
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


The role of SPI-1 and SPI-2 type three secretion 

systems in persistent Salmonella enterica serovar 

PuIIorum infections of chicken

By Lucy Chappell

Thesis submitted for the degree of Doctor of Philosophy 

in the Faculty of Veterinary Medicine, University of Glasgow

Division of Infection and Immunity, University of Glasgow

Institute for Animal Health

July 2007

© 2007 Lucy Chappell



ProQuest Number: 10390742

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10390742

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346





Abstract

Salmonella enterica serovar Pullorum causes a septicaemic, persistent, systemic disease 

of poultry known as Pullomm Disease (PD). PD causes high mortality in young birds 

with those that survive becoming carriers of the disease. Transmission between birds in 

the same generation is predominantly faecal-oral, with birds in subsequent generations 

becoming infected via vertical transmission. Groups of vimlence genes on the 

Salmonella genome cluster in areas known as pathogenicity islands. A range of in vitro 

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 Pullomm 

infection in the chicken. The results collectively suggest that serovar Pullomm does not 

promote the induction of a pro-inflammatory immune response in the gut, but virulence 

factors encoded by SPl-1 lead to up-regulation of IL-lj8, lL-6, CXCLil and CXCLi2 to 

recmit phagocytes to the site of infection. Thereby, although not required for full- 

vimlence, SPI-1 enables faster dissemination of serovar Pullomm to systemic sites. At 

systemic sites away from the gut, SPI-1 is responsible for down-regulation of the 

antimicrobial peptides avian jS-defensins 1, 3 and 5, and of CXCLil. SPI-2 is 

responsible for maintaining sustainable intracellulai* numbers within macrophages, 

inhibiting nitric oxide synthesis and down-regulating lL-6 expression. SPI-1 and SPI-2 

both contribute to the vimlence of serovar Pullomm, 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 o f disease-causing serovars 

which can be loosely split into two main groups. The first group includes the serovars 

Typhimurium and Enteritidis, which cause gastrointestinal diseases in a wide range o f 

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 Typhimurium and Enteritidis cause a systemic infection when 

infecting young animals, but usually remain in the gastrointestinal tract when infecting 

mature animals. Systemic infections follow a successfi.il intestinal colonisation, which is 

sustained tliroughout the infection course. The second group of serovars cause host- 

restricted, chi'onic, typhoid-like diseases. This group includes serovar Typhi in humans, 

serovar Dublin in cattle and serovars Gallkiarum and Pullorum, which both cause 

systemic disease in chicken. During infection with serovars from this group, bacteria 

move out o f the intestine and spread systemically. An example o f the aetio logical 

difference between these groups can be found by comparing bacterial numbers in the 

chicken during infection 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 o f the infection, demonstrating effective 

intestinal colonisation (Henderson et al., 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 et al., 1999),

The most common route o f infection for S. enterica is faecal-oral. Serovar 

Typhimurium (Henderson et al., 1999; Mittrucker and Kaufman, 2000), serovar
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Gallinarum (Lowry et al., 1999; Henderson et al., 1999; BaiTow et al., 2000) and 

serovar Pullorum (Henderson et al., 1999) favour associations with, and therefore most 

likely entry thiough, the gut-associated 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 o f Fabricius have been 

proposed as routes o f 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 situated at the anterior section 

o f the ileum) and the ileum. Caeca have a very low flow rate, on average emptying 

twice a day. They are therefore a favourable site o f colonisation for many avian 

intestinal pathogens. The bursa o f Fabricius is a primary and secondary lymphoid organ; 

the site of B cell maturation in bhds. It is situated dorsal to the cloaca, so is easily 

accessible to bacteria in the gastrointestinal tract.

A further route o f infection may be thiuugh the process o f retrograde peristalsis, 

which causes the movement o f material from the cloacal opening back towards the 

colon. This results in an influx o f 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 o f S. enterica are not 

fully understood, phagocytic cells have been considered as possible vehicles for 

systemic transport in mammals from mucosal sites such as Peyer's patches to mesenteric 

lymph nodes and other organs (Rescigno et a l, 2001 ; Cheminay et a l,  2002). Early 

dissemination is thought to be via GDI 8-expressing phagocytes in mammals (Vazquez-
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Torres et a l, 1999). The cell surface antigen GDI 8 mediates leukocyte transmigration 

and congenic GDI 8-deficient mice ai*e resistant to systemic dissemination (to sites such 

as the liver and spleen) of serovar Typhimurium following oral infection in mice 

(Vazquez-Toires et a l, 1999). During avian infection with serovar Pullorum, 

macrophages are also thought to be responsible for transporting the bacteria 

systemically (Wigley et a l, 2001). Following oral infections, confocal microscopy was 

used to show g%-expressing serovar Pullorum bacteria localised within macrophages in 

the spleen (Wigley et a l, 2001).

Following spread to systemic organs, the bacteria may select specific subsets o f 

macrophages to use for persistence. During infection with serovar Typhimurium, the 

vast majority o f bacteria reside within macrophages located within the red pulp and 

marginal zones o f the murine spleen (Salcedo et a l, 2001). A low proportion of serovar 

Typhimurium invade marginal metallophillic macrophages and a relatively high 

proportion invade phagocytic marginal zone macrophages (Salcedo et al, 2001). The 

phagocytic ability o f macrophages in the spleen varies, and is considerably lower for 

marginal metallophillic macrophages than for phagocytic marginal zone macrophages 

(Kraal, 1992; Hughs et a l, 1995). Levels o f bacterial uptake may therefore result from 

the phagocytic ability o f the cells rather than the invasive potential o f serovar 

Typhimurium (Salcedo et a l, 2001). Salmonella can persist for long periods o f time, 

residing within macrophages, often after all visible symptoms o f the disease have 

ceased.

Serovar Enteritidis is one o f the most common S. enterica serovars affecting the 

human population in the UK and is therefore of serious public health concern (data from 

the Health Protection Agency). One o f the main causes of Salmonella infection in the 

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



19

A big risk factor is the ability o f serovar Enteritidis to contaminate eggs often without 

causing serious illness in the chicken, meaning it can remain undetected in a flock. In 

the UK, incidence o f human infection with serovar Enteritidis has been steadily falling 

in recent years and this has mainly been attributed to industry control programs, 

including the vaccination o f chicken flocks but the importation o f eggs from foreign 

countries where these control programs are not m place still poses a significant risk 

(data fr om the Health Protection Agency and Food Standards Agency).

1.2 Pullorum Disease

Pullorum Disease (PD) is caused by infection with Salmonella enterica serovar 

Pullorum. It is a septicaemic, persistent, systemic disease o f poultry. PD causes high 

mortality in young birds with those that survive becoming carriers o f the disease. 

Transmission, as with other S. enterica serovars, is initially faecal-oral and so affects 

birds in the same generation, but systemic disease can lead to infection of the 

reproductive tract in sexually mature adult bfrds and consequently vertical transovarian 

transmission to subsequent generations (Snoyenbos, 1991).

Salmonella enterica 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 small, discrete, greyish-white colonies and can be grown on Salmonella- 

selective media such as Brilliant Green agar (Shivaprasad, 2000). Serovar Pullorum is 

very similar to serovai' Gallinarum at the chromosomal level (Olsen et al., 1996) and 

both are paif of serogroup D according to the Kauffman-White scheme. The Kauffrnan- 

White scheme is a classification system which differentiates serological varieties o f 

Salmonella from each other by determining the surface antigens o f the bacterium.



20

Separation of serotypes is on the basis o f antigenic polymorphisms in O (somatic), Vi 

(capsular), and H (flagellar) antigens. The somatic O group antigens are the 

polysaccharide side-chains associated with lipopolysaccharide (LPS) which is the main 

constituent o f the outer membrane o f Gram-negative bacteria. Although the core 

structure o f this molecule (lipid A) remains largely conserved in all Salmonella, the 

polysaccharide side chains are highly polymorphic because the rfb region, containing 

enzymes necessary for the biosynthesis o f LPS, is polymorphic (Liu et a l, 1991). The 

different antigens are numbered sequentially and each serotype is given an antigenic 

formula and classified into a group. Both serovar Pullorum and serovar Gallinamm 

possess the LPS O antigens 1, 9 and 12, with the antigenic formula for serovar Pullorum 

being 1, 9, 12i, 12z and 12]. Most antigenic variation in serovar Pullorum strains 

involves antigen 12, with differing amounts o f 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 

mortality rates occurring between 2 and 3 weeks o f age. Both mortality and morbidity 

due to PD are highly variable and dependent on various factors including age, strain and 

the general health o f the birds infected. Although morbidity is generally higher than 

mortality following infection, mortality rates can vary greatly between 0 and 100%. In 

cases when death does occur, this is usually between 5 and 10 days after initial 

exposure. The main clinical signs o f PD have been described previously (Beaudette, 

1930; Beaudette, 1933; Evans et a l, 1955; Ferguson et a l, 1961; Johnson et al., 1992; 

Mayahi et al., 1995; Salem et al., 1992). They include anorexia, depression, dehydration 

and white diarrhoea. Non-clinical signs may include a reduction in feed consumption, a
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droopy appearance and ruffled feathers. During acute cases o f 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 o f inflammatory cells 

(Shivaprasad, 2000). In adult layers, lesions can also be obseived on the ovaries. Birds 

which survive the initial infection with serovar Pullomm will often become sub-clinical 

carriers o f the baeterium. 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 

does not happen in males and the bacteria remain at a low level for the duration o f the 

infection (Wigley et ah, 2005). The increase in bacterial numbers in female birds 

coincides with a non-specific suppression o f cellular responses which occurs at the 

onset o f laying (Wigley et al., 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 o f 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 tlii'ough faiin workers or veterinarians who do not take 

appropriate measures to avoid transport o f 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 ft'om conunercial poultry in much 

o f the developed world (e.g. Western Europe, USA, Canada, Australia and Japan),



22

although PD is still common and poses a problem in areas o f 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). PD may become a more important issue due 

to the increasing popularity o f fi*ee-range farming techniques, where biosecurity is hard 

to maintain and birds can come into contact with wild réservons o f the disease.

Although the presence o f PD in commercial flocks in the US and northern Europe 

remains very limited, it can still be found in small non-coiumercial flocks (Erbeck et aL, 

1993; van Buskirk, 1987; Shivaprasad, 2000). The separation o f commercial and non

commercial flocks is usually effective in preventing the spread o f PD between these two 

populations (Shivaprasad, 2000). A series o f 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 o f the extent o f the cost that PD can have for the poultry industry 

(Johnson et aL, 1992; Salem et aL, 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 o f the grandparent, parent and grower 

bfrds (Jolinson et aL, 1992). Although the exact economic cost o f this outbreak is 

unknown, it was considerable as it led to the replacement o f all the bird Ifries eradicated 

and loss o f profits during the outbreak (Johnson et aL, 1992; Salem et aL, 1992).

1.3 Early stages of Salmonella enterica infection and the role of Salmonella 

Pathogenicity Island 1

Comparisons of a range of genomic sequences of Gram-negative bacteria have 

suggested that Salmonella originally evolved as a pathogen tlrrough the acquisition o f
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large clusters o f virulence genes (Baumler et al., 1998; Groisman and Ochman, 1997). 

These virulence genes are often grouped together on the genome in areas Imown as 

pathogenicity islands. Two o f the best described o f these pathogenicity islands are 

Salmonella Pathogenicity Island 1 (SFI-1), and Salmonella Pathogenicity Island 2 (SPI- 

2), which are homologous to pathogenicity islands described in other gram-negative 

bacteria, such as Escherichia coli and Yersinia pestis. These two pathogenicity islands 

appear to be important in both the establishment and persistence o f Salmonella 

infections.

Type three secretion systems (TTSS) are found in many different species o f 

Gram-negative pathogenic bacteria, and their machinery spans the cell wall or 

membrane, facilitating the transfer o f effector proteins out o f the bacterial cell and into a 

tai'get 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 approximately 40 kb m length encoded on SPI-1, at centisome 63 o f the 

chromosome. The 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 o f the SPI-1 TTSS needle-like delivery system apparatus include 

inner membrane proteins (InvA, SpaP, SpaQ, SpaR and SpaS), outer membrane proteins 

(InvG, PrgH and PrgK), proteins involved in energy transduction (InvC), chaperones 

(Invl, SicA), regulatory proteins (InvF, HilA, OrgA, InvE), and two other proteins 

associated with invasion (InvH and lacP) (Suarez and Rüssmann, 1998). Proteins 

secreted by the SPI-1 TTSS can be split into two groups; those which ar e directly 

involved in the secretion process (InvJ, SpaO, SipD) and those which have a putative 

effector function in the target host cell (SipA, SipB, SipC, SptP, AvrA) (Suarez 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).



25

Rüssmann, 1998). The genetic organisation o f 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 et a l, 2002). Jones et a l (2001) found that SPI-1 function had no 

effect on the virulence of serovar Gallinarum in vitro, and had little or no effect in vivo. 

A more recent study has demonstrated a more important role for SPI-1 in the virulence 

o f serovar Gallinarum in vivo (Shah et a l, 2005). These differences could be due to the 

differences in the age and breed o f chicken used for the experimental infections (Shah et 

a l, 2005). It is therefore most likely that although SPI-1 contributes to the vii'ulence o f 

serovar Gallinarum infection, the age and genetic makeup o f the chicken may also 

contribute to any effect (Shah et a l, 2005).

When S. enterica exit the gut in mammals they invade tlnough 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 o f entry into the surrounding 

intestinal tissue. The invasion o f enterocytes and M cells results in the extinsion of 

damaged and infected epithelial cells into the intestinal lumen (Wallis and Galyov, 

2000). This extrusion leads to villus blunting and consequently the loss o f absorptive 

surfaces, coupled with a polymorphonuclear cell (PMN) influx into the intestinal 

mucosa (Wallis and Galyov, 2000). Therefore, when S. enterica serovars exit the host 

gut this typically results in a host inflammatory response which can cause a significant 

amount o f damage to the intestinal epithelia. Interestingly, during infection with serovar 

Pullorum there is relatively little inflammation in the intestines, whereas there is 

considerable inflammation observed during infection with other S. enterica serovars 

(Henderson et al, 1999). Histological investigation has shown that during infection 

with serovar Typhimurium there is a marked PMN infiltration 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 Salmonella 

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 Galan, 1997).
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et a l, 1999), Serovar Pullorum is more sensitive to PMN killing compared to serovar 

Typhimurium (Henderson et a l, 1999) and tins apparent reduced inflammation could 

therefore be a mechanism used by the bacteria to reduce the chance o f elimination by 

the host immune response, in order to spread systemically (Shivaprasad, 2000). 

Although early stages in the infection of different S. enterica serovars are thought to be 

fairly distinct (Weinstein et a l, 1998), there has been a lack of research into infection 

with serovar Pullorum.

The uptake o f S. enterica into non-phagocytic enterocytes and M cells has been 

termed “passive entry” and follows a cascade o f host cell signalling events, resulting in 

the manipulation and subversion o f cellular membrane mfïles, which contain 

macropinocytotic machinery necessary for mediating pinocytotic processes (Francis et 

a l, 1993). Thus, S. enterica exploits the necessary process o f pinocytosis though 

membrane ruffling in order to enter the cell by dii ect stimulation of this membrane 

ruffling process (Francis et a l, 1993). It is not just the exploitation o f membrane mffles 

that enable the entry o f these bacteria into non-phagocytic cells. The movement o f 

bacteria into non-phagocytic cells by macropinocytosis utilises the nucléation o f host 

cell polymerisation of actin and the bundling of actin filaments into cables (Hayward 

and Koronakis, 1999). Recent studies, reviewed by Zhou and Galan (2001), describe 

Salmonella-mà\xcQà reversible actin cytoskeleton rearrangements that take place as a 

result o f the delivery o f SPI-1 effector proteins into the host cell. These cyto skeletal 

rearrangements are seemingly the result o f two co-ordinated steps. Firstly, the 

stimulation o f signal transduction in the host indfrectly promotes the rearrangement of 

actin and secondly there is direct modulation o f the actin dynamics (Figure 1.3) (Zhou 

and Galan, 2001). The initial stimulation o f the actin cytoskeleton is with the SPI-1 

effectors SopE (a guanyl-nucleotide-exchange factor) and SopB (an inositol
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Host factors Salmonella effectors

G Rac, Cdc42 O Actin ■ SopE/E2 □ SipC

# Arp2/3 S  Proteasome ■ SopB ■ SptP

a ADF/gelsolin •  PI3P ■ SipA

Figure 1.3: Salmonella SPI-l-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 nucléation machinery (Arp2/3). 

Salmonella effectors also engage actin directly. Sip A 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 (PI3P) 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 GTPases cdc42 and Rac to 

carry out this reaiTangement (Galan and Zhou, 2000). The SPI-1 actin-binding protein 

SipC (Hayward and Koronakis, 1999) is enhanced by the protein effector SipA 

(McGhie et al, 2001) and dfrectly modulates the actin dynamics o f the host cell in order 

to enable bacterial update. It does this by lowering the critical concentration o f G-actin, 

by stabilising F-actin at the site of bacterial entry, and by increasing the binding 

activities o f T-plastin (Galan and Zhou, 2000). These cell-altering aetivities are 

relatively short-lived. The SPI-1 TTSS secreted effector SptP directly reverses these 

reaiTangements by acting as a GTPase-activating protein (GAP) for both cdc42 and Rac, 

returning the cell to its original state (Fu and Galan, 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 induce the initiation o f immune responses. Therefore, returning 

the cells to their original state may be a way o f minimising this. The exploitation o f 

membrane ruffles as a mode of non-phagocytic cell entry may not be the only 

mechanism o f invasion employed by Salmonella. Jepson et al. (2001) suggested the 

involvement of the SPI-1 secreted effector protein SipA in promoting the invasion o f S. 

enterica by a mechanism other than membrane ruffling. Serovar Typhimurium sip A 

mutants failed to invade cells, or invaded at a very slow rate, following the spread of 

membrane ruffles on the host cell (Jepson et 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 (Galan 

and Curtiss, 1989). The protein InvA is a membrane-bound protein with seven 

hydrophobic transmembrane domains and a hydrophilic carboxyterminal domain which 

is thought to be located within the cytoplasm (Ginocchio et al, 1994).
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In mammals, a SPI-1 TTSS-independent method o f traversing the epithelial cell 

lining o f the gut involves bacterial up-talce by dendritic cells (DC) (Resigno et a i,

2001). DC ai'e able to project dendrites through the epithelial lining into the intestinal 

lumen, internalize lumenal bacteria and then transport the organisms to the baso lateral 

side o f the epithelium (Rescigno et a l, 2001). If transported by DC across the gut 

epithelium, serovar Typhimurium quickly exits DC by inducing cell death to enter 

macrophages, which are its prefened cell type (van der Velden et 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 appeal’ to support replication, as 

numbers o f intracellular serovar Typhimurium remained as a static, non-dividing 

population over the course o f infection o f a population o f murine bone marrow-derived 

DC (Jantsch et al., 2003).

The recruitment of inflammatory cells to the gut is thought to be a key factor in 

determination o f virulence, underlying the development o f Salmonella-màncQà enteritis 

(McConnick et al., 1995). During infections with serovar Typhimurium, the secretion 

o f SPI-1 TTSS effector proteins induces the activation of mitogen-activated protein 

(MAP) kinase signalling pathways in the host cell (Hobble et a i, 1997). This MAP 

kinase activation then activates the transcription factors NFkB and AP-1, and 

consequently results in the expression o f pro-inflammatory cytokines (Hobbie et al, 

1997). During serovar Typhimurium infection in the human intestine, a trans-epithelial 

migration o f PMN rapidly follows the attachment of the bacteria to the epithelial apical 

membrane (McCormick et a l,  1993). No such influx o f PMN is observed following 

serovar Pullorum infection in the intestine or in the caeca (Henderson et a l,  1999). 

McCormick et a l (1993) demonstrated that serovar Typhimurium could signal thiough 

intact epithelium 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 o f PMN (McCormick et a i, 1995). This provides a link between PMN 

migration and the intestinal inflammation which contributes to enteritis. In the intestine, 

the mechanism by which serovar Typhimurium elicits trans-epithelial migration and 

influx o f PMN cells is by stimulating epithelial 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 is via the protein kinase C-dependent 

signalling pathway (Lee 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 Pullomm infection 

(Henderson et al, 1999), it is unlikely that SipA, if present in the serovar Pullomm 

genome, is being transcribed effectively. Infection with serovar Typhimurium causes a 

marked pro-inflammatory response in the intestines of day-old chicks (Withanage et al, 

2004), indicating an up-regulation o f pro-inflammatory mediators. Transcription o f IL-6 

is up-regulated approximately 10-fold in chick kidney cells (a gut epithelial cell model) 

in response to infection with serovai- Typhimurium (Kaiser et a l, 2000). In comparison, 

levels o f transcription o f this pro-inflammatory cytokine following infection with 

serovar Gallinamm are not up-regulated and there is an active down-regulation o f IL-1/3 

and IL-2 mRNA (Kaiser et a l, 2000). This indicates modulation o f the immune 

response by serovar Gallinarum, which like serovar Pullomm causes a clironic typhoid

like disease in chicken. The down-regulation o f pro-inflammatory cytokines following 

infection with serovar Pullomm has been demonstrated in vitro in avian cells 

(Lazzerine, Barrow, Wigley and Kaiser, unpublished results). It is possible that this is 

one o f the mechanisms employed by serovar Pullorum to enable initial establishment o f 

an infection and avoid clearance by the immune system.
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It is widely thought that the SPI-1 TTSS apparatus and its effectors are only 

used during the initial invasion event by S. enterica in the gut, but recent evidence 

suggests othei-wise. The invA gene is essential for successful intracellular replication o f 

serovar Typhimurium in non-phagocytic cells, with vacuoles containing invA mutant 

bacteria exhibiting abnormal maturation (Steele-Mortimer et a l, 2002). No such role 

has yet been determined for invA in Salmonella internalised within phagocyte vacuoles, 

and it is here that S. enterica bacterial persistence takes place (Steele-Mortimer et a l, 

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 therefore 

thought to be requhed for the full vfrulence o f serovar Typhimurium (Janakiraman and 

Slauch, 2000). Transcription o f the sitABCD operon is induced in non-deficient 

environmental conditions, and in the mouse these conditions are specifically 

encountered following intestinal epithelial invasion (Janakiraman and Slauch, 2000).

Sit A is a periplasmic binding protein, SitB an ATP-binding protein and SitC and SitD 

are integral membrane proteins (Zhou et al, 1999). In mice, infections with serovar 

Typhimurium bacterial sit mutants are significantly attenuated, indicating an important 

role for this gene locus in virulence (Janakii aman and Slauch, 2000). Although this 

transport system is encoded on the SPI-1, it functions are primarily in iron-restricted 

environments, which are typically during intracellular stages. This would suggest that 

SPI-1 genes can be transcribed concurrently with SPI-2 genes, as SPI-2 is implicated in 

intramacrophage suiwival. 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 Salmonella enterica infection and the role oiSalmonella Pathogenicity 

Island 2

A second 40 kb pathogenicity island region, known as SPI-2, lies at centisome 

30.7 o f the Salmonella chromosome (Ochman et al, 1996; Shea et a l, 1996). SPI-2 

encodes a second TTSS and a two-component regulatory system (Ochman et 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; ssc, 

for genes encoding secretion system chaperones; and sse, for genes encoding secretion 

system effectors (Hensel et a l,  1997a). The majority o f ssa genes are located in a 25 kb 

segment beginning at the 31 centisome boundaiy (Hensel et a l, 1997b). These 13 

structural genes found at the boundary comprise the ssaK/U operon and ssaJ (Hensel et 

a l,  1997a). Two chaperones, {sscA and sscB) and seven effector proteins (sseA-G) are 

located upstream of ssaJ (Cirillo et a l, 1998; Hensel et a l, 1998). SsaC encodes an 

additional TTSS structural protein and is located in a region approximately 8 kb up

stream from ssaJ (Hensel et a l, 1998; orf 11 in Shea et a l, 1996; spiA in Ochman et a l, 

1996). The two component regulatory system ssrAB is also located in this region 

(Hensel et a l, 1998; orf 12 in Shea et a l,  1996; spiR in Ochman et a l,  1996). Figure

1.4 shows the genetic organisation o f the SPI-2 locus. Induction o f SPI-2 gene 

expression is modulated by the global regulatoiy system PhoPQ and is dependent on 

SsrAB (Deiwick et a l, 1999). The SPI-2 TTSS is thought to aid intramacrophage S. 

enterica survival (Ochman et a l, 1996; Cirillo et a l, 1998; Flensel et a l, 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 

maiTOw, which then form pro-monocytes before differentiating into monocytes. It is



34

î

CO

1

GÛ

OJ

% i
'S

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 

(55C, shaded arrows) and the two-component regulatory system {ssr, hatched arrows) of SPI2 are 

indicated (adapted from Deiwick et al., 1999).



35

likely that they differentiate through a similar route in avian species. Monocytes make 

up approximately 10% o f the white blood cells in avian blood, and upon leaving the 

blood they can differentiate into phagocytie macrophages. Macrophages are involved in 

the clearance and destruction o f both intracellular and extracellular pathogens, through a 

process o f recognition then phagocytosis. The processing o f sampled self and non-self 

antigens encountered during scavenging is followed by expression o f peptides from 

these antigens tlirough the Major Histocompatibility Complex (MHC). Two main types 

o f MHC molecules exist. MHC class I molecules bind peptides derived from cytosolic 

proteins. Present on most nucleated cells, they are recognised by CD8^ 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 mechanisms contributing to intramacrophage survival have 

already been recognised and associated with effector genes found in the SPI-2 TTSS of 

S. enterica 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 

microenviromnent o f the phagosome by fusion with a lysosome. If  successful, this 

fusion then enables killing o f 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 oceurs in the SCV, where the pH is between 4 and 5, and 

therefore a trigger factor for the expression o f SPI-2 is likely to be the environmental 

pH (Beuzon et a l, 1999). Interestingly, the SPI-2 TTSS-secreted effector protein SseB 

is only secreted below pH 5.0 (Beuzon et a l, 1999). Envhonmental regulation of 

serovar Typhimurium SPI-2 gene expression is induced by Mg^^ deprivation and 

phosphate staiwation, which are both conditions in the SCV (Deiwick et al, 1999). The 

environmental signals for induction o f expression o f SPI-2 genes may therefore be a 

combination o f several factors rather than just a single cue. This could be a fail-safe 

mechanism employed by the bacteria, to ensure the activation o f the SPI-2 genes in the 

event o f a defect in any one o f the receptors for environmental cues. This highlights the 

importance o f the functionality o f the SPI-2 to the bacteria and, during infection with 

serovar Pullorum, the full functionality o f the SPI-2 TTSS is essential for virulence and 

persistence (Wigley et al, 2002).

Many different pathogenic organisms opt for intracellular stages in their 

lifecycle to evade the immune response and avoid detection. Different pathogens have 

solved the problem o f survival within the phagosome in different ways. One way is to 

escape the phagosome and live free within in the cytoplasm (c.f. Trypanosoma, 

Leishmania and Listeria). S. enterica remain within the SCV and employ several 

mechanisms to enable survival following the targeting o f bactericidal events to the 

SCV. These events include the intraphago so mal production o f reactive oxygen species 

(ROS), the acidification o f the SCV, and the fusion of the phagosome with lysosomes 

for the delivery o f hydrolytic enzymes to the SCV (Gallois et al, 2001). One 

mechanism used by serovar Typhimurium is the exclusion o f the NADPH oxidase 

membrane component flavo cyto chrome b558 from the membrane o f the phagosome 

(Gallois et a l, 2001). This prevents the assembly oftheNAPDH oxidase complex, and
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consequently prevents the production o f superoxide anion by the phagosome (Gallois et 

al, 2001). Tliis process o f exclusion appears to be SPI-2-dependent during serovar 

Typhimurium infection o f murine macrophages (Gallois et al, 2001). Phagosomes 

containing SPI-2 null mutants, unlike those containing the wild-type, were able to 

correctly assemble the NADPH oxidase and thereby generate ROS (Gallois et a l,

2001). It has been suggested that SPI-2 also mterferes with the trafficking o f oxidase- 

containing vesicles to the phagosome, thus abrogating the assembly o f NADPH oxidase 

(Vazquez-Toires et al, 2000). Reactive nitrogen intermediates (RNI), synthesised by 

inducible nitric oxide synthase (iNOS), are also involved in antimicrobial processes 

directed towards the SCV. Immunofluorescence microscopy of murine macrophages 

has demonstrated efficient localisation o f iNOS in the SCV during infections with 

serovar Typhimurium mutants lacking a functional SPI-2 TTSS, compared to an 

inability during infection with wild-type bacteria to localise iNOS in the SCV 

(Chakravortty et al, 2002). Once in the macrophage, the bacteria can then replicate 

using the host cell as a hiding place (Fields et a l,  1986; Leung and Finlay, 1991).

In vitro investigations into serovar Typhimurium-induced cytokine production in 

murine macrophages measured increased levels o f IL-12, a pro-inflammatoiy cytokine 

which is produced in response to intracellular pathogens (Svensson et al, 2001). IL-6, 

which promotes growth of antibody-producing B cells, and TNF-o; which stimulates the 

recruitment o f monocytes and neutrophils to the site o f infection, were also up-regulated 

(Svensson et al, 2001). Surface expression o f MHC class I, MHC class II, CD86 (a co

stimulator for T cell stimulation) and CD54 (also known as ICAM-1 and important in 

cell-cell adhesion) was also up-regulated (Svensson et a l, 2001). Initially, the up- 

regulation o f these molecules would seem to be an attempt to mediate an anti- 

Salmonella immune response. This is not obviously beneficial to bacterial persistence,
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but one explanation could be that recruitment o f monocytes to the site o f infection may 

facilitate further infection o f these cells.

Salmonella replicate inside the SCV, as the ability to survive and replicate in 

macrophages is essential for virulence (Fields et a l, 1986; Leung and Finlay, 1991). 

Salmonella that do not replicate in cultured cell lines are avimlent in animals (Fields et 

a l,  1986; Leung and Finlay, 1991). In infections with serovar Typhimurium this 

replication is SPI-2 TTSS-dependent (Ochman et a l, 1996; Ciiillo et a l, 1998; Hensel 

et a l, 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 o f the eell in which they 

reside. The initiation of apoptosis at different stages of serovar Typhimurium infection 

takes plaee at different rates (van der Velden et a l, 2000). Rapid induction of 

macrophage apoptosis during the initial invasion event in the gut is dependent upon 

SPI-1 and specifically the secreted effector molecule SipB (van der Velden et a l,  2000). 

SipB activates the cysteine protease caspase-1, which causes both apoptosis and the 

release o f pro-inflammatory cytokines in mammalian cells (Monack et a l, 2000). 

Experiments using mice lacking functional caspase-1 have shown that although 

Salmonella are able to breach the initial M cell barrier in the gut, there is a decrease in 

the number o f apoptotic cells, intracellular bacteria, and a decrease in the recruitment o f 

PMN cells to Peyer’s patches compared to infection o f intact mice (Monack et a l,

2000). Caspase-1, a pro-apoptotic and pro-inflammatoiy mediator, is therefore essential 

for the colonisation o f the intestine and ultimately plays an important role in the 

causation of systemic disease (Monack et a l, 2000). Collier-Hyams et a l  (2002) 

described another SPI-1 secreted effector that induces rapid apoptosis, but this time in 

epithelial cells. AvrA, which is homologous to the Yersinia protein YopJ, also induces 

apoptosis in target cells (Collier-Hyams et al, 2002). Both proteins inhibit the
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activation of the transcription factor NF-icB but they appear to take effect at different 

points in the associated signalling pathway, with YopJ being a potent inhibitor o f IkB-o; 

whilst AvrA is not (Collier-Hyams et a l, 2002).

The rapid induction of apoptosis in macrophages within the gut-associated 

lymphoid tissue (GALT) may be due to the fact that the apoptosis event serves to attract 

additional macrophages to the site o f inflammation, thereby facilitating the infection o f 

a higher number o f host cells (van der Velden et a l, 2000). During infection with 

serovar Typhimurium, the SPI-1-dependent rapid killing mechanism becomes repressed 

upon full internalisation within macrophages (van der Velden et a l, 2000). A delayed 

rate o f apoptosis o f the infected macrophages, dependent on ompR and SPI-2, then takes 

effect (van der Velden et a l,  2000). This delay provides the time needed for serovar 

Typhimurium to proliferate within the SCV before the apoptotic event, enabling the 

systemic spread of the infection (van der Velden et a l, 2000). Delayed apopotosis in 

infected macrophages is also partly mediated by caspase-1 and is activated by vimlence 

protems secreted from the SPI-2 TTSS, although it is not yet clear which proteins are 

responsible (Monack et a l,  2001).

The relative importance o f SPI-1 and SPl-2 in the virulence o f serovar 

Gallinarum m avian infections has been assessed through the use o f bacterial mutants 

(Jones et al, 2001). The SPI-1 TTSS null mutant had decreased invasive capacity for 

avian cells in vitro, but was still able to effectively infect and persist in macrophages, 

which would indicate that the SPI-1 TTSS has little effect on the vii'ulence of serovar 

Gallinarum (Jones et al, 2001). Functionality o f the SPI-2 TTSS was required, 

however, for the virulenee o f serovar Gallinarum, as although SPI-2 TTSS null mutants 

were able to invade non-phagocytic cells, they were unable to persist in macrophages 

(Jones et a l, 2001). This suggests the SPI-2 TTSS is essential for the virulence o f
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serovar Gallinarum infections in chicken, whereas the SPI-1 TTSS is not (Jones et al,

2001). The roles o f the SPI-1 and SPI-2 have also been investigated for serovar 

Typhimurium infection in chicken (Jones et a l, 2007). Interestingly the SPI-1 TTSS 

was shown to be involved in both gastrointestinal and systemic colonisation during 

serovar Typhimurium infection o f chicken, but was not essential for either of these 

processes (Jones et a l, 2007). The SPl-2 TTSS, though, was required for establishment 

o f successful systemic infection and played a significant role m the establishment of 

gastrointestinal colonisation (Jones et a l, 2007). Therefore the roles played by SPI-1 

and SPI-2, and their relative contribution to the virulence o f the infection, may vary 

between different serovars.

1.5 Immune responses to S. enterica infection

Host immune responses to S. enterica are important to consider when 

investigating virulence, which is the relative ability o f 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 expansion. In mammals cytokine-specific ELISAs are 

used to determine levels in samples. Unfortunately in avian species few o f these specific 

ELISAs exist, and so real-time detection o f quantitative Reverse Transcriptase-PCR 

(real-time qRT-PCR) 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 o f protein.

During serovar Pullorum infection, very little pathological physical evidence o f 

a pro-inflammatory immune response is observed in the chicken (Henderson et a l.
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1999). This is in contrast to extensive pathology observed during infection with other S, 

enterica serovars (Henderson et al., 1999). This project aims to investigate the 

contribution o f SPI-1 and SPI-2 to the virulence o f serovar Pullorum. Since the 

inflammatory response to serovar Pullorum appears unusually low compaied to that 

observed for other related serovars, the contribution of these pathogenicity islands to 

any regulation of the pro-inflammatory immune response is of interest.

The cytokine IL-1/3 is a key mediator o f host inflammatory responses in innate 

immunity. It is secreted by many different cell types and acts on a range o f target cells. 

In mammals, IL-ljS is part o f the IL-1 gene family which also includes IL-lo; the IL-1 

receptor antagonist (IL-lra), IL-18 and six other cytokines (IL-1F5 -10). In avian 

species, only chIL-1/3 (Weining et a l, 1998) and chIL-18 (Schneider et al., 2000) have 

been identified to date. Prior to the sequencing of chlL-ljS, 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 o f the chemokine IL-8 (CXCL8) is one of the many 

pro-inflammatory functions o f IL-1/3 and this has been demonstrated in human cells 

where IL-1/3 induced synthesis o f IL-8 (Mukaida et al., 1990). In adult chickens 

intravenous injections o f chIL-lj5 induce a rapid increase in serum corticosterone levels 

(Weining et al. 1998). Serum corticosterone 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 o f chick kidney cells (a gut epithelial cell model) with serovar 

Typhimurium has little effect on IL-ljS mRNA expression, but during infection with 

serovars Enteritidis and Gallinarum, IL-lj(? mRNA expression was down-regulated
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(Kaiser et al., 2000). When newly-hatched chicks were infected with serovai* 

Typhimurium, there was significant up-regulation of IL-1 in the intestinal tissues, 

which accompanied extensive inflammatoiy pathology in these tissues (Withanage et 

a l,  2004).

IL-6 is a pleiotropic cytokine, produced by a variety o f cells, which plays a 

major role in regulating immune responses, in acute phase reactions and in 

haematopoiesis (Kishimoto et a l, 1995). IL-6 induces myeloid precursor differentiation, 

and consequently it was previously described as macrophage granulocyte inducer type 2 

(Shabo et a l, 1998). IL-6 also switches the differentiation o f monocytes from DC to 

macrophages (Chomarat et a l, 2000). It has been suggested that IL-6 may modulate the 

Thl/Th2 response by actively inhibiting Thl differentiation (Diehl et a l, 2000). Mice 

deficient in IL-6 develop normally but are unable to control infections with vaccinia 

virus and Listeria monocytogenes, as they have a severely impaired acute-phase 

response (Kopf et a l, 1994). IL-6 is essential for the regulation o f the immune process 

but overproduction o f IL-6 leads to inflammation and auto-immune diseases in humans, 

such as rheumatoid arthi'itis and Crohn’s disease.

The infection o f 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 et a l, 2000). Infection of 

PBMC (peripheral blood mononuclear cells) with serovar Enteritidis, however, down- 

regulates IL-6 mRNA expression (Kaiser et a l,  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 IL-8. These genes, previously known as K60 and IL-8, 

are now known as CXCLil and CXCL12 respectively (Kaiser et a l, 2005). CXCLil and
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CXCLÎ2 share 48% and 50% homology with human CXCL8 (IL-8) (Sick et al., 2000; 

Kaiser et al., 1999), but their functions differ. CXCLil preferentially chemo-attracts 

heterophils (the avian equivalent o f neutrophils) and CXCL12 mainly functions to 

chemo-attract monocytes (Poll, Pease, Young, Bumstead and Kaiser unpublished 

results). It is therefore important to measure the activity o f both CXCLil and CXCLi2 

when investigating infection as this can give an insight into the types of cells that are 

recruited as part of a pro-inflammatory response. CXCLil and CXCL12 are both up- 

regulated in the intestines and liver o f newly-hatched chicks infected with serovar 

Typhimurium (Withanage et al., 2004). During infection o f PBMC with serovar 

Enteritidis there is a down-regulation o f CXCLi2 expression (Kaiser et al., 2006).

Antimicrobial peptides have broad spectrum microbicidal activities, and in 

mammals are expressed by a wide variety o f cells. One group o f antimicrobial peptides 

are the defensins. In mammals there are two main types o f defensin: ce-defensins and /3- 

defensins. A thii'd type o f defensin, the 0-defensins, are found in the rhesus macaque. In 

avian species, the only family o f defensins identified are jS-defensins. They are 

characterised by a conserved six cysteine residue motif, fonning three disulphide 

bridges (Sugiarto and Yu, 2004). The exact mechanism of action o f these peptides is 

unknown but they are thought to cause dismption in membrane integrity, resulting in 

cell death (Kagan et al., 1990). Avian antimicrobial peptides were first described by 

both the terms “gallinacin” and “/5-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 iS-defensins (abbreviated to AvBD) (Lynn et al., 2007). To 

date 14 avian /?-defensin molecules have been described in the literature and they are 

now numbered AvBD 1-14 (Table 1.1) (Evans et al., 1994; Harwig et al., 1994; Zhao et 

al., 2004; Lynn et al., 2004; Xiao et al., 2004, Lynn et al., 2007).
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N ew  gene/protein  
name

Lynn/Higgs et al. 
definition

Xiao et al. 
definition

RefSeq” definition RefSeq® accession  
no.

Avian jS-defensin 1 
(A vB D l)

Gallinacin 1 (GALl) Gallinacin 1 
(G ALl)

Gallinacin 1 (G A Ll) NM_204993

Avian /?-defensin 2 
(AvBD2)

Gallinacin 2 (GAL2) Gallinacin 2 
(GAL2)

Gallinacin 2 (GAL2) NM _204992

Avian jS-defensin 3 
(AvBDS)

Gallinacin 3 (GAL3) Gallinacin 3 
(GAL3)

Beta-defensin 
prepropeptide (GAL3)

NM _204650

Avian /3-defensin 4 
(AvBD4)

Gallinacin 7 
prepx'opeptide (GAL7)

Beta-defensin 4 
(G AM )

G A L4(G A L4) NM _001001610

Avian jS-defensin 5 
(AvBDS)

Gallinacin 9 
prepropeptide (GAL9)

Beta-defensin 5 
(GALS)

GAL S (GALS) N M _001001608

Avian jS-defeiisin 6 
(AvBD6)

Gallinacin 4 
prepropeptide (GAL4)

Beta-defensin 6 
(GAL6)

GAL 6 (GAL6) NM_001001193

Avian jS-defeiisiii 7 
(AvBD7)

Gallinacin 5 
prepropeptide (GALS)

Beta-defensin 7 
(GAL7)

GAL 7 (GAL7) N M _001001194

Avian (3-defensin 8 
(AvBDS)

Gallinacin 12 
prepropeptide (GAL 12)

Beta-defensin 8 
(GAL8)

GAL 8 (GAL8) NM^OO 1001781

Avian /3-defensin 9 
(AvBD9)

Gallinacin 6 
prepropeptide (GAL6)

Beta-defensin 9 
(GAL9)

GAL 9 (GAL9) NM_001001611

Avian (S-defensin 10 
(AvBD 10)

Gallinacin 8 
prepropeptide (GAL8)

Beta-defensin 10 
(GALIO)

GAL 10 (GALIO) N M _001001609

Avian (3-defensin 11 
(A v B D ll)

Beta-defensin 11 
(G A L ll)

Gallicin 11 (G A L ll) N M _001001779

Avian j3-defensin 12 
(AvBD12)

Gallinacin 10 
prepropeptide (GAL 10)

Beta-defensin 12 
(GALl 2)

Beta-defensin 12 
(GAL12)

N M _001001607

Avian (3-defensin 13 
(AvBD13)

Gallinacin 11 
prepropeptide (GALl 1)

Beta-defensin 13 
(GAL13)

Beta-defensin 13 
(GAL13)

NM _001001780

Avian (S-defensin 14 
(A vB D H )”

® NCBI RefSeq database (http://\\'ww.ncbi.nlm.nih.gov/RejKeq/).

Avian |9-defensin 14 has recently been deposited in die GenBank database as gallinacin 14 (GAL 14) 
(AM402954).

Table 1.1; Nomenclature of avian /^-defensins (adapted ft'om 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 noimally lethal doses o f serovar Typhimurium (Salzman et al., 2003). Also, 

mice deficient in matrilysin, the protein responsible for the activation o f enteric 

defensins, aie more susceptible to serovar Typhimurium infection (Wilson et al., 1999). 

AvBDl and AvBD2 were fii'st isolated from chicken heterophils and both elicit a potent 

antimicrobial action against serovar Enteritidis in vitro (Evans et al., 1995; Harwig et 

al., 1994). AvBD3 has been isolated from chicken epithelial tissues including the 

tongue and the large intestine (Zhao et a l, 2001), and AvBD9 has been isolated in 

relatively high levels from the oesophagus and the crop, with moderate levels found in 

the rest o f the gastro-intestinal tract (van Dijk et a l, 2007). A recent analysis o f the 

distribution o f AvBD4, AvBD5 and AvBD6 through chicken epithelial tissue has shown 

that AvBD4 is ubiquitous in its distribution, whereas AvBD5 and AvBD6 aie specific to 

epithelial tissues including the ovary (AvBD5 and AvBD6), trachea (AvBD6), and lung 

(AvBDS) (Milona et a l, 2007). Furthermore, there is an up-regulation o f AvBD4 in the 

liver in response to infection with serovar Enteritidis (Milona et a l,  2007). Expression 

o f AvBDS and AvBD6 is not induced in vivo during infection with serovar Enteritidis, 

but in vitro assays demonstrate that AvBD4, AvBDS and AvBD6 all have antimicrobial 

activity against serovars Enteritidis and Typhimurium (Milona et a l, 2007).

Inducible nitric oxide synthase (ÎNOS) is a free radical-generating system found 

in a variety o f cells, but most commonly described in macrophages, that has potent 

antimicrobial functions. Inducible NOS is a cytosolic enzyme absent in resting cells but 

induced following stimulation. In macrophages, iNOS can be induced in IFN-y primed 

cells in response to EPS. In non-imniune cells, iNOS production follows stimulation 

through the JAK7STAT signalling pathway. The enzyme functions by catalysing the 

conversion of arginine to citrulline in order to produce nitric oxide (NO). NO has many
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roles and functions. It is a potent endogenous vasodilator, is involved in 

neurotransmission, inflammation, thrombosis, iimnunity, and in the control o f cell 

growth and cell death (Bredt and Snyder, 1994; Dawson and Dawson, 1995). It can 

therefore be a useful indicator o f induction of an inflammatory immune response. Wlien 

produced in acidic phagosomes, NO combines with hydrogen peroxide or superoxide 

anion to produce highly reactive peroxynitrite radicals, which have a potent 

antimicrobial flmction. This makes NO important in controlling intracellular infections. 

Measuring the NO produced by a cell can give an indication o f both the immune 

response to, and the ability o f a cell to clear, intracellular pathogens. NO levels can be 

measured in cell culture supernatants using the Griess assay. Nitrite is a stable 

breakdown product o f NO and can be measured using a diazotization reaction originally 

described by Griess in 1879. Pathogens may interfere with iNOS induction in order to 

ensure successful intracellular survival. Immuno fluorescence microscopy has 

demonstrated that serovar Typhimurium 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 system interferes with the localization of iNOS during 

intracellular infections (Chakravortty et al., 2002).

1.6 Aims and objectives of the study

The overall aim o f this research was to investigate the role o f SPI-1 and SPI-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 

initial exit o f the bacteria from the gut, the move to systemic sites, low-level bacterial 

persistence within systemic sites, followed by a rapid increase in bacterial numbers at 

the onset of sexual maturity in female bii ds and subsequent colonisation o f the
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reproductive tract. The mechanisms leading to this colonisation are not known, but it 

results in vertical transovarian transmission to subsequent generations (Snoyenbos, 

1991). Previous work has implicated SPl-1 and SPI-2 TTSS as being important in the 

earlier stages o f infection. The SPI-1 TTSS is involved in, but not essential for, the 

establishment o f a systemic infection (Wigley et al., 2002). SPl-1 TTSS-attenuated 

serovar 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 TTSS was essential for virulence by serovar Pullomm 

(Wigley et al., 2002). SPI-2 TTSS-attenuated mutants showed no reduction in 

invasiveness, but were fully attenuated for vii'ulence as they could not establish 

successful systemic infection and were rapidly cleared from systemic sites (Wigley et 

al., 2002). This project will therefore concentrate on the early stages o f infection, i.e. the 

initial invasion event in the gut, the movement o f the bacteria to systemic sites and the 

establishment o f persistence at these sites. Previous studies have concentrated on 

whether or not SPI-1 and SPI-2 TTSS contribute to vitulence and not on the actual 

vimlence mechanisms. The effect o f serovar Pullorum infection on the host immune 

response has therefore not yet been investigated. As serovar Pullomm interacts so 

closely with the host, vimlence will be detennined in part by the host immune response. 

This study will therefore investigate the effect o f SPI-1 and SPI-2 TTSS on the host 

immune response in order to determine some o f  the bacterial virulence mechanisms.

Due to the lack of an obvious visual pro-inflammatory immune response following 

infection with serovar Pullomm, in contrast to infection with other S. enterica serovars 

(Henderson et al., 1999), it is likely that the bacteria modulate the host immune 

response. This study aims to determine the involvement o f SPI-1 and SPI-2 TTSS in 

immune modulation by the bacteria. To do this, the project will use both in vivo and in
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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 o f pathogenicity islands 

is the use o f suitable bacterial mutants in vitro and in vivo. Although a bacterial mutant 

in both the SPI-1 TTSS (Jones et al',, 1998; Wigley et a l, 2002) and SPI-2 TTSS (Jones 

et a i, 2001; Wigley et al., 2001) aheady exists, these constructs were engineered via an 

insertion mutation and were not deemed to be sufficiently stable for long-term in vivo 

work. An initial aim o f 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 serovar Pullorum.

Using in vitro techniques to detennine virulence has the advantage o f 

concentrating on specific cell types and therefore separates out the different responses 

o f these cells to infection. The movement o f bacteria out of the gut during serovar 

Pullorum infection o f the chicken occurs tlu'ough areas of organised gut-associated 

lymphoid tissue (GALT) (Henderson et al., 1999). It is difficult to accurately replicate 

these areas o f GALT in vitro, and therefore the most appropriate cell model to use is 

that o f 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 o f S. 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 o f persistence during systemic serovar Pullorum 

infection (Wigley et ah, 2001) and they are therefore the most useful cell type for study 

when modelling this event. Although a chicken macrophage-like cell line, HDl 1, is 

already widely available for use (Beug et al., 1979), previous attempts to use this cell 

line to model serovar Pullorum persistence have been unsuccessful (Paul Wigley, 

personal communication). This could be due to the fact that once the cells are infected 

they cannot be kept for a long-enough period o f time in culture to observe the 

phenotype. One o f the aims o f the project will therefore be to develop a new appropriate 

cell model for use in persistence assays. Development of this cell model will requii e 

characterisation o f the cells, a secondary aim o f the project. The main aim o f the in vitro 

studies will be to detennine the effect o f the SPI-1 and SPI-2 TTSS during infection o f 

CKC and macrophages with serovar" Pulloi"um. The hypotheses are that there will be a 

SPI-1-mediated down-regulation in pro-inflammatory cytokine production during 

infection o f CKC and that there will be a SPI-2-mediated down-regulation in both pro- 

inflammatory cytokine production and in NO synthesis during infection o f macrophages 

with serovar" Pullorum. Also, that functionality o f the SPI-2 is necessary for long-term 

persistence in macrophages.

Although in vitro assays enable the dissection o f the host immune response, with 

regards to the specific cells involved in the infection, they do not give a traie picture of 

what is happening during infection. The immune response o f an organism is very 

intricate, involving a complex network o f interactions between different components o f 

the immune system. The ability to carr"y out experimental infections in vivo gives a 

valuable overview of the interactions between pathogen and host. The main aim o f the 

in vivo research in this project will be to investigate the chicken immune response 

during early-stage serovar Pullorum infection, to test the hypothesis that SPI-1 enables a
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quicker and quieter establislunent of systemic infection, by reducing the pro- 

inflaimnatory immune response and thereby reducing host-mediated pathogenesis in the 

gut.

The projeet, therefore, will use a range o f techniques to establish the role o f the 

SPI-1 and SPI-2 TTSS in persistent systemic infection in the chicken with serovar 

Pullorum. This should enable a better understanding o f the mechanisms by which 

serovar Pullomm 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 standai*d 50 fx\ reactions. A small number o f live bacteria, less than half o f 

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 (In vitro gen), 1.5 mM MgCb (Invitrogen), 0.2 mM dNTPs 

(Invitrogen), 0.2 fjM o f each Primer (Sigma-Genosys) and 1 unit o f Taq Polymerase. 

Typical cycle conditions were:

Dénaturation 95°C 10 min 1 cycle

Dénaturation 95°C 30 sec ^

Annealing 50°C* 30 sec ^  25 cycles

Extension 72°C 30 sec

Extension 72°C 10 min 1 cycle

(* The amiealing temperature was varied according to the melting temperature o f the 

primers used).

The reactions were performed using an Eppendorf Mastercycler PCR machine.

2.1.1.2 PCR for 1-Red Mutagenesis

PCR for the 1-Red mutagenesis teclinique was also performed in a standard 50 

jUl reaction containing 40 ng template DNA, 1 x PCR Buffer (Invitrogen), 2 mM MgCE
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(Invitrogen), 0.2 inM dNTPs (Invitrogen), 0.3 fjM  o f each Primer (Sigma-Genosys) and 

1 unit oïTaq  Polymerase. Typical cycle conditions were:

Dénaturation 95°C 1 min 1 cycle

Dénaturation 95°C 30 sec

Amrealing 55°C* 30 sec ^  29 cycles 

Extension 12^C 1 min

Extension 72°C 5 min 1 cycle

(* The annealing temperature was varied according to the melting temperature o f the 

primers used).

The reactions were performed using an Eppendorf Mastercycler PCR machine.

2.1.1.3 Agarose gel electrophoresis

To determine the success of the PCR and to visualise the size o f the product, 2 

id loading buffer (Invitrogen) were added to 10^1 of PCR product. The product was 

then loaded onto a 0.8% agarose gel containing etliidium bromide (1 /ag/ml) and 

electrophoresed in 1 x Tris-borate-EDTA (TBE) buffer (Sigma) for approximately 1 h at 

100 V. The addition o f ethidium bromide enabled visualisation o f 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 direct purification

The QIAquick PCR Purification Kit (Qiagen) was used for PCR product 

purification as per the manufacturer’s instmctions. Five volumes o f buffer PB were 

added to 1 volume o f the PCR sample, mixed, then placed onto a QIAquick spin column
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in a 2 ml collection tube and centrifuged for 1 min at 13,000 x g. The addition o f buffer 

PB to the PCR product resulted in a high salt concentration which enabled binding o f 

the DNA to the silica-membrane, whilst non-DNA contaminants passed through the 

column. The flow-thi'ough was discarded and the column placed back into the same 

collection tube. The bound DNA was then washed by the addition o f 0.75 ml of buffer 

PE to the column followed by centrifugation for 1 min 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 further minute at 13,000 x g. The column was 

placed into a clean micro centrifuge tube and the DNA then eluted by centrifugation at

13,000 X g for 1 min in an appropriate amount o f H2O (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 QIAquick Gel Purification Kit (Qiagen) as 

per the manufacturer’s instructions. The excised gel fragments were weighed in clear 

micro centrifuge tubes and 3 volumes o f buffer QG were added per 1 volume o f gel. The 

gel fragment was incubated with buffer QG at 50°C for 10 min to dissolve the fi’agment, 

vortexing every 2-3 min to mix. The dissolved gel fragment in buffer QG was then 

placed onto a QIAquick spin column in a 2 ml collection tube and centrifuged for 1 min 

at 13,000 X g. The addition o f buffer QG to the PCR product resulted in a high salt 

concentration which enabled binding o f 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 o f 0.75 ml o f buffer PE to the column followed by centriftigation for 1 min 

at 13,000 X g to remove any impurities. Again, the flow-through was discarded and the
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column placed back into the same collection tube and centrifuged for a further minute at

13.000 X g. The column was placed into a clean micro centrifuge tube and the DNA then 

eluted by centrifugation at 13,000 x g for 1 min in an appropriate amount of HiO 

(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 E. coli 1-pir strains were cultured overnight 

in 100 ml selective LB medium at an appropriate temperature (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 hai'vested by centrifugation at

6.000 X g for 15 minutes at 4°C, and the resulting pellet re-suspended in 4 ml o f buffer 

PI. Then 4 ml of buffer P2 were added to the re-suspended cells and mixed thoroughly 

by inverting the sealed tube 6 times. The mixture was then incubated at room 

temperature 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 centrifuged again at 20,000 x g for 15 

min at 4°C to remove suspended and particulate material from the lysate and the 

supernatant removed iimnediately. 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-exchange resin which binds plasmid DNA under low-salt and pH 

conditions. To equilibrate the Qiagen-tip 100, 4 ml o f buffer QBT were run through the
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column by gravitational flow. The supernatant was then added to the column and 

allowed to run tlrrough by gravitational flow, RNA, proteins and low molecular weight 

impurities were removed by medium-salt washes of 2 x 10 ml buffer QC. Plasmid DNA 

was eluted in the liigh-salt buffer QF. The DNA was concentrated, desalted by 

precipitation in 0.7 volumes o f isopropanol and pelleted by centrifugation at 15,000 x g 

for 30 min at 4°C. The supernatant was carefoily removed from the DNA pellet, which 

was then washed by adding 2 ml o f room temperature 70% ethanol, and centrifugation 

at 15,000 X g for 10 min. The supernatant was carefully removed from the DNA pellet, 

which was then left to afr-dry for 10 min. The pellet was then re-suspended in 100 /il 

H2O (Sigma).

2.1.4 RNA extraction

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 fi*om cell monolayers and 

cells were then lysed by the addition o f 350 /tl 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 QIAshredder (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 

into ciyovials containing 500 /il RNAlater (Qiagen). The cryovials were stored 

overnight at 4°C to enable effective penetration o f the tissues with RNA/ater, then 

transferred to -20°C for storage until processing. To extract the RNA, the tissue was
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removed from the KNAlater and weighed to ensure its weight was below 30 mg, then 

transferred into a cryo vial containing 600 /tl RLT buffer and a sterile 3 mm stainless 

steel bead. The sample was then disrupted and homogenised in a Retseh 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 extraction from homogenised lysate

To extract the RNA from the homogenised lysates o f 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 for 15 sec. The RNA binds to the silica-based membrane o f the RNeasy column, 

made possible by the addition o f ethanol to the lysate which provides the appropriate 

binding conditions. The flow-through was discarded. Buffer RWl (700 fxY) 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 o f 2 x 500 /tl o f buffer RPE with centrifugation for 15 sec at 8,000 x g for the 

fust wash, and centrifugation for 2 min at 8,000 x g for the second wasli, discardmg the 

flow-through. The collection tube was discarded and replaced with a new tube to collect 

residual fluid by centrifugation at 13,000 x g for 1 min. RNA was eluted into a fi'esh 

tube following the addition o f 30 fxl DEPC-H2O for preparations from cells or 50 jil for 

preparations from tissues to the column, then centrifugation at 8,000 x g for 1 min. 

Samples were stored in the short-term at -20°C, and at -80°C in the long-term.
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2.1.5 Real-Time Quantitative RT-PCR

To quantify levels o f cytokine and avian /3-defensin inRNA in cell and tissue 

samples from assays, real-time quantitative RT-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 TaqMan probes, 

and Real-Time sequence detection software allows the visualization o f increases in 

detectable fluorescence. TaqMan 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 o f 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 TaqMan probe then hybridizes to the 

target sequence within the PCR product, Taq polymerase then displaces the 5’ end of 

the probe, before cleaving it with its 5’-3’ nuclease activity during the extension phase 

o f the PCR. This cleavage event separates the reporter and quencher dyes, resulting in 

an increase in the detectable fluorescence of the reporter dye. This change in detectable 

fluorescence is directly proportional to the increase in PCR product. Detectable 

fluorescence is determined at each of the 40 cycles of the PCR cycle. An endogenous 

control (housekeeper gene) is used to normalise the quantitation o f the mRNA target for 

differences in the amounts o f total RNA added to each reaction. This method is widely 

used for quantitatively measuring levels o f specific cytokine mRNA in samples. RNA 

was purified ftom the samples and real-time qRT-PCR performed using the Reverse 

Transcriptase qPCR™ Master Mix kit (Eurogentec). Experiments were performed in 

parallel to detect both gene-specific as well as 28S rRNA-specific amplification. The
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detection o f the housekeeping gene 28S rRNA allows for the noiiualisation of RNA 

amounts in each sample.

The primer and probe sequences for the cytokines and 28S were provided by Dr 

Pete Kaiser (lAH), and the primer and probe sequences for the avian ^-defensins were 

provided by Annelise Soulier (lAH). 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 columns 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 

positives from DNA contamination, either one o f the primers or the probe used for each 

message had been designed spanning an intron/exon boundary. To maximise specificity, 

both the primers and probe were designed to be 18-30 bases long, with 30-80% GC 

content. Mis-priming o f the probe was minimised by ensuring that there were less than 

4 contiguous Gs. The Tin o f the primers was 58-60°C, whilst the Tin of the probe was 

68-70°C. A 5' G was avoided in the probe as this quenches the fluorophore. The 3' end 

o f the primer was designed as close as possible to the probe to keep 5' nuclease activity 

at an optimum.

Real-time qRT-PCR measures the accumulation of PCR product during the 

experimental phase of the reaction through the detection of the reporter dye. Whilst the 

probe is intact, the quencher dye is loeated in close proximity and so absorbs the 

emission from the reporter dye. During the extension phase o f the PCR reaction, the 5'- 

nuclease activity o f the rTth DNA polymerase hydrolyses the probe and in doing so 

separates the quencher from the reporter. Results are expressed as threshold cycle 

values (Ct), when the increase in fluorescence emission, subtracted from background
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RNA
Target

Probe/Primer Sequence (5’-3’) Optimal primer
concentration
( f i M )

28s Probe {FAM)-AGGACCGCTACGGACCTCCACCA-(TAMRA) 
Forward GGCGAAGCCAGAGGAAACT 
Reverse GACGACCGATTTGCACGTC

0.6

I L - W Probe (FAM)-CCAGACTGCAGCTGGAGGAAGCG-(TAMRA) 
Forward GGTGTAGATGTGGTGTGTGATGAG 
Reverse TGTGGATGTGGGGGATGA

0.4

IL-6 Probe (FAM)-AGGAGAAATGGGTGAGGAAGGTGTGGA-(TAMRA) 
Forward GGTGGGGGGGTTGGA 
Reverse GGTAGGGTGAAAGGGGAAGAG

0.2

IL-18 Probe (FAM)-GGGGGGGTTGAGGAGGGATG-(TAMRA) 
Forward AGGTGAAATGTGGGAGTGGAAT 
Reverse AGGTGGAGGGTGAATGGAA

0.8

CXCU1 Probe ( FAM)-TGGGTCTTGTGGTG ATGTGAATG-(TAMRA)
Forward GCACTGGGATGGGAGTTGA
Reverse TGGGTGAACGTGGTTGAGGGATAGGTT

0.4

CXCLÎ2 Probe (FAM)-GGGGTGGTGGTGGTTTGAG-(TAMRA)
Forward TGGGAGGGGAGGTGATT
Reverse TGTTTAGGAGGGTGGTAGGTTGGGAGA

0.6

AvBD1 Probe ( FAM)-ATGGTGGAGGAGGGTGGGGGA-(TAMRA)
Forward TGGTGGTGGGGTTGATGGT
Reverse GAAAAGAATGTGAGTTGGTTGGTAGAG

1.0

AvBD2 Probe {FAM)-GGAGGTTTGTCGAGGGTTGTGTTGGG-(TAMRA) 
Forward GGTGGTTTTGTGTGTGGTGTTGGT 
Reverse GGCTGGTTTAGAGAAGAGGATGT

1.0

AvBDS Probe (FAM)-TGGCAGTTGGTGGAGGAGGCTG-(TAMRA) 
Forward GATGGGGTTGTTGGTGTTGTTTG 
Reverse GAGGAGAGAATGGTGGTGTTATTGT

0.8

AvBDS Probe (FAM)-GAGCGGTGGTTCTGCGGGGA-(TAMRA} 
Forward AGATGGTGGGTGTGGTGTTTGG 
Reverse GGGAGGGGGGTGAGAGT

0.6

AvBD14 Probe (FAM)-GGGAGGGTGGAGGAGAGTGGGA-(TAMRA) 
Forward GTGTTTGTTGTTGTGGTGGGAGTA 
Reverse GTTCATGTTGGGAGATGTGAGAGT

0.6

Table 2.1: Primers and Probes for Real-Time qRT-PCR
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signal, passes a significant threshold. Amplification and detection o f specific products 

was perfomied using the ABI PRISh/F^ 7700 Sequence Detection System, with the 

following cycle profile: 1 cycle o f 50°C for 2 min, 60°C for 30 min (reverse 

transcription step) and 95°C for 5 min (hot start), and 40 cycles o f 94°C for 20 sec 

(dénaturation step) and 59°C for 1 min (annealing and extension).

Experimental primer concentrations had been optimised previously and were 

supplied by Dr Pete Kaiser (lAH) and Annelise Soulier (IAH). These are shown in 

Table 2.1.

Each RT-PCR reaction (25 (xl) was set up as described below:

2 X Master mix (Eurogentec qRT-PCR kit) 12.50 /tl

Enzyme (Eurogentec qRT-PCR kit) 0.125 /d

Forward primer 0.50 /il

Reverse primer 0.50 /xl

DEPC-H2O 5.875 fxl

Total RNA 5.00 (d

To generate standard curves for the cytokine, avian /3-defensin and 28S rRNA- 

specific reactions, total RNA extracted from E. coli LPS-stimulated HDl 1 cells was 

serially diluted in sterile DEPC-H2O and dilutions made fr om 10'  ̂ to 10'^. Each 

experiment contained tlii'ee no-template controls, test samples in triplicate and a logio 

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 o f the 

standard curve, and this factor was kept constant tliroughout the experiment. Baseline 

values were set to those cycles in which there would be insufficient product for
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detection and were also kept constant throughout the experiment. Any product detected 

during these cycles was considered as background and subtracted from measurements.

Results are calculated as described in Moody et a l (2000) and in Kaiser et a i 

(2000). Results are expressed in terms o f the cycle thi eshold value (Ct), which is the 

cycle at which the change in the reporter dye (AR„) passes a significant threshold. Cycle 

thi’eshold values are expressed subtracted fr om 40 which is the negative end point o f the 

assay. Therefore, higher values represent higher levels o f cytokine mRNA. To control 

for variation in sampling and RNA preparation, the Ct values for cytokine-specific 

product for each sample were standardized using the Ct value of 28S rRNA product for 

the same sample from the reaction mn simultaneously. To normalize RNA levels 

between samples within an experiment, the mean Ct value for 28S rRNA-specific 

product was calculated by pooling values firom all samples in that experiment. Tube to 

tube variations in 28S rRNA Ct values, about the experimental mean, were calculated. 

The slope o f the 28S rRNA logio dilution series regression line was used to calculate 

differences in input total RNA. Using the slopes of the respective cytokine logio dilution 

series regression lines, the difference in input total RNA, as represented by the 28S 

rRNA, was then used to adjust cytokine-specific Ct values.

In s u m m a r y , to  c a lc u la te  th e  c o iT e c te d  Ct v a lu e s  (Du), a n o r m a lis a t io n  fa c to r  (Ni)

was added to the sample mean (Cti). The normalisation factor was calculated by

dividing the sample slope (S) by the 28S slope (S') and multiplying this by the value

obtained from the mean o f the 28 S Ct values (Cti') for the associated samples subtracted

from the median o f the 28 S Ct values (DJ) for the associated samples. The equations are

shown below:

Da = Ca -F  Ni

where N  ^  S (D / ~ Ca)
S ’
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2.2 Microbiological techniques

2.2.1 Bacterial strains

A spontaneous nalidixic acid-resistant (Naf) mutant ofS,  enterica serovar 

Pullorum 449/87 was provided by Professor Paul Barrow and was grown from stocks 

maintained at -70°C in Luria Bertani (LB) broth supplemented with 30% v/v glycerol. 

This strain was originally fr om the Veterinary Laboratories Association, where it had 

been isolated fr om a case of Pullorum Disease which had occurred in fr ee-range birds, 

and has been previously well characterised (Berchieri et a l, 2001; Wigley et a l, 2001). 

The strain containing a mutation in spaS, a structural component o f the SPI-1 TTSS, 

was provided by Mike Jones and had been generated by conjugation o f the suicide 

plasmid pSSl (Jones et al., 1998) into serovar Pullorum 449/87 N af to make an 

insertion mutant. This mutant is referred to in the text as spaS'. The strain containing a 

mutation in ssaU, a structural component o f the SPI-2 TTSS, was also provided by 

Mike Jones and had been generated by the conjugation of the suicide plasmid pSS2 

(Jones et al., 2001) into serovar Pullorum 449/87 Naf to make an insertion mutant. This 

mutant is referred to in the text as ssalT. A spontaneous nalidixic acid-resistant (Naf) 

mutant o f S. enterica serovar Enteritidis 125109 was provided by Professor Paul 

Barrow, and was gi'own fr om stocks maintained at -70°C in LB broth supplemented 

with 30% v/v glycerol. This strain was isolated fr om 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 a l, 1991; Halavatkar and BaiTOW, 1993; Berchieri et a l,  2001). 

The bacteria were streaked aseptically onto LB agar using an inoculating loop and 

incubated overnight at 5TC. To obtain single colonies, the overnight growth was
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touched with a sterile inoculating loop and re-streaked in thiee stages onto fresh LB 

agar, incubating overnight at 37°C.

Before use, bacteria were grown to a late log phase o f 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-moculate 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) o f the culture was either 0.25 for serovar Pullorum or 0.4 for serovar Enteritidis, 

at which point the bacterial concentration o f the culture was 1x10^ cells/ml.

2.2,2 Competent cells

Competent cells were made by aseptically inoculating 10 ml o f 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 

o f LB, which was then grown for 4 h under the same conditions to obtain cells 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 ml polypropylene tubes (Falcon), and the cells 

were pelleted by centriftiging the culture 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 polypropylene tube and centrifuged at 2,000 x g for 12 min at 4°C. 

The supernatant was removed from each cell pellet and the cells re-suspended in 2 ml o f 

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 o f glycerol, a small
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amount (approximately 500 fiï) was left in each polypropylene tube and the cells were 

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

2.2.3 Agglutination 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 detennine the 

antigenic identification of the colony. O surface antigens are somatic antigens from the 

external part o f cell wall LPS, and the different antigenic gi*oups are used for 

characterisation under the Kaufman-Wliite serotyping scheme, as described in Chapter 

1. The Salmonella enterica serovars are part of the D group and serovar Pullorum can 

be identified using the 09  surface antigen of this group. To determine whether the LPS 

structure is intact, an inoculation loop-full o f sterile PBS was put onto a glass slide. 

Approximately half a cfu (colony forming unit) o f the bacterial colony to be tested was 

transfen’ed from an LB agar plate to the glass slide aseptically using an inoculation 

loop, and mixed well with the PBS. A loop-full o f 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 o f the bacterial colony was then determined by the addition of an 

inoculation loop-full o f 0 9  antisera. If  agglutination was observed in the suspension, 

then the bacterial colony was positively identified as S. enterica serovar Pullomm. A 

negative control was perfomied using 027 antisera, to which serovar Pullorum would 

be negative, to demonstrate the specificity o f 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 Baixow and Lovell 

(1989) by the I AH Compton Microbiological Services. After 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 semm, 10% trypose 

phosphate broth (TPB), 1% HEPES and 0.1% penicillin and streptomycin (from a stock 

at 10,000 units/ml). After seeding, cells were incubated at 37”C, 5% CO2 for 48 h before 

use. Two hours prior to use, the monolayer was washed to remove all traces of 

antibiotics and the cell culture media was replaced with pre-warmed DMEM 

(Dulbecco’s modified Eagle’s medium) containing 12.5% heat-inactivated foetal bovine 

serum and 10% TPB, adjusted to pH 7.0.

2.3.1.2 H D ll cells

HDl 1 cells (Beug et al., 1979) are maintained by the lAH Compton 

Microbiological Seiwices. Cells were initially seeded in 24-well plates at 3x10^ cells/ml 

in RPMI 1640 containing 2.5% foetal bovine semm, 2.5% chicken semm (Sigma) and 

10% TPB. After seeding, cells were incubated at 37°C, 5% CO2 for 48 h before use.

Two hours prior to use, the monolayer was washed to remove all traces of antibiotics 

and the cell culture media was replaced with RPMI 1640 containing 2.5% heat- 

inactivated foetal bovine serum.
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2.3.1.3 Isolation of blood-derived monocytes

Birds were killed then bled by caidiae puncture and the blood collected via a 

needle into syringes containing heparin to prevent clotting. The blood was diluted with 

an equal volume o f PBS and 5-10 ml 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 abuffy coat at the interface 

between the red blood cells and serum, were removed and transfened 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 ice-cold PBS by centrifugation at 1,200 x g for 5 min at 4°C and re-suspended 

at a concentration o f 5x10^ cells/ml in complete media. For approximately 100 ml 

complete media, 93 ml RPMI 1640 containing L-glutamine (Sigma) were supplemented 

with 5 ml chick semm (Sigma), 2 ml HEPES, 100 fxl gentamicin (IAH media stock at 50 

mg/ml), 100 /il penicillin and streptomycin stock (lAH media stock at 10,000 units/ml) 

and 200 /xl nystatin (lAH media stock at 10,000 units/ml). The cell concentration was 

determined and cell viability was assessed by mixing equal volumes o f cell culture and 

Trypan blue, then counting viable cells using a Neubauer 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% CO2. After overnight 

incubation, the medium was gently agitated to dislodge non-adherent cells. The 

supernatant containing the non-adherent cells (lymphocytes and granulocytes) was 

removed and replaced with fresh, pre-warmed complete media. Cells were incubated for 

a further 48 h before use, replacing the supernatant with fi*esh complete media daily, to 

remove contaminating tlirombocytes.
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2.3.2 Monoclonal antibody purification

2.3.2.1 Monoclonal antibody purification using protein G

Monoclonal antibody 2G11 (to chicken MHC class II) was obtained as 

technoniouse fluid from Jim Kaufinan (lAH). This was gently passed through a 0.45 fxm 

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 CIO chiomatography column (GE Healthcare Life 

Sciences), to hold the beads which were used to bind the antibody, coupled with an 

AGIO 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 tlirough so the antibody could bind to the beads. The column was then 

washed with 50 ml starting buffer. The bound antibody was eluted with 20 ml glycine 

elution buffer (0.1 M glycine pH 2.7) and collected in 1 ml fractions. The fi-actions were 

collected directly into eppendorf tubes containing 60 gl neutralising buffer (1 M Tris- 

HCl pH 9.0) to neutralise the pH of the eluted antibody solution. The protein 

concentrations o f the fractions were then calculated in order to determine which 

fr actions contained the highest levels o f antibody, using the BCA assay kit (Perbio 

Science) according to the manufacturer’s instructions (described below). The fr'actions 

with the highest protein (antibody) concentration were aliquotted into smaller volumes 

and stored at -20°C until use. The column was stripped by passing 20 ml o f 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 o f 2 mg/ml BSA (25 /tl 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 /xl 

volumes. BCA™ working reagent (200 /tl) was added to every well and mixed 

thoroughly. The plate 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 at 562 nm. The protein concentration o f the experimental samples was 

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 KULOl and 2G11 mAbs. In preparation for 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 /xl o f cell suspension at 1x10^ cells/ml 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 buffer (PBS 

containing 10 mg/ml BSA and 0.2% sodium azide) by centrifiigation at 350 x g for 1 

min, then the supernatant briskly flicked off. To stain surface antigen, cells were mixed 

and mcubated with 100 /xl o f the appropriate concentration for each inAb for 15 min at 

room temperature, protected from light. For concentrations o f mAbs and stains used see 

Table 2.2. Following staining, the cells were washed three times using FACS buffer by 

centrifiigation at 350 x g for 1 min, then briskly flicking the supernatant off the plate.
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To detennine viability o f the cell population, 50 /xl propidium iodide (PI) 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 /xl) from each well were added to plastic FACS tubes containing 500 /xl 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 (Becton Dickinson) using 

CELLquest™ software (Becton Dickinson). The instmment settings were set up as 

follows, saved and used for all repetitions o f the assay. To capture the maximum 

amount o f cells, the voltage of the FSC and the SSC photomultiplier tubes were 

adjusted using the unstained eells, until the bulk o f the cells appeared in the lower left 

quadrant o f a FSC vs SSC dot plot. A “spill over” o f one colour from one channel into 

another can happen if the fluorochi ome used is too bright or has a broad spectrum. To 

minimise this, the compensation was adjusted using histograms for all the channels used 

(FLl, FL2, FL3 and FL4). The data were analysed using PCS Express version 2 flow 

cytometry analysis software (De Novo software).

2.3.4 Staining for confocal microscopy

2.3.4.1 Phagocytosis assay

To demonstrate the phagocytic ability o f 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 /x and Yellow-Green 

(YG) in colour (Polysciences Inc.). The manufacturer’s instructions were followed 

(Polysciences Inc., data sheet 430). The beads were supplied at a concentration o f 

1.8x10^ particles/ml and prior to the assay were fii st opsonised using normal serum to 

facilitate phagocytic activity. To opsonise, 1 ml o f beads was incubated with 500 /xl
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foetal calf semm (Sigma) and 500 /xl PBS at 37°C for 30 min. Once opsonised, 10 /d o f 

the beads (at 9.0x10^ cells/ml) were added to 100 /xl 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 o f ice-cold PBS to the cells and mixing by 

pipetting. The cell monolayer was washed tliree times in ice-cold PBS to remove all 

adherent, non-phagocytosed beads.

2.3,4.2 Staining cells for confocal microscopy

Primaiy cells grown on a monolayer on glass coverslips in 24-wellplates were 

stained with various antibodies and stains to identify both ultrastmcture and cell surface 

antigens (see Table 2.2). To reduce background staining a 15 min incubation step at 

room temperature with 5% foetal calf semm (Sigma) in PBS was perfonned. Staining 

was by incubation with the required antibody (see Table 2.2 for concentration used) 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 

thiee times in PBS to remove excess antibody/stain. Staining o f the cells to visualise 

ultrastmcture was perfonned at I AH Pirbright by Pippa Hawes. Cells used for this 

purpose were first fixed for 1 h in 4% parafonnaldehyde in PBS. The fixative was then 

removed and replaced with PBS. The cells were kept in PBS on ice for transport to I AH 

Pirbright, where the cell monolayers were treated with 0.1% Triton-X 100 in PBS for 15 

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

2.3.4.3. Confocal microscopy

Once all staining had been completed, the glass coverslips were removed ft*om 

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 stain

Working
concentration

Source/reference

KULOl (murine mAh) Unknown but a chicken 
macrophage marker

Confocal 1/5000 
Flow cytometry 1/100

Southern Biotech

2G11 (murine niAb) Chicken MHC class II Confocal 1/1000 Dr Jim Kauhnan, lAH

Phalloidin conjugated to 
Alexafluor 568

Actin Confocal 1/25 Invitrogen

Tubulin (murine mAb) Tubulin Confocal 1/1000 Sigma

ERP60 (rabbit Ab) Lumenal Endoplasmic 
Reticulum

Confocal 1/200 Dr Paul Monaghan, 
lAH

DAPI Nucleus Confocal 1/10000 Sigma

TRITC (rabbit Ab) Murine Ig Confocal 1/10000 Molecular Probes

FITC (rabbit Ab) Murine Ig Flow cytometry 1/20 Molecular Probes

N ile Red Lipid Bilayer Confocal 1/500 Molecular Probes

CC14 (mmine mAb) Bovine CD l Flow cytometry 1/5 Machugh e /a /., 1988

Propidium Iodide Dead/dying cells Flow cytometry 50 fi\ o f  
25 jUg/mi solution

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 vai'nish. The cells were examined under a Leica Sp2 microscope with

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

software was used to analyse the images.

2.3.5 Transmission Electron Microscopy (TEM)

The cells were gi'own on a monolayer on 13 mm diameter Thermanox EM

i

coverslips (Science Services UK). The cells were fixed with EM fixative, which was 

prepared as follows in the fhme-hood. To make 0.2 M EM buffer, 50 ml solution A 

(2.722 g sodium dihydrogen orthophosphate in 100 ml distilled water) were added to 32 

ml solution B (8 g sodium hydroxide in 100 ml 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 ml 0.05 M buffer plus 8 ml o f 25% gluteraldehyde and 1.71 g 

sucrose. The supernatant was carefully removed from the cell monolayer and the cells 

were washed tliree times in PBS. Cells were then fixed in EM fixative and transported 

immediately in the fixative to I AH Pkbright for processing and TEM imaging, canned 

out by Pippa Hawes. Processing of the cells at I AH 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 fi'om 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 infiltrated with a 1:1 mix o f 

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 infiltrated for 1 h on a rotator. The coverslips were 

transferred into fresh polythene cups containing fi*esh resin and polymerised at 60^C for 

approximately 20 h. The Thermanox backing was then removed from the blocks leaving 

the cells embedded in the resin. The resin blocks were then incubated at 60°C for a 

further 24 h. Images of the cells embedded in the resin blocks were taken using a Tietz 

F214 2k X 2k digital camera (Gautmg, Germany) attached to a FEl Technai 12 

Microscope (Eindhoven, Netherlands).

2.3.6 Cell stimulation

For assays requfring the stimulation o f cells, either 1 /.tg/ml E. coli EPS (Sigma), 

1/1000 rchlFN-y (from Dr Pete Kaiser, I AH Compton) or both were added to the culture 

for 24 h at 37°C, 5% CO2.

2.3.7 Gentamicin protection assay

Bacterial cultures were added to the cells at 100 jtil/ml o f cells and allowed to 

invade for 1 h at 37^C, 5% CO2. A negative control o f LB was also added to appropriate 

cells for comparison. After 1 h, the supernatant was removed and replaced with the 

appropriate media, according to the cell type, containing 100 /ig/ml gentamicin. The 

cells were then incubated for a further 1 h to kill all extracellulai* bacteria. The 

supernatant was then removed and replaced with the appropriate media for the cell 

culture, containing 50 jUg/ml gentamicin, for the duration o f the experiment. 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 /3-mercaptoethanol (Sigma) was then added to the cell monolayer and the
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lysate containing the inRNA from the cells was then harvested and stored at -20”C until 

RNA isolation. To determine intracellular bacterial numbers at each time-point, cells 

were lysed for 10 min at 37°C, 5% CO2 with 1% Triton X-100 in PBS, and dilutions o f 

the lysate plated aseptically onto plain LB agar.

2.3.8. Griess assay

The Griess assay is used to determine the nitrite concentration in supernatants 

from cell stimulation assays. A 100 pcM nitrite solution was prepared in the buffer used 

for the original ceil stimulation assay (i.e. complete media). A nitrite standard curve was 

constmcted by perfrrming a serial dilution in triplicate using 3 columns o f a 96-well 

plate (50 lA per well). Cell supernatant (50 fi\) from each experimental sample was then 

added to the plate in triplicate. Room-temperature sulfanilamide (50 jul o f  a 1 g/100 ml 

in 2.5% phosphoric acid solution) was added to the standard cuiwe and experimental 

samples, then the plate was incubated for 10 min at room temperature protected from 

light. Room temperature naphthylethylenediamide (50 //I o f a 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 at 550 nm. The nitrite concentration o f the 

experimental samples was calculated using the nitrite standard curve.

2.3.9 Superoxide anion assay

Cells were grown on a monolayer at 5 xlO^ cells/ml in a 96-well plate and either 

left un-stimulated or stimulated with 1/1000 rchlFN-y for 24 h. The supernatant was 

removed fi'om the cell monolayers and the cells were washed with phenol red-free 

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 fÂ phenol red-free HBSS and 25 fxl fenicytochrome C (2.7 mg/ml cytochrome C in 

phenol red-free HBSS) were added. To group B, 50 (Û phenol red-free HBSS, 25 fû 

ferricytochrome C and 25 gl SOD (superoxide dismutase, 1 mg/ml) were added. A cell- 

fr'ee control was also added to both groups. Then 10 gl PMA (10 gg/ml phorbol 12- 

myristate 13-acetate in DMSG) were added to all wells, and the plate incubated for 1 h 

at room temperature protected from light. Supernatant (200 gl) from each well was 

transferred into the conesponding 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 gl o f 1 mg/ml) was 

added to all wells on the plate and the absorbance read again at 550 nm using a plate 

reader.

The amount o f O2- was then calculated from the absorbance values as follows. 

The total amount o f ferricyto chrome C reduction (% dithionite reduced) was determined 

by expressing the first absorbance reading as a percentage of the absorbance reading 

obtained after dithionite treatment o f the samples. The absorbance values o f the SOD- 

treated samples were subtracted from the corresponding experimental samples (i.e. 

experimental-SOD).

The equation used to calculate the mnol O2- released is as follows:

nmol O2- released = (experimental - SOD) x % dithionite reducedx 10.9 nmol

(N.B. 10.9 nmol is the amount o f fenicytochrome C added to the reaction.)
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Chapter 3: Generation of bone marrow-derived macrophages

3.1 Introduction

Macrophages are a heterogeneous population o f bone marrow-derived 

mononuelear cells. This heterogeneity reflects the diverse functions o f these cells. They 

ar e 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 localised and systemic responses by the secretion o f 

immunomodulatory cytokines and metabolites. Together, these functions help to clear 

and protect against invading pathogens whilst minimising damage to the host.

The bone marrow is the site o f production of all circulating blood cells thi'ough a 

process called haematopoiesis. Progenitor cells within the maiTow are stimulated to 

differentiate down specific pathways by cytokines. Macrophages originate from a 

monocytic lineage, and the production of these cells from myeloid progenitors is driven 

by cytokines produced within the bone maiTow. The main cytokine responsible for 

driving this differentiation is GM-CSF (granulocyte-macrophage colony stimulating 

factor); a haematopoietin which stimulates the growth and differentiation of 

myelomonocytic stem cells. Once the cells have differentiated, they move to the blood 

where they circulate as monocytes until they enter tissue, when they become 

macrophages.

The activation o f macrophages can be divided into two stages. The first stage 

transfonns naïve cells from a “responsive” to a “primed” state, which decreases the 

amount of secondaiy signal required for terminal activation. The model signal used in 

vitro to prime the macrophage is IFN-y. IFN-y alters macrophage gene expression 

(Hamilton and Adams, 1987; Tannenbaum et a i, 1988). The second stage of
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macrophage activation results in terminal activation o f the cell, and the model signal for 

this is LPS. Although pruning with IFN-y reduces the amount o f 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 sampling cells, due to theft phagocytic 

ability, which is a function o f all sub-sets o f these cells. The extent o f the phagocytic 

ability may vary between sub-sets o f cells and this serves a variety o f purposes. 

Macrophages sample antigen through phagocytosis fi'om theft environment as they 

travel through tissue. Once phagocytesed, these antigens aie processed and broken 

down into polypeptides, then presented to lymphocytes via the MHC. Another function 

o f phagocytosis is the internalisation o f micro-organisms for destruction within 

phagolysosomal vacuoles. This is agafti followed by the subsequent processing and 

presentation o f polypeptides fi’om the antigen to lymphocytes. Phagocytosis is also used 

for the programmed elimination o f dead or dying cells. Macrophages can do this 

effectively as they have an ability to distinguish self firom non-self and also to 

distinguish infected or dying fi'om viable host cells. Phagocytosis can be described as 

“specific”, which involves uptake o f antigen via the Fc immunoglobulin receptor or the 

C3 complement receptor, or “non-specific”, which involves all other forms o f 

recognised antigen uptake.

Because macrophages are antigen presenting cells, theft' responses to bacterial 

infection are central to the complex interactions between Salmonella and the host. 

Extra-intestinal dissemination o f serovar Typhimurium to systemic sites in the mouse is 

via GDI 8-expressing tissue macrophages (Vazquez-Torrez et al, 1999) and is a site o f 

persistence (Alpuche-Aranda et a l, 1994) and o f replication (Buchmeier and Heffron, 

1989; Richter-Dahlfours et al, 1997; Salcedo et al, 2001). Once inside the
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macrophage, serovar Typhimurium can influence both the expression o f cell surface 

molecules and the production of cytokines (Svensson et a l, 2001). Wigley et a l (2001) 

demonstrated that splenic macrophages were a site of long-term persistence during 

serovar Pullomm infection in the chicken using experimental in vivo infections and 

confocal microscopy. The study o f the avian macrophage is therefore important when 

considering immune modulation and persistence of serovai* Pullomm in infections o f 

poultry.

Although macrophages play a key role in the host response to disease, 

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 o f peritoneal macrophages, but this 

method in the chicken yields relatively low numbers o f cells (Rose and Hesketh, 1974). 

Other methods used by avian immunologists to obtain primary macrophages include the 

isolation o f bone marrow macrophages (Peck et a l, 1982), peripheral blood monocytes 

(Vanio et a l,  1983; Wigley et al, 2002), bursal-derived macrophages (Peck et a l,

1982), thymic-derived macrophages (Peck et a l, 1982) and splenic macrophages (Peck 

et a l, 1982; Wigley et a l, 2001). Although these methods do indeed generate 

macrophages, yields are low, and often not sufficient for use in extensive bacterial 

invasion assays. This Chapter describes the development o f a protocol for the isolation 

o f large quantities o f primary macrophages ftom the chicken for use in subsequent 

serovar Pullorum invasion and persistence assays.

One o f the most widely used sources for macrophage isolation is the blood. The 

isolation and culture of primary monocytes fi-om blood is possible because the 

monocyte/macrophage cells are “sticky” and readily adhere to the plastic surface o f
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culture vessels to form a monolayer. After approximately 48 hours, all dead or non

adherent cells (i.e. contaminating thi'ombocytes, erythrocytes, etc.) can be easily 

removed by gentle washing of the monolayer. Another, more rapid, method o f removing 

unwanted cell types is by prior centrifiagation o f the blood over a Histopaque 1086 

gradient. Histopaque 1086 has a density o f 1.086, and consists o f ficoll and sodium 

diatrizoate. During the centrifugation process, the ficoll aggregates the erytluocytes 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 

o f cells. This is partly due to the difficulty o f obtaining large amounts o f blood from the 

chicken. Another reason is that monocytes/macrophages cannot clonally expand in 

culture, 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 

myelo monocytic stem cells and subsequently differentiate them to the monocyte lineage 

(as one progenitor will yield many monocyte/macrophage cells). This method relies on 

the stimulation o f the progenitor cell with GM-CSF to produce mono cyt e/macro phage 

cells, and the lack o f stimulation o f other types o f progenitor cell.

The culture and stimulation o f pluripotent stem cells with GM-CSF fi'om the 

bone marrow to produce cells o f the mono cyte/macrophage lineage has the potential to 

produce a very large population o f cells, much greater than would be possible using the 

method described by Peck et al. (1982) to isolate macrophages direct fi’om the marrow. 

Routinely used methods to obtain bone marrow-derived macrophages ftom mice use 

GM-CSF to drive the differentiation o f progenitor cells. The previous unavailability o f
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: !chicken GM-CSF hampered the development o f a similar method for use with chicken 

bone marrow cells. The sequencing o f the chicken T2 cytokine gene cluster by Avery et

"iaL (2004) identified the GM-CSF gene and recombinant bio active chicken GM-CSF
,

was expressed. The availability o f rchGM-CSF should enable the derivation o f a
I

protocol to generate chicken bone marrow-derived macrophages based on that used to

It is very hard to conclusively prove that the cells obtained through any 

purification or culture method are macrophages, as avian macrophages are not well

described in the literature and may be quite different to theft mammalian counterparts.

Therefore, a range o f methods must be employed to gather evidence to suggest that the 

cells are indeed macrophages. The physical appearance o f the cells can be assessed by I
theft general appearance under the microscope and whether they adhere to substrate. | |

Adhering to substrate separates the cells fi'om lymphocytes, which do not stick, and the

slength o f time they adhere for can separate them from thrombocytes, heterophils and

DC, which lift off the monolayer after 48 hours. Very few cell surface markers have 

been described for avian macrophage-like cells and many o f the antibodies that 

recognise these are not commercially available. KXJLOl (Mast et a l, 1998) is an 

antibody which recognises an unknown non-specific chicken macrophage cell surface 

marker. Chicken MHC class II is recognised by the antibody 2GII (from Dr Jim 

Kaufman, I AH), but is not specific to macrophages so cannot be used to differentiate the 

eells from other antigen presenting cells. The phagocytic ability (physical capacity) o f 

the cells can be investigated using fluorescently labelled latex beads. The production o f 

secretory products and metabolites known to be produced by macrophages are chemical 

properties which can be investigated (e.g. IL-l/J mRNA, nitric oxide, superoxide anion).
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The combination o f evidence from all these different sources should prove, beyond 

reasonable doubt, the cell lineage.

3.2 Methods

3.2.1 Bone marrow-derived macrophages

3.2.1.1 Complete Media

Complete media for bone maiTow-derived macrophages was made as follows. For 

approximately 100 ml o f complete media; 93 ml RPMI 1640 (Sigma); 5 ml heat- 

inactivated chicken semm (Sigma); 2 ml HEPES (lAFI Media stock); 100 /il gentamicin 

(50 mg/ml, Sigma); 100 pi penicillin and streptomycin stock (10,000 units/ml, I AH 

media stock); 200 pi nystatin (10,000 units/ml, lAH media stock); recombinant chicken 

GM-CSF added at a concentration o f 1/100 unless othei*wise specified.

3.2.1.2 Generation of bone marrow-derived macrophages

The following protocol was developed and adapted from a protocol to isolate 

murine bone marrow-derived macrophages taken fi'om “Isolation o f murine bone 

marrow-derived macrophages” Cunent Protocols in Immunology, Supplement 11,

14.1.3.

Femurs were removed post-mortem from out-bred Rhode Island Red (RIR) 

chickens of a minimum age o f 4 weeks. The ends of the bones were carefully cut using 

sterile surgical bone-cutters and the maiTow flushed out with approximately 20 ml pre

warmed RPMI 1640 (this was adjusted slightly according to the size o f the femur to 

remove the optimum amount o f bone maiTow). The resulting marrow was then 

centrifuged at 500 x g  for 10 min at room temperature and the supernatant discarded. 

The cells were re-suspended in 2 ml o f pre-warmed RPMI 1640 and counted using a



82

haemocyto meter, determining the viability o f the cells by Trypan Blue exclusion, and 

the volume adjusted to 5 x 10  ̂cells/ml in pre-waimed complete media (in some o f the 

assays described in this Chapter, cells were initially seeded at both 2.5 x 10  ̂cells/ml 

and 5x10^ cells/ml for comparison). The cells were cultured ex vivo in one o f two 

ways, either 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% CO2 for seven days (m some o f 

the assays described in this Chapter, cells were grown for both five and seven days ex 

vivo for comparison), changing the media every 48/72 h. To change the media, cell 

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% CO2 for seven days (in some o f the assays described in this 

Chapter, cells were grown for both five and seven days ex vivo for comparison), 

changing the media every 48/72 h. To change the media o f the cell suspension, the cells 

were harvested fi-om 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 fresh pre- 

warmed complete. On day six (or day seven when using the cells for flow cytometry), 

the cell suspension was carefully layered over room temperature Histopaque 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 transfened histopaque. The cell concentration was 

then adjusted to 5 x 10  ̂cells/ml in pre-warmed media. The cells were incubated for a 

fiirther 24 h at 37°C, 5% CO2 (except for cells used for flow cytometry which were used 

immediately) before use.
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3.2.2 Data Analysis

Experiments were performed in on thi-ee 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 o f Variance and the two- 

tailed t-test, and were carried out using the Minitab for Windows version 14 statistical 

package (Minitab Ltd., Coventry, West Midlands, UK). Values o f 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 o f 

bone maiTow-derived macrophages grown to day 7 with 1/100 rchGM-CSF ex vivo. The 

images show that the nucleus was bifurcated and located to one side o f the cell. The 

organelles o f 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 o f vacuoles, the number of which 

increased with the size o f the cell. The processes o f the cells are visible in images 1 and 

2 o f the figure.

Figure 3.2 shows typical TEM images of PBMC. The nuclei o f the cells were 

again bifurcated, and located to one side o f the cell. The organelles o f the cell were 

again generally centrally located, including endoplasmic reticulum, mitochondria and 

vacuoles. The vesicles containing granules were clearly visible in higher numbers 

thi’oughout the cells compared to numbers observed m the bone maiTow-derived 

macrophages (Figure 3.1), and appeared to contain varying amounts o f granules.
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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 o f HDl 1 cells. The nuclei o f the cells were 

bihircated and located to one side o f the cell as with the bone maiTow-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 o f the cells was rounder 

than the bone marrow-derived macrophages and the PBMC.

Figure 3.4 shows typical confocal images o f bone marrow-derived macrophages 

to demonstrate ultrastructure. The nuclei o f the cells shown in Figure 3.4A were DAPI- 

stained (blue) and the actin o f the cells was stained with phalloidin (red). The DAPI 

stain shows that the nuclei were located to one side o f the cells, and the phalloidin stain 

shows that actin was present throughout the cells, with an increased staining intensity 

towards the edges o f the cell. The nuclei o f the cells in Figure 3.4B were D API-stained 

(blue), the a-tubulin o f the cells 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 thioughout the cell. There 

were two main types o f 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

Figure 3.5 shows typical results taken from flow cytometry assays to investigate 

the surface expression of KULOl and MFIC class II on bone marrow-derived 

macrophages cultured in 1/100 rchGM-CSF till 7 days ex vivo. The controls for the 

assay are shown in Figure 3.5A, B, C and D. The negative control (un-stained cells)
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A: Nucleus
B: Endoplasmic Reticulum 
C: Mitochondria 
D: Vacuole

Figure 3.3: Typical TEM images of HDl 1 cells.
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B:

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 - lAH Pirbright) in image B.
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Figure 3.5: Typical flow cytometry results from bone marrow-derived macrophage cells.

To determine KULOl surface expression, staining was with KULOl-FITC conjugate Ab 

(Southern Biotech), which was visible in the FLl channel. To determine MHC class II surface 

expression, staining was with 2G11 Ab (Jim Kaufman, lAH) using a 2° FITC Ab (Molecular 

Probes), which was visible in the FLl channel. Cell viability was determined by staining with 

Propidium Iodide (Sigma), which was visible in the FL2 channel. The isotype control used was 

the bovine antibody CCI4 (Brenda Jones, lAH), which was visible in the FLl channel.
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Mean % S.D.

Gated 19. 677 2. 847

Gated 47. 327 1. 638

KULOl

Gated 33. 713 0. 271

MHC class II

Gated 15. 053 1. 466

Propidium Iodide

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

antibodies for KULOl and MHC class II in the FL-1 channel and with propidium iodide in 

the FL2 channel. To determine KULOl surface expression, staining was with KULOl-FITC 

conjugate Ab (Southern Biotech), which was visible in the FLl chamiei. To determine MHC 

class II surface expression, staining was with 2G11 Ab (Jim Kaufman, lAH) using a 2° FITC Ab 

(Molecular Probes), which was visible in the FLl channel. Cell viability was determined by 

staining with Propidium Iodide (Sigma), wliich was visible in the FL2 channel.
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scatter plots show the forward (FSC) and side scatter (SSC) profiles o f the cells, 

reflecting both their cell surface area and their granularity/complexity (respectively). 

From this a population o f cells thought to include the cells o f interest (i.e. medium to 

high surface area and granularity) was selected for gatmg. The gated cell population is 

indicated by the red area in Figure 3.5 A. A large area o f cells was selected in order to 

encompass the mixed population o f 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 FLl and 

FL2 channels. A small amount o f auto fluorescence is evident for the un-stained cells 

(10.15% in the assay shown). Figure 3.5C shows the gated population o f the cells 

folio whig staining with an IgGI isotype control antibody (CCI 4), to show non-specific 

bindmg, as the antibodies used in the assay to check for KULOl and MHC class II 

surface expression are IgG I. Figure 3.5D shows the gated population o f the cells 

following staining with a FITC antibody as a control, visible in the FLl channel. The 

KULOl antibody used in the assay is a dhect FITC conjugate and the MHC class II 

antibody uses a secondary FITC antibody, so the FITC control again shows non-specific 

bindmg (11.56% in the assay shown). Figure 3.5E shows the gated cell population 

following staining with the KULOl-FITC antibody. 47.21% o f the cells are stained with 

KULOl-FITC and this is shown in the FLl channel. Figure 3.5F shows the gated cell 

population following staining using the MHC class II antibody 2G11 and the secondary 

FITC antibody. 33.65% o f the cells are positively stained with the 2G11 + FITC 

combination and this is visible in the FLl channel. Viability o f the cell population is 

shown by staining with propidium iodide 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 o f differentially
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stained cells from flow cytometry assays perfoiined in triplicate. It shows that on 

average approximately 20% of the cell populations investigated were mcluded in the 

gate specified. Approximately 47% of these were positive for KULOl surface 

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 o f bone marrow-derived macrophages 

following a phagocytosis assay using latex beads (shown in green on the image), 

immunofluorescence staining to show KULOl surface expression using un-conjugated 

KULOl antibody with a secondary TRITC antibody (shown in red on the image) and 

staining o f the lipid bilayer o f the cell using Nile Red (shown in blue on the image). 

Figure 3.6A shows bone manow-derived macrophages cultured till day 5 ex vivo 

without rchGM-CSF. Figure 3.6B shows bone marrow-derived macrophages cultured 

till day 5 ex vivo in 1/100 rchGM-CSF. In both images, the cells have stained positive 

for KULOl surface expression and readily phagocytosed latex beads. Figure 3.6C shows 

bone manow-derived macrophages cultured till day 7 ex vivo without rchGM-CSF. 

Figure 3.6D shows bone manow-derived macrophages cultured till day 7 ex vivo in 

1/100 rchGM-CSF. Again, the cells shown in these images continued to stain positively 

for KULOl surface expression and readily phago cytosed latex beads. The confocal 

images shown in Figure 3.7 comprise typical images o f HDl 1 cells (Figure 3.7 A) and 

CKC (Figure 3.7B) taken following a phagocytosis assay using latex beads (shown in 

green on the image), immuno fluorescence staining to show KULOl surface expression 

using un-conjugated KULOl antibody with a secondary TRITC antibody (shown in red 

on the image) and staining o f the lipid bilayer o f 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. KULOl staining 

is shown in red (un-conjugated KULOl - Southern Biotech; 2® Ab TRJTC-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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A: B:

Figure 3.7: Typical confocal images of H Dl 1 cells (A) and CKC (B). KULOl staining 

is shown in red (un-conjugated KULOl - 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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on the image). Figure 3.7A shows that the HDl 1 cells stained positively for KULOl 

surface expression and readily phagocytosed latex beads. The CKC shown in Figure 

3.7B, thougli, did not stain positively for KULOl surface expression and did not 

phagocytose latex beads.

3.3.3 Secretory products

3.3.3.1 Cytokines and cliemokines

Figure 3.8 shows pro -inflammatory cytokine mRNA expression, as detemiined 

by real-time qRT-PCR, by bone marrow-derived macrophages at 5 days ex vivo culture 

following stimulation for 24 h with either E. coli LPS, with rchlFN-y, with E. coli LPS 

+ rchlFN-y or following no stimulation as described in Chapter 2. The mRNA 

expression profiles were compared with those o f PBMC and HDl 1 cells treated in the 

same way. Figure 3.8A shows IL-ljS mRNA expression for the differentially stimulated 

cells. The pattern o f mRNA expression for the bone marrow-derived macrophages was 

similar to that for the PBMC and HDl 1 cells, but following stimulation up-regulation is 

not as marked. Cells cultured without rchGM-CSF ex vivo had significantly up- 

regulated IL-1/3 mRNA levels following priming with rchlFN-y (P=0.003), stimulation 

with LPS (P==0.0013) and stimulation with rcliIFN-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 IL-lj6 mRNA expression following stimulation with LPS 

(P=0.015) and stimulation with IFN-y + LPS (P=0.006). There was a significant 

difference, following rchlFN-y priming, between the IL-lj8 mRNA expression levels of 

cells cultured with and without rchGM-CSF ex vivo (P=0.003), with cells cultured 

without rchGM-CSF having significantly up-regulated IL-1/3 mRNA. Figure 3.SB 

shows IL-6 mRNA expression for the differentially stimulated cells. The pattern o f
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Figure 3.8: IL-lj8 (A), IL-6 (B) and IL 18 (C) mRNA expression levels in bone marrow- 

derived macrophages 5 days ex vivo following stimulation with either rchlFN-y, E. coli 

LPS, E. coli LPS + rchlFN-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 HDl 1 cells, but following stimulation up-regulation was not as 

marked. There were no significant differences measured between the un-stimulated cells 

and the stimulated bone marrow-derived macrophages. Figure 3.8C shows IL-18 

mRNA expression for the differentially stimulated cells. The IL-18 mRNA expression 

profile for the bone man’ow-derived macrophages followed that measured for the 

PBMC and HDl 1 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 macrophages at 5 days ex 

vivo culture following stimulation with either E. coli LPS, with rchlFN-y, with E. coli 

LPS + rchlFN-y or following no stimulation. CXCLil and CXCL12 mRNA expression 

levels were investigated as these two cliemokines both have a similar homology and 

action to mammalian IL-8. The mRNA expression profiles were compared with those 

for PBMC and HDl 1 cells treated in the same way. Figure 3.9A shows CXCLil mRNA 

expression for the differentially stimulated cells. The pattern o f mRNA expression for 

the bone marrow-derived macrophages was comparable to that measured for the PBMC, 

and was similar to that measured for the HDl 1 cells, but up-regulation was not as 

marked following stimulation. Bone man*ow-derived macrophages cultured ex vivo 

without rchGM-CSF had significantly up-regulated CXCLil mRNA expression 

following stimulation with LPS compared to un-stimulated cells. Figure 3.9B shows 

CXCLi2 mRNA expression for the differentially stimulated cells. The pattern of 

CXCL12 mRNA expression for the bone marrow-derived macrophages was similar to 

that measured for the PBMC and HDl 1 cells, but up-regulation following stimulation
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Figure 3.9: CXCLil (A) and CXCLI2 (B) raRNA expression levels in bone marrow- 

derived macrophages 5 days ex vivo following stimulation with either rchlFN-y, E. coli 

LPS, E. coli LPS + rchlFN-y or no stimulation, compared with the mRNA expression 

profiles for PBMC and H D ll 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 maiTow-derived macrophages cultured without rchGM-CSF 

ex vivo had significantly up-regulated CXCLi2 mRNA expression compared to the 

control following stimulation with both LPS (P=0.036) and with rchlFN-y + LPS 

(p_0 039). Bone marrow-derived macrophages cultured in 1/100 rchGM-CSF ex vivo 

had significantly up-regulated CXCLlZ mRNA expression following stimulation with 

both LPS (P=0.013) and with rchlFN-y + LPS (P=0,004).

Figure 3.10 shows the cytokine mRNA expression as deteiinined by real-time 

qRT-PCR for bone marrow-derived macrophages at 7 days ex vivo culture following 

stimulation with either E. coli LPS, with rchlFN-y, with E. coli LPS + rchlFN-y or 

following no stimulation. The mRNA expression profiles were compared with those for 

PBMC and HDl 1 cells treated in the same way. Figure 3.10A shows the IL-1^ mRNA 

expression profile for the differentially stimulated cells. The pattern o f IL-1/3 mRNA 

expression followed that measured for both PBMC and HDl 1 cells, but up-regulation 

following stimulation was to a lesser extent. Bone marrow-derived macrophages 

cultured ex vivo with and without rchGM-CSF had significantly up-regulated IL-ljS 

mRNA expression following stimulation with rchlFN-y + LPS compared to the un

stimulated cells (P=0.008 and P=0.026 respectively). Figure 3.1 OB 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 HDl 1 cells. Bone man'ow-derived macrophages cultured with rchGM- 

CSF ex vivo had significantly up-regulated mRNA expression following rchlFN-y +

LPS stimulation compared to the un-stimulated cells (P=0.022). Figure 3.IOC shows the 

IL-18 mRNA expression profile for the differentially infected cells, and shows the 

pattern for PBMC and HDl 1 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-1/3 (A), lL-6 (B) and lL-18 (C) mRNA expression levels in bone marrow- 

derived macrophages 7 days ex vivo following stimulation with either rchlFN-y, E. coli 

LPS, E. coli LPS 4- rchlFN-y or no stimulation, compared with the mRNA expression 

profiles for PBMC and H D ll 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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up-regulation o f IL-18 mRNA expression following stimulation, but bone marrow- 

derived macrophages cultured ex vivo in rchGM-CSF had significantly higher levels o f 

IL-18 mRNA expression compared to those cells cultured without rchGM-CSF ex vivo 

(P-0.033).

Figure 3.11 shows the chemokine mRNA expression as determined by real-time 

qRT-PCR for bone maiTow-derived macrophages at 7 days ex vivo culture following 

stimulation with either E. coli LPS, with rcliIFN-y, with E. coli LPS + rchlFN-y or 

following no stimulation. The mRNA expression profiles were compared with those for 

PBMC and HDl 1 cells treated in the same way. Figure 3.11A shows the CXCLil 

mRNA expression profile which following stimulation fonned a comparable pattern to 

that measured for PBMC and was similar to that measured for HDl 1 cells. Following 

rchlFN-y stimulation, cells cultured ex vivo without rchGM-CSF had significantly up- 

regulated CXCLil mRNA expression compared to un-stimulated cells (P==0.001). 

Stimulating with rcliIFN-y + LPS resulted in a significant up-regulation o f CXCLil 

mRNA expression in cells cultured with and without rchGM-CSF ex vivo when 

compai'ed to the un-stimulated cells (P-0.047 and P=0.007 respectively). Bone marrow- 

derived macrophage cells cultured with rchGM-CSF ex vivo had significantly up- 

regulated CXCLil mRNA expression levels when compared to cells cultured without 

rchGM-CSF ex vivo following stimulation with rchlFN-y (P=0.034), with rchlFN-y + 

LPS (P==0.017) and following no stimulation (P=0.001). Figure 3.1 IB shows the 

CXCL12 mRNA expression profile which following stimulation formed a similar 

pattern to that measured for both PBMC and HDl 1 cells. There was a significant up- 

regulation of CXCL12 mRNA expression in bone maiTow-derived macrophage cells 

cultured in rchGM-CSF ex vivo following stimulation with LPS (P=0.018) and with
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Figure 3.11: CXCLil (A) and CXCLil (B) mRNA expression levels in bone marrow- 

derived macrophages 7 days ex vivo following stimulation with either rchlFN-y, E. coli 

LPS, E. coli LPS + rchlFN-y or no stimulation, compared with the mRNA expression 

profiles for PBMC and H D ll 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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rchlFN-y + LPS (P=0.013) compared to un-stimulated cells. The CXCLi2 mRNA 

expression measured in cells cultured with rchGM-CSF ex vivo was significantly greater 

than that measured in cells cultured without rchGM-CSF during both LPS stimulation 

o f the culture (P=0.040) and no stimulation (P=0.050).

3.3.3.2 Metabolites

Figure 3.12 shows results fi’om Griess assays performed on cell supernatants to 

determine nitric oxide production by bone marrow-derived macrophages cultured in 

different concentrations o f rchGM-CSF ranging fi'om 0 to 1/100. Cells were either 

stimulated with E. coli LPS, primed with rchlFN-y or primed with rchlFN-y and 

stimulated with E. coli LPS. Nitric oxide production during these conditions was 

compared to that fi'om cells which had been left un-stimulated. The results shown are 

the average o f three biological replicates. These values are shown in Table 3.3.2 and the 

P values for the significant differences o f 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 lO^cells/ml. Cells which were un-stimulated produce a relatively similar 

level o f nitrite for the different ex vivo rchGM-CSF culture concentrations. Stimulation 

with LPS significantly increased nitric oxide production, compared to the control, o f 

cell populations which were cultured ex vivo in higher rchGM-CSF concentrations, but 

did not have any effect on nitric oxide production at lower concentrations. Priming with 

rchlFN-y significantly increased nitric oxide production above that measured for the 

control. Priming with rchlFN-y followed by stimulation with LPS significantly 

increased nitric oxide production above the control in a relatively stable mamier.

Priming with rchlFN-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, rchlFN-y or E. coli LPS+rchlFN-

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/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 fi\ supernatants from stimulated and un-stimulated cells (n=3; 

SD±0.05).
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Stimulation

Concentration
ofrc/îGMCSF

No stimulation LPS LP&HFN IFN
1/100 8.10 19.13 28.73 25.76
1/200 7.37 12.34 27.85 29.81
1/300 7.18 11.68 25.42 31.43
1/400 8.83 11.37 27.80 32.98
1/500 7.63 11.74 28.42 34.34
0 8.00 14.39 28.02 37.74

%

B

Concentration
ofrc/ïGMCSF

Stimulation
No stimulation LPS LPS+IFN IFN

1/100 8.63 18.77 24.65 19.34
1/200 7.30 18.73 27.04 19.48
1/300 7.07 16.56 25.81 20.19
1/400 7.01 16.63 25.67 23.53
1/500 7.92 16.86 27.76 24.58
0 8.73 12.55 32.89 34.97

I

Stimulation

Concentration 
of Tch GMCSF

No stimulation LPS LPStlFN IFN
1/100 9.72 23.23 33.10 34.40
1/200 7.63 13.80 29.50 34.82
1/300 7.03 11.46 27.92 23.78
1/400 5.63 10.39 22.98 32.88
1/500 6.86 10.09 26.84 31.16
0 7.48 12.52 34.43 34.55

D

Concentration 
of rc/7 GMCSF

Stimulation
No stimulation LPS LPS+IFN IFN

1/100 8.32 23.70 34.00 24.38
1/200 7.23 18.74 27.80 25.00
1/300 7.06 20.32 31.41 27.06
1/400 7.25 16.87 28.92 25.23
1/500 7.68 17.34 31.41 28.08
0 8.03 12.85 32.54 33.57

■i

Table 3.3.2: Nitrite concentrations (fiM) by bone marrow-derived macrophages 

determined by Griess assay following stimulation with either E, coli LPS, rchlFN-y or E. 

coli LPS+rchlFN-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/ml then grown till day 5 (C) 

and day 7 (D) ex vivo. Data is that shown in Figure 3.12.
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Table 3.3.3; P values for significaiitly different data from tiie experiment shown in Figure 

3.12 and Table 3.3.2, comparing the nitrite concentrations of bone marrow-derived 

macrophages following stimulation with either E. coli LPS, rchlFN-y or E. coli 

LPS+rchlFN-y. Assays were perfonned 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 giown 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 vivo, which were 

originally seeded at 2.5 x 10  ̂cells/ml. Stimulation with LPS significantly increased 

nitric oxide production, compared to the control, of cell populations following ex vivo 

culture in lower concentrations o f rchGM-CSF but did not have any effect on nitric 

oxide production at 1/100 and 1/200 culture concentrations. Priming with rchlFN-y 

significantly increased nitric oxide production above that measured for the control. 

Priming with rchlFN-y followed by stimulation with LPS significantly mcreased nitric 

oxide production above the control in a relatively stable manner across the differing 

rchGM-CSF culture concentrations. Priming with rcliIFN-y followed by stimulation 

with LPS significantly increased the nitric oxide production o f cells compared to 

stimulation with LPS alone. Figure 3.12C shows cells grown till day 5 ex vivo, which 

were originally seeded at 5x10^ cells/ml. Cells which were un-stimulated produced a 

relatively similar level o f nitrite during the different ex vivo rchGM-CSF culture 

concentrations. Stimulation with LPS significantly increased nitric oxide production, 

compared to the control at higher rchGM-CSF concentrations but did not have any 

effect on nitric oxide production at lower concentrations. Priming with rchlFN-y alone, 

and priming with rehlFN-y followed by stimulation with LPS, significantly increased 

nitric oxide production above that measured for the control across the range o f rchGM- 

CSF culture concentrations. In addition, priming with rchlFN-y followed by stimulation 

with LPS significantly increased the nitric oxide production o f 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 level o f nitrite for the different ex vivo rchGM-CSF culture 

concentrations. Stimulation with LPS significantly increased nitric oxide production, 

compared to the control, with a general trend of decrease in levels o f nitrite coupled
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with the decrease in rchGM-CSF culture concentrations, and priming with rcliIFN-y 

significantly increased nitric oxide production above that measured for the control.

Nitric oxide levels during priming with rchlFN-y were increased across the rchGM-CSF 

concentration spectmm, fi'om levels similar to that measured during LPS stimulation at 

1/100, to levels comparable to that measured during priming with rchlFN-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 o f cells compared to the control in a relatively stable manner following ex 

vivo culture. Priming with rcliIFN-y followed by stimulating with LPS significantly 

increased the nitric oxide production o f cells compared to stimulating with LPS alone or 

after priming with rchlFN-y alone following ex vivo culture in concentrations of 1/100 

rchGM-CSF.

Figure 3.13 shows superoxide anion activity measured in the supernatants o f 

bone marrow-derived macrophages following priming with rehlFN-y. The results 

shown are the average of three biological replicates. There are large enor bars on the 

results for the differentially cultured cells and no clear patterns following priming with 

IFN-y are apparent. The results show that priming with IFN-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 rchlFN-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/ml then grown till 

day 5(C) and day 7 (D) ex vivo. Superoxide anion activity is determined by the nmol 02- 

released, measured in 50 (Û supernatants from cells stimulated with 1/1000 rchlFN-y (n=3; 

SD±0.05).
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3.4 Discussion

The highly reactive metaholite nitric oxide has long been known to be produced 

by activated macrophages to target bacteria. The production o f nitric oxide by bone 

marrow-derived cells following priming and/or stimulation gives an indication o f the 

types o f cells and their stage o f development within the population. Nitric oxide 

production in cells grown m various concentrations o f rchGM-CSF ex vivo for two 

different time periods and at two different initial seeding rates was assessed to 

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

Growth till day 7 ex vivo at an initial seeding rate of 5x10^ cells/ml and a culture 

concentration o f 1/100 rchGM-CSF gave a population o f cells, which after priming with 

rchlFN-y produced a level o f nitric oxide equal to that produced following stimulation 

with E. coli LPS. The level o f nitric oxide produced after LPS sthnulation 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 o f the 

same cells with both rchlFN-y and LPS. Macrophages go through two stages of 

activation. The first stage changes the naïve cell fr om a “responsive” to a “primed” 

state, and inducing this in 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 for priming (Johnston et a l, 1987). This is not the 

case in the experiment described though, as the results show that the length of LPS 

stimulation time was not sufficient to prime naïve cells, as shown by the significant 

increases observed between the nitric oxide levels produced following stimulation with 

LPS + rchlFN-y compared to those measured following stimulation with LPS alone. 

Comparing the levels o f nitric oxide production after priming with rchlFN-y and 

stimulating with LPS separately therefore gives an indication of the proportion of the
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macrophage cell population that is naïve and the proportion that is already primed.

Since these are primary cells, the population will always be mixed in terms o f the state 

o f differentiation and activation. The best conditions for culture, therefore, are those 

which result in a relatively equal amount o f naïve and primed cells and a high level o f 

production o f nitric oxide following stimulation. The optimal culture conditions for the 

growth o f the cells, hereafter referred to as bone marrow-derived macrophages, 

suggested by the data ai'e 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 activity was 

measured in cells grown using the same range o f culture conditions as for the Griess 

assay in order to investigate the respiratory burst. Priming the cells with IFN-y did not 

increase superoxide anion activity in the cells. This suggests that the use o f superoxide 

anion is not a significant bactericidal activity o f 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 ROTs may not in fact play a major role in bacterial killing by 

macrophages, but that the activities o f reactive nitrogen intermediates, particularly nitric 

oxide, ai'e actually much more important (Flesch and Kaufmann, 1991).

The pro-inflammatory cytokine mRNA expression profiles o f bone marrow- 

derived cells grown till day 5 ex vivo with (at a concentration o f 1/100) and without 

rchGM-CSF were determined tlirough real-time qRT-PCR, and compared with those for 

both PBMC and the HDl 1 macrophage-like cell line. IL-1/3 mRNA expression levels 

for the bone marrow-derived cells were similar to those measured for both PBMC and 

HDl 1 cells. The PBMC and HDl 1 cells were more sensitive to stimulation with LPS 

alone and stimulation with LPS + IFN-y, displaying a greater up-regulation o f IL-lj8 

mRNA expression under these conditions. Stimulating with LPS and with LPS + IFN-y
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resulted in an up-regulation o f IL-1/3 inRNA 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 HDl 1 cells, there was no significant up- 

regulation o f IL-6 or IL-18 following primmg and stimulation with either IFN-y, with 

LPS or with LPS + IFN-y. The mRNA expression profiles of the chemokines CXCLil 

and CXCLi2 were also measured for the same cells. CXCLil and CXCL12 mRNA 

expression levels m  the bone marrow-derived cells, cultured with and without rchGM- 

CSF, were comparable with those in PBMC and HDl 1 cells. CXCL12 mRNA 

expression levels in bone marrow-derived cells cultured with and without rchGM-CSF 

were up-regulated following priming and stimulation with either IFN-y, with LPS or 

with LPS + IFN-y.

The pro -inflammatoiy eytokine mRNA expression profile o f bone marrow- 

derived cells gi'own till day 7 ex vivo was also assessed and compared to those for 

PBMC and HDl 1 cells. The mRNA expression profiles for the bone marrow-derived 

cells were similar to those seen for PBMC and HDl 1 cells and closer in pattern to them 

when also compared alongside the cells grown till day 5 ex vivo. Bone maiTow-derived 

cells cultured with rchGM-CSF had significantly up-regulated levels o f  IL-1/3 and IL-6 

mRNA following stimulation with LPS + IFN-y. Bone marrow-derived cells cultured 

without rchGM-CSF had significantly up-regulated levels of IL-1/3 following 

stimulation with LPS + IFN-y. The mRNA expression profiles for the chemokines 

CXCLil and CXCL12 were also detennined. 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 HDl 1 cells, the bone 

marrow-derived macrophages appeared more sensitive to stimulation, having a greater 

up-regulation o f 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 

expression profile o f bone marrow-derived cells was similar and comparable to that 

measured for PBMC and HDl 1 cells. Stimulating with LPS + IFN-y and with LPS 

alone caused a significant up-regulation o f CXCL12 in bone marrow-derived cells 

cultured with rchGM-CSF.

In summary, bone marrow-derived cells grown till day 5 ex vivo up-regulate IL- 

1/3 and CXCL12 mRNA expression levels in response to stimulation with LPS + IFN-y. 

Cells grown till day 7 ex vivo up-regulate IL-1(3, IL-6, CXCLil and CXCL12 mRNA 

expression levels in response to stimulation with LPS + IFN-y. This up-regulation o f 

pro-inflammatory 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 KULOl, and that approximately 34% stained positively for MHC 

class II surface expression. The reason that 100% of the cells were not, and would not 

be expected to, stain positively with both the KULOl and MHC class II antibodies is 

that the cell population is mixed, containing cells at all stages o f monocyte/macrophage 

differentiation. The cell surface marker recognised by KULOl is not known, and it is 

therefore possible that it could be a marker that is expressed at later stages of 

differentiation. This would provide an explanation for the staining pattern, as just below 

50% o f the cells gated positive. MHC class II is expressed during the later stages o f 

mo no cyt e/macro phage differentiation, and its surface expression varies greatly even at 

these stages, becoming greatly up-regulated upon terminal activation, to enable effective 

presentation o f 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 MHC class II was detected on just over 33% of the 

cells.

The confocal images clearly show that the hone marmw-derived cells readily 

phagocytose opsonised latex beads and that these cells also stain positively with the 

mAh KULOl. Since just below 50% of the cells stained positive with the KULOl 

antibody during the flow cytometry experiments, it may seem inconsistent that a much 

higher percentage of the cells stained positively with the antibody during confocal 

imaging. The cells used for confocal imaging were prepared in a slightly different way 

to those used for flow cytometry and this difference may explain the differential 

staining patterns. The flow cytometiy method required the cells to be in suspension, so 

these cells were grown ex vivo on low-adherence plates and the cells were not peiinitted 

to form a monolayer. The cells used for confocal imaging were initially grown in 

suspension and then seeded 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 “purer” mono cyt e/macrophage cell population, whereas those 

cells grown in suspension for the duration o f the ex vivo culture would have been more 

o f a mixed cell population. Since the method o f ex vivo culture used for subsequent 

invasion assays would be culture on a monolayer, the cells in the confocal images 

present a more realistie picture o f the population obtained from the original protocol 

developed and suggested for the culture o f bone 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 E. 

coli LPS, up-regulate production o f pro -inflammatoiy cytokines and chemokines such 

as IL-1/3, IL-6, CXCLil and CXCLi2, readily phagocytose opsonised latex beads and 

stain positively for KULOl and MHC class II.



115

Relatively little is known about the ultrastructure of chicken macrophages and so 

further confocal analysis was performed using antibodies for actin, a-tubulin and 

endoplasmic reticulum. Actin is a key component of the cyto skeleton o f cells and in the 

bone marrow-derived macrophages was located tlnoughout the cell, a-tubulin is a 

component o f microtubules, which form part o f the cytoskeleton o f cells. Microtubules 

are important in the intracellular movement o f materials and organelles and also in the 

formation of the mitotic and meiotic spindles. In the bone maiTow-derived macrophages 

shown in the confocal images, the of-tubulin was centrally located. Endoplasmic 

reticulum is an interconnecting network of tubules, vesicles and cisternae that extends 

through the cell and functions to transport and fold proteins. Indeed, endoplasmic 

reticulum means “little net within the cytoplasm” in Latin and this describes exactly 

how it appeared in the images within the bone manow-derived macrophages.

Since confocal microscopy is dependent on the availability o f specific antibodies 

for organelles, further analysis o f 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 o f the cells ai'e cleai ly visible, and the presence of these is 

characteristic o f macrophages which use pseudopodia during motility and to aid in 

engulfing antigens during phagocytosis. The cells have a high proportion of vacuoles. 

Some o f 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 

tlirough discussions with Professor Imie Olah, Semmelweis University, Hungary, at the 

9̂*̂ Avian Immunology Research Group Meeting). Granule-containing vesicles are
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organelles usually found in neutrophils (heterophils in avian species), and not what 

would be expected in macrophages. TEM images o f PBMC also clearly show the 

presence of these vesicles, and in fact theft prevalence is increased in these cells. This 

suggests that avian macrophages could function in a different way to mammalian 

macrophages. The concun ent evolution o f avian and mammal orders from a common 

reptilian ancestor 300 million years ago has resulted in differences between the modern 

immune systems o f both groups. It is quite possible that avian macrophages are in fact 

different to their mammalian counterparts. The presence of these granule-containing 

vesicles in all primary macrophage cells viewed in the course o f this study under the 

TEM suggests the hypothesis that avian macrophages function as intermediate cells 

having properties 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 o f these cells has 

diverged from their function in theft common ancestor. Interestingly there are 

differences in heterophil and neutrophil granule contents, with heterophils lacking at 

least one o f the components found in neutrophil granules (Harmon, 1998).

HDl 1 cells do not contain these unusual organelles, though, and appear quite 

different in morphology compared to the primary cells. This is hardly surprising since 

HDl 1 cells are a vii-us-transformed macrophage-like cell line (Beug et al., 1979). They 

appear much more densely packed with organelles compai'ed to the primary 

macrophages, generally rounder in shape and with very few vacuoles. The differences in 

HDl 1 moi'phology compared with that o f 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 o f bone marrow-derived cells from chicken 

femurs in 1/100 rchGM-CSF for 7 days at an initial seeding rate of 5x10^ cells/ml 

results in a population o f macrophages that produce IL-1/3, IL-6, CXCLil, CXCL12 and 

NO upon stimulation with LPS, stain positively with KULOl antibody, express MHC 

class II and readily phagocytose opsonised latex beads. The identification o f vesicles 

which contain 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 o f 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, attenuation o f the TTSS 

associated with SPI-1 or SPI-2 essentially attenuates the SPI that it is associated with, as 

translocation o f the related effector proteins is abrogated. Serovar Pullorum SPI-1 TTSS 

and SPI-2 TTSS mutants were already available at the start o f this project. A serovar 

Pullorum strain containing a mutation in spaS (referred to as serovar Pulloram spaS ) a 

structural component o f the SPI-1 TTSS, was previously constructed by co-workers by 

conjugation o f the suicide plasmid pSSl into serovar Pullorum 449/87 Naf to make an 

insertion mutant (Jones et al., 1998). Similarly a strain containing a mutation in ssaU  

(referred to as serovar Pullorum .̂ .̂ «17), a structural component o f the SPI-2 TTSS, was 

also constructed by the conjugation o f the suicide plasmid pSS2 into serovar Pullorum 

449/87 Naf to make an insertion mutant (Jones et al., 2001). An insertion mutant is 

constructed by the addition o f an insert into the gene to disrupt it (usually an antibiotic 

resistance cassette), so the gene cannot be transcribed and is therefore inactive. These 

insertions are liable to revert over time back to the wild-type due to there being no 

biological or environmental advantage to the mutation due to selective pressure. There 

was some evidence for this m preliminary studies o f poultry infections with serovar 

Pullorum (Wigley and Jones unpublished data). Insertion mutants are therefore useful in 

short term assays (i.e. for in vitro and short in vivo 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

Wlien identifying bacterial virulence genes and therefore eandidates for 

mutagenesis, a molecular version o f Koch’s postulates can be adopted and considered 

(Falko-w, 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 vimlence.

3) Complementation of the cloned gene should restore virulence to aviiiilent 

strains.

The first mle can be investigated by comparing bacterial genomes. When attempting to 

identify virulenee 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 arises from research on other S. enterica serovars and searching for those genes in 

the available serovar Pullorum sequence. This can be done using the co/zBASE database 

which allows comparisons between the different S. enterica serovars (Chaudhuri et al, 

2004).

Attenuations in the gene o f interest can be made by targeted mutagenesis, and 

the resulting mutations tested for virulence in vitro and in vivo. There are many different 

techniques for the targeted mutagenesis o f bacteria, but they follow one o f two 

principles. The first system works on the principle of disrupting the gene o f interest 

using a suicide vector. This is the system by which the existing mutant constructs in 

serovar Pullorum were made. The second system dismpts the gene o f interest using 

linear DNA. The method chosen for targeted mutagenesis o f viiulence genes in this 

study uses the second system and is known as the X Red system. This system utilises a 

plasmid-encoded bacteriophage X 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 o f intracellular exonucleases 

which readily degrade linear DNA (Lorenz and Wackemagel, 1994). Cosloy and Oishi 

(1973) found that bacterial mutants lacking exonuclease V (part o f the RecBCD 

recombination complex) were transformable with linear DNA. Many bacteriophages 

encode theft own homologous recombination systems (Smith, 1988), and the Red 

recombination system function o f bacteriophage X was shown by Murphy (1998) to 

promote a higher rate o f recombination o f linear DNA compared to that in bacteria 

lacking a functional exonuclease V. The Red recombination system o f the bacteriophage 

X constitutes three genes, exo, bet and gam, which are clustered in the P l operon and are 

expressed early in the phage’s transcriptional program (reviewed in Poteete, 2001). The 

gene exo encodes X exonuclease, which degrades the 5 -ends of dsDNA (Little, 1967). X 

exonuclease forms a ring-shaped tiimer through which dsDNA can be housed at one 

end but only ssDNA will fit at the other (Kovail and Matthews, 1997). The second gene, 

bet, encodes /3 protein, which binds to ssDNA and functions to promote the renaturation 

o f complementary strands (Li et a l, 1998). The products o f these two genes combine to 

form a j(3-modulated X exonuclease complex (reviewed in Poteete, 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 o f the host RecBCD exonuclease V (Murphy, 1991). This enables the j3- 

modulated X exo nuclease to gain aecess to the ends of the DNA and promote 

recombination (Murphy, 1991). Murphy (1998) found that the plasmid-encoded Red 

system could be utilised to promote recombination events between the bacterial 

chromosome and PCR-generated linear dsDNA in E, coli. Building on this work, 

Datsenko and Wanner (2000) described a method usftig bacteriophage X to promote
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mutation o f genes in E. coli that could be adapted for use in other bacterial species. The 

method uses linear dsDNA which is obtained through the PCR amplification o f a 

plasmid encoding a selectable resistance marker, with primers containing long tails 

(approximately 40 bp) designed to the flanking regions o f the bacterial gene o f interest 

(Datsenko and Wanner, 2000). The linear DNA is then electroporated into bacteria 

carrying a plasmid containing the tlrree X 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 occur with 

multicopy plasmids (Murphy, 1998). Upstream from the Red system, the plasmid 

contains a promoter, PamB, which is activated on addition of arabinose (Datsenko and 

Wanner, 2000). The plasmid then transcribes the tliree Red system genes, the proteins 

o f which then incorporate the linear PCR-generated fragment into the genome o f the 

bacteria, thus creating a disruption o f the targeted gene (Datsenko and Wanner, 2000). 

The pKD46 vector is temperature- sens it ive, and this allows it to be easily removed from 

the resulting mutants (Hashimoto-Gotoh et al., 1981). These gene disruptions are 

thought to be very stable and the method is very efficient and fast (Datsenko and 

Wanner, 2000).

The method o f trans-complementation o f bacterial mutants has been used 

previously for mutant validation, but findings by Johnson et al. (2003) highlighted the 

importance o f making this technique routine practice. Their study found a high 

frequency o f secondary mutations following suicide-driven allelic exchange 

mutagenesis ofE.  coli (Johnson et a l, 2003). This suggests that, in the absence o f trans

complementation, caution should be taken when ascribing phenotype to mutation in 

virulence genes. The serovar Pullorum strains with mutations in spaS and ssaU  that are
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afteady available have not been trans-complemented and so one of the aims o f this study 

was to constmct new mutants in these genes and then prove the position and presence o f 

the single mutation. This would enable any observed phenotypic differences during 

infection to be more accurately attributed to the vii ulence gene, or in this case 

pathogenicity island, o f interest. Datsenko and Wamier (2000) continually checked for 

additional chiomosomal rearrangements resulting from recombination events following 

mutation using the X Red system, but found none. This indicates that the occurrence of 

secondary mutations, in the fomi o f unwanted chromosomal rearrangements, may be 

reduced using the X Red system compared to other methods of bacterial mutant 

construction.

4.1.2 Genes for X Red mutagenesis

Several gene candidates for mutagenesis using the X Red system were initially 

considered for study and eventually five were decided upon. The intention was to use 

the X Red system to construct mutants in these five genes (see below) then to create new 

stable constructs for spaS- and ssaU~.

The gene avrA (also known as STM2865) encodes an effector protein in serovar 

Typhimurium which is located in the SPI-1 region of the Salmonella genome, and is 

secreted hy TTSS-1. The avrA gene is a Salmonella homologue o f the Yersinia pestis 

gene which blocks the intracellular MAPK (mitogen activated protein kinase) 

kinases (MICICs) signalling pathway (Collier-Hyams et ah, 2002; McClelland et al., 

2001). Analysis using the co//BASE database shows predicted oithologues of avrA to be 

present in serovars Bongori, Enteritidis, Dublin and Gallinarum. An alignment o f the 

section o f the serovar Typhimurium LT2 genome containing avrA with the 

corresponding sections o f the serovar Pullorum genome that have been sequenced was
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performed using co/zBASE and is shown in Figure 4.1. In serovar Typhimurium, avrA 

inhibits the pro-inflammatory, anti-apoptotic NF~kB signalling pathway during infection 

o f human epithelial cells (Collier-Hyams et aL, 2002). Therefore it was interesting to 

study its function during infection with serovar Pullorum due to the lack of 

inflammatory pathology attributed to the disease.

In serovar Typhimurium, sopE2 encodes an invasion-associated effector protein 

secreted by the SPI-1 TTSS but located on a different part o f the chi'omosome to the 

SPI-1 TTSS itself (Miao et aL, 1999; McClelland et a l, 2001) and analysis using the 

co/zBASE database shows it to be a pseudogene in serovar Typhi. Analysis using the 

co/zBASE database shows predicted orthologues of sopE2 to be present in serovars 

Pullorum (2 1 1 2 1 2 1 9_ORF 1 ), Bongori, Enteritidis and Gallinamm. An aligmnent of 

the section of the serovar Typhimurium LT2 genome containing sopE2 with the 

corresponding predicted orthologue for serovar Pullorum was perfonned using 

co/zBASE and is shown in Figure 4.2. In serovar Typhimurium, sopE2 mutants were 

defective in their colonisation o f chicks (Morgan et ah, 2004). Furthemiore, during 

mammalian infection with serovar Typhimurium, SopE2 activates RhoGTPase 

signalling pathways, which mimic eukaryotic G-nucleotide exchange factors 

(Schlumberger and Hardt, 2005). This makes it an interesting target for study in serovai' 

Pullorum, which unlike serovar Typhimurium does not appear to colonise the gut 

(Henderson et a l, 1999).

The mgtB gene is part o f the mgtBC operon in SPI-3, and has been identified in 

serovars Typhimurium (Snaveley et aL, 1991; McClelland et aL, 2001) and Typhi 

(Parkhill et aL, 2001). Analysis using the co/zBASE database shows predicted 

orthologues of mgtB
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Figure 4.1: avrA alignment viewer from co/fBASE. 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 7 4 01 2 1 9 :  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.



125

serovar Typhimurium LT2
i

sopE2

STM 1848

\
sopE 2

serovar Pullorum

Figure 4.2: sopE2 alignment viewer from co/iBASE. 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 1 9 : 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 Pullomm (213 5 12 19_ORF 1 and 213 5 12 19_ORF_2), 

Bongori, Enteritidis, Dublin and Gallinarum. An alignment o f the section of the serovar 

Typhimurium LT2 genome containing mgtB with the conesponding predicted 

ortho logue for serovar Pullorum was perfonned using co/zBASE and is shown in Figure 

4.3. The mgtB gene mediates Mg^”*" influx and is one of three Mĝ "̂  transport systems 

that have been identified in the serovar Typhimurium genome (Snaveley et aL, 1991). 

MgtB, an ATPase enzyme, 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 Mĝ ""' 

environments (Amavisit et aL, 2003). It could therefore be hypothesised that mgtB is 

important for serovar Pullorum intramacrophage persistence.

The gene siiE (also known as STM4261) is a putative inner-membrane protein 

located in SPI-4 and has been identified in serovar Typhimurium (McClelland et aL, 

2001). Analysis using the co/zBASE database shows predicted orthologues ofj'zzE to be 

present in serovars Pullorum (2179 12 19_0RF_2), Typhi, Bongori, Enteritidis,

Dublin and Gallinarum. An alignment o f the section o f the serovar Typhimurium LT2 

genome containing siiE  with the corresponding predicted ortho logue for serovar 

Pullorum was performed using co/z'BASE and is shown in Figure 4.4. The gene siiF  

(also known as STM4262) is a putative ABC-type exporter and has been identified in 

serovar Typhimurium (McClelland et aL, 2001). Analysis using the co/zBASE database 

shows predicted orthologues o f  ̂ 'zzF to be present in serovars Pullomm 

(1 7 6 1 1 2 1 9_ORF_4), Typhi, Bongori, Enteritidis, Dublin and Gallinarum. An 

alignment o f the section o f the serovar Typhimurium LT2 genome containing 5zzF with 

the conesponding glimmer predicted ortho logue for serovar Pullorum was performed 

using co/zBASE and is shown in Figure 4.5. Mutants in siiE and siiF  are defective in
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Figure 4.3: mgtB alignment viewer from co/fBASE. 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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Figure 4.4: siiE alignment viewer from co/iBASE. Shown is a diagrammatic representation of 

the region 4480814-4500813 of Salmonella enterica serovar Typhimurium LT2, and the 

equivalent regions from serovar Pullorum (Contig 268 12 19: 326-735; Contig 27412 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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Figure 4.5: siiF alignment viewer from co/iBASE. Shown is a diagrammatic representation of 

the region 4490227-4510226 o f 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 17611219:  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 

a l,  2004). These genes were therefore thought to be candidates for study in serovar 

Pullomm, which causes systemic infection but does not appear to colonise the intestine 

(Henderson a/., 1999).

4.2 Methods

4.2.11-Red mutagenesis

This method is based on that developed and described by Datsenko and Wanner (2000), 

with modifications suggested by Professor Mark Roberts (University o f Glasgow,

U.K.). Forward and reverse primers were designed with a 40 bp homology to the gene 

o f 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 cassette, a PCR was performed (with 12 

X 100 jul reactions) using one o f the template vectors pKD3(cm) or pKD4(ICan). A small 

amount o f 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 elean-up tubes (Qiagen) were 

used per gene as described in Chapter 2 with 600 gX o f PCR reaction passed through 

each tube. The DNA from the reaction was eluted with MQ water (75 fxX per column) 

and pooled (150 //I total). The restriction enzyme Dpnl (Invitrogen) (2 p\) along with 

REact® 4 buffer (Invitrogen) (15 p\) 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 fr om the gel. Purification o f the gel product was then
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Table 4.1: Primers for X, Red mutagenesis. Where possible, primers were designed to serovar 

Pullorum sequence taken from co/zBase. Otherwise, primers were designed using serovar 

Typhimurium LT2 sequence fr om co/zBase (*). Forward and reverse X primers were designed 

within the gene of interest with the pKD3/4 pruning 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 ml culture of serovar 

Pullorum carrying the vector pKD46 was set up in LB supplemented with 100 pg/mX 

ampicillin, and grown at 30°C (as the plasmid is temperature-sensitive) overnight. The 

overnight culture was diluted 1/1000 in LB containing 100 /xg/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 in 1 ml o f 10% glycerol, and the cells kept on ice. The DNA (0, 2, 5, 

10, 20 and 30 pV) was added to 100 pX competent cells, then left on ice for 10 min. The 

reaction was electroporated in 2 mm cuvettes using standard Salmonella conditions (200 

Olims, 25 juF, 1.75 kV). The cells were then recovered at 37‘*C in 5 ml o f SOC medium 

or Lennox Broth and incubated for 2 h in an orbital shaker at 200 rpm. Following 

recovery, 100 pX o f the cells were plated aseptieally onto LB-agar containing 25 pg/mX 

or 30 pg/mX o f the desired antibiotic (i.e chloramphenicol for pKD3 or kanamycin for 

pKD4). The plates were then incubated overnight at 37°C and colonies containing the 

desired mutation were selected fi-om the plate. Colonies not containing the desired 

mutation would not contain the antibiotic resistant cassette, which was transferred along 

with the mutation during electroporation, and therefore should not grow on the selective 

plates. An agglutination test and antigenic identification test were then carried out on 

the bacterial colonies selected. A slide agglutination test using acriflavin was carried out 

to detennine if the LPS coat o f 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 f the bacterial colony, 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 

Gallinamm, group 0 :09 . A droplet o f Salmonella antisera 0 :0 9  was added to the



133

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 o f the correct antigenic group were then checked by PCR.

4.3 Results

Efforts to constmct bacterial mutants in serovar Pullomm using the X Red 

technique were unsucessful. For the fii'st nine attempts at mutagenesis, the plasmid 

pKD3 was used for the initial PCR. The first eight attempts failed to produce bacterial 

colonies on the selective plates post-electroporation. On the ninth attempt, a small 

number o f bacterial colonies for each mutation were obtained post-eleetroporation 

(approximately 10 for each). Checking for the mutation by PCR revealed that these 

were in fact false positives. Modifications to the protocol were then made on the 

recommendation o f Professor Mark Roberts (University o f Glasgow). These included 

the use o f the plasmid pKD4 rather than pKD3, recovering the electroporated bacteria in 

Lennox Broth rather than SOC medium and increasing the concentration o f the 

antibiotic in the LB-agar plates (from 25 (Xg/ml to 30 jUg/ml) for selecting for the 

mutation. The method was then repeated a further eight times with these modifications. 

This resulted in a high yield o f bacterial colonies post-electroporation, 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 LPS structure).

4.4 Discussion

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

using the X Red system. The modifications made to the protocol on the recommendation
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o f Professor Mark Roberts (University o f Glasgow) were sufficient to allow the 

successful construction o f mutants in other S. enterica serotypes (Professor Mark 

Roberts, personal communication) but were not successful in serovar Pullorum.

In most S, entericia serotypes, LPS stmetures form a layer around the bacterium 

to give protection from the host immune system, 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 o f complement 

is then able to kill the bacteria. Rough mutants are therefore avirulent, and so o f no use 

in this study which was focussed on vfrulence. The structure o f LPS can affect 

transfection o f both F  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 o f sites 

responsible for DNA binding (MacLachlan and Sanderson 1985).

The plasmid pKD46, which encodes the X 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 X Red system itself has a high frequency of recombination, when 

incorporated into a low copy number vector this is reduced to a relatively low fr equency 

(Datsenko and Wanner, 2000). In some strains o f S. enterica this may be reduced 

further or may not occur at all. For example attempts at using the technique to create 

mutations m serovar Enteritidis S I400 have been successful but attempts using serovar 

Enteritidis 125109 have not (Debra Clayton, personal communication). The factors that 

cause this reduction or non-occurrence o f recombination are unknown, but could 

include the site o f pKD46 insertion, which may be close to inhibitory factors on the 

genome. Another explanation could be that the gene of interest may be located near to



135

an essential gene. Thereby the disruption o f the genome via the insertion o f 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 constmcting mutants using other strains sueh as 

serovar Gallinarum (Debra Clayton, personal communication). Perhaps the method does 

not work in the serovar Pullorum strain used (447/89). A possible solution would be to 

try to create the mutation in another serovar Pullorum strain, and then conjugate the 

mutated strain with serovar Pullorum 447/89. Unfortunately, time did not allow for this 

and the potential unsuitability o f some strains for this method did not become apparent 

until late in the project.

The X 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 permitted, other methods o f mutant 

construction would have been investigated. For example the vector pDM4, which is 

maintained as a plasmid in X ph E. coli strains as it integrates into the chromosome in 

other strains. Suicide vectors typically contain an antibiotic resistance cassette (for 

example, the vector pDM4 includes a chloromphenico 1 resistance cassette), which can 

be used as an indication o f theh integration into DNA of recipient strains or to disrupt 

the gene itself. To constmct a genetic mutation via this method, the flanking regions o f 

the gene of interest are amplified, and then linked by a second amplification thereby 

excluding the gene. The gene deletion is then cloned into the suicide plasmid and 

transfoimed (e.g. by electroporation or calcium chloride transformation) into an F  coli 

X pii' strain. A conjugation between the F  coli X pir and the filial recipient can be used 

to transfer the suicide plasmid containing the mutation into the desiied strain.



136

Successful 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 SPI mutant constructs were created (Jones et aL, 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 cause 

reversion o f the mutation to the wild-type. Therefore, although spaE  and ssalT  can be 

used for in vitro and short in vivo assays, they should not be used for long in vivo 

assays. However, Wigley et aL (2002) successfully used serovar Pullorum .s's'at/' in vivo 

over a relatively long time-scale. This was successful as the mutant was completely 

attenuated in the establishment o f a systemic infection and therefore selection pressure 

on the bacteria to revert to wild-type was not an 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 results.

As mutant construction using the X Red system was not successful, this study 

concentrated on the role o f the SPI-1 TTSS and the SPI-2 TTSS in early-stage serovar 

Pullorum infection using the bacterial mutants that were aheady available. The mutants 

were stable for use in vitro and for short in vivo experiments, so research was focused 

around the initial invasion event in the gut and the establishment o f persistent infection 

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

with Salmonella enterica serovar Pullorum in vitro

5.1 Introduction

Modelling disease in vitro provides the opportunity to study the individual 

mechanisms taking place during an infection and to demonstrate the interactions 

between individual cell types in a controlled environment, something which is more 

problematic during in vivo investigations. For Pullorum Disease, it is useful to 

investigate the mechanisms o f 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 aetiology o f the disease.

The SPI-1 TTSS plays a role in the initial invasion event during serovar 

Pullorum infection (Wigley et al., 2002). Invasion during serovar Pullorum infection 

occurs tlirough areas o f organised lymphoid tissue associated with the gut (i.e. the 

GALT), and there is evidence to suggest the bursa of Fabricius is one o f these invasion 

sites (Henderson et aL, 1999). It is difficult to accurately replicate these areas o f GALT 

in vitro, and therefore intestinal epithelial cell models are used. Cunently, there is no 

chicken intestinal epithelial cell line. Chick kidney cells (CKC) contain a high 

proportion o f epithelial cells, relatively few phagocytic cells, and are readily invaded by 

a range o f *5. enterica serovars (Barrow and Lovell, 1989). They have been used in 

previous studies to model different aspects o f 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 spleen (Wigley et aL,
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2001). A current model for this cell type is HDl 1, which are MC29 viiais-transformed 

chicken haematopoietic cells that fonction in ways comparable to macrophages (Beug et 

aL, 1979). Although HDl 1 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 o f a primary macrophage population ex vivo was considered, as this 

would provide a more realistic model for persistence and would highlight differences 

between the responses of the primary macrophage cell population and HDl 1 cells. 

Protocols for the isolation and differentiation of primary cells such as monocyte-derived 

macrophages from peripheral blood mononuclear cells (PBMC) (Wigley et aL, 2002) or 

from the spleen (Wigley et aL, 2001) yield relatively low quantities o f cells which have 

a short lifespan ex vivo. The isolation and differentiation o f chicken bone marrow- 

derived macrophages, as described in Chapter 3, overcomes these problems for 

modelling serovar Pullorum persistence.

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

mediated, but 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, unlike other related serovars. This poses the question as to whether there is any 

involvement of the SPI-1 TTSS in the modulation o f the host immune response during 

serovar Pullomm infection. Even though the SPI-1 and SPI-2 TTSS are well conserved 

within S. enterica serovars (Ochman and Groisman 1996), there is increasing evidence 

to suggest differences in the range o f effector proteins that are secreted by this 

machinery (Hardt and Galan, 1997; Mirold et aL, 1999; Amavisit et aL, 2003). Also, the 

translocation o f SPI-1 TTSS effector proteins into host cells results in, amongst other 

things, the activation of various transcription factors (Suarez and Rüssmami, 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 SPI-1 

and SPI-2 TTSS on the avian host. Interestingly, Kaiser et aL (2000) reported that the 

cytokine profiles expressed by CKC in response to infection with either serovar 

Typhimurium, Enteritