMC and HD11 cells. Bone marrow-derived macropbages cultured with rchGM-
CSI¥ ex vivo had significantly up-regulatcd mRNA expression following r¢hIFN-y +
LPS stimulation compared to the un-stimulated cells (P=0.022). Figure 3.10C shows the
I1.-18 mRNA expression profile for the differentially infected cells, and shows the
pattern for PBMC and HD11 cell mRNA expression was comparable to the bone

marrow-derived macrophages following stimulation. There was no significant
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Figure 3.10: IL-18 (A), IL-6 (B) and IL-18 (C) mRNA expression levels in bone marrow-
derived macrophages 7 days ex vive following stimulation with either rchIFN-y, E. coli
LPS, E. coli LPS + rchIFN-y or no stimulation, compared with the mRNA expression
profiles for PBMC and HD11 cells. nRNA levels are expressed as corrected 40-Ct values as
obtained by real-time qRT-PCR. (n=3; SE£0.05). Statistical significance compared to un-

stimulated cells represented by *.
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up-regulation of [L-18 mRNA expression following stimulation, but bone marrow-
derived macrophages cultured ex vive in rchGM-CSF had significantly higher levels of
1L-18 mRINA expression compared to those cells cultured without rehGM-CSF ex vivo
{(P=0.033).

Figure 3.11 shows the chemokine mRNA expression as determined by real-time
qRT1-PCR for bone marrow-derived macrophages at 7 days ex vive culture following
stimulation with cither £, coli LPS, with rchIFN-~y, with £. cofi LPS + rchlFN-y or
following no stimulation. The mRNA expression profiles were compared with those for
PBMC and D11 cells treated in the same way. Figure 3.11A shows the CXCLil
mRNA expression profile which following stivaulation formed a comparable pattern to
that measured for PBMC and was similar to that measured for HD11 cells. Following
rchIFN-y stimulation, cells cultured ex vivo without rchGM-CSF had significantly up-
regulaled CXCLil mRNA expression compared to un-stimulated cells (P=0.001).
Stimulating with rehIFN-y + LPS resulted in a significant up-regulation of CXCLil
mRNA expression In cells cultured with and without rchGM-CSF ex vivo when
compared fo the un-stimulated cells (P=0.047 and P=0.007 respectively). Bone marrow-
derived macrophage cells cultured with rechGM-CSF ex vivo had significantly up-
regulated CXCLi1 mRNA expression levels when compared to cefls cultured without
1rchGM-CST ex vive following stimulation with rchIFN-y (P=0.034), with rchIFN-y +
LLPS (P=0.017) and following no stimulation (P=0.001). Figure 3.11B shows the
CXCLi2Z mRNA expression profile which following stimulation formed a similar
pattern to that measured for both PBMC and HD11 cells. There was a significant up-
regulation of CXCLi2 mRNA expression in bone marrow-derived macrophage cells

cultured in rchGM-CSF ex vive foflowing stimulation with LPS (P=0.018) and with
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Figure 3.11: CXCLil (A) and CXCLi2 (B) mRNA expression levels in bone marrow-
derived macrophages 7 days ex vivo following stimulation with either rchIFN-y, E. coli
LPS, E. coli LPS + rchIFN-y or no stimulation, compared with the mRNA expression
profiles for PBMC and HD11 cells. mRNA levels are expressed as corrected 40-Ct values as
obtained by real-time qRT-PCR. (n=3; SE+0.05). Statistical significance compared to un-

stimulated cells represented by *.
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rchIFN-y + LPS (P=0.013) compared to un-stimulated cells. The CXCLIi2 mRNA
expression measured in cells cultured with rchGM-CSF ex vive was significantly greater
than that measured in cells cultured without rchGM-CSF during both LPS stimulation

of the culture (P=0.040) and no stimulation {P=0.050).

3.3.3.2 Metabolites

Figure 3.12 shows results from Griess assays performed on cell supernatants to
determine nitric oxide production by bone marrow-derived macrophages culturcd in
different concentrations of rchGM-CSF ranging from O to 1/100. Cells were either
stimulated with £. coli LPS, primed with rc¢hIFN-y or primed with rchIFN-y and
stimulated with E. coli LPS. Nitric oxide production during these conditions was
compared to that from cells which bad been left un-stimulated. The results shown are
the average of three biological replicates. These values are shown in Table 3.3.2 and the
P values for the significant differences of the differentially stimulated cells are shown in
Table 3.3.3. Figure 3.12A shows cells grown till day 5 ex vivo, which were originally
seeded at 2.5 x 10°cells/ml, Cells which were un-stimulated produce a relatively similar
level of nitrite for the different ex vivo rchGM-CSF culture concentrations. Stinalation
with LPS significantly increased nitric oxide production, compared to the control, of
cell populations which were cultured ex vivo in higher rehGM-CSF concentrations, but
did not have any etfect on nitric oxide production at lower concentrations. Priming with
rchIFN-y significantly increased nitric oxide production above that measured for the
control. Priming with rchlFN-y followed by stimulation with LPS signilicantly
inereased nitric oxide production above the control in a relatively stable manner.
Priming with rchIFN-y followed by stimulation with LPS significantly increased the

nitric oxide production of cells compared to stimulation with LPS or priming with
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Figure 3.12: Griess assay to determine Nitric Oxide production by bone marrow-derived
macrophages during stimulation with either E. coli LPS, rchIFN-y or E. coli LPS+rchIFN-
v. Assays were performed on cells seeded at 2.5x10° cells/ml then grown till day 5 (A) and day
7 (B) ex vivo and on cells seeded at 5x10° cells/ml then grown till day 5 (C) and day 7 (D) ex
vivo. Nitric Oxide production is determined by the amount of Nitrite present, measured by
Griess assay performed on 50 ul supernatants from stimulated and un-stimulated cells (n=3;

SD+0.05).
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Stimulation
No stimulation [LPS LPS+IFN IFN
1/100 8.10 19,13 28,73 25,76
17200 7.37 12.34 27.85 29 81
17300 7.18) 11.68} 25,42 31.43
1/400 883} 11,37 27.80 32.98
1500 7.63 11.74 28,42 34.34
0 8.00 14.39 2802 37.74
Stimulation
No stimulation |LPS LPS+IFN IFN
11100 863 18.77 24,65 19.34
14200 7.30 18.73) 27.04 19.48
17300 707 16.56 25.81 20.19
17400 7.01 16.63 25.67 23.53
17500 7.92) 16.86 27.76 24.58
0 8.73 12.55 32.89 34.97
Stimulation
o No stimulation [LPS ILPSHFN IFN
11100 972 23.23 33,10 24,40
11200 7.63) 13,80 29.50 24.82
1/300 7.03] 11.48 27.92 23.78
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Stimulation
No stimulation JLPS LPS+FN IFN
11100 8.32 23.70 34.00 24.38
17200 7 23] 18.74 37.80 25.00
1/300 7.06] 20,32 31.41 27.06
11400 7.25 16.87 28.02 25.23
1/500 7.68 17.34 31.41 28.08
0 8.03 12.85 32.54 33.57

Table 3.3.2: Nitrite concentrations (M) by bone marrow-derived maernphages
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determined by Griess assay following stimulation with either E. col/i LPS, rchEFN-y or E,

coli LPS+rchIFN-y. Assays were performed on cells seeded at 2.5x10° cells/ml then grown till

day 5 (A) and day 7 (B) ex vivo and on cells seeded at 5x10° cells/mi then grown till day 5 (C)

and day 7 (D) ex vive. Data is that shown in Figure 3.12.
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3.12 and Table 3.3.2, comparing the nitrite concentrations of bone marrow-derived

macrophages following stimulation with either E. coli 1®S, v¢hIFN-y or E. coli

LPS+rchIFN-y. Assays were performed on cells seeded at 2.5x10° cells/ml then grown till day

5 (A) and day 7 (B) ex vivo and on cells seeded at Sx10° cells/ml then grown till day 5 (C) and

day 7 (D) ex vivo.
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rchlFN-y alone. Figure 3.12B shows cells grown till day 7 ex vive, which were
originally seeded at 2.5 x 10° cells/ml. Stimulation with LPS signiticantly increased
nitric oxide production, compared to the control, of cell populations following ex vivo
culture in lower concentrations of rchGM-CSF but did not have any effect on nitric
oxide production at 1/100 and 17200 culture concentrations. Priming with rchlFN-y
significantly increased nitric oxide production ubove that measured for the control.
Priming with rchIFN-y followed by stimulation with LPS significantly increased nitric
oxide production above the control in a rclatively stable manner across the diftering
rchGM-CSF culture concentrations. Priming with r¢chIFN-y followed by stimulation
with LPS significantly increased the nitric oxide production of celis compared to
stimulation with LPS alonc. Figurc 3.12C shows cells grown till day 5 ex vivo, which
were originally seeded at 5 x 10° cells/ml. Cells which were un-stimulated produced a
relatively similar level of nilrite during the dilferent ex vive rchGM-CSF culfure
concentrations. Stimulation with L.PS significantly increased nitric oxide production,
compared to the control at higher rchGM-CSF concentrations but did not have any
etfect on nitric oxide production at lower concentrations. Priming with rchlFN-y alone,
and priming with rehil'N-y folowed by stimulation with L.PS, significantly increased
nitric oxide production above that measured for the control across the range of rchGM-
CSF culture concentrations. In addition, priming with rchfFN-y followed by stimulation
with LPS significantly increased the nitric oxide production of cells compared to
stimulating with LPS alone. Figure 3.12D shows cells originally seeded at 5 x 10°
cells/ml and grown till day 7 ex vivo, Cells which were un-stimulated produced a
relatively similar tevel o [nitrite for the different ex vivo rehGM-CSF culture
concentrations. Stimulation with LPS significantly increased nitric oxide production,

compared to the control, with a general trend of decrcasce in levels of nitrite coupled
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with the decrease in rchGM-CSF culture concentrations, and priming with rchtFN-y
significantly increased nitric oxide production above that measured for the conirol.
Nitric oxide levels durmg priming with rchIFN-y were increased across the ichGM-CSF
concentration spectrum, from levels stmilar to that measured during LPS stimulation at
1/100, to fevels comparable to that measured during priming with rehIFN-y and
stimulation with LPS, when no rchGM-CSF was added to the culture. Priming with
rchlFN-y followed by stimulation with LPS significantly increased the nitric oxide
production of cells compared to the control in a relatively stable manner following ex
vivo culture. Priming with rchIFN-y followed by stimulating with LPS significantly
increased the nitric oxide production of cells compared to stimulating with LPS alone or
after priming with rchlFN-y alone following ex vive culturc in concentrations of 1/100
rchGM-CSF.

Figurc 3.13 shows superoxide anion activity measured in the supernatants of
bone marrow-derived macrophages following priming with rchlFN~y. The results
shown are the average of three biological replicates, There are large error bars on the
results for the differentially cultured cells and no clear patterns following priming with
II'N-y are apparcnt. The resulls show that priming with TFN-y does not alter superoxide

anion activity in the cells.
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Figure 3.13: Superoxide anion production by bone marrow-derived macrophages during
stimulation with rchIFN-y. Assays were performed on cells seeded at 2.5x10° cells/ml then
grown il day 5 (A) and day 7 (B) ex vivo and on cells seeded at 5x10° cells/ml then grown till
day 5 (C) and day 7 (D) ex vive. Superoxide anion activity is determined by the nmol O2-
released, measured in 50 ul supernatants from cells stimulated with 1/1000 rchIFN-y (n=3;

SD+0.05).
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3.4 Discussion

The highly reactive metabolite nitric oxide has fong been known to be produced
by activated macrophages to target bacteria. The production of nitric oxide by bone
marrow-derived cells following priming and/or stimulation gives an indication of the
types of cells and their stage of development within the population. Nitric oxide
production in cells grown in various concentrations of rchGM-CSF ex vivo for two
different timne periods and at two different initial seeding rales was assessed to

determine the optimal culture conditions for bone marrow-derived macrophages.

Growth till day 7 ¢x vivo at an initial seeding rate of 5xI 0% cells/ml and a culture
concentration of 1/100 rchGM-CSF gave a population of cells, which after priming with
rchIFN-y produced a level of nitric oxide equal to that produced following stimulation
with E. coli LPS. The level of nitric oxide produced after LPS stimulation during these

culture conditions was the highest for the whole experiment. There was also a large

significant increase in nitric oxide production following priming and stimulation of the
same cells with both rehIFN-y and LPS. Macrophages go through two stages of

activation, The first stage changes the naive cell from a “rosponsive” to a “primed”

state, and inducing this iz vitro requires addition of IFN-y. The second stage terminally
activates the primed cells, and in vitro this requires LPS. Prolonged exposure to LPS
actually abolishes this requirement {or priming (Johnston ef al., 1987). This is not the
case in the cxperiment described though, as the resuits show that the length of LPS
sttmulation time was not sufficient to prime naive cells, as shown by the significant
mcreases observed between the nitric oxide levels produced following stimmtlation with

LPS + rchIFN~y compared to those measured following stimulation with LPS alone.

Comparing the levels of nitric oxide production after priming with rchIFN-y and

stimulating with LPS separately thercfore gives an indication of the proportion ofthe
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macrophage cell population that is naive and the proportion that 1s already primed.
Since these are primary cells, the population will always be mixed in terms of the state
of ditferentiation and activation. The best conditions for culture, therefore, are those
which result i a relatively equal amount of naive and primed cells and a high level of
production of nitric oxide following stimulation. The optimal culture conditions for the
growth of the cells, hereafter referred to as bone marrow-derived macrophages,
suggested by the data are therefore in media containing 1/100 rchGM-CSF till 7 days ex
vivo with an initial seeding rate of 5x10° cells/ml.

Superoxide anion is a reactive oxygen intermediate (ROI), and its aclivity was
measured in cells grown using the same range of culture conditions as for the Griess
assay in order to investigate the respiratory burst. Priming the cells with IFN-v did not
increase superoxide anion activity in the cells. This suggests that the use of superoxide
anion is not a significant bactericidal activity of the cells studied, as if it was then the
priming with IFN-y should have been sufficient to stimulate a response. Interestingly, it
has been suggested that ROI’s may not in fact play a major role in bacteria! killing by
macrophages, bul that the activities of reactive nitrogen intermediates, particularly nitric
oxide, are actually much morc important (Flesch and Kaufmann, 1991).

The pro-inflammatory cytokine mRINA expression profiles of bone marrow-
derived cells grown till day 5 ex vive with (at a concentration of 1/100} and without
r¢chGM-CSF were determined through real-time qRT-PCR, and compared with those for
both PBMC and the HD11 macrophage-like cell line. IL-18 mRNA expression levels
for the bone marrow-derived cells were similar to those measured for both PBMC and
HDI1T cells. The PBMC and HD11 cells were more sensitive to stimulation with LPS
alone and stimulation with LPS + IFN-y, displaying a greater up-regulation of IL-188

mRNA expression under these conditions. Stimulating with I.PS and with LPS + [FN-vy
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resulted in an up-regulation of IL-18 mRNA expression in bone marrow-derived cells
cultured with and without rchGM-CSF. Although the mRNA expression profiles were
comparable to those measured for PBMC and HD11 cells, there was no significant up-
regulation of 1L-6 or IL-18 following priming and stimulation with either 1FN-y, with
LPS or with LPS + [EN-y. The mRNA expression profiles of the chemokines CXCLil
and CXCLi2 were also measured for the same cclls, CXCLil and CXCLi2 mRNA
expression levels in the bone marrow-derived cells, cultured with and without rchGM-
CSF, were comparable with those in PBMC and HDI11 cells. CXCLi2 mRNA
expression levels in bone marrow-derived cells cultured with and without rechGM-CSF
wore up-regulated following priming and stimulation with either IFN-y, with LPS or
with LPS + 1FN-y.

The pro-inflammatory eylokine mRNA expression profile of bone marrow-
derived cells grown till day 7 ex vivo was also assessed and compared to those for
PBMC and HD11 cells. The mRNA cxpression profiles for the bone marrow-derived
cells were similar to those seen for PBMC and HD11 cells and closer in pattern to them
when also compared alongside the cells grown till day 5 ex vivo. Bone marrow-derived
cells cultured with rechGM-CSF hud significantly up-regulated levels of IL-18 and 1L-6
mRNA following stimulation with LPS -+ IFN~y. Bone marrow-derived cells cultured
without rchGM-CSF had significantly up-regulated levels of IL-18 following
stimulation with LPS + JFN-y. The mRNA expression profiles for the chemokines
CXCIL11 and CXCLi2 were also determined. The pattern of CXCLil mRNA expression
for the bone marrow-derived cells was comparable to that measured for the PBMC, and
although it followed the same pattern as that measured for the HD11 cells, the bone
marrow-derived macrophages appeared more sensitive to stimulation, having a greater

up-regulation of expression at these points. Both bone marrow-derived cells cultured
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with and without rchGM-CSF were found to have significantly up-regulated CXCLil
mRNA expression following stimulation with LPS + IFN~y. The CXCLi2 mRNA

cxpression profile of bone marrow-derived cells was similar and comparable to that

measurcd for PBMC and HD11 cells. Stimmulating with LPS + IFN-y and with LPS
alone caused a significant up-regulation of CXCLi2 i bone marrow-derived cells
cultured with rchGM-CST.
In summary, bone marrow-derived cells grown till day 5 ex vivo up-regulate IL-
15 and CXCLi2 mRNA expression levels in response to stimulation with LPS 4 [FN-y.
Cells grown till day 7 ex vivo up-regulate IL-18, IL-6, CXCLil and CXCLi2 mRNA
expression levels in response to stimulation with LPS + IFN-y. This up-regulation of

pro-inflamnatory cytokines and chemokines supports the evidence that bone marrow-

derived cell populations grown till 7 days ex vivo behave like macrophages.

The flow cytometry analysis showed that approximately 47% of the gated cells
stained positively with KULOI, and that approximately 34% stained positively for MHC
class 1] surface expression. The reason that 100% of the cells were not, and would not
be expected o, stain positively with both the KULO1 and MHC class i1 antibodies is
that the cell population is mixed, containing cells at all stages of monacyte/macrophage
differentiation. The cell surface marker recognised by KULO1 is not known, and it is
therefore possible that it could be a marker that is expressed at later stages of
differentiation. 'I'his would provide an explanation for the staining pattern, as just below
50% of the cells gated positive. MHC class I is expressed during the later stages of
monocyte/macrophage differentiation, and its surface expression varics greatly cven at
these stages, becoming greatly up-regulated upon terminal activation, 10 enable effective
presentation of internalised pathogen peptide following phagocytosis and processing by

the cell. Again, since the bone marrow-derived cell population is mixed, this could
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provide an explanation as to why MHBC class 11 was detected on just over 33% of the
cells.

The confocal images clearly show that the bone marrow-derived cells readily
phagocytose opsonised latex heads and that these cells also stain pogitively with the
mADb KULO1. Since just below 50% of the cells stained positive with the KULG1
antibody during the flow cylometry experiments, it may seem inconsistent that a much
higher percentage of the cells stained positively with the antibody during conlocal
imaging. The cclls used for confocal imaging were prepared in a slightly different way
to those used for flow cytometry and this diffcrence may explain the differential
staining patterns. The flow cytometry method required the cells to be in suspension, so
these cells were grown ex vive on low-adherence plates and the cells were not permitted
to form a monolayer. The cells used for confocal imaging were initially grown in
suspension and then secded onto a monolayer on glass coverslips 24 hours prior to use
(in order to gain a cleaner preparation for the imaging and reduce background staining).
This method resulted in a “purcr” monocyte/mucrophage cell population, whereas those
cells grown in suspension for the duration of the ex vive culture would have been more
otf'a mixed cell population. Since the method of ex vivo culture used for subsequent
invasion assays would be culture on a monolayer, the cells in the confocal images
present a more realistic picture of the population obtained from the original protocol
developed and suggested for the culture ofbone marrow-derived macrophages.

Taken together, this evidence shows that the bone marrow-derived cells
therefore appear to be macrophages. They produce NO following stimulation with £,
coli LPS, up-reguiate production of pro-inflammatory cytokines and chemokines such
as IL-13, IL-6, CXCLil and CXCLi2, readily phagocytose opsonised latex beads and

stain positively for KULOL and MHC class 11
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Relatively littlc is known about the ultrastructure of chicken macrophages and so
further confocal analysis was performed using antibodies for actin, e-tubulin and
endoplasmic reticulum, Actin is a key component of the cytoskeleton of cells and in the
bone marrow-derived macrophages was located throughout the cell. o-tubulin is a
component of microtubuoles, which form part of the cytoskeleton of cells. Microtubuies
are important in the intracellular movement of materials and organelles and also in the
formation of the mitotic and meiotic spindles. In the bone marrow-derived macrophages
shown in the confocal imagces, the c-tubulin was centrally located. Endoplasmic
reticulum is an interconnecting network of tubules, vesicles and cisternac that cxiends
through the cell and functions to transport and fold proteins. Indeed, endoplasmic
reticulum means “little net within the cyloplasmy” in Latin and this describes exactly
how it appeared in the images within the bone marrow-derived macrophages.

Since confocal microscopy is dependent on the availability of specific antibodies
for organelles, further analysis of the ultrastructure of the bone marrow-derived
macrophages was done using the Transmission Electron Microscope (TEM). The TEM
images clearly show that the macrophages do have a bifurcated nucleus (as suggested
by the confocal imaging), and that the majority of the organelles are relatively centrally
located. The pseudopodia of the cells are clearly visible, and the presence of these is
characteristic of macrophages which use pseudopodia during motility and to aid in
engulfing antigens during phagocytosis. The cells have a high proportion of vacuoles.
Some of these vacuoles are possibly lysosomes, but it is very difficult to distinguish this
without specific staining for lysozyme. Another organelle found within the
macrophages was vesicles, which appear to contain granules (this was confirmed
through discussions with Professor Inwre Olah, Semmelweis University, Hungary, at the

9" Avian Immunology Rescarch Group Meeting). Granule-containing vesicles are
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organelles usually found in neutrophils (heterophils in avian speciey), and not what
would be expected in macrophages. TEM images of PBMC also clearly show the
presence of these vesicles, and in fact their prevalence is increased in these cells. This
suggests that avian macrophages could function in a different way to mammalian
macrophages. The concurrent evolution of avian and mammal orders from a common
reptilian ancestor 300 million years ago has resulted in diffecences between the modern
immune systemas of bath groups. It is quite possible that avian macrophages are in fact
different to their manmmalian counterparts. The presence of these granule-containing
vesicles in all primary macrophage cells viewed in the course of this study under the
TEM suggests the hypothesis that avian macrophages function as intermediate cells
having proporties similar to both mammalian macrophages and neutrophils. Since
macrophages and neutrophils (heterophils) differentiate through the same stem cell
lineage in the bone marrow, it is highly possible that the evolution of these cells has
diverged from thew function in their comumon ancestor. Interestingly there are
differences in heterophil and neutrophil granule contents, with heterophils lacking at
least one of'the components found in neutrophil granules (Harmon, 1998).

HD11 cells do not contain these unusual organelles, thaugh, and appear quite
different in morphology compared to the primary cells. This is hardly surprising since
HDI11 cells are a virus-transformed macrophage-like cell line (Beug ef al., 1979). They
appear much more densely pucked with organelles compared to the primary
macrophages, generally rounder in shape and with very few vacuoles. The differcnccs in
HDI11 morphology compared with that of primary macrophages reiterates the fact that
they are not particularly suitable substitutes for macrophages for studying bacterial

infection in vitro.
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In conclusion, the ex vivo culture of bone marrow-derived cells from chicken
femurs in 1/100 rehGM-CSF for 7 days at an initial seeding rate of 5x10° cells/ml
results in a population of macrophages that produce IL-18, IL-6, CXCLil, CXCLi2 and
NO upon stimulation with LPS, stain positively with KULOI antibody, express MHC
class 1t and readily phagocytose opsonised latex beads. The identification of vesicles
which conlain granules with chicken macrophages may mean that these cells function
differently to mammalian macrophages and that avian macrophages are possibly an
intermediate cell type preceding the mammalian evolution of macrophages and

neutrophils.
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Chapter 4: Bacterial mutant construction

4.1 Introduction

SPI-1 and SPI-2 both encode a type-three secretion system that translocates
effector proteins into the host cell cytoplasm. Therefore, aitenwation of the TTSS
associated with SPI-1 or SPI-2 essentially attenuates the SPI that it is associated with, as
translocation of the related effector proteins is abrogated. Serovar Pullorum SPI-1 TTSS
and SPI-2 TTSS mutants were already available at the start of this project. A serovar
Pullorum strain containing a mutation in spasS (referred to as serovar Pullorum spaS) a
structural component of the SPI-1 TTSS, was previously constructed by co-workers by
conjugation of the suicide plasmid pSS1 into serovar Pullorum 449/87 Nal to make an
insertion nutant (Jones ef ¢l., 1998). Similarly a strain containing a mutation in ssa U/
(referred to as serovar Pullorum ssall), a structural component of the SPT-2 TTSS, was
also constructed by the conjugation of the suicide plasmid pSS2 into serovar Pullorum
449/87 Nal' 1o makc an inscrtion mutant {(Jones ef al., 2001). -An insertion mutant is
constructed by the addition of an insert into the gene to disrapt it (usually an antibiotic
resistance cassette), so the gene cannol be (ranscribed and is therefore inactive. These
insertions are liable to revert over time back to the wild-type duc to there being no
biological or environmental advantage to the mutation due to selective pressure. There
was some evidence for this in preliminary studies of poultry infections with serovar
Pullorum (Wigley and Jones unpublished data). Insertion mutants are therefore useful in
short term assays (i.e. for in vizro and short in vive experiments), but are unstable for

long-term assays (i.e. long in vivo assays).
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4.1.1 Molecular Koch’s postulates

When identifying bacterial virulence genes and therefore candidates for
mutagenesis, a molecular version of Koch’s postulates can be adopted and considered
(Falkow, 1988):

1} The gene should be present in bacteria which cause disease, but should be either
absent, inactivated or not expressed in avirulent strains.
2) A mutation in the gene of interest should reduce virulence.
3) Complementation of the cloned gene should restore virulence to avirulent
strains.
The first rule can be investigated by comparing bacterial genomes. When attempting to
identify vivulence genes in serovar Pullorum this is a problem, as large regions of the
genome have not yet been sequenced. Much of the information about potential virulence
genes ariscs from research on other S. enterica serovars and searching for those genes in
the available serovar Pullorum sequence. This can be done using the coliBASE database
which allows comparisons between the different S. enterica serovars (Chaudhuri et al.,
2004).

Attenuations in the gene of interest can be made by targeted mutagenesis, and
the resulting mutations tested for virulence in vitro and in vivo. There arc many different
techniques for the targeted mutagencsis of bacteria, but they follow one of two
principles. The first system works on the principle of disrupting the gene of interest
using a suicide vector. This is the system by which the existing mutant constructs in
serovar Pullorum were made. The second system disrupts the gene of interest using
linear DNA. The method chosen for targeted mutagenesis of virulence genes in this
study uses the second system and is known as the A Red system. This system utilises a

plasmid-encoded bacteriophage A Red recombination system to promote the
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recombination of linear dsDNA into the bacterial genome. Most bacteria do not respond
to transformation with linear DNA due to the presence of jniracellular exonucleases
which readily degrade linear DNA (Lorenz and Wackernagel, 1994). Cosloy and Oishi
(1973) found that bactcerial mutants lacking exonuclease V (patt of the RecBCD
recombination complex) were transformable with linear DNA. Many bacteriophages
encode their own homologous recombination systems (Smith, 1988), and the Red
recombination system function of bacteriophage A was shown by Murphy (1998) to
promote a higher rate of recombination of linear DNA compared to that in bacteria
lacking a functional exonuclease V. The Red recombination system of the bacteriophage
A constitutes three genes, exo, bet and gam, which arc clustered in the Py, operon and are
expressed early in the phage’s transcriptional program (reviewed in Poteete, 2001). The
gene exo encodes ) exonuclease, which degrades the 5'-ends of dsDNA (Little, 1867). A
exonuclease torms a ring-shaped trimer through which dsDNA can be housed at one
end but only ssDNA will fit at the other (Kovall and Matthews, 1997). The second gene,
het, encodes 3 protein, which binds to ssDNA and functions to promote the renaturation
of complementary strands (11 et al., 1998). The products of these two gencs combine to
form a B-modulated A exonuclease complex (reviewed in Potecte, 2001). RecBCD is the
pathway through which host conjugational or transductional recombinations normally
take place, and the gam gene product is a polypeptide which binds to and inhibits the
activity of the host RecBCD exonuclease V {(Murphy, 1991). This enables the §-
modulated A exonuclease to gain access to the ends of the DNA and promote
recombination (Murphy, 1921). Murphy (1998) found that the plasmid-encoded Red
system could be utilised to promote recombination events between the bacterial
chromosomte and PCR-generated linear dsDNA in E, cofi. Building on this work,

Datscnko and Wanner (2000) described a method using bacteriophage A to promote
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mutation of genes in . coli that could be adapted for use in other bacterial species. The
method uses linear dsDNA which is obtained through the PCR amplification of a
plasmid encoding a selectable resistance marker, with primers containing long tails
(approximately 40 bp) designed to the flanking regions of the bacterial gene ol interest
(Datsenko and Wanner, 2000). The linear DNA is then electroporated into bacteria
carrying a plasmid containing the three A bacteriophage genes that encode the Red
system (Datsenko and Wanner, 2000). The plasmid used is pKD46, and it is a low copy
number plasmid {Datsenko and Wanner, 2000), thereby reducing interference with
recombination due to competitive inhibition, which is something that can oceur with
multicopy plasmids (Murphy, 1998). Upstream from the Red system, the plasmid
contains a promoter, Pqq5, Which is activated on addition of arabinose (Datsenko and
Wanner, 2000). The plasmid then transcribes the three Red system genes, the proteins
of which then incorporate the linear PCR-generaled fragment into the genome of the
bacteria, thus creating a disruption of the targeted gene (Datsenko and Wanner, 2000).
The pKD46 vector is temperature-sensitive, and this allows it to be easily removed from
the resulting mutants (I1ashimoto-Gotoh ef al., 1981). These gene disruptions are
thought to be very stable and the method is very efficient and fast (Datsenko and
‘Wanncr, 2000).

The 1oethod of trans-complementation of bacterial mutants has been used
previously for mutant validation, but findings by Johnson ef af. (2003) highlighted the
importance of making this technique routine practice. Their study found a high
frequency of secondary mutations following suicide~driven allelic exchange
mutagenesis of E. coli (Johnson ef al., 2003). This suggests that, in the absence of trans-
complementation, caution should be taken when ascribing phenotype to mutation in

virulence genes. The serovar Pullorum strains with mutations in spaS and ssalU that are
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alrcady available have not been trans-compliementied and so one of the aims of thig study
was to construct new mutants in these genes and then prove the position and presence of
the single mutation. This would enable any observed phenotypic differences during
infection to be more accurately attributed to the virulence gene, or in this case
pathogenicity island, ol interest. Datsenko and Wanner (2000} continually checked for
additional chromosomal rearrangements resulting from recombination events following
mutation using the A Red system, but found none. This indicates that the occurrence of
secondary mutations, in the form of unwanted chromosomal rearrangements, may be
reduced using the & Red system compared to other methods of bacterial mutant

construction.

4.1.2 Genes for A Red mutagenesis

Several gene candidates for mutagenesis using the A Red system were initially
considered for study and eventually five were decided upon. The intention was to use
the & Red system to construct mutants in these five genes (see below) then to create new
stable constructs for spaS- and ssaU-.

The gene awrA (also known as STM2865) encodes an cffector protein in serovar
Typhinurium which is located in the SPI-1 region of the Salmonellu genome, and is
secreted by TTSS-1. The avrd gene is a Salmonclla homologue of the Yersinia pestis
gene yop.J which blocks the intracellular MAPK. (mitogen activated protein kinase)
kinases (MKIKs) signalling pathway (Collier-Hyams ef «/f., 2002; McClelland ef a/.,
2001}. Analysis using the co/iBASE database shows predicted orthologues of aved to be
present in serovars Bongori, Bnteritidis, Dublin and Gallinarum, An alignment of the
section ol the serovar Typhimurium LT2 genome containing avr4 with the

corresponding sections of the serovar P'ullorum genome that have been scquenced was
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performed using coliBASE and is shown in Figure 4.1. In serovar Typhimurium, avr4
inhibits the pro-inflammatory, anti-apoptotic NF-«B signalling pathway during infection
of human epithelial cells (Collier-Hyams ef a/., 2002). Therefore it was interesting to
study its fanction during infection with serovar Pullorum due to the tack of
inflammatory pathology attributed to the discase.

In serovar Typhimurium, sopF2 encodes an invasion-associated effector protein
secreted by the SPI-1 TTSS but located on a different part of the chromosome to the
SP1-1 TTSS itself (Miao ef al., 1999; McClelland ef al., 2001) and analysis using the
coliBASE database shows it to be a pseudogene in serovar Typhi. Analysis using the
enliBASE database shows predicted orthologues of sop£2 to be present in serovars
the section of the serovar Typhimurium LT2 genome containing sopE2 with the
corresponding predicted orthologue for serovar Pullorum was petrformed using
coliBASE and is shown in Figure 4.2. In scrovar Typhimurium, sop&2 mutants were
defective in their colonisation of chicks (Morgan ¢t ¢f., 2004), Furthermore, during
mammalian infection with serovar Typhimurium, SopE2 activates RhoGTPase
signalling pathways, which mimic enkaryotic G-nucleotide exchange factors
(Schhumberger and Hardt, 2005). This makes it an interesting target for study in serovar
Pullorum, which unlike serovar Typhimurium does not appear to colonise the gut
{Henderson et af., 1999).

The mgtB gene is part of the mgtBC operon in SPI-3, and has been identified in
serovars Typhimurium {(Snaveley ef al., 1991; McClelland ef a/., 2001) and Typhi
(Parkhill ez al., 2001). Analysis using the cofiBASE database shows predicted

orthologues of mgtB
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serovar Typhimurium LT2

serovar Pullorum

Figure 4.1: avrA4 alignment viewer from coliBASE. Region 3000353-3020352 of Salmonella
enterica Typhimurium LT2, and the equivalent regions from serovar Pullorum (Contig
1371 12 19: 1-2406 [reversed]; Contig 1423 12 19: 27-1915 [reversed]; Contig 1075 12 19:
80-1628 [reversed]; Contig 355 12 19: 5-1193 [reversed]; Contig 593 12 19: 17-669
[reversed]; Contig 2030 12 19: 1-3046 [reversed]; Contig 1867 12 19: 1-1782; Contig

924 12 19: 1-732 [reversed]: Contig 740 12 19: 1-904 [reversed]), as determined using
MUMmer (alignment viewer). The coloured arrows indicate annotated genes in the region.
Putative orthologous genes (as determined in a mutual best hits analysis) are colour coded.
Genes with no predicted orthologues are coloured grey. Red blocks indicate regions of close

homology and darker shades within the red blocks indicate closer homology.
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sopE2

serovar Typhimurium LT2

serovar Pullorum

Figure 4.2: sopE2 alignment viewer from coliBASE. Shown is a diagrammatic representation

of the region 1942374-1962373 of Salmonella enterica serovar Typhimurium LT2, and the

equivalent regions from serovar Pullorum (Contig 819 12 19: 1-446 [reversed]; Contig
1862 12 19: 1-2661 [reversed]; Contig 2112 12 19: 1-4540 [reversed]; Contig 366 12 19: 1-
835; Contig 1835 _12 19: 1-3148 [reversed]; Contig 241 12 19: 58-747; Contig 390 12 19: 2-
661), as determined using MUMmer (alignment viewer). The coloured arrows indicate
annotated genes in the region. Putative orthologous genes (as determined in a mutual best hits
analysis) are colour coded. Genes with no predicted orthologues are coloured grey. Red blocks
indicate regions of close homology and darker shades within the red blocks indicate closer

homology.
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to be present in serovars Pullorum (2135 12 19 ORF | and 2135 12 19 ORF 2),
Bongori, Enteritidis, Dublin and Gallinarum. An alignment of the section of the serovar
Typhimurium L'T2 genome containing mgif with the corresponding predicted
orthologue for serovar Pullorum was performed using coiBASE and is shown in Figure
4.3. The mgtB gene mediates Mg®" influx and is one of three Mg”" transport systems
that have been identified in the serovar Typhimurium genome (Snaveley et ¢/., 1991).
MgiB, an ATPasc cnzyme, mediates the influx of the magnesium cation into the cytosol
(Snaveley et al., 1991). The mgtBC operon is regulated by PhoPQ and is important in
intramacrophage survival as it is essential for bacterial growth in low Mg®"
environments (Amavisit ef af., 2003). It could theretore be hypothesised that mgtB is
important for serovar Pullornm intramacrophage persistence.

The gene ~iil? (also known as STM4261) is a putative inner-membrane protcin
located in SPI-4 and has been identified in serovar Typhimurium (McClelland ef a/.,
2001). Analysis using the coiBASE database shows predicted orthologues of siiE to be
present in serovars Pullorum (2179 _12 19 ORF_2), Typhi, Bongori, Enteritidis,
Dublin and Gallinarum. An alignment of the section of the serovar Typhimurium LT2
genome containing siiE with the corresponding predicted orthologue for serovar
Pullorum was performed using co/iBASE and is shown in Figure 4.4, The gene siil
(also known as STM4262) is a putative ABC-type exporter and has been identified in
scrovar Typhimurium (McClelland et @l., 2001). Analysis using the coliBASE database
shows predicted orthologues of siiF to be present in serovars Pullorum
(1761_12 19 ORYV_4), Typhi, Bongori, Enteritidis, Dublin and Gallinarum. Aa
alignment of the section of the serovar Typhimurium L'12 genome containing s#27 with
the corresponding glimmer predicted orthologuc for serovar Pullorum was performed

using col/BASE and is shown in Figure 4.5, Mutants in siiZ% and siil” are defective in



serovar Typhimurium LT2

serovar Pullorum

Figure 4.3: mgtB alignment viewer from coliBASE. Shown is a diagrammatic representation
of the region 3952906-3972905 of Salmonella enterica serovar Typhimurium LT2, and the
equivalent regions from serovar Pullorum (Contig 1965 12 19: 20-695 [reversed]; Contig
784 12 19: 1-757 [reversed]; Contig 293 12 19: 1-304; Contig 1302 12 19: 1-1319
[reversed]; Contig 1667 12 19: 75-1539; Contig 2135 12 19: 1-4568 [reversed]; Contig

3 12 19: 85-780 [reversed]; Contig 2150 12 19: 1-2088; Contig 1462 12 19: 1-1426), as
determined using MUMmer (alignment viewer). The coloured arrows indicate annotated genes
in the region. Putative orthologous genes (as determined in a mutual best hits analysis) are
colour coded. Genes with no predicted orthologues are coloured grey. Red blocks indicate

regions of close homology and darker shades within the red blocks indicate closer homology.
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serovar Typhimurium LT2

ﬂ !—

serovar Pullorum

Figure 4.4: siiE alignment viewer from coliBASE. Shown is a diagrammatic representation of
the region 4480814-4500813 of Salmonella enterica serovar Typhimurium L'T2, and the
equivalent regions from serovar Pullorum (Contig 268 12 19: 326-735; Contig 274 12 19: 1-
756 [reversed]: Contig 2179 _12_19: 17-6613 [reversed]; Contig 1230 12 19: 38-1495; Contig
1687 12 19: 1-1771 [reversed]; Contig 1569 12 19: 1-2525; Contig 681 12 19: 11-1387;
Contig 821 12 19: 1-1091 [reversed]; Contig 490 12 19: 1-676 [reversed]), as determined
using MUMmer (alignment viewer). The coloured arrows indicate annotated genes in the
region. Putative orthologous genes (as determined in a mutual best hits analysis) are colour
coded. Genes with no predicted orthologues are coloured grey. Red blocks indicate regions of

close homology and darker shades within the red blocks indicate closer homology.
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serovar Typhimurium LT2

serovar Pullorum

Figure 4.5: siiF alignment viewer from coliBASE. Shown is a diagrammatic representation of
the region 4490227-4510226 of Salmonella enterica serovar Typhimurium LT2, and the
equivalent regions from serovar Pullorum (Contig 1230 12 19: 143-1495; Contig 1687 12 19:
1-1771 [reversed]; Contig 1569 12 19: 1-2525; Contig 681 12 19: 11-1387; Contig

821_12 19: 1-1091 [reversed]; Contig 490 12 19: 1-676 [reversed]; Contig 1761 12 19: 1-
1900 [reversed]; Contig 1571 12 19: 1-1396 [reversed]; Contig 2155 12 19: 30-4009
[reversed]; Contig 414 12 19: 1-666 [reversed]), as determined using MUMmer (alignment
viewer). The coloured arrows indicate annotated genes in the region. Putative orthologous genes
(as determined in a mutual best hits analysis) are colour coded. Genes with no predicted
orthologues are coloured grey. Red blocks indicate regions of close homology and darker

shades within the red blocks indicate closer homology.
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intestinal colonisation but not systemic infection with serovar Typhimurium {Morgan et
al., 2004). These genes were therefore thought to be candidates for study in serovar
Pullorum, which causes systemic infection but does not appear to colonise the intestine

(Henderson et af., 1999).

4.2 Methods

4.2.1 A-Red mutagenesis
This method is based on that developed and described by Datsenko and Wanner (2000},
with modifications suggested by Professor Mark Roberts (University of Glasgow,
U.K.). Forward and reverse primers were designed with 1 40 bp homology to the gene
of interest, approximately 6 bp upstream of the start codon and 6 bp downstream of the
stop codon and including a priming site for pKD3/pKD4 (Sigma-Genosys). These
primers are shown in Table 4.1. To obtain products containing the flanking regions of
the gene of interest with an antibiotic resistance cassetie, a PCR was performed (with 12
x 100 pl reactions) using one of the template vectors pKD3(cm) or pKD4(Kan). A small
amount of the PCR products was run on an agarose gel to check the product size. The
PCR reactions were then pooled and PCR product purifications performed to clean up
the reaction and isolate the DNA. Two QiaQuick PCR clean-up tubes (Qiagen) were
used per gene as described in Chapter 2 with 600 ul of PCR reaction passed through
each tube. The DNA from the reaction was eluted with MQ water (75 ul per column)
and pooled (150 ul total). The restriction enzyme Dpal (Invitrogen) (2 pl) along with
REact® 4 buffer (Invitrogen) (15 pl) was added to the pooled DNA, and then this was
incubated at 37°C for 3 h. The whole digest reaction was run on an agarose gel and the

resulting digested bands excised fromn the gel. Purification of the gel product was then
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Pullorum sequence taken from co/iBase. Otherwise, primers were designed using serovar

designed

A Primers were

o

Typhimurium LT2 sequence from coliBase (*). Forward and reverse

within the gene of interest with the pKD3/4 priming site added to the tail (highlighted in blue).

Checking primers were designed approximately 500 bp outside the gene, within the flanking

regions,
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performed using 2 QiaQuick gel clean-up columns (Qiagen). A 5 mi culture of serovar
Pullorum carrying the vector pKID46 was set up in LB supplemented with 100 uyg/ml
ampicillin, and grown at 30°C (as the plasmid is tcmperature-sensitive) overnight. The
overnight culture was diluted 1/1000 in LB containing 100 pg/ml ampicillin and 1 mM
L-arabinose. The cells were grown to an OD of 0.6, and pelleted at 4°C, before washing
twice in ice-cold sterile distilled water and once in sterile 10% glycerol. The final pellet
was resuspended int 1 mi of 10% glycerol, and the cells kept on ice. The DNA (0, 2, 5,
10, 20 and 30 pi) was added to 100 pl competent cells, then left on ice for 10 min. The
reaction was electroporated in 2 mm cuvettes using standard Salmonella conditions (200
Ohms, 25 pF, 1.75 kV). The celis were then recovered at 37°C in 5 ml of SOC medium
or Lennox Broth and incubated for 2 h in an orbital shaker at 200 rpm. Following
recovery, 100 ul of the cells were plated aseptically onto L.B-agar containing 25 pg/ml
or 30 pg/ml of the desired antibiotic (i.e chloramphenico! for pKD3 or kanamycin for
pKD4). The plates were then incubated overnight at 37°C and colonies containing the
desired mutation werc selected from the plate. Colonies not containing the desired
mutation would not contain the antibiotic resistant cassette, which was transterred along
with the mutation during electroporation, and therefore should not grow on the sclective
plates. An agglutination {est and antigenic identification test were then carried out on
the bacterial colonies selected. A slide agglutination test using acriflavin was carried out
to determine if the LPS coat of each bacterial colony was intact (smooth) or was
damaged (rough). This was based on a method described by Henry (1933), as described
in Chapter 2. To then test the antigenic identification o[ the bacterial calony, a further
slide agglutination test was used. The O antigenic group is used to determine
Salmonella serotype and serovar Pullorum is in the same antigenic group as serovar

Gallinaram, group Q:09. A droplet of Sa/monella antisera 0:09 was added to the
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suspension, and the bacterial serotype was identified as Pullorum if agglutination
occurred. A negative control was used for comparison (e.g. 0:027). Bacterial colonies

that had intact LPS and were of the correct antigenic group were then checked by PCR.

4.3 Results

Efforts to construct bactertal mutants in serovar Pullorum using the 2 Red
technique were unsuccssful. For the first nine attempts at mutagenesis, the plasmid
pKD3 was vsed for the initial PCR. The fitst eight attempts failed to produce bacterial
colonies on the selective plates post-electroporation. On the ninth attempt, a stnall
number of bacterial colonies for each mutation were obtained post-electroporation
(approximately 10 for each). Checking for the mutation by PCR revealed that these
were in fact false positives, Moditications to the protocol were then made on the
recommendation of Professor Mark Roberts (University of Glasgow). These included
the use of the plasmid pKID4 rather than pKD3, recovering the electroporated bacteria in
Lennox Broth rather than SOC medium and increasing the concentration of the
antibiotic in the LB-agar plates (from 25 pg/ml to 30 pg/ml) for selecting for the
mutation. The method was then repeated a lurther eight times with these modifications.
This resulted in a high yield of bacterial colonies post-clectroporation, averaging
approximately 100 bacterial colonies per electroporation. Subsequent screening using
the acriflavin slide agglutination assay revealed all colonies were rough (i.e. with a

damaged L.PS structure).

4.4 Discussion
It is unclear why the desired mutations in serovar Pullorum were not generated

using the A Red system. The modifications made to the protoco! on the recommendation
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of Protessor Mark Roberts (University of Glasgow) werc sufficient to allow the
successful construction of mutants in other S. enterica serotypes (Professor Mark
Roberts, personal communication) but were not successful in serovar Pullorum.

In most 8. entericia serotypes, LPS structures form a layer around the bacteriom
to give protection from the host immune systemn, as LPS interacts with both antibodies
and with complement. Rough mutants lack this protective layer and activate
complement by the alternative pathway. The membrane attack complex of complentent
is then able to kill the bacteria. Rough mutants are therefore avirulent, and so of no use
in this study which was focussed on virulence. The structure of LPS can affect
transfection of both £. coli (Taketo, 1972) and serovar Typhimurium (Bursztyn et al.,
1975), and it is generally accepted that DNA electroporates preferentially into rough
bacteria as opposed to smooth. This may be due to the increased exposure of sites
responsible for DNA binding (MacLachlan and Sanderson 1985).

The plasmid pKD46, which encodes the A Red genes (exo, bet and gam), is a
low-copy number plasmid (Datsenko and Wanner, 2000). Multicopy plasmids may act
as competitive inhibitors to recombination, hence interfering with the process (Murphy,
1998). Although the A Red system itself has a high frequency of recombination, when
incorporated into a low copy number vector this is reduced to a relatively low Frequency
(Datsenko and Wanner, 2000). In some strains of S. enterica this may be reduced
further or may not occur at all. For example attempts at using the technique to create
mutations i serovar Enteritidis S1400 bave been successTul but attempts using serovar
Enteritidis 125109 have not (Debra Clayton, personal communication). The factors that
cause this reduction or non-occurrence of recombination are unknown, but could
include the sitc of pKID46 insertion, which may be close to inhibitory factors on the

genome. Another explanation could be that the gene of intercst may be located near to
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an essential gene. Thereby the disruption of the genome via the insertion of pKD46
could render the bacterium non-viable and unable to form colonies following
electroporation. For example, the system has not worked with serovar Enteritidis
125109, but has been highly efficient in constructing mutants using other strains such as
scrovar Gallinarum (Debra Clayton, personal communication). Perhaps the method does
not work in the serovar Puliorum strain used (447/89). A possible solution would be o
{ry to create the mutation in another serovar Pullorumn strain, and then conjugate the
mutated strain with scrovar Pullorum 447/89. Unfortunately, time did not allow for this
and the potential unsuitability of some strains for this method did not become apparent
until late in the project.

The A Red system was initially chosen for the construction of mutants in serovar
Pullorum due to its reputation for being able to create mutants more rapidly than by
using a suicide vector and the fact that the mutations were thought to be relatively stable
(Datsenko and Wanner, 2000). If time had peritted, other methods of mutant
construction would have been investigated. For example the vector pDM4, which is
maintained as a plasmid in A pir 2. coli straing as it integrates into the chromosoime in
other strains. Suicide vectors typically contain an antibiotic resistance cassette (for
cxample, the vector pDM4 includes a chloromphenicel resistance cassette), which can
be used as an indication of their integration into DNA of recipient strains or to disrupt
the gene itself. To construct a genetic ;mutation via this method, the flanking regions of
the genc of interest are amplified, and then linked by a second amplification thercby
excluding the gene. The gene deletion is then cloned into the suicide piasmid and
transformed (e.g. by electroporation or calcium chloride transformation) into an E. coli
A pir strain. A conjugation between the E. coli A pir and the final recipient can be used

to transfer the suicide plasmid containing the mutation into the desired strain.
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Successtul mutations can be selected by plating bacteria onto the appropriate selective
media, and further checked via PCR. This is the method by which the existing two
serovar Pullorum SPT mutant constructs were created (Jones ef 4/., 1998; 2001). Rather
than being gene deletions though, these mutants were constructed by an insertion
disruption of the gene, using an antibiotic resistance cassette. Problems occur when
using insertion mutations during longer in vivo assays, as selection pressure may causc
reversion of the mutation to the wild-type. Therefore, although spaS™ and ssal/ can be
used for ir vitro and short in vive assays, they should not be used for long in vivo
assays. However, Wigley et af. (2002) successfully used serovar Pullorvm ssaU in vivo
over a relatively long time-scale. This was successful as the mutant was completely
attenuated in the establishment of a systemic infection and therefore selection pressure
on the bacteria to revert to wild-type was not aun issue. If there had not been complete
attenuation in the establishment of systemic infection, it is likely that the bacteria in vivo
would have reverted to wild-type, thus confounding the subsequent resuls.

As mutant construction using the A Red system was not successful, this study
concentrated on the role of the SPI-1 TTSS and the SPI-2 TTSS in carly-stage serovar
Pullorum infection using the bacterial mutants that were alrcady available., The mutants
were stable for use iz vitro and for short inz vivo experiments, so research was focused
around the initial invasion event in the gut and the establishment of persistent infection

n macrophages.
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Chapter 5: Modeclling the role of the SPI-1 TTSS and the SPI-2 TTSS in infection

with Salmonella enterica seravar Pulloxrum in vitro

5.1 Introduetion

Modelling disease in vitro provides the opportunity to study the individual
mechanisms taking place during an infection and to detnonstrate the interactions
between individual cell types in a controlled environment, something which is more
praoblematic during in vive investigations. For Pullorum Disease, it is useful to
investigate the mechanisms of both the initial invasion event and the establishment of
systemic infection. Systemic infection involves persistence and consequently
understanding the mechanisms of, and the host immune response to, persistence are
central to our understanding of the actiology ofthe diseasc.

The SPI-1 TTSS plays a role in the initial invasion event during serovar
Pullorum infection (Wigley ¢f al., 2002). Invasion during serovar Pullorum infection
occurs through areas of organised lymphoid tissue associated with the gut (i.e. the
GALT), and there is evidence to suggest the bursa of Fabricius is one of'these thvasion
sites (Henderson ¢ al., 1999). 1t is dilicult to accurately replicate these areas of GALT
in vitro, and therefore intestinal epithelial cell models are used. Currently, there is no
chicken intestinal epithelial cell line. Chick kidney cells (CKC) contain a high
proportion of epithelial cells, relatively few phagocytic cclls, and are readily invaded by
a range of S. enterica serovars (Barrow and Lovell, 1989). They have been used in
previous studies to model different aspects of the Salmonella invasion event, and
consequently are now accepted as the best available model for gut epithelial cells
(Wigley et al., 2002; Kaiser et al., 2000). Persistence during serovar Pullorum infection

takes place preferentially within macrophages located in the splcen (Wigley et al.,
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2001). A current modcl for this cell type is HD11, which are MC29 virus-transtformed '
chicken haematopoietic cells that function in ways comparable to macrophages (Beug ef
al., 1979). Although HD 11 cells are a convenient model for the chicken macrophage, it
is important to remember that they are only a chicken macrophage-like cell line. In
addition, the use of a primary macrophage population ex vivo was considered, as this
would provide a more realistic modef for persistence and would highlight differences
between the responscs of the primary macrophage cell population and HDI11 cells.
Protocols for the isolation and differentiation o f primary cells such as monocyte-derived
macrophages from peripheral blood mononuclear cells (PBMC) (Wigley ex «l., 2002) or
from the spleen (Wigley ¢z af., 2001) yield relatively low quantities of cclis which have
a short lifespan ex vivo. The isolation and differentiation of chicken bone marrow-
derived macrophages, as described in Chapter 3, overcomes these problems for
madelling serovar Pullorum persistence.

The initial invasion event of serovar Pullorum in the gut is SPI-1 TTSS-

mediated, bul not dependent (Wigley et al. 2001). Serovar Pullorum is able to invade

and establish an initial systemic infection without causing considerable pathology in the
gut, untike other related serovars. This poses the question as to whether there is any
involvewent of the SPI-1 TTSS in the modulation of the host immunc response during
serovar Pullorum infection. Bven though the SPI-1 and SP1-2 TTSS are well conserved
within S, enterica serovars (Ochman and Groisman 1996), therce is increasing evidence
to suggest differences in the range of cffector proteins that arve secreted by this
machinery (Hardt and Galdn, 1997; Mirold et al., 1999; Amavisit et al., 2003). Also, the
trapslocation of SPI-1 TTSS cffector proteins into host cells results in, amongst other
things, the activation of various transcription factors (Suarez and Rilssmann, 1998),

which may in turn have an effect on the immune response mounted by the host cell.
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This highlights the need to study the specific effects of both the serovar Pullorum SP1-1
and SPI-2 TTSS on the avian host. Interestingly, Kaiser ¢f al. (2000} reported that the
cytokine profiles expressed by CKC in response to infection with either serovar
Typhimuriam, Enteritidis or Gallinarum were markedly different, and this coutd be
directly related to differences in both the pathogenesis and progression of the differcnt
diseases caused by these agents. 1t was therefore an aim of the study to investigate the
pro-inflammatory immune response of CKC cells to infection with scrovar Pullorum,
and to determiue any involvement of the SPI-1 TTSS. The effects of the SPI-1 TTSS on
bacterial invasion ofthe macrophage cell models is also of interest, to ascertain whether
invasion into macrophage cells is mediated by the SPI-1 TTSS or by a different
mechanism, compared to invasion into gut epithelial cells.

SPI-2 1'I'SS-mediated persistence within splenic macrophages during serovar
Pullorum infection has been previously demonstrated in vivo by Wigley ef af. (2001)
and a functional SPI-2 TTSS was essential for both virulence and carriage (Wigley et
al., 2002). 'Uhe SPI-2 TTSS is essential for virulence during serovar Gallinarum
infection and this persistence has been successfully modelled iz vitre using HD11 cells
(Jones et al., 2001). However, persistence due to the SPI-2 TTSS during serovar
Pullorum infection has not yet been modelled i vitro. Attempts at using HD11 cells for
this purpose have so far been unsuccessful (Paul Wigley, personal communication). Duc
to the previous lack of an effective cell model, studies into the mechanisms of and the
conscquent host cell responscs to persistence have not been possible. Utilisation of the
bone marrow-derived macrophage model for Salmonella persistence aims to address

these issues.
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5.2 Methods

5.2.1 Cells

CKC and HD11 cclls were prepared as described in Chapter 2, section 2.3.1.
Bone marrow-derived macrophages were isolated from line 7, White Leghorn chickens
and cultured on a monolayer, as described in Chapter 3, using complete media and with
a 1/100 dilution of rchGM-CSF for either 5 or 7 days ex vivo. Twao hours prior to use the
monolaycr was washed (o remove all traces of antibiotics and the cell culture media was

replaced with RPMI 1640 containing 5% chick serum (Sigma).

5.2.2 Data Analysis

Experiments were performed in on three separate occasions and for each
experiment each parameter was repeated in triplicate. For real-time qRT-PCR, just one
of the repeated paramcters was taken from each experiment (giving n=3) for the
analysis. Differences were analysed using Analysis of Variance and the two-tailed t-test,
and were carried out using Minitab for Windows version 14 statistical package (Minitab

Lid., Coventry, West Midlands, UK}). Values of P <0.05 were taken as significant.

5.3 Results
5.3.1 The effect of SPI-1 TTSS on invasion of CKC with serovar Pullorum
Figure 5.1 shows intraceltular bacterial counts as colony forming units (i.e. a
count of the viable bacteria) per ml from CKC infected with either scrovar Pullorum,
serovar Pullorom spaS atfenvated mutant or serovar Enteritidis over a 6 h time-course.
Cells were also mock infected as a control. These cells were negative for intracellular
bacterial counts for the duration of the time-course, demonstrating that the cells were

not contaminated. At the early time-points of 2 and 3 h post-infection (hpi), the numbers




141

serovar Pullorum

serovar Pullorum spaS-

serovar Enteritidis

Log cfu/ml
»

Hours post-infection

Figure 5.1: Intracellular bacterial counts from CKC following infection with 100 gl/ml of a
late log phase 10" cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar
Pullorum spasS- or serovar Enteritidis. Bacterial counts are expressed as log cfu/ml (n=9;
SD+0.05). Statistical significance is represented by *, or * for significance that is SPI-1 TTSS-

mediated.
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of intracellular serovar Pullorum bacteria are statistically significantly higher (P=0.0135,
P=0.021 respectively) than numbers of the spaS™ attenuated mutant, by approximately
1.5log at 2 hpi then 1 log at 3 hpi. By 4 hpi, there is no longer any significant difference
between thesc groups. The numbers of serovar Enteritidis within the CKC over the
time-cowrse stay relatively constant at approximately 5 log/ml, and they are
significantly higher at 2, 3, 4 and 5 hpi compared to numbers of serovar Puflorum
(P=0.024, P=0.001, P=0.001, P=0.003 respcetively) and at 2, 3 and 4 hpi when
compared to numbers of the spasS™ attenuated mutant (P=0.004, P=0.002, P=0.006
respectively).

Resuits of Griess assays to determine nitric oxide production were performed on
the supernatants collected from the gentamicin proteetion assays and are shown in
Figure 5.2. There was no significant difference between the amounts of nitrite measured
in any of the saperpatants across the time-course, after intracellular infection with either
serovar Pullorum, serovar Pullojum spaS”, serovar Enteritidis or from the control mock-
intected CKC.

Figure 5.3 shows cytokine mRINA expression in the same CKC. Figure 5.3A
shows the expression profile of IL-18 mRNA for the differentially infected cells across

the time-course. At 2 hpi, IL-18 mRNA expression levels during serovar Enteritidis

infection were significantly vp-regulated compared to those seen during serovar

Pullorum infection (P=0.019), spa$ (P=0.033) and for the mock-infected control cells

from the differentially infected cells. At 4 hpi the mRNA expression levels following
serovar Enteritidis infection were significantly up-regulated compared to those seen
during infection with serovar Pullorum (P=0.026), with spaS (P=0.041) and for the

mock-infected control (P=0.02). At 5 hpi, IL-18 mRNA expression levels during
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Figure 5.2: Nitric oxide production by CKC following infection with 100 ul/ml of a late log
phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar Pullorum
spaS- or serovar Enteritidis. Nitric oxide production is illustrated by the amount of nitrite
present, measured by Griess assay on 50 pl of supernatants from gentamicin protection assays

(n=3; SD+0.05).
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Figure 5.3: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels in
CKC following infection with 100 ul/ml of a late log phase 10 cfu/ml culture of either
Salmonella enterica serovar Pullorum, serovar Pullorum spasS-, serovar Enteritidis or
mock-infected control. mnRNA levels expressed as corrected 40-Ct values obtained by real-
time qRT-PCR (n=3; SE+0.05). Statistical significance within a time point is represented by *
Bars, within same time point for each cytokine, not sharing a letter (when letters are shown) are

statistically significantly different.
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serovar Enteritidis infection were significantly up-regulated compared to those during
infection with serovar Pulloram (I’=0.015), with spa$S” (P=0.054) and for the mock-
infected control celis (P=0.0025). There was no significant difference between 1L-13
mRNA expression levels during serovar Pulloyum and spaS™ infections across the time-
course.

Figure 5.3B shows the expression profile of IL-6 mRNA for the differentially
infected cells across the time-course. At 2 hpi, IL-6 mRNA expression was significantly
up-regulated in serovar Enteritidis-infected cells compared to levels in serovar
Pullorum-infected (P=0.001), spaS™-infected (P=0.001) and in mock-infected control
cells (P=0.003). At 3 hpi, in serovar Enteritidis-infected cells there was a significant up-
regulation of IL-6 mRNA levels compared to those in spaS-infected cclls (P=0.016)
and in control cells (P=0.048). At 4 hpi serovar Enteritidis-infected cells had
significantly up-regulated IL-6 mRNA levels compared to serovar Pullorum-infected
(P=0.046) and spaS™-infected cells (P=0.017). By 5 hpi, this significaut up-regulation
was only evident when compating serovar Enteritidis-infected cells to serovar
Pullorum-infected cells (P—0.025). There was no significant diffcrence in 1L-6 mRNA
levels between the differentially infected celis at 6 hpi. There was no sigaificant
difference between IL-6 mRNA expression levels during setovar Pullorum and spaS
infections across the time-course.

Figure 5.3C shows the mRNA expression profile for CXCLil across the lime-
course. At 2 hpi, CXCLil mRNA expression levels were significantly higher during
serovar Enteritidis infection when compared fo those measured during serovar Pullorum
infection (P=0.005), spaS™ infection (P=0.015) and for the control cells (P=0.006). At 4
and 5 hpi, levels of CXCLil mRNA during serovar Enteritidis infection werc

significantly higher than those measured during setovar Pullorum infection (P=0.025
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and P=0.002) and at 5 hpi during spaS™ infection (P=0.047}. There was no significant
differcnce in CXCLil mRNA levels between the differentially intected cells at 6 hpi,
There was no significani difference between CXCLi1 mRNA expression levels during
serovar Pullorum and spaS™ infections across the time-course.

Figure 5.3D shows the CXCILi2 mRNA expression profile over the time-course
of the experiment. There were significant differences between the levels of CXCLi2
mRNA expression for the groups of differentially-infected cells at 2, 3, 4 and 5 hpi. At 2
hpi, CXCLi2 mRNA expression by serovar Pullorum-infected cells was significantly
down-regulated when compared to control cells (P=0.001). At 3 hpi, the spaS -infected
cells had significantly down-regulated CXCLi2 mRNA levels compared to those
measured in the control cells (P=0.008). At 4 and 5 hpi, CXCLi2 mRNA levels from
serovar Enteritidis-infected cells were significantly up-regulated when compared to
those measured in serovar Pullorum-infecled cells (P=0.010, P=0.030 respectively). At
5 hpi, there was also significant up-regulation of CXCLi2 mRNA during scrovar
Enteritidis infection when compared to spaSinfection (P=0.052). There was no
significant difference between CXCLi2 mRNA expression levels during serovar

Pullorum and spaS™ infections across the time-course.

5.3.2 The effcet of SPI-2 1TSS on invasion of CKC with scrovar Pullorum

Intracellular bacterial counts from CKC over a time-course following infection
with either serovar Pullorum, serovar Pullorum ssal attenuated mutant or serovar
Enteritidis are shown in Figure 5.4. The cells were also mock infected as a contral, and
these results were ncgative for the time course demonstrating that the cells were not

contaminated during the experiment. Intracellular bacterial counts during serovar
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Figure 5.4: Intracellular bacterial counts from CKC following infection with 100 ul/ml of a
late log phase 10® cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar
Pullorum ssaU- or serovar Enteritidis. Bacterial counts expressed as log cfu/ml (n=9;

SD=0.05). Statistical significance represented by *.
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Enteritidis infection were relatively stable over the time-course at between 5 and 6
log/mnl, and significantly higher than those during serovar Pullorum infection at 2, 3, 4
and 5 hpi (P=0.003, P=0.018, P=0.007 and P=0.003 respectively) and during ssal/
infection at 2, 3 and 5 hpi (P=0.026, P==0.011 and P=0.002 respectively). There was no
significant difference between numbers of intracellular serovar Pullorum and ssaU” over
the ime-course.

Griess assays performed on the supernatants collected from the gentamicin
protection assay ave shown in Figure 5.5. Across the time-course, there was no
significant difference between nitrite levels measured during intracellular serovar
Pullorum, ssa¢U or serovar Enteritidis infection, or for the control mock-infected CKC
cells, with levels remaining at approximately 1 4M nitrite for the duration of the

experiment.

ik

Figure 5.0 shows cytokine mRNA expression in the same CKC. IL-18 mRNA
expression levels during the experiment are shown in Figure 5.6A. There was
significant up-regulation of TL-18 mRNA cxpression levels at 2 hpi during infection
with scrovar Enteritidis compared to those during infection with serovar Pullorum
(P=0.000), with ssaU" (P=0.001) and in the control cells (P=0.000). At 4 hpi, IL-13
mRNA expression levels during serovar Enteritidis infection were significantly up-
regulated corgpared to those measured during serovar Pullorum infection (P=0.001). At
5 hpi, there was significant up-regulation of 11.-18 mRNA expression levels during

serovar Eoteritidis infection compared to those meusured during serovar Pullorum

infection (P=0.018) and in the control cells (P—~0.000). There was no significant
difference between 1L-18 mRNA expression levels during serovar Pullorum and spaS

infections across the tiime-course.
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Figure 5.5: Nitric oxide production by CKC following infection with 100 xl/ml of a late log
phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar Pullorum
ssaU- or serovar Enteritidis. Nitric oxide production is illustrated by the amount of nitrite

present, measured by Griess assay on 50 ul of supernatants from gentamicin protection assays

(n=3; SD+0.05).
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Figure 5.6: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels of

CKC following infection with 100 gl/ml of a late log phase 10* cfu/ml culture of either

Salmonella enterica serovar Pullorum, serovar Pullorum ssaU-, serovar Enteritidis or

mock-infected control. mRNA levels expressed as corrected 40-Ct values obtained by real-

time gRT-PCR. (n=3; SE+0.05). Statistical significance within a group is represented by *, or *
q p is rep

for significance that is SPI-2 TTSS-mediated. Bars, within same time point for each cytokine,

not sharing a letter (when letters are shown) are statistically significantly different.
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IL-6 mRNA expression levels during the experiment are shown in Figure 5.6B.
At 2 and 3 hpi, IL-6 mRNA expression during serovar Enteritidis infection was
significantly up-regulated compared to those levels measured during serovar Pullorum
infection (P=0.000 and P=0.001 respectively), ssall infection (P—0.001 and P=0.006
respectively) and in the control cells (P=0.002, P=0.007). Al 4 hpi, IL-6 mRNA
expression levels during serovar Pullorum infection were significantly down-regulated
when compared to the control (P=0.004). At 6 hpi, IL-6 mRNA expression levels during
serovar Enteritidis infection are significantly up-regulated when compared to those
levels measured during serovar Pullorum infection (P=0.001), ssaU infection (P=0.050)
or in the control cells (P=0.020). At 6 hpi there was a significunt up- regulation of [L-6
mRNA levels measured during ssal/ infection compared to those measured during
serovar Pullorum infection (P=0.015). This was the only time point at which there was a
significant difference between IL-6 mRNA expression levels during serovar Pullorum
and ssall infections.

CXCIL.il mRNA expression levels during the experiment are shown in Figure
5.6C. There was signilicant up-regulation of CXCLil mRNA expression levels during
serovar Enteritidis infection compared to levels measured during scrovar Pullorum
infection at 2, 3, 4, 5 and 6 hpi (P=0.000, P=0.040, P=0.006, P=0.018 and P=0.002
respectively). At 2 and 6 hpi, CXCLil mRNA expression was significantly up-regulated
during serovar Enteritidis infection compared to levels measured during ssaU infection
(£=0.005 and P=0.011 respectively) and to those levels measured for the control cells at
2, 4 and 6 hpt (P=0.001, P—0.039 and P=0.022 respectively). There was no significant
difference between CXCLi1l mRNA. expression levels during serovar Pullorum and

ssal/ infections across the time-course.
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CXCLi2 mRNA levels are shown in Figure 5.6D. Again, as for the CXCILil
expression profile, CXCLi2 mRNA expression levels during serovar Enteritidis

infection were significantly up-regulated at all time-points compared to those measured

respectively). There was up-regulation of CXCLi2 mRNA levels during serovar
Enteritidis infection at 2, 3, 5 and 6 hpi compared to those measured during ssaU
mfection (P=0.000, P=0.015, P=0.050 and P=0.015 respectively) and in the control cclls
{P=0.000, P=0.004, P=0.002 and P=0.008 respectively). At 2, 4 and 6 hpi CXCL.i2
mRNA levels measured during serovar Pullorum infection were significantly down-
regulated compared fo those measured in the control cells (P=0.039, P=0.041 and
P=0.047 respectively), and at 2 hpi were significantly down-regulated during ssal7
infection compared to levels in the control cells (P=0.020). There was no significant
difference between CXCLi2 mRNA expression levels during scrovar Pullorum and

ssa U/ infections across the time-course.

5.3.3 The cffect of SPI-1 TTSS on invasion of HD11 cells with serovar
Pullorum

Intracellular bacterial counts from HD11 cclls aver a 24 h time-course following
infection with either serovar Pullorum, spaS™ or serovar Enteritidis are shown in Figure
3.7. Cells were also mock-infected as a confrol. These cells were negative for
intracellular bacteria! counts for the duration of the time-course, demonstrating that the
cells were not contaminated. Al 2 hpi, intracellular serovar Tnteritidis bacterial counts
were significantly higher compared to those measured for serovar Pultorum (P=0.002)

and for the spaS -attenuated mutant (P=0.003) by approximately 1 log. Therc was no
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Figure 5.7: Intracellular bacterial counts from HD11 cells following infection with 100
pVml of a late log phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum,
serovar Pullorum spasS- or serovar Enteritidis. Bacterial counts expressed as log cfu/ml (n=9;

SD=0.05). Statistical significance represented by *.
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Figure 5.8: Nitric oxide production of HD11 cells following infection with 100 ul/ml of a
late log phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar
Pullorum spaS- or serovar Enteritidis. Nitric oxide production is illustrated by the amount of
nitrite present, measured by Griess assay on 50 ul supernatants from gentamicin protection

assays (n=3; SD+0.05). Statistical significance represented by *.
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significant difference between the bacterial numbers in any of the differentiaily infected
cells at the other time-points.

Griess assays performed on the supernatants collected from the gentamicin
protection assays are shown in Figure 5.8. The amounts of nitrite measured in the
supernatants following serovar Enteritidis infection of the HD11 cells were significantly
higher at 2, 4, 8 and 24 hpi compared to those produced following serovar Pullorum
infection (P=0.001, P=0.019, P=0.008 and P=0.000 respectivcly), spaS infection
(P=0.001, P=0.016, P=0.006 and P=000 respectively) and in the control cells (P=0.001,
P=(.0135, P=0.004 and P=0.000 respectively). The levels of nitrite produced following
serovar Pullorum infection were significantly greater than those measured in the
supernatants of control cclis at 8 and 24 hpi (P=0.004 and P=0.000), and also
significantly greater following spaS™ infection compared to those in the control cells at 8
and 24 hpi (P=0.001 and P=0.005 respectively). 'L'here were no significant differences
between the levels of nitrite produced tollowing serovar Pullorum infection compared to
spaS infection for the time-course.

Figure 5.9 shows cytokine mnRNA. expression in the same HD11 cells. IL-13
mRNA expression levels during the experiment are shown in Figure S.9A. At 2 hpi, IL-
18 mRNA expression levels following serovar Enteritidis and spaS™ infection of HD11
cells were significantly up-regulated compared 1o those measured in control cells
(P=0.003 and P—0.001 respectively). At 4 hpi, IL-18 mRNA levels [ollowing serovar
Pullorum infection were significantly up-regulated when compared to those measured
following infection with serovar Enteritidis (P=0.010). IL-18 mRNA levels at § hpi
during serovar Enteritidis, serovar Pulloram and spaS™ infection were significantly up-

regulated compared to those in control cells (P=0.003, P=0.001 and P=0.001
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Figure 5.9: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels of
HDI11 cells following infection with 100 xl/ml of a late log phase 10* cfu/ml culture of
either Salmonella enterica serovar Pullorum, serovar Pullorum spaS-, serovar Enteritidis
or mock-infected control. mRNA levels expressed as corrected 40-Ct values obtained by real-
time qQRT-PCR. (n=3; SE+0.05). Statistical significance within a group is represented by *, or *
for significance that is SPI-1 TTSS-mediated. Bars, within same time point for each cytokine,

not sharing a letter (when letters are shown) are statistically significantly different.
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respectively). There was no significant difference between IL-18 mRNA expression
levels during serovar Pullorum and spaS infections across the time-course.

[L-0 mRNA expression levels during the experiment are shown in Tigure 5.91,
Following infection with serovar Pullorum, IL-6 mRNA expression levels were
significantly higher compared to those measured in the control cells at 2, 4, 8 and 24 hpi
(P=0.002, P=0.002, P=0.000 and P=0.011 respectively). IL-6 mRNA cxpression levels
during serovar Enteritidis infection werc also significantly higher across the time-course
when compared to those measured in the control cells (P=0.002, P=0.000, P=0.005 and
P=0.034 respectively). Following spasS infection at 4, 8 and 24 hpi, IL-6 mRNA
expression levels were significantly up-regulated compared to those measured in the
control cells (P=0.004, P=0.002 and P=0.006 respectively). At 2 and 4 hpi, IL-6 mRNA
expression levels during serovar Pullorum infection were signiticantly up-regulated
compared to those measurcd during serovar Enteritidis infection {P=0.041 and P=0.007
respectively). There was no significant difference between IL-6 mRNA expression
tevels during serovar Pullorum and spaS™ infections across the titme-coursc.

CXCLil mRNA expression levels for the experiment are shown in Figure 5.9C.,
Across the time-course, compared to those measured in the control cells, levels of
CXCLil mRINA were significantly up-regulated following nfection with serovar
Pullorum (P=0.001, P=0.000, P—0.001 and P=0.001 respectively), with spa$S” (P=0.001,
I'=0.000, P=0.001 and P=0.001 respectively) with serovar Enteritidis (P=0.009,
P=0.000, P=0.003 and P=0.024 respectively). At 4, 8 and 24 hpi, compared to those
measured during infection with scrovar Enteritidis, CXCLil mRNA expression levels
were up-regulated during infection with serovar Pullorum (P=0.001, P=0.000 and

P=0.004 respectively) and with spa$™ (P=0.004, P=~0.002 and P=0.012 respcctively).
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There was no significant difference between CXCLil mRNA expression levels during
serovar Pullorurn and spaS™ infections across the time-course.

Figure 5.9D shows CXCLi2 mRNA expression levels for the experiment. At 2
hpi, compared to those measured in the control cells, mRNA expression levels were up-
regulated following infection with serovar Pullorum (P=0.002), with spaS™ (P=0.002)
and with scrovar Enteritidis (P=0.011). CXCLi2 mRNA expression levels at 4 hpi in
serovar Pullorum-infected cells were up-regulated compared {0 in spaS-mfected cells
(P=0.044), serovar Enteritidis-infected cells (P=0.011), and compared to those measured
in the control cclls (P—0.025). CXCLi2 mRNA expression levels during spaS™ infection
were significantly up-regulated compared to those measured during serovar Enteritidis
infection (P=0.029) and in the control cells (P=0.031) ut 4 hpi. At 8 hpi, mRNA
expression levels following serovar Pullorum infection were up-regulated compared to
those measured following serovar Enteritidis intection (P~0.050), and compared to
those in control cells (P=0.000). CXCLi2 mRNA expression levels measured during
both serovar Enteritidis and spaS infection of HD11 cells were significantly higher
compared to those measured in control cells at 8 hpi (P=0.001 and P=0.000
respectively) and at 24 hpi (P=0.004 and P=0.000 respectively). CXCLi2 mRNA
expression levels were significantly up-regulated [ollowing spaS infection at 24 hpi

compared to those measured during serovar Enteritidis infection (P=0.052).

5.3.4 The ctfect of SPI-2 TTSS on invasion of IID11 cells with scrovar
Pullorum

Intraceliular bacterial counts from HD11 cells nfected with either serovar
Pullorum, with serovar Pullorum ssal attenuated mutant or with serovar Enteritidis

over a 24 h tine-course are shown m Figure 5.10. The cclls were also mock infected as
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Figure 5.10: Intracellular bacterial counts from HD11 cells following infection with 100
pl/ml of a late log phase 10* cfu/ml culture of either Salmonella enterica serovar Pullorum,
serovar Pullorum ssaU- or serovar Enteritidis. Bacterial counts expressed as log cfu/ml (n=9;

SD+0.05). Statistical significance represented by *.
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a control, and the results were negative for the time-course demounstrating that the cells
werc not contaminated. At 2 hpi, numbers of intracellular serovar Enteritidis were
significantly higher compared to numbers of intracellular serovar Pullorum and ssall
(P=0.045, P=0.026) by approximately 1 log. There arc no significant differences in the
intracellular bacterial nuunbers of the differentially infected cells across the rest of the
time-course and the numbers of all bacteria slightly decreased over time.

Griess assays performed on supernatants collected from the gentamicin
protection assays are shown in Figure 5.11. Across the time-course, nitrite levels
measured during intraceliular serovar Enteritidis infection were significantly higher
compared to those measured during serovar Pullorum infection (P=0.040, P=0.015,
P=0.011 and P=0.006 respectively), ssal/ infection (P=0.042, P=0.015, P=0.009 and
P=0.001 respcectively) and compared to those measured in control cells (P=0.041,
P=0.014, P=004 and P=0.000 rcspectively). Nitrite levels increased across the time-
course to a maximurn of approximately 25 uM. At 24 hpi, nitrite levels measured in the
supernatants of scrovar Pullorum-infected and ssaU -infected HDI1 cells were
significantly higher than those measured in the supernatants of control cells, at
approximately 5 uM compared to approximately T yM.

Figure 5.12 shows cytokine mRNA expression in the same HD11 cells. IL-18 mRNA
expression levels for the differentially infected ITD11 ¢ells across the time-course are
shown in Figure 5.12A. At 2, 4, 8 and 24 hpi, compared to lcvels in control cells, there
was significant up-regulation of IL-13 mRNA levels during serovar Pullorum infection
(P=0.046, P=0.002, P—0.000 and P=0.009 respcctively) and during ssal/ infection
(P=0.037, P=0.001, P=0.004 and P=0.004 respectively). IL-18 mRNA levels were up-
regulated during serovar Enteritidis infection compared to those measured in the control

cells at 4, 8 and 24 hpi (P=0.001, P=0.000 and P=0.009 respectively).
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Figure 5.11: Nitric oxide production by HD11 cells following infection with 100 ul/ml of a
late log phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar
Pullorum ssaU- or serovar Enteritidis. Nitric oxide production is illustrated by the amount of
nitrite present, measured by Griess assay on 50 ul of supernatants from gentamicin protection

assays (n=3; SD+0.05). Statistical significance represented by *.
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Figure 5.12: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels in

HD11 cells following infection with 100 xl/ml of a late log phase 10* cfu/ml culture of

either Salmonella enterica serovar Pullorum, serovar Pullorum ssaU-, serovar Enteritidis

or mock-infected control. mRNA levels expressed as corrected 40-Ct values obtained by real

time qRT-PCR. (n=3; SE£0.05). Statistical significance within a group is represented by *.

Bars, within same time point for each cytokine, not sharing a letter (when letters are shown) are

statistically significantly different.
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There was no significant difference between IE-18 mRNA expression levels during
serovar Pullorum and sseU infections across the time-course,

IL-6 mRNA expression levels during the experiment are shown in Figure 5.12B.
Across the time course, compared to levels in control cells, there was significant up-
regulation of IL-6 mRNA levels following infection with serovar Pullorum (P=0.001,
P=0.004, P=0.000 and P=0.006 respectively), with ssal/ (P=0.001, P=0.004,
P=0.002and P=-0.008 respectively) and with serovar Enicritidis (P=0.002, P=0.006,
P=0.000 und P=0.001 respectively). At 2 hpi, IL-6 mRNA expression levels in ssall-
infected cells were significantly up-regulated compared to those measured in serovar
Enteritidis-infected cells (P=0.053), but by 24 hpi, levels were significantly down-
regulated (P=0.052). There was no significant difference between I1.-6 mRNA
expression levels during serovar Pullorum and ssa U infections across the time-course.

Figure 5.12C shows expression levels of CXCLil mRNA during the experiment.
There was significant up-regulation of CXCL11 mRNA cxpression levels, compared to
those measured for the control cells, at 2, 4, 8 and 24 hpi following infection with
serovar Pullorum (P=0.054, P=0.003, P=0.000 and P=0.001 respectively) and ssaU
(P=0.036, P=0.001, P=0.002 and P=0.001 respectively). Tollowing serovar Enteritidis
infection, there was significant up-regulation of CXCLil mRNA levels compared to
those measured in control cells at 2, 4 and 8 hpi (P=0.048, P=0.005 and P=0.001
respectively). At 4 hpi, CXCLil mRNA expression levels of both serovar Pullorum-
infected and ssal/-infected cells were significantly up-regulated compared to those
measured for serovar Enteritidis-infected cells (P=0.035 and P=0.014 respectively).
Thete was no significant difference between CXCLil mRNA expression levels during

serovar Pullorum and ssalV” infections across the time-course.
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The CXCLi2 mRNA expression levels for the differentially infected HD11 cells
across the time-course are shown in Figure 5.12D. There was sigaificant up-regulation
of CXCLi2 mRNA levels compared to those measured in control cells at 2, 4, 8 and 24
hpi following infection with serovar Pullorum (P=0.032, P=0.008, P=0.000 and I=0.000
respectively), with ssat/” (P=0.021, P=0.007, P=0.000 and P=0.000 respectively) and
with serovar Enteritidis (P=0.028, P=0.009, P=0.000 and P—=0.003 respectively). There
was no significant difference between CXCLi2 mRNA expression levels during serovar

Pullorum and ssaU™ infections across the time-course.

§.3.5 The cffect of SPI-2 TTSS on invasion of and persistence in bone
marrow-derived macrophages with serovar Pullorum

Intracellular bacterial counts from chicken bone marrow-derived macrophages
(BM-dM®) infected on day 7 ex vivo, at 2, 4, 8 and 24 hpi following infection with
serovar Pullorum, with serovar Pullorum ssqlU attenuated mutant and with serovar
Enteritidis are shown in Figure 5.13. The cells were also mock infected as a control, and
the results were negative for the time-course demonstrating that the cells were not
contaminated. At 2 hpi, numbers of intracellular ssal” were significantly higher (by
approximately 1 log) compared to numbers of intracellular serovar Pullorum (P=0.008).
Intracellular serovar Enteritidis bacterial numbers at 2 hpi were higher (by
approximately 2.5 Tog) than those for serovar Pullorum (P=0.000), and (by
approximately 1.5 log) than those for ssa¢UU” (P=0.001). At 4 hpi, serovar Enteritidis
intracellular bacterial numbers were significantly higher compared to serovar Pullorum
bacterial numbers (P=0.016). At 8 hpi, serovar Enteritidis intraccllular bacterial

numbers were significantly higher compared to ssaU bacterial numbers (P=0,041).
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Figure 5.13: Intracellular bacterial counts from chicken bone marrow-derived
macrophages following infection with 100 gl/ml of a late log phase 10° cfu/ml culture of
either Salmonella enterica serovar Pullorum, serovar Pullorum ssalU- or serovar
Enteritidis. Gentamicin protection assays performed on day 7 of culture ex vivo. Bacterial
counts expressed as log cfu/ml (n=9; SD+0.05). Statistical significance represented by *, or *

for significance that is SPI-2 TTSS-mediated.




166

Griess assays performed on the supernatants collected from the gentamicin
protecction assays arc shown in Figure 5.14. At 2, 4, § and 24 hpi, nitrite concentrations

measurcd in the supernatants of serovar Enteritidis-infected celis were signilicantly

respectively), in ssal/-infected cells (P=0.009, P=0.001, P=0.000 and P=0.000
respectively) and when compared to those measured from control cells (P=0,009,
P=0.001, P=0.000 and P=0.000 respectively). Nitrite levels following infection with
serovar Enteritidis rose from approximately 25 uM at 2 hpi to approximately 45 uM at
24 hpi. Levels measured during serovar Pullorum infection, ssaU infection and in
control cells did not rise above 2.5 uM for the duration of the experiment.

Figure 5.15 shows cytokine mRINA expression levels in the same bone marrow-
derived macrophages. The IL-18 mRNA levels for the experiment are shown in Figure
5.15A. At 2 hpi, there were no significant differences between [L-18 mRNA expression
levels for the differentially infected cells. At 4, 8 and 24 hpi, compared to those
measurcd for serovar Enteritidis-infected cells, IL-18 mRNA expression levels were
significantly up-regulated following serovar Pullorum infection (P=0.010, P=0.001 and
P=0.004 respectively) and following ssalU" infection (P=0.050, P=0.001 and P=0.003
respectively). TL-18 wRNA levels were significantly up-regulated at 24 hpi, compared
to those measured in control cells, during serovar Pullorum infection (P=0.044) and
during sseU infection (P=0.041). There was no significant difference hetween IL-13
mRNA expression levels during serovar Pullorum and ssalU infections across the time-
course.

The 1L-6 mRNA cxpression fevels for the experiment are shown in

Figure 5.15B. Compared to levels in the control cells, there was significant up-
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Figure 5.14: Nitric oxide production by chicken bone marrow-derived macrophages

following infection with 100 ul/ml of a late log phase 10° cfu/ml culture of either

Salmonella enterica serovar Pullorum, serovar Pullorum ssaU- or serovar Enteritidis.

Griess assay performed on supernatants from gentamicin protection assays performed on day 7

of culture ex vivo. Nitric oxide production is illustrated by the amount of nitrite present in 50 ul

of supernatants from gentamicin protection assays (n=3; SD+0.05). Statistical significance

represented by *.
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Figure 5.15: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels in
chicken bone marrow-derived macrophages following infection with 100 ul/ml of a late log
phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar Pullorum
ssaU-, serovar Enteritidis or mock-infected control. mRNA levels expressed as corrected 40-
Ct values obtained by real time qRT-PCR performed on mRNA isolated from day 7 of culture
ex vivo (n=3; SE£0.05). Statistical significance within a group is represented by *. Bars, within
same time point for each cytokine, not sharing a letter (when letters are shown) are statistically

significantly different.
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regulation of TL-6 mRNA levels during infection with serovar Pullorum at 4 and 8 hpi
(P=0.010 and P=0.003 respectively), with ssaU at 4, 8 and 24 hpi (P=0.016, P=0.005
and P=0.023 respectively) and with serovar Enteritidis at 8 hpi (P=0.012). There was
significant up-regulation of IL-6 mRNA levels, compared to those measured tollowing
infection with serovar Enteritidis, at 4 and 8 hpi following infection with serovar
Pullorum {P=0,029 and P=0.001 respectively) and with ssaU” (P=0.047 and P=0.028
respectively). There was no significant diffcrence between IL-6 mRNA expression
levels during serovar Pullorum and ssall infections across the time-~course.

Expression levels of CXCLil mRNA are shown in Iigure 5.15C. At 4 and 24
hpi, CXCLil mRNA expression levels were significantly up-regulated following
serovar Puliorum infection compared to those in control cells (P=0.038 and P=0.009
respectively). Following ssaU infection this up-regulation of mRNA levels compared to
serovar Euteritidis was significant at 4 hpi (P—0.021) and compared to the control was
significant at 24 hpi (P=0.007). At 24 hpi, during serovar Enteritidis infection, there was
significant up-regulation of CXCLil mRNA levels compared to those measured in
control cells (P=0.053). There was sigaificant up-regulation of CXCLi1 mRNA levels,
compared to those measured during infection with serovar Enteritidis, at 4 hpi with
serovar Pullorum (P=0.007). There was no significant difference between CXCLil
mRNA expression levels during serovar Pullorum and ssaJ” infections across the time-
course.

The CXCLi2 mRNA expression levels for the experiment are shown in
Figure 5.15D. There was significant up-regulation of CXCLi2 mRNA levels at 4 and §

hpi, compared to those measured following serovar Enteritidis infection, during serovar

ssall infection (P=0.009, P=0.031 and P=0.038 respectively). At 24 hpi, compared to

.....




170

serovar Pullorum

(i) P — serovar Pullorum ssaU-
5 —— serovar Enteritidis
4
E
3 3
Q
g
1
0 |
Hours post-infection
i)
35
= 3 y =-1.1799x + 4.106
E 25 ' '
S .
S 2
9 y =-1.4787x + 3,225
®15
.
0.5 y = -0.4982x + 1.5984

‘ y = -0.2007x + 0.8027
24 48 48 72

Hours post-infection

Figure 5.16: Intracellular bacterial counts from chicken bone marrow-derived
macrophages following infection with 100 xl/ml of a late log phase 10® cfu/ml culture of (i)
either Salmonella enterica serovar Pullorum, serovar Pullorum ssaU- or serovar
Enteritidis, and (ii) comparison of the gradients of the time course for serovar Pullorum
and serovar Pullorum ssaU- . Gentamicin protection assays performed on day 5 of culture ex
vivo. Bacterial counts expressed as log cfu/ml (n=9; SD+0.05). Statistical significance

represented by *, or * for significance that is SPI-2 TTSS-mediated.
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fevels in control cells, there was significant up-regulation of CXCLi2 mRNA levels
following serovar Pullorum infection (P=0.014), and following ssq¢l/” infection
(P=0.009). There wus no significant difference between CXCLI2 mRNA expression
levels during serovar Pullorum and ssel/ infections across the time-course.
Intracellular bacterial counts from BM-dM® infected on day 5 ex vive with either
serovar Pullorum, serovar Pullorum sse {7 attenvated mutant or with serovar Enteritidis
at 24, 48 and 72 hpi are shown in Figure 5. 1 6. The cclls were also mock infected as a
control, and the results were negative for the time-course demonstrating that the cells
were 1ot contaminated. Intracellular bacterial numbers of ssaU” were significantly
higher compared to those measured for serovar Puliorum at 24 and 48 hpi (P=0.048 and
P=0.010 respectively). The intraccilular levels of ssalJ” were high (approximately log 3)
at 24 hpi, but they then fell dramatically over the time-course to numibers similar to
those measured following serovar Pullorum infection. Numbers of intracellular serovar
Pullorum bacteria remained relatively stable over the time-course, with much lower
gradients when plotted across the timc-course, compared to those measured for ssaU.
Numbers of intracellular serovar Enteritidis were significantly higher compared to those
of serovar Pullorum at 24 and 48 hpi (P=0.011 and P=0.009 respectively), and
significantly higher compared to thosc of ssal/ at 48 and 72 hpi (P=0.002 and P=0.044
respectively).

Griess assays performed on supernatants from the experiment collected from the
gentamicin protection assays arc shown in Figure 5.17. At 24 hpi, there were no
significant differences between the nitrite levels measured following serovar Pullorum
and ssal/ infection. By 48 hpi, thougly, the ssal7-infected BM-dM® cells produced
significantly increased levels of nitrite compared to those measured from the serovar

Pullorum infected cells (P=0.025) and this significant increase continued to 72 hpi

e




172

B serovar Pullorum
—_— serovar Pullorum ssaU-
S— serovar Enteritidis

control
30-
25

20

15

Nitrite (#M)

10-

24 48 72

Hours post-infection

Figure 5.17: Nitric oxide production by chicken bone marrow-derived macrophages
following infection with 100 gl/ml of a late log phase 10* cfu/ml culture of either
Salmonella enterica serovar Pullorum, serovar Pullorum ssaU- or serovar Enteritidis.
Griess assay performed on supernatants from gentamicin protection assays performed on day 5
of culture ex vivo. Nitric oxide production is illustrated by the amount of nitrite present in 50 pul
supernatants from gentamicin protection assays (n=3; SD+0.05). Statistical significance

represented by *, or * for significance that is SP1-2 TTSS-mediated.




{P=0.011). Nitritc tevels were significantly higher compared to those in control cells

across the time-course following serovar Pullorum infection (P=0.000, P=:0.024 and
P=0.006 respectively) and following ssal infection (P=0.012, P=0.000 and P=0.000
respectively). During serovar Fnteritidis infection, nitrite levels were significantly
higher at 48 and 72 hpi compared {0 those measured during serovar Pullorum infection
(P=0.004 and P=0.015 respectivcly), during ssaU" infection (P=0.006 and =0.000
respectively) and {or control cells (P=0.000 and P=0.014 rcspectively).

The cytokine mRNA expression profiles for the experiment are shown in Figure
5.18. IL-18 mRNA expression levels are shown in Figure 5.18A. IL-18 mRNA levels

worg significantly up-regulated, compared to those measured in control cells, following

VRt s L

infection with serovar Pullorum at 24 and 72 hpi {(P=0.002 and P=0.001 respectively), 2

with ssaU at 24 and 72 hipi (P-0.002 and 1'=0.003 respectively) and with serovar

Enteritidis at 72 hpi (P=0.000). Compured to levels during infection with serovar

Enteritidis at 24 hpi, there was significant up-regulation of IL-15 mRNA levels

measured during serovar Pullorum infection (P=0.014) and ssaU" infection (P=0.016).

There was no siganificant difference between IL-18 mRNA. expression levels during

serovar Pullorum and ssaU infections across the time-course.
[L-6 mRNA expression levels across the time coursc for the

differentially infected cells are shown in Figure 5.18B. At 24, 48 and 72 hpi, IL-6

mENA levels during ssal/” infection were significantly up-regulated compared to those

measured during serovar Pullorum infection (P=0.017, P=0.013 and P=0.015

respectively). Compared Lo control cells, IL-6 mRNA levels were significantly up-

regulated throughout the time-course during ssal/ infection (P—0.000, P=0.046 and

P=0.017 respectively), but this difference was only seen at 24 hpi during scrovar

Pullorum infection (P=0.002). At 24 and 48 hpi, compared to those measured for
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Figure 5.18: IL-18 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels in
chicken bone marrow-derived macrophages following infection with 100 xl/ml of a late log
phase 10° cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar Pullorum
ssaU-, serovar Enteritidis or mock-infected control. mRNA levels expressed as corrected 40-
Ct values obtained by real time gqRT-PCR performed on mRNA isolated from day 5 of culture

ex vivo (n=3; SE£0.05). Statistical significance within a group is represented by *, or * for there
was significant up-regulation of IL-6 mRNA during infection with serovar Enteritidis

(P=0.003 and P=0.039 respectively). IL-6 mRNA levels were significantly down-
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control cells, regulated during infection with serovar Pullorum at 48 hpi when compared
to those measured during serovar Enteritidis infection (P=0.021).

The mRNA expression levels for CXCLil arc shown in Figure 5.18C. Across
the time-course, compared to levels in control cells, expression levels of CXCLil
mRNA were significantly up-regulated during infection with serovar Pulloram
significance that is SPI-2 1'TSS-mediated. Bars, within same time point for each cytokine, not
sharing a letter (when letters are shown) are stalistically significantly different.

(P=0.000, P=0.034 and P=0.002 respectively) and during ssal/ infection (P=0.000,
P=0.026 and P=0.007 respectively). There was also significant up-regulation of
CXCLi1 mRINA levels across the time-course when compared to those measured
following serovar Enteritidis infection, following infection with serovar Pullorum
(P=0.036, P=0.019 and P=0.002 respectively) and ssa(/ (P=0.036, P=0.011 and
P=0.008 respectively). There was no significant difference between CXCLil mRNA
expression levels during serovar Pullorum and sseU infections across the time-coursc.

The CXCLi2 mRNA expression levels for the experiment are shown in Figure
5.18D. CXCLi2 mRNA levels were signiticantly up-regulated when compared to those
measured in control cells across the time-course during infection with serovar Pullorum
(P=0.000, P=0.013 and P=0.001 respectively), ssalU (P=0.000, P=0,007 and P=0.002
respectively) and serovar Enteritidis (P=0.022, P=0.018 and P=0.000 respectively). At
24 hpi, CXCLi2 mRNA expression levels following ssalU infection were significantly
lower than those measured following serovar Pullorum intection (P=0.032). CXCLi2
mRNA levels measured following serovar Pullorum infection were significanily higher
and those measured following scrovar Enteritidis infection at 24, and 48 hpi (P=0.016
and ['=0.034 respectively). At 48 hpi, levels ol mRNA expression during ssal

mfection were significantly higher compared to those measured during serovar
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[interitidis infection (P=0.014). Levels of CXCLi2 mRNA expresston were significanily
higher during serovar Enteritidis infection compared to those measured during serovar

Pullorum infection at 72 hpt (P=0.023).

5.4 Discussion

The data clearly show that the SPE-1 T'TSS is involved in, but not essential for,
the invasion of CKC by serovar Pullorum. There were significant differences between
miracellular numbers of serovar Pullorum wild-typc and the SPI-1 TTSS-altenuated
mutant at carly time-points post-infection. The serovar Pullorum wild-typc bacteria
mvaded CKC faster than the SPI-1 TTSS-altenuated bacteria suggesting a role for this
system in the invasion process. Attenuation of the SPI-1 TTSS does not, however,
completely inhibit this process as intraceliuiar bacteria were still found at the early time-
points. These data support and build on those reported by Wigley ef al. (2002), who
investigated the effect of the SPI-1 TTSS on invasion of CIKC at 2 hpi. Intracellular
levels of serovar Pullorum within the CKC were constant throughout the experiment.
The SPI-1 TTSS-attenuated mutani bacteria were present intracellularly in significantly
lower numbers at the start of the assay, but their numbers quickly increased to be
comparable to those seen during the serovar Pullorum wild-type infection. This was not
due to continued invasion info the CKC over the time-course, as the addition of
gentamicin at 1 hpi to the culture would have prevented invasion by the bacteria past
this point. The increase in bacterial numbers over the time course must therefore be due
to intracellular proliferation, and the SPI-1 T'I'SS did not appear to play a role in this
process.

The mntracellular survival of the bacteria did not induce nitric oxide production

in the CKC. In general, in CKC, serovar Enteritidis induced increased pro-inflammatory
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mRNA expression when compared to levels measured in non-infected cells and cells
that were infected with either the serovar Pullorum wild-type or the SPI-1 TTSS-
attenuated mutant. The extent ot this up-regulation of expression decreased over the
time-course to levels similar to those measured in control cells, There were no
significant differences in IL-13, IL-6, CXCLil and CXCLi2 mRNA expression during
serovar Pullorum wild-type and SP[-1 TTSS-attenuated mutant infection, which
indicates that although the SPI-t TTSS is involved in the initial invasion event, it does
noi appear to have any affect on hbost pro-inflammatory cytokine production. Expression
of the pro-inflammatory cytokines was significantly increased at early time-points
during serovar HEnteritidis infection, but not during serovar Pullorum infection. This
could be due to either immune modulation by serovar Pullorum or due to the lower
numbers of intracellular bacteria. Since the serovar Pullorum bacteria invaded and
persisted in lower numbers than serovar Enteritidis this may just be a case of avoiding
an inmune response by maintaining a lower intracellular bacterial population. This
would reduce the chance of detection by the immunc system and lessen the need for
active immune modulation.

Repetition of the assay using the SPI-2 TTSS-attenuated mutant did not show a
role for the SPI-2 TTSS in the initial invasion of serovar Pullorum into CKC, which
suggests that the SPI-2 TTSS does not play a role in the initial invasion event in the gut.
This is in line with previous work (Wigley ez «l., 2002). None of the bacteria induced
nitric oxide production by CKC. The pro-inflammatory eytokine mRNA expression
profiles were simtlar to those measured when evaluating the role of the SPI-1 TTSS in
CKC, with expression being significantly up-regulated during scrovar Enteritidis
mnfeetion, but not during serovar Pullorum infection when compared to the control. It is

of note, though, that at 6 hpi, IL-6 mRNA expression due to serovar Pullorun infection
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appeared to be down-regulated in a SPI-2 TTS8S-depcndent manner. It has been
suggested that the SP1-2 TTSS becomes functional in the course of intracellular
persistence during in vivo infection due to a specific set of environmental signals
(Diewick et al., 1999}, and the persistence of the bacteria within the CKC, could be the
reason for this late difference in function and phenotype of the SP1-2 TTSS mutant
during the experiment. The role of the SPI-2 TTSS in intracellular persistence and host
mmune modulation will be discussed further below,

The SPI-1 TTSS plays a role in invasion of CKC, suggesting that it functions in
aiding the invasion event in the chicken gut, but interestingly, the results did not suggest
that it had an effect on invasion into HDI 1 macrophage-like cells. This in itself suggests
that the up-take of bacteria iato the macrophage is via a ditfercnt mechanism than that
employed In invading the gut. In the gut, invasion of S, enferica bacteria involves, in
some part, membrane-ruffling (Francis ez al., 1993), which involves processes mediated
by the SPI-1 TTSS (Hayward and Koronakis, 1999; Géalan and Zhou, 2000; reviewed in
Zhou and Galan, 2001). Jepson et al. (2001) suggested that S, enterica entry into cells in
the gut is not complctely dependent on the process of membrane-ruffling though, and
that other SPI-1 TTSS-mediated forms of invasion may also play a role. Uptake into
macrophages, however, is likely to be through phagocylosis initiated by the host cell,
therefore not requiring the SPI-1 TTSS.

Although serovar Entertitidis and serovar Pullorum bacteria were present in
HD11 cells in relatively similar numbers throughout the time-course, intracellular
infection with serovar Enteritidia induced significantly greater nitric oxide production
when compared to that induced by serovar Pullorum infection. This could suggest that
scrovar Pullorum is perhaps modulating host cell nitric oxide induction, but the results

do not suggest any involvement of the SPI-1 TTSS at this stage. The pro-inflammatory
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mRNA expression profile during serovar Pullorum and serovar Enteritidis infection of
IID11 cells showed a generalised significant up-regulation of IL-18, IL-6, CXCi.i1 and
CXCLiZ2 mRNA levels compared 1o those measured in control cells. From the results,
there was no suggestion ot SPI-1 TTSS involvement in this induction o[ increased
expression, as no significant differences werc measuied following infection with either
serovar Pullorurn wild-type or the SPI-1 TTSS-attennated mutant. There is also no
indication of immune modulation by serovar Pullorum as pro-inflammatory cytokine
mRNA expression was of siynilar (sometimes significantly greater) levels to those
measurced during infection with serovar Enteritidis across the time-course,

There were no significant differences in the numbers of intracellular serovar
Pullorum bacteria counted in HD11 cells infected with cither the wild-type or the SPI-2
TTSS-attenuated mutant, suggesting that there was no SPI-2 T'TSS-atichuated mutant
involvement in bacterial persistence within the HD11 cells up to 24 hpi. There was no
involvement of the SPI-2 TTSS in the induction of nitric oxide in HD11 ¢elis, and
nitrite levels in supernatauts collected during invasion and persistence of serovar
Pullorum and serovar Enteritidis were comparable to those measured when
investigating the role of the SPI-2 TTSS. The cytokine mRNA expression profiles
measured over the time-course for the difterentially infected HD11 cells showed an up-
regulation of IL-1(3, 1L-6, CXCLil and CXCLi2 mRNA during infection with serovar

Pullorum and serovar Enteritidis when compared to levels in the control. There was no

apparent role for the SPI-2 TTSS in modulation of cytokine mRNA expression
measured during serovar Pullorum infection of HD11 cells up to 24 hpi, as no
significant differences were observed between the mRNA expression profiles for the

serovar Pullorum wild-type and the SPI-2 TTSS-aitenuated mutant-infected cells.
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Repetition in BM-dM® of the assays initially performed in HD11 cells to
evaluate the role of the SP1-2 TTSS in serovar Pullorum intection showed that at 2 hpi
there was a significant difference in the intracellular numbers o f wild-type serovar
Pulforum and the SPI-2 TTSS-attenuated nwitant. The SPI-2 TTSS-attenuated mutant
was present in significantly higher numbers within the BM-dM® than the serovar
Pullorum wild-type, sugpesting a possible role for the SPI-2 TTSS in infection of
macrophages. Initially, it is slightly surprising that the SPI-2 TTSS-attenuated mutant
appears to be more efficient at establishing an initial intracellular infection than the
wild-type, but this may actually be advantageous to persistence. Actively restricting
intracellular bacterial numbers could decrease the chance of detection and clearance
trom the cells by the host inumune system, thereby increasing the chance of suceesstul
intracellular persistence. During serovar Typhimurium infection, SPI-2 TTSS gene
expression is induced by environmental cues believed to be homologous to those
encountered by the bacteria within the intra-macrophage phagosome, such as Mg
deprivation and phosphate starvation (Diewick ef al., 1999). Since the SPI-2 TTSS are
thought to be conserved between S. eaterica serovars (Ochman and Groisman 1996),
environmental regulation of the SP1-2 TTSS gene expression (Deiwick ez af., 1999} is
also likely to be applicable during infections with serovar Pullorum. Therefore, this
apparent difference in the ability to invade macrophages may i fact be an early
restriction placed on intracellular proliferation, rather than due to differences in numbers
of invading bacteria, as SPI-2 TTSS gene expression is unlikely to be “switched on”
during the invasion process.

There was no apparent SP1-2 TTSS effect on nitric oxide production up to 24
hpi during serovar Pullorum infection, or on the pro-inflammatory cytokine mRNA

cxpression profile. Generally, infection of BM-dM® with cither serovar Pullorum or
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serovar Enteritidis resulted in a significant up-regulation of IL-18, IL-6, CXCLIil and
CXCLi2 mRNA, when compared to the control. In fact, serovar Pullorum infection in
general resulted in increased up-regulation of the pro-inflammatory cylokines compared
to levels measured during serovar Enteritidis infection across the time-course up to 24
hpi.

When modelling persistence, the duration of culture and infection should be
considered. It would be interesting (o mvcstigate the role of SPI-2 TTSS over a time-
course Jonger than 24 hours, to more realistically model in vitro the nature of the in vive
infection. To this end, the BM-dM® were used at 5 days ex vivo, as opposed (0 7 days
as previously, as it was thought that a younger culture could betler sustain the bacterial
infection for a longer period of time. Because the cell population used was of a different
age, there are slight differences in the bacterial numbers and the cellular responses seen
at 24 hpi when comparing cells used at 5 days or at 7 days ex vivo. During the longer
time-course, numbers of the intracellular SPI-2 TTSS-attcnuated mutant at 24 and 48
hpi were significantly higher than those measured during serovar Pullorum infection,
but by 72 hpi there was no significant difference observed. Interestingly, intracellular
numbers of serovar Pullorun bacteria remained relatively constant over the tilme-course
from 24-72 hpi, and although intracellular numbers of the SPI-2 TTSS-aitenuated
mutant were significantly higher than those of the serovar Pullorum wild-type at 24 hpi,
they dropped rapidly thereafter. This would suggest that the levels at which the SP1-2
TTSS-attenuated mutant inilially proliferated within the BM-dM® arc not sustainable
during a persistent infection. SPI-2 TTSS-attenuated mutants were also measured in
significantly higher numbers than the wild-type in BM-dM® at 2 hpi during the shorter
time-course. This suggests thal the SP1-2 TTSS probably plays a role in restricting

intracellular bacterial proliferation, limiting it so as to persist and reduce the chance of
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dcieclion by the host’s imunune system and the host cell itself. In an earlier study,
serovar Pullorum mutants defective in SPI-2 TTSS were fully attenuated for virulence
(Wigley ef af.,, 2002). Interestingly, research by [ensel ¢/ ¢f. (1998) suggested that,
during infection of murine macrophages with serovar Typhimurium, one of the
functions of the SPI-2 TTSS i to enable intracellular proliferation. This does not
completely disprove the hypothesis recommended by the data in this study though, as
serovar Typhimurium strains with mutations in SPI-2 genes were attenuated in
virulence during infection of murine macrophages (Hensel et al., 1998). The apparent
SPI-2 TTSS-mediated limitation of serovar Pullorum proliferation found in this study
may in fact allow for a more controlled intracetlular growth. This would essentially
agree with the suggestion by Hensel et al. {1998), that SPI-2 TTSS promote virzlence
by cnabling cifective sustainable intracellular growth, The levels of nitric oxide detected
within the supernatants were significantly higher at 48 and 72 hpi during infection with
the SPI-2 TTSS-attcnuated mutant compared to levels measured during infection with
the scrovar Pullorum wild-type. This indicates that the SPI-2 TTSS also inhibits
induction of nitric oxide synthesis by the cells. Nitric oxide synthesis is associated with
antimicrobial mechanisms within the lysosome of macrophagcs. It is one of the
components required for the generation of peroxyniirite, a potent antimicrobial effector
of macrophages in mammalian species (Nathan and Shiloh, 2000). The effects of nitric
oxide synthesis in avian species are generally accepted to be analogous to those
described in mammalian species and the inhibition of this process is likely to be
advantageous to the persistence of intracellular bacteria. Chakravortty ez af. (2002)
demonstrated by use of immunofluorescence microscopy that murine macropbages
infected with serovar Typhimurinm defective in SPI-2 TTSS were able to cffectively

co-localise nilric oxide within the Salmonella-containing vacuoie (SCV), but that this
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was not the case with wild-type bacieria. [t was therefore suggested that a function of
the SPI-2 TTSS was to exclude peroxynitrite from the SCV (Chakravority ef al., 2002).
The inhibition of nitric oxide synthesis by the SPI-2 TTSS during serovar Pullorurn
infection of BM-dM@ is therefore likely to be a survival mechanism cmployed by the
bacteria to enable intracellular persistence. It is also interesting to note the rapid
decrease in nitrite levels measured in the supernatants of serovar Enteritidis-infected
cells from 48-72 hpi. The reason behind this dcerease is unknown, but may be due 1o
nitric oxide being toxic to cells and tissues. If NO synthesis has no effect on reducing
bacterial numbers, it is not advantageous for the cells to continue nitric oxide
production. Another possibility could be that the SPI-2 TTSS of scrovar Enteritidis
takes longer to “switch on” compared to that of serovar Pullorum due to fundamentat
differences between the two serovars. Furthermore, as serovar Enteritidis causes disease
in a range of hosts, including mammalian and avian species, there will be slight
differences in the conditions encountered by the bacteria depending on the host. The
SPI-2 TTSS may therefore require an extended period of activation by envivonmental
factors m order to induce gene expression, to prevent expression atl incorrect stages of
the infection (e.g. expression during the initial invasion of gut epithelial cells).

IL-06 is a pleiotrophic cytokine that plays a fundammental role in the inflammatory
response., Interestingly, 1L-6 mRNA expression was significantly up-regulated during
SPI-2 TTSS-attenuated mutant infection of BM-dM® at 24, 48 and 72 hpi when
compared to levels measured during scrovar Pullorum infection, This suggests a role for
the SPI-2 TTSS in inhibiting IL-6 mRNA expression during serovar Pulloyum infection.
The involvement of the SPI-2 TTSS in IL-6 mRNA expression regulation was first
indicaled during seravar Pullorum infection of CKC, when it was observed at 6 hpi.

This could point to an attempt by the bacteria Lo inhibit the progression ot the immune
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response from nate to adaptive, 1o reduce the likelihood of bacterial clearance. There
was also a significant difference in CXCL12 mRNA expression levels during serovar
Pullorum wild-type infection compared to those measured during the SP1-2 TTSS-
attenuated mutant mfection at 24 hpi, with expression during serovar Pullorum wild-
type infection being significantly up-regalated. This SPI-2 TTSS-mediated up-
regulation of CXCLi2 could be utilised to continue recruitment of monocytes to the site
of infection in order to increase the number of target cells capable of being infected, as
chCXCLi2 is chemotactic for monocytes (Barker et af., 1994). By 48 hpi, though, this
difference was no longer obscrved. Possibly any SPI-2 TTSS-mediated up-regulation is
short-lived due to the host’s need to restrict recruitment of naive cells in an attempt to
reduce disease pathology.

In conclusion, the data show that the SPI-1 TTSS is involved in, but not
essential for, the initial vasion of serovar Pullorum in CKC, a mode! for endothelial
cells. The SPI-2 TTSS is involved in intra-macrophage persistence, limiting hacterial
proliferation within primary macrophages. The SPI-2 TTSS also plays a role in the
modulation of nitric oxide synthesis, most likely in an attempt to reduce targeted
macrophage killing of the bacteria within the SCV. Active SPI-2 TTSS-mediated
suppression of TL-6 mRNA expression, a cytokine which the macrophage would
normally produce in response to infection with an intracellular pathogen, during serovar
Pullorum infection may help to prevent the progression from a lpcalised pro-
inflammatory innatc immune response to a systemic adaptive immmune response,

enabling the bacteria to persist quietly within macrophages for long periods of time.
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Chapter 6: The role of the SPI-1 TTSS in early-stage infection with Selmeonella

enterica serovar Pullorum in vive

6.1 lntroduction

The main aim of these experiments wus to determine the role of the serovar
Pullorum SPI-1 °1I'TSS in entry and the inflammatory imunune response during infection
of inbred chickens. Comparisons to infection with serovar Enteritidis were also made,
as serovar Enteritidis causes a more severe gastrointestinal disease in the chicken and so
was used as a positive control for intflammation.

Previous work (Wigley ef /., 2002) has not been able to establish a strong
phenotype for the SPJ-1 TTSS attenuated mutant used in this experiment, compared to
infection with the wild-typc. The SPI-1 TTSS was not essential for the virulence of
serovar Pullorum, but it played a part in the discase process (Wigley ef al., 2002). The
study Investigated bacterial numbers and pathology in birds over a three weck Lime-
course, and so looked at bacterial persistence. To date, there have been no reports on the
initial invasion stage of Pullorum Disease, the role that SPI-1 T'I'SS plays during the
early establishment of the infection, the host immune responsc to the bacteria, and how
the SPI-1 TTSS contributes to this.

Cytokine expression levels can indicate the immune response during infection
and changes in their expression can indicate presence, imovement, promotion of
differentiation, and the proliferation of specific cell populations. It is difficult to
directly measure levels of avian cytokines as few specific bioassays exist. However,
cytokine mRNA expression levels can be measured in tissue samples from infected

birds, giving an indication of changes in transcription levels.
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Antimicrobial peptides provide a defence mechanism against a broad spectrum
of micro-organisms including pathogenic Gram-negative and Gram-positive bacteria,
fungi and yeast. As discussed in Chapter 1, the only antimicrobial peptides found in
avian species are S-defensins. The exact mechanism of action of these peptides is
unknown but they are thought to cause disruption in tnembrane integrity, resulting in
cell death (Kagan et «l., 1990). Avian antimicrobial peptides were first described by
both the terms “gallinacin” and “f-defensin” and due to inconsistency in nomenclature
arising between different research groups, a new system has now been praposed and
they are now known as avian g-defensins (abbreviated to AvBD) (Lyvnn et al., 2007). To
date 14 avian S-defensin molecules have been described in the literature and they are
now numbered AvBD1-14 (Table 1.1) (Evans ef al., 1994; Harwig et «!l., 1994; Zhuo er
al., 2004; Lynn ef al., 2004; Xiao et @l., 2004, Lynn ¢f af., 2007).

The role of avian S-defensins during Salmonella enterica infection of the
chicken is unknown, but transgenic mice expressing human enteric defensin 5 ave
completely protected against normally lothal doses of serovar Typhimurium (Salzman et
al., 2003). Also, mice deficient in matrilysin, the protein responsible for the activation
of enteric defensins, are more susceptible to serovar Typhimurium infection (Wilson ef
al., 1999). As little is known about avian 3-defensin responses to enteric disease, 1
decided to investigate expression profiles of a selection of these peptides during serovar
Puttorum infection of the chicken and the role of the SPI-1 TTSS in this. As there are no
current bioassays for avian S-defensins, levels of mRNA were measured using real-time

quantitative RT-PCR.
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6.2 Mcthods

6.2.1 Animal Experiment

60 day-old line 7; White Leghom chickens, froin the Poultry Production Unit at
the Institute for Animal Health (Compton, UK}, were used in this experiment and thev
were housed in colony cages in the Experimental Animal House (EAH) at IAH for the
length of the experiment. Upon artival into the EAH, they were divided into four groups
of 15 birds per group. The groups then received the following by oral inoculation using
a sterile gavage needle:
Group 1 received 10® cfs of an overnight broth culture of a spontaneous nalidixic acid
mutant of Salmonella Pullorum 449/87 in 0.1 ml of LB broth.
Group 2 received 10° cfi1 of an overnight broth culture of a S. Pullorum 449/87 spas
mutant (Jones et al, 1998) in 0.1 ml of LB broth.
Group 3 received 10° cfu of an overnight broth culture of a spontaneous nalidixic acid
mutant of S. Enteritidis 125589 in 0.1 ml LB broth.
Group 4 contained control birds which were mock-infected with 0.1 ml LB broth.

After inoculation the birds were given access ad libitum to food and water.

¢.2.2 Post Mortem analysis

Time-points for post-mortem sampling in this experiment were at 10, 24 and 48
hours post infection (hpi). At cach time-point, five birds were sampled from each group.
Samples were taken for bactetiology (liver, caccal contents) and RNA isolation (ileum,
caecal tonsil, spleen). Observations of pathology were made at cach of the time-points.

The liver and caecal contents were weighed and diluted 1/10 with sterile PBS.
Dilutions of the caecal contents were then plated out onto selective Brilliant Green agar

containing 20 pg/ml sodium nalidixate and 1 pg/ml novobiocin. The liver was manually
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homogenised using a stevile Griffiths Tube and dilutions plated out onto selective
Brilliunt Green agar as per the caecal contents. The plaies were incubated for 24 b at
37°C in 5% CO; and the resulting colonies counted.

Tissues removed for RNA isolation were placed dircctly into 500 ul RNAlater
{Qtagen}) in cryovials, and incubated at 4°C overnight for effective penetration of the
tissue, before storing at -20°C until RNA isolation (see Methods chapter).

Real-time quantitative RT-PCR using TagMan reagents (Eurogentec) was

carried out as described in Chapter 2,

6.2.3 Data Analysis

Differences were analysed using Analysis of Variance and the two-tailed T-Test,
and were carried out using the Minitab for Windows version 14 statistical paclcage
(Minitab Ltd., Coventry, West Midlands, UK). Values of P <0.05 were taken as

significant.

6.3 Resulis

6.3.1 Bacteriology

The log bacterial counts measured as colony-forming units (which represent the
viable bacteria) per ml of the caecal contents and liver collected post-mortem over the
time-course of the experiment are shown in Figure 6.1. Figure 6.1A shows the bacterial
counts measured in the cascal contents. At 10 hpi, there were significantly lower
bacterial numbers counted in the caccal contents of serovar Puliorum-infected birds
compared to those counted in the spaS~infected birds (P=0.038), and in the serovar
Enteritidis-infected birds (P=0.000). The bacterial numbers counted in the spaS -

infected birds were significantly lower compared to those counted in the serovar
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Figure 6.1: Bacterial counts (expressed as log cfu/ml) from dilutions of caecal contents (A)
and homogenised liver (B) obtained post-mortem from line 7, birds at 10, 24 and 48 hours
post-infection with a 0.1ml broth culture of 10* cfu of either Salmonella enterica serovar
Pullorum, serovar Pullorum spaS- or serovar Enteritidis. (n=5; SD+0.05). Statistical
significance within a group is represented by *, or * for significance that is SPI-2 TTSS-

mediated.
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Enteritidis-infected birds (P=0.002) at 10 hpi. There were no significant differences
between bacterial numbers counted in the differentially infected groups at 24 hpi. At 48
hpi, though, the munbers of bacteria counted in caccal contents of the birds infected
with serovar Enteritidis were significantly higher compared to those measured in the
hirds infected with serovar Pullorum (P=0.023) and with spaS™ (P=0.054). The bacterial
counts from the birds infected with both serovar Pullorum and the spaS” mutant
decreased slowly over the course of the infection, but this trend was not significant.
When comparing the bacterial numbers counted in the serovar Enteritidis-infected birds,
there was a significant decrease between 10 and 24 hpi (P=0.018).

In Figure 6.1B, the bacterial numbers measured in the lver significantty
increased during infection with scrovar Pullorum between 10 and 48 hpi (P=0.014) and
also between 24 and 48 hpi (P=0.041). Although there was an increase in bacterial
numbers in the liver of speS- infected birds over the time-course, this was not
significant and numbers were almost undetectable at log 2 cfu/ml (which was used as
the haseline). The bacterial counts firom serovar Enteritidis-infected birds stayed
relatively constant between 10 hpi and 24 hpi at a log of 2.5 cfu/ml, then rose slightly to
a log 0f 3.2 efu/ml by 48 hpi. At 10 hpi, bacterial counts in the serovar Enteritidis-
infected birds were significantly higher than those measured in the serovar Pullorum-
infected (P=0.051) and the spaS-infected birds (P=0.051). By 24 hpi, there were no
significant differences in bacterial numbers mecasured between the groups, but at 48hpi
the bacterial aumbers within serovar Enteritidis-infected birds had risen to be

significantly higher than those measured in spaS -infected birds (P=0.040).
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6.3.2 Pathological observations made post-mortem

Observations of gross pathology made during the post mortem of the birds al all
time-points were recorded. All the birds appeared healthy, and no abnormal pathology
was recorded when post mortems werc carried out at 10 hipi in any of the groups. At 24
hpi, no pathology was apparent in the serovar Pullorum-infected birds, whereas in the
serovar Pulloruim spaS- group, 3/5 of the birds killed had generalised ileal
inflammation. The serovar Enteritidis-infected group had 4/5 birds with marked ileal
intflammation. 'The remaining bird in the group bad a hyperaemic gut. 4/5 of the group
had e¢vident hepatosplenomeguly with the spleen of the remaining bird appearing 3
swollen, By 48 hpi, 5/5 of the serovar Pullorum-infected birds displayed signs of
hepatosplenomegaly. Although there was little gut inflammation obscrved within this
group, 3/5 of the birds had a generalised gut hyperaemia and 2/5 of the birds appeared
to have a yolk-sac infection. In the group infected with spasS-, 5/5 of the birds displayed
signs of hepatosplenomegaly and had slight, patchy gut inflammation. In 3/5 of these
birds, mucosa was evident in the caccal contents, 'I'wo of the seovar Iinteritidis-infected
birds were found decad at 48 hpi so no tissues could be collected for RNA isolation from
them. When examined during the post mortcin, they both had severe yolk-sac
infections, acute inflammation in the gut and substantial blood and mucosa was found in
the caccal conteats. Of the remaining three, all displayed evident hepatosplenomegaly
and gut inflammation. 2/5 of'these birds had suffered haemorrhaging in the ileum

resulting in bloody ileal contents,

6.3.3 Pro-inflammatory cytokine mRNA. expression
Levels of IL-18 mRNA isolated from the ileum, caecal tonsil and spleen of the

differentially infected birds were measured by real-time qRT-PCR and are shown in




Figure 6.2. At 10 hpi, [L-18 mRNA expression levels measured in the ileum spa$-
infected birds were significantly down-regulated compared to those from serovar
Pullorum-infected birds (P=0.037), and from serovar Enteritidis-infected birds
{(P=0.053). In the caecal tonsil at 10 hpi, IL-18 mRNA lcvels during spaS infection
were significantly down-regulated compared to those measured during serovar
Pullorum-infection (P=0).022). A significant up-regulation of IT.~158 mRNA levels was
measured in the caecal tonsil at 10 hpi during serovar Enteritidis infection compared to
those measured during serovar Pullorum infection (P=0.020) and during spaS™ infection
(P=0.002). In the caecal tonsil at 48 hpi, IL-18 mRNA levels were significantly up-
regulated during mfection with serovar Enteritidis compared to those measured during
mfection with serovar Pullorum (P=0.022), with spaS™ (P=0.033) and for the control
{(P=0.003). The IL-18 mRNA levels measured in the spleen at 10 hipi were significantly
up-regulated during serovar Enteritidis infection compared to thosc measured during
spaS” infection (P=0.023). Levels of TL-18 mRNA exptession in the spleen were
significantly higher following infection with serovar Enteritidis compared to those
measured following infecton with serovar Pullorum (P=0.048) and to the control
(P=0.013).

[L-6 mRNA expression levels measured in the ileum, caecal tonsil and spleen
during the experiment are shown in Figurc 6.3. There were no significant differences in
TL-6 mRNA expression levels measured in the ileum across the time-course for the
differentjally infected bird groups. At 10 hpi in the caecal tonsil, IL-6 mRNA Jevels
were significantly higher during infection with serovar Enteritidis compared to those
measured during infection with spaS™ (P—=0.000). In the spleen at 10 hpi the IL-6 mRNA
levels measured following infection with spaS™ were significantly lower compared to

those measured following infection with serovar Enleritidis (P=0.004) and for the
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Figure 6.2: IL-18 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
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obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of

10° cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar

Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time gqRT-PCR.

(n=5; SE£0.05). Statistical significance within a group is represented by *, or * for significance

that is SPI-2 TTSS-mediated.
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Figure 6.3: IL-6 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues obtained
post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of 10* cfu of
either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar
Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time gRT-PCR.

(n=5; SE£0.05). Statistical significance within a group is represented by *.
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control (P=0.009). At 48 hpi in the spleen following infection with serovar Enteritidis,
IL-6 mRNA cxpression levels were significantly higher compared to those measured
following infection with serovar Pullorum (P=0.006), with spaS (P=0.017) and for the
control (P==0.000). IL-6 mRNA levels were significantly up-regulated following
infection with serovar Pullorum compared to those measured in the control birds

(P=0,038) at 48 hpi in the spleen.

6.3.4 Pro-inflammatory chemokine mRNA expression

The mRNA expression levels for CXCLil for the cxperiment are shown in
Figure 6.4, In the ilenm at 10 hpi, CXCLil mRNA levels following infection with
serovar Enteritidis were significantly up-regulated compared to those measured
following infection with serovar Pulloruin (P=0.031) and spaS™ (P=0.0106). At 24 hpi in
the ileum, CXCLi1 mRNA levels were significantly higher in the control birds
compared to those infected with serovar Pullortm (P=0.014). By 48 hpi, compared to
those measurcd for the control birds, CXCLi1 mRNA levels were significantly higher in
birds infected with serovar Pullorum {(P=0.018), with spaS” (P=0.049) and with serovar
Enteritidis (P=0.003). In the caecal tonsil, CXCLil mRNA expression levels were
significantly lower during infection with spaS™ compared to those measured during
infection with serovar Pullorum (P=0.043) and with serovar Enteritidis (P=0.007).
There were no significant differences between CXCI1,i1 mRNA levels measured in the
differentially infected birds at 24 hpi. At 48 hpi, compared to those measured for the
control birds, CXCLil mRNA, levels were significantly higher in birds infected with
spaS (P=0.020) and with scrovar Enteritidis (P=0.003). CXCLil mRNA levels were
significantly lower following infection with spaS™ compared to those measured

following serovar Enteritidis (P—0.046). In the spleen at 10 hpi, CXCLil mRNA levels
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Figure 6.4: CXCLil1 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of
10° cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar
Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time qRT-PCR.
(n=5; SE+0.05). Statistical significance within a group is represented by *, or * for significance

that is SPI-2 TTSS-mediated.
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were significantly higher following infection with serovar Enteritidis compared to those
measured following infection with both seravar Pullorum (P=0.029) and spaS
{(P=0.009). At 24 hpi, the CXCLil mRNA levels measured during serovar Pullorum
infection were significantly lower when compared to those measured during infection
with spaS™ (P=0.025) and in the control birds (P=0.044).

CXCLi2 mRNA expression levels measured in the ileum, caccal tonsil and
spleen during the experiment are shown in Figure 6.5. There were no significant
differences in the CXCLi2 mRNA expression levels in the ileum at 10 and 24 hpi. At 48
hpi, though, CXCLi2 mRNA levels were significantly up-regulated in birds infected
with serovar Enteritidis comparced to those measured in control birds (P=0.002). In the
caecal tonsil at 10 hpi, CXCLi2 mRNA levels were significantly higher following
infection with serovar Enteritidis compared to those measured following infection with
spas (P=0.001) and in the control birds (P=0.005). There were no significant
dilferences in CXCLi2 mRNA levels at 24 hpi, but at 48 hipi those levels measured
during serovar Enfcritidis infection were significantly higher compared to those
measured during spaS infection (P=0.032) and in the control birds (P=0.007). In the
spleen at 10hpi and 24 hpi, CXCLi2 mRNA expression levels were significantly up-
regulated following infection with serovar Enteritidis compared to those measured
following infeclion with spaS™ (P=0,033 and P=0.049), CXCIL.i2 mRNA levels were also
higher at 24 hpi in the spleen following infection with serovar Enteritidis compared to

those measured following infection with serovar Pullorum (P=0.013).
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Figure 6.5: CXCLi2 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of
10® cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar
Enteritidis. nRNA levels expressed as corrected 40-Ct values obtained by real-time qRT-PCR.

(n=5; SE£0.05). Statistical significance within a group is represented by *.
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6.3.5 Avian f-defensin mRNA expression

The mRNA expression levels for AvBDI for the experiment are shown in
Figure 6.6. There were no significant differences between AvBD1 mRNA levels
measured in the ilewm at 10, 24 and 48 hpi. In the caccal tousil at 10 hpi, AvBDI1
mRNA levels were significantly lower following infection with spaS™ compared to those
measured in control birds (P=0.032). At 24 hpi, AvBDI mRNA. levels were
significantly down regulated following infection with serovar Enteritidis compared to
those measured following infection with serovar Pullorum (P=0.042) and spas”
(P=0.011). There were no significant diffcrences between the AvBD1 mRNA levels
measured at 48 hpi in the caecal tonsi for the differentially infecled birds. In the spleen
at 10 and 24 hpi, there are no significant differences between the AvBDI mRNA levels
measured, AvBD1 mRNA levels at 48 hpi in the spleen were significantly up-regulated,
when compared to infection with serovar Pullorum and also in control birds, following
infection with spa$” (P=0.002 and P=0,038 respectively) and scrovar Enteritidis
{(P=0.003 and 0.041 respectively).

AvBD2 mRNA expression levels measured during the experiment are shown in
Figure 6.7. In the ileum at 10 hpi, AvBD2 mRNA levels following infection with
scrovar Enteritidis were significantly higher compared to those measured following
infection with serovar Pullorum (P=0.032) and with spaS™ (P=0.045). Whilst there were
no significant differences at 24 hpi, at 48 hpi AvBD2 mRNA levels were significantly
down-regulated following infection with serovar Enteritidis compared to those
measured ollowing infection with serovar Pullorom (P=0.009). Furthermore, at 48 hpj,
AvBD2 mRNA levels were significantly lower in control birds compared to those
measured in birds infected with serovar Pullorum (P=0.000), with spaS™ (’=0.004) and

with serovar Enteritidis (P=0.025). There werce no significant differcnces in AvBD2
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Figure 6.6: AvBD1 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues

obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of

10® cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar

Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time QRT-PCR.

(n=5; SE£0.05). Statistical significance within a group is represented by *, or * for significance

that is SPI-2 TTSS-mediated.
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Figure 6.7: AvBD2 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
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obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of

10° cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar

Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time qRT-PCR.

(n=5; SE+0.05). Statistical significance within a group is represented by *.
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mRNA levels in the caecal tonsil over the time-course for the differentiaily-infected
birds. In the spleen, there were no significant differences until 48 hpi, when AvBD2
mRNA levels measured following infection with seravar Pullormim were significantly
down-regulated compared to those measured following infection with serovar
Enteritidis (P=0.002) and in the conirol birds (P=0.000). AvBD2 mRNA levels
following infcction with serovar Enteritidis at 48 hpi in the spleen were significantly
higher compared to those measurcd in control birds (P=0.025),

The AvBD3 mRNA levels measured during the experiment are shown in Figure
6.8. At 24 hpi in the ileam AvBD3 mRNA levels following infection with scrovar
Enteritidis werc significantly down-regulated compared to those measured in the contiol
birds (P=0.045). There were no significant differences in AvBD3 mRNA levels
measured in the ileam at 10 and 48 hpi. In the caecal tonsil at 10 hpi there were no
significant differences in AvBD3 mRNA levels for the differentially infected birds. At
24 hpi in the caecal tonsil, AvBD3 mRNA levels following infection with serovar
Fatentidis were significantly down-regulated compared to those measured in the control
birds (P=0.016). AvBD3 mRNA levels at 48 hpi in the caccal tonsil were significantly
lower following infection with serovar Pullorum compared to those measured following
infection with spasS™ (P=0.000) and with serovar Enteritidis (P=0.001). Levels of
AvBD3 mRNA following infection with spaS” at 48 hpi in the spleen were significantly
higher compared to those measured in the control birds (P=0.008).

Figure 6.9 shows AvBDS5 mRNA levels measured during the experiment. In the
ileumn, there were no significant differences between the AvBDS mRNA levels
measured for the ditfercntially infected cells at 10and 24 hpi. At 48 hpi though, AvBD3
mRNA levels following infection with serovar Enteritidis were significantly up-

regulated compared to those measuyred following infection with spaS™ (P=0.006). In the
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Figure 6.8: AvBD3 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of
10* cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar
Enteritidis. mRNA levels expressed as corrected 40-Ct values obtained by real-time qRT-PCR.
(n=5; SE+0.05). Statistical significance within a group is represented by *, or * for significance

that is SPI-2 TTSS-mediated.
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Figure 6.9: AvBD5 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues
obtained post-mortem from line 7, birds 10, 24 and 48 hpi with a 0.1ml broth culture of
10* cfu of either Salmonella enterica serovar Pullorum, serovar Pullorum spaS- or serovar
Enteritidis. nRNA levels expressed as corrected 40-Ct values obtained by real-time qRT-PCR.
(n=5; SE+0.05). Statistical significance within a group is represented by *, or * for significance

that is SPI-2 TTSS-mediated.
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caccal tonsil, AvBD5 mRNA levels at 24 hpi following infection with serovar
Enteritidis were signiticantly lower compared to those measured following infection
with spaS (P=0.039) and measvred in the control birds (P=0.039). There were no
significant diffcrences in the caecal tonsil at 10 and 48 hpi in AvBDS mRNA levels. In
the spleen at 10 and 24 hpi, there are no significant differences in AvBDS mRNA levels
measurcd for the differentially infected birds. At 48 hpi though, AvBDS mRNA levels
following infection with serovar Entcritidis were significantly up-regulated compared to
those measured following infection with serovar Pullorum (P=0.002) and to the control
birds (P=0.013). AvBD5 mRNA levels were significantly higher at 48 hpi in the splcen
following infection with spaS compared to those measured following infection with
serovar Pullorum (P=0.009).

AvBDI14 mRNA levels measured in the spieen during the experiment are shown
in Figure 6.10. At 10hpi, AvBD14 mRNA Jevels were significantly higher following
infection with serovar Pullorun compared to those measured following infection with
serovar Enteritidis (P=0.014). AvBD14 mRNA levels measured at 24 hpi were
significantly down-regulated following infection with serovar Enteritidis compared to
those measured following infection with setovar Pullorum (P=0.001) and with spaS
(P=0.015). At 48 hpi, AvBD14 mRNA levels were significantly higher following
infection with serovar Enteritidis compared to those measured following infection with

serovar Pullorum (P=0.009).
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Figure 6.10: AvBD14 mRNA levels of splenic tissues obtained post-mortem from line 7,
birds 10, 24 and 48 hpi with a 0.1ml broth culture of 10° cfu of either Salmonella enterica
serovar Pullorum, serovar Pullorum spaS- or serovar Enteritidis. mRNA levels expressed
as corrected 40-Ct values obtained by real-time gqRT-PCR. (n=5; SE+0.05). Statistical

significance within a group is represented by *.
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0.4 Discussion

Following oral inoculation, scrovar Pullorum must exit the intestinal lumen to
establish a systemic infection. There arc several proposcd routes of eatry and one is
thought to be through the caecal tonsil (Henderson ef af., 1999). The caeca provide an
ideal enviromment for tissue invasion as they have a lower flow rate than the ileuin,
which gives time for the bacteria to attach and traverse the epithelial cells which line
them. The caecal contents bacterial counts can therefore be used as an indication of the
rate of nvasion into the surrounding tissue, Therefore, the lower the bacterial count in
the caccal contents, the higher the munbers of bacteria that have moved from the gut to
more systemic sites. The caecal contents bacterial counts suggest that wild-type serovar
Pullorum exit the cacea by invading the caecal walls at a faster ratc compared to the
SPI-1 TTSS attenuated mutant. Thercfore although the SPI-1 TTSS is not essential for
successful invasion of the caecal tissue by serovar Pullorum, invasion is SPT-1 TTSS-
mediated. This is further supporied by bacterial numbers counted in the liver, one of the
systemic sites associated with persistence during serovar Pullorum infection. The SPI-1
TTSS mutant is barely detectable at 10 and 24 hpi with numbcrs only starting to rise by
48 hpi, compared to infection with the serovar Pullorum wild-type which shows a
steady, statistically significant increase in bacterial numbers throughout the experiment.
The SPI-1 TTSS, although not essential, does thereforc appear to play a role in the rapid
establishment of systemic serovar Pullorum infection.

The results suggest that serovar Pullorum promotes a generalised inhibition of
the host pro-inflammatory immune response during infection. This is by an as yet
unidentified constitutively expressed virulence factor which inhibits the host pro-
inflammatory immune response during infection to levels below those seen in control

birds. During the initial invasion event, the SPI-1 TTSS appears to be involved in
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counteracting this, presumably to maintain normal levels of cellular recruitment to the
site of infection. For the majority of the time, serovar Pullorum needs io keep a low
profile in the host in order to persist for long periods and avoid discovery by the host
immune system. During the initial invasion process, this profile ol active down-
regulation would not prove beneficial to the bacteria. As systemic infection of scrovar
Pullorum is reliant on intra-cellular survival of the bacterium in, and dissemination by,
migrating phagocytes, it is not always of advantage to the bacteria to aclively down-
regulate the transcription of pro-inflammatory cytokines and chemokines which activate
and attract macrophages to the site of infection, A temporary restoration of the levels of
some specific pro-inflammatory cytokines/chemokines in the area around the site of
infection is a way around this problem and this is what the results appear o suggest is
happening.

The SPI-1 TTSS is involved in this restoration of the pro-inflammatory immune
response during the early stage of scrovar Pullorum infection (10 hpi) in the flewm and
caecal tonsil by actively up-regulating 1L.-18 mRNA. Due to the dual constitutive
inhibition and SPI-1 TTSS-mediated up-regulation of [L-13 by serovar Pullorum in the
host, the net result is that [L-18 mRNA expression during infection ave comparable to
that in non-infected birds. This maintains migration of tissue macrophages through the
GALT. IL-6 mRNA transcription was not highly up-regulated in the ileum, caecal tonsil
or spleen during infection with either serovar Pullorum or serovar Interitidis when
compared to the control. Interestingly, serovar Typhimurium up-regulates IL-6
expression during invasion (Kaiser ez al., 2000). This suggests that both serovar
Pullorum and serovar Enteritidis may actively inhibit transcription of this pro-
inflammatory cylokine. This regulation was not mediated by the SPI-1 TTSS during

serovar Pullorum infection. Immunomodulation during infection with serovar Putlorum
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could reduce inflammation and damage in the intestines, which would increasc the
tikelthood of the bacteria being able to establish u systemic intection. There has been
contradictory evidence as to the role of SPI-1 in serovar Gallinarum infection (Jones ef
al., 2001; Shah et al, 2005). These dilferences could be due to the differences in the ayge
and breed of chicken used for the experimental infections (Shah et @/, 2005). It is
therefore most likely that although SPI-1 contributes to the virulence of serovar
Gallinaram infection, the age and genctic makeup of the chicken may also contributc Lo
any effect (Shah et af., 2005). Interestingly invasion of a gut epithelial cell model with
serovar Gallinarum has no effect on IL-6 espression (Kaiser et a/., 2000), a mechanism
which appears Lo be SPI-1-mediated in other serovars.

ChCXCLil (K60) and chCXCLi2 (I1L-8) share 48% and 50% homology with
human CXCLB (1L-8) respectively (Sick ¢t «f., 2000; Kaiser ¢t al., 1999). CXCL.il
mainly chemoattracts heterophils (the avian cquivalent of neutrophils) and CXCLi2
mainly chemoatiracts monocytes (Poh, Pease, Young, Bumstead and Kaiser
unpublished results). During serovar Typhimurium infection, which causes much
damage to the mtestinal epithelia, a SPI-1 TTSS-mediated increase in IL-8 production is
observed in mammals (Hobbie et «f., 1997). From the observed pathology and the
nature of the disease, it could be hypothesised that the converse is true during serovar
Pullorum mfection, and therefore there should be a decrease in CXCLil and CXCLi2.
This is indeed the case, as there is a SP1-1 TTSS-mediated up-regulation of CXCLi1
during early-stage infection in the caccal tonsil to levels similar to those seen in the
control, The SPI-1 TTSS does not seem to promote an up-regulation of CXCLil mRNA
transcription in the ileum or spleen at this early time-point though, suggesting that the
actions of SPI-1 TTSS must be highly targeted to specific organs/tissues. Conversely to

the SP1-1 TTSS-mediated up-regulation of CXCL1l mRNA in the caecal tonsil, there is
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a down-regulation of transcription in the spleen at 24 hpi. This could be an attempt to
reduce attraction and recruitment of immune cells to the site of persistence in the spleen
in order to avoid a major inflammatory immune response. During a natural infection
with serovar Pullorum, the main form of transmission within a group of chickens is
vertical. For this {o be elfective, birds must first reach sexual maturity in order to
transmit the pathogen vertically to their offspring. Therefore it does not benefit the
bacleria to cause cxiensive pathology, which would ultimately reduce the health of the
chicken host, and during the carly stages of systemic infection this modulation of the
immune response may in part be due to the SPI-1 TTSS. The expression profile of
CXCLI2 suggests that any regulation of transcription o[this chemokine is not SPI-1
TTSS-regulated in serovar Pullorum-infected birds, although immune modulation by
the bacteria, in order to reduce up-regulation of chemokine transcription due to
detection by the mnate immune response, may be controlled by other vitulence factors.
The mRNA levels of a selection of avian S-defensins were investigated as the
defensins play a role in gram-negative bacterial intections in mammalian hosts
(Sugiarto and Yu, 2004; Salzman ef a/., 2003; Wiison et al., 1999). AvBD1 mRNA is
not transcribed above basal levels (those seen in control birds) in the ilewm, but appears
to be actively suppressed initially by serovar Pullorum (at 10 hpi) then subsequently by
serovar Enteritidis (at 24 hpi) in the caecal tonsil which woukl suggest it functions in a
localised manner. In the spleen at 48 hpi, AVBD1 mRNA lcvels in response ta serovar
Pulloram infection appear to be suppressed duc to the SPI-1 TTSS, as the SPI-1 TTSS
attenuated mutanl has statistically significantly up-regulated mRNA levels compared to
those observed in the wild-type-infected and controt bird groups. The AvBD2 mRNA
expression profile is ditferent to that for AvBD1, and this 8-dcfensin appears to be most

imporlant at later stages of the experiment (48 hpi). In the ilewm, there is active up-
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regulation of AvBD2 mRNA in response to scrovar Pullorum infection, but in the
spleen AvBD2 mRNA is down-regulated compared to the confrol. The differential
regulation of AvBD2 mRNA does not appear to be due to the SP1-1 TTSS of scrovar
Pullorum, as the atlenvated mutant-infected group does not have significantly diffcrent
mRNA levels to the wild-type. The reason for the mRNA levels of AvBD2 in the ileum
being at sitilar levels to those in control birds during serovar Pullorum infection at 10
and 24 hpi could be due to an active suppression by the bacteria to avoid detection and
aid invasion. By 48 hpi, many of the bacterta will have escaped the caecal lumen and
moved ta systemic sites, so it beeomes less important for serovar Pullorum to actively
inhibit AvBD2 levels, which could explain the high increase in mRNA transcription at
this time-point. The down-regulation by serovar Pullorum of AvBD2 levels in the
spleen at 48 hpi could be an attempt to evade detection by the immune system and avoid
the initiation of an inflammatory immune response.

AvBD3 mRNA levels in the ileum, the caecal tonsil and, to a lesser extent, in
the spleen, demonstrate a similar expression pattern during serovar Enteritidis infection,
with an active suppression at 24 hpi followed by an up-regulation at 48 hpi. AvBD3
mRNA levels in birds during infection with serovar Pullorum are unaltered compared to
levels in birds wilthin the control group up to 48 hpi in any of the tissues. Either scrovar
Pullorum docs not stimulate AvBD3 mRNA transcription due to specific adaptation of
the serovar, or there is an active inhibition of this g-defensin to maintain levels similar
to that observed in control birds. 1L the latter is the case, then the inhibition is not SPI-1
TTSS-dependent, as infection with the SPI-1 TTSS-attenuated mutant does not affect
the resulting mRNA levels. At 48 hpi, howcver, there does appear to be a SPI-1 TTSS-
mediated active inhibition of AvBD3 transcription in both the spleen and caecal tonsil.

The regulation of AvBDS (Lynn et af., 2004; Xiao ef al., 2004) mRNA in the spleen at

. .
) LA

R
=1 il SR




212

48 hpi by serovar Pullorum to levels similar to that seen in control birds is also SPI-1
TTSS-mediated. There is early up-regulation of AvBD14 in the spleen in response to
serovar Pullorum infection which is not SPI1-1 TTSS-dependent but, by 48 hpi, mRNA
levels are not different to those found in mock-infected control birds, This early up-
regulation precedes the physical presence of the bacteria systemically, as shown by the
bacterial counts. Tissue expression profiles have found that AvBID14 is only expressed
in the skin and the spleen {Annelise Soulier, unpublished results), but the early up-
regulation of expression measured in the spleen indicatcs that transcription of this -
defensin may be triggered prior to invasion of the tissue itself. These data suggest a
targeted response to serovar Pullorum infection by the host, in the spleen, by the
production of AvBD14,

Although there has been some previous research into the role of mammalian j3-
defensins in S, enterica mfection, to date the specific roics of the avian g-defensins are
largely unknown. The actions of avian S-defensins during infection can be compared as
a group to mammalian S-defensins, but they are not comparable individually (i.e.
AvBDI is not comparable to human 3-defensin-1). It is important to study the role
played by individual antt-microbial peptides during infection thaugh, as S-defensins
may each accupy a distinet functional niche tmportant in intestinal mucosal defence
(O'Neil et al., 1999). An example of this is the differential expression of human beta-
defensin-| and -2 in the colon. Human $-defensin-1 is expressed by the epithelium of
normal human colon and small intestine, with a similar pattern of expression in the
inflamed colon (O’Neil ¢t @l., 1999). In contrast, there is little human S-defensin-2
expression by the epithelium of normal colon, but abundani human 8-defensin-2
expression by the epithelium of inflamex colon {O’Neil et al., 1999). Additionally,

serovars Enteritidis, Typhimurium, Typhi and Dublin all induce human S-defensin-2
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mRNA expression in human colon cells (Ogushi ef af., 2001). One avian 8-defensin that
has been studied with regard to the host response to S. enferica infection is AvBD9.
There is a high, constitutive expression of AvBD9 in the proximal digestive tract and it
has a broad antimicrobial activity against food-borne pathogens including scrovar
Typhimurium, which suggests that it plays an important role in chicken innate host
defence (van Dijk ¢t al., 2007). Avian §-defensins may also play a role in reducing the
transmission of S. enferica 1o subsequent generations. The expression of AvBDI, 2 and
3 in the cloacas of laying hens increases with age, and also decreases in the regressed
oviduct during the non-laying phase (Y oshimura et al., 2006). There is an increase in
the synthesis of AvBD1, 2 and 3 in response to serovar Enieritidis infection in the
cloacas of laying chickens, which may setve to reduce transmission of the bacteria from
the egg (Yoshimura ef al., 20006). Avian -defensins are involved in host resistance {o
Salmonella (Sadeyen ez al., 2006), There is an incrcased expression of avian S-defensin
genes in chicken lines which are considered to be Sulmonella resistant (Sadeyen ef al.,
2006). The high cxpression ot avian -defensins in resistant lines is concurrent with
lower serovar Enteritidis colonisation rates (Sadeyen ef al., 2006). Adult birds from a
Salmonelia-yesistant line, have a high baseline level of expression for both AvBD1 and
AvBD2 and in chickens exhibiting the most resistant Salmonella phenotype, these avian -
B-defensin gencs have been found in levels approximately 10 times higher than those
measured in a Salmonella-susceptible line (Sadeyen et af., 2006).

In summary, there appears to be a generalised suppression of avian S-defensin
mRNA expression in response to serovar Pullorum infection in the spleen at 48 hpi and
this is SPT-1 TTSS-mediated for AvBD1, 3 and 5. The down-regulation observed for
AvBD2 docs not seem to be associated with the SPI-1 TTSS and therefore is probably

due to another virulence fuctor. There is also a specific targeted up-regulation of
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AvBDI14 mRNA in the spleen during the early stages of the infection, which happens
before the pathogen has disseminated in any real numbers to this systemic site. This up-
regulation in levels of mRNA decreases as the bacteria ave transported in greater
numbers to the spleen. These results suggest a manipulation of avian 3-defensin
transcription in the chicken host during the first 48 hours following scrovar Pullorum
infection in order to suppress the antimicrobial actions of these molecules. This
manipulation appears to be SPI-1 TTSS mediated, but is also clearly a result of other
virulence factors utilised by serovar Pullorum to enhance the ability of the bacteria lo
causc a persistent systemic infection in the chicken,

The gross pathology observed during the post-mortem collection of tissues
supports the hypothesis that the SP1-1 TTSS-attenualed mutant is slower to escape the
caecal lumen than the wild-type serovar Pullorum bacteria. Birds infected with the
serovar Pullorum SP1-1 TTSS-attenuated mutant presented with more severe gut-
associated pathology than those infected with serovar Pullorum wild-type, and there
was more localised damage to the caecal wall, with sloughing of the mucosa layer,
Interestingly those birds infected with serovar Pullorum displayed more pronounced
blood vessel growth around the gut than those infected with the SPI-1 TTSS-attenuated
mutant. It is thought that serovar Pulloruun translocates to systemic sites in the chicken
transported mside phagocytes such as macrophages (Wigley er al., 2001) and the
increase in blood vessel provision around the site of infection would certainly aid in the
process of cell recruitment. The gross pathology does indeed suggest that this process
may be somewhat SPI-1-mediated. Tt is also interesting that the serovar Enteritidis-
imfected birds displayed more severe inflammation-related pathology than those infected
with serovar Pullorum. This supports the hypothesis that serovar Pullorum actively

evades and inhibits the chicken inunune response to a greater extent than other S.




enterica serovars, in order to crcate a persistent low-level systemic mfection until sexual
maturity is reached (Shivaprasad, 2000).

In conclusion, the SPI-1 TTSS enables serovar Pullorum Lo invade the chicken
host quickly without inducing a significant innate immune response. Although
[unctionality of the SPI-1 TT'SS is not vital for infection, it aids in the development of a
more rapid systemic infection. This increases the chance of a successful persistent

infection with minimum detection by the host imnbrunc system.
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Chapter 7: General Discussion

The relative contribution of SPI-1 and SPI-2 to the virulence of serovar
Pullorum has previously been deternuned (Wigley ef al., 2002). Loss of SPI-1 function
results in a reduction in virulence of serovar Pullorum, but not a complete attenuation
(Wigley et al., 2002). There has been contradictory evidence as to the role of SPI-1 in
serovar Gallinarum infection (Jones et al,, 2001; Shah ef ¢f.,, 2005). It appcars that SPI-1
contributes to the virulence of serovar Gallinarum infection, but the age and genetic
makeup of the chicken may also contribute to any effect (Shah es ¢l., 2005). SPI-2 ig
essential for the virulence of scrovar Pullorum and its attennation abrogates carriage in
the chicken and the establishment of infection (Wigley er af., 2002). The actiology of
discase resulting from infection with S. enferica can be directly related to the pathology
caused by the host immune response reacting to the presence of the bacteria in the gut
and at systemic sites. Pathology resulting from infection with serovar Pullorum is much
reduced compared to that seen for other related serovars (Flenderson et al., 1999) and
this was evident during comparisons with pathology in birds infected with serovar
Enteritidis during this study. Previous research in this arca has concentrated on the
relative contribution of SPT-1 and SPI-2 to the success of infection with serovar
Pullorum. Consequently, there has been limited research into the host immune response
during infection or into the mechanisms used by the bacteria in order to evade this
immune response, The primary aim of this study was to assess if these imechanisms may
be in part as a result of virnlence factors from the SPT-1 and the SPI1-2. A range of in

vitro and in vivo techniques were employed.
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7.1 The initial invasion event during Pullorum Disease

The results collectively show that during infection with serovar Pullorum,
invasion through the gut-associated lymphoid tissuc (GALT) is in part SPI-1 mediated.
The in vivo study described tn Chapter six used counts of bacterial numbers in the caeca
and at systemic sites over a time-course in order to establish rates of invasion. Invasion
through the GALT is Jikely to be via the bursa and the caecal tonsil, as both sites have a
high concentration of lymphoid tissue (Henderson ¢t al., 1999). The data showing the
differences in the progression of the disease between the wild type and the mutant
strains indicate that SPI-1 is important for the rapid systemic dissemination of serovar
Pullorum in the chicken. This SPI-1 mediated rapid systemic spread could be as a direct
result of the rapid initial invasion event. It is thought that this dissemination to systemic
sites takes place via transport in macrophages (Wigley et al., 2001).

The results show that during infection with serovar Pullorum, transcription of
bost pro-inflammatory cytokines and chemokines is in general similar to that measured
in non-infected birds. This leads to the hypothesis that serovar Pullorum either promotes
a generalised inhibition or does not elicit a host pro-inflammatory immune response
during infection. Ifthis is the case, then this stealth is achieved by an as yet
umdentified, constitutively expressed, virulence factor. The result is an irhibition of the
host pro-inflammatory itnmune response during infection, to transcription levels below
those seen in control birds. It is likely that this would down-regulate normal levels of
expression of pro-inflammatory mediators in the host such as I1.-18, and provide a
favourable environment for the serovar Pullorum bacteria to persist in. During the inilial
invasion event, SPI-1 appears to be involved in comnteracting this, which is presumably
in order to maintain more normal levels of cellular recruitment to the site of infection

(i.e. similar to those seen in non-infected hosts). For the majority of the time during the
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infection, it is beneficial for serovar Pullorum to Keep a low profile in the host, in order
to persist for long periods and avoid discovery by the host immune system. Serovar
Pullorum reduces the ability of the host to recognise the presence of the bacteria by
down-regulating components of the host pro-inflammatory immune response, which
would normally recognise the pathogen and mount an immune response against it.
Establishment of systemic infection by serovar Pullorum is reliant on intra-cellular
survival of the bacterium in, and disscimination by, migrating phagocytes (Wigley ef af.,
2001). At this stage, it is not advantageous for the bacteria to actively down-regulate
transcription of specific pro~-inflammatory cytokines and chemokines which activate and
attract macrophages to the site of infection. A temporary restoration of the levels of
some specific pro-inflammatory cytokines/chemokines in the area around the site of
infection is a way around this problem. The results suggest that this 1s in fact the case
and is SPI-1 -mediated.

SPI-1 mediates an up-regulation of IL-18, IL-6, CXCLil and CXCLi2 to levels
comparable to those measured in the gastro-intestinal tract of control birds. These
cytokines and chemokines can promote recruitment of phagocytes locally, to the site of
infection. This up-regulation of expression will thus increase the likelihood that the
bacteria will encounter macrophages. Infection of day-of-hatch birds with serovar
Typhimurium leads to a significant up-regulation of CXCLi1, CXCLi2 and IL-18
expression in intestinal tissus which corresponds with the presence of inflammatory
signs (Withanage et al., 2004). CXCLi1 is a major chemotactic factor, which aids in
mediating the serovar Enteritidis-induced recruitment of heterophils to the site of
bacterial invasion (Kogut, 2002; Poh, Pease, Young, Bumstead and Kaiser unpublished

results) and CXCLi2 is thought to aid recruitment of macrophages to the site of
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infection (Poh, Pcasc, Young, Bumstead and Kaiser unpublished results). Thercby up-

regulation of CXCLil and CXCLIi2 expression may aid the systemic spread of infection.

7.2 Persistence within macrophages during Pullorum Disease

Although SPI-1 is mvolved in the invasion of the gut epithelial cells, it does not
play a role in the subsequent invasion of macrophages, which indicates that this event
involves a different process. Entry into macrophages is likely to be via phagocytosis in
most hosts. Avian macrophages are capable of engulfing both opsonised and un-
opsonised antigen, but phagocytosis is moie cfficient with opsonised antigens (Qureshi
et al., 1986, Powell, 1987). Once phagacytosed, the avian macropbage digests antigens
wilh hydrolytic enzymes such as lysoxsymes and acid phosphatase (Fox and Soloman,
1981; Qureshi and Dietert, 1995). Avian macrophages, hke their mammalian
counterparts, also produce reactive oxygen intermediates (Golemboski et af., 1990) and
reactive nitrogen intermediates (Dietert ez al., 1991; Sung et af., 1991; Qureshi ez al.,
1993).

At this stage of infection, although uptake of serovar Pullorum is mediated by
the macrophage, persistence of intracellular bacteria is SPI-2-mediated. The resul(s
suggest that SPI-2 may place a check on intracellular numbers in order to ensure
persistence within the cell, as the cell is unlikely to be able {0 sustain large numbers of

intracellular bacteria without detcction by the immunc sysicm. SPI-2 therefore may

promote controlled intracellular growth. The macrophage may be unable to sustain high
numbers of intracellular bacteria and restrictions on prolifcration would help. Serovar
Pullorum bacteria lacking a functional SPI-2 were present in higher numbers compared
to the wild-type early in the infection, but these numbers rapidly dropped over the time-

course. Intracellular numbers of the wild-type bacteria remained at a low, sustained
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level throughout the time-course. In addition to this, SPE-2 inhibits the induction of
mitric oxide synthests by the macrophage to control targeted antimicrobial activity.
Interestingly, serovar Enteritidis also regulates intramacrophage numbers (Okamura ¢t
al., 2005). Although invasion takes place at similar rates, numbers of mtracellular
serovar Enteritidis are significantly reduced when compared to serovar Typhimurium
(Okamura et al., 2005), Macrophages activated with TFN-y produce significantly less
NO following treatment with serovar Enteritidis LPS compared to serovar
Typhimurivm LPS, and macrophage necrosis is significantly increased following
mfection with serovar Typhimurium (Okamura et «f., 2005). This may cause an
increased inflammatory response during infections with serovar T'yphimurium
(Okamura et af., 2005) which can be dircctly related to the actiology of the discase.
Theretore, limiting intracellular bacterial numbers may aid persistence of serovar
Enteritidis in macrophages.

Serovar Pullorum inhibits IL-6 mRNA expression in macrophages in a SPI-2-
dependent manuer. This may play a role in masking the infracellular infection as the
macrophage would normally produce 1L-6 in response to infection with an intraceliular
pathogen. Strains with a functional SPJ-2 also lead to increased levels of CXCLi2
expression in macrophages at early time-points compared to SPI-2 mutants. This would
probably lead to increased monocyte recruitment to the site of infection and increase the
chance of more phagocytic cells becoming infected. promoting the systemic spread of
the bacteria. This increase in recruitment is short-lived though and is no longer apparent

at later time-points.
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7.3 Avian B-defensins in Pullorum Disease

There are indications in mammals that the ability to resist the killing effect of
host antimicrobial peptides is a virulence property of Safmonella enterica (Groisman ef
al., 1992). In serovar 'I'yphimurium this resistance has been associated with § separate
genetic loci representing several virulence factors (Groisman e¢ af., 1992). The
generalised suppression of avian 8-defensin mRNA expression in the spleen at 48 hpi in
response to infection with serovar Pullorum in vive is SPI-1-mediated for AvBD1I, 3 and
5. Milona ef al. (2007) reported that infection with serovars Typhimurium and
Enteritidis does not induce AvBD3 mRNA expression in the small intestine. Likewise,
infection with serovar Pullorum did not induce AvBDS mRNA. expression in the ileum
and caceal tonsil, with equivalent levels compared to mock-infected control birds. The
down-rcgulation of AvBD2 mRNA expression during serovar Pullorum infection was
not due to SPI-1. AvBD14 mRNA is up-regulated in spleen prioxr to bacterial infection
in that tissue, but at 48 hpi the expression levels fall to be similar to those seen in
conirol birds, This coincides with the systemic spread of the bacteria and at systemic
sites avian $-defensin expression is, in general, reduced in a SP1-1-dependent

mechanism.

7.4 Areas of future work

7.4.1 Work involving primary macrophages

Large numbers of primary macrophages can be obtained from the chicken via
culture of bone marrow-derived cells with rchGM-CSF using the method developed and
described in Chapter three. Primary avian macrophages are required for the accurate
study of macrophage function and, as demonstrated by the in vitro infection studics in

this research, bacterial persistence assays. The effect of SPI-2 in vivo has been
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demonstrated previously (Wigley ef al. 2002), but the associated phenotype using
macrophages in vitro had not been previously established (Paul Wigley, personal
conununication). This research described SPI-2-associated iniracellular persistence
using bone marrow-derived macrophages. 'I'his phenotype was only apparent when
studying survival and responsc over a long time-course (up to 72 hpi) though, which 1s
not practical using primary macrophages derived from other sources. The chicken bone
marrow-derived macrophage model therefore provides a tool for potential future
research into Salmonella persistence or that of other intracellular pathogens.

Granulocytic structures were seen in primary blood-derived macrophages and to
a lesser extent in BM-dM® when images were taken using TEM. These structures are
not found in mammalian macrophages, which may mean that avian macrophages are
more different from their mammalian counterparts than frst thought. The divergent
evolution of avian and mammal orders from a common ancestor 300 million years ago
has resulted in some differences between the modern immune systems of both groups.
Avian macrophages may therefore have some different functions compared ta
mammalian macrophages, and may be involved in granulocytic activities. The
heterophil inflammatory response in avian species more closely resembles the reptilian
response than the mammalian neutrophil response (Montali, 1988). Further

investigation into the nature of these granulocytic structures is needed.

7.4.2 Determining the roles of virulence factors during infection with
seravar Pullorum

The contributions of virulence factors outwith the SPI-1 and SPI-2, and also of
other SPls, to the virnlence of Pullorum Discasc arc important to establish and further

research should address this. The unsuitability of serovar Pullorum 449/87 for the A-Red
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system means that any future work requiring mutagenesis of the serovar would need to
either utilise a different serovar Pullorum strain or a different technique. Although
cansidered to be a quick and easy method of mutant construction, widely used for other
gram-negative bacteria, it is becoming more apparent that not all S. enterica strains lend

themselves to mutagenesis via A-Red.

7.4.3 The mechanisms of infection of the reproductive tract and subsequent
transovarian transmission of serovar Pulloram

This research has concentrated on the establishment of systemic infection with
serovar Pullorum in the chicken. Little work has been done to investigate the
mechanisms behind the infection of the reproductive tract and subsequent transovarian
transmission and the dissection of this could be one area of future work. During
experimental infection, serovar Pullorum can persist for over 40 weeks at the systemic
sites of the spleen and the reproductive tract (Wigley et al., 2001). T cell responses to
serovar Pullorum, and non-specific responses to mitogenic stimulation, reduce greatly
in both infected and non-infected bixds al the onset of lay (Wigley ¢t af., 2005). This [all
in T cell responsiveness coincides with an increase in serovar Pullorum bacterial
numbers in the spleen and the spread to the reproductive tract (Wigley ef al., 2005).
Approximately three weeks following the onset of lay, T cell responsiveness is restored
which coincides with a decline in bacterial numbers (Wigley et al., 2005). This
mdicates a non-specific suppression of cell-mediated tmmunity oceurs at the onset of
lay, and that this plays a major role in the ability of serovar Pullorum to infect the
reproductive tract (Wigley ez af., 2005). The bacterial mechanisms (if any) behind this
are unknown, and future work could ecvaluate the contribution of the SPIs to this event.

In the reproductive tract, serovar Pulloruim colonises both the ovary and the oviduct of
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hens, which leads to 6% of laid eggs being infected with the bacterium (Wigley ef «l.,
2001). Localised cell-mediated immunity may also be involved in the control of serovar
Enteritidis infection of reproductive tissues, as there is a correlation between decrcased
bacterial survival with elevated lymphocyte and macrophage numbers in the ovary and
oviduct (Withanage ef al., 2003). Therefore the loss of T ccll activity at the point of lay
may also aid scrovar Enteritidis infection and transmission to eggs (Wigley et a/.,
2005). This suggests that both serovar Pulloram and serovar Enteritidis may infeet and
colonise the reproduclive tract nsing the same mechanisms, and the ideatification of the

virulence factors which are involved in this process would be of interest.

7.5 Kinal conclusions

The results from this study suggest thal Salmonella enterica serovar Pullorum
does not promote the induction of a pro-infammatory immune response in the gut, and
that SPI-1 is responsible for up-regulating IL-15, IL-6, CXCLil and CXCLi2 to recruit
phagocytes to the sile of infection. This is in contrast to the hypothesis that SPI-1 is
responsible for dampening down the immune response. Although not required for full-
virulence, SPI-1 enables a faster dissemination of serovar Puliosum to systemic sites. At
systemic sites away from the gut, SPI-1 is responsible for a down-regulation of the
antimicrobial peptides AvBD1, 3 and 5 and of CXCL:1. SPI-2 appears to play a role in
maintaining sustainable intracellular numbers within macrophages. Methods by which it
may dao this include the inhibition of nitric oxide synthesis and down-regulation of IL-6
EXPression.

In conclusion, SPI-1 and SPI-2 both contribute to the virulence of serovar
Pullorum, enabling the establishment of a more rapid and stealthy infection in the

chicken,
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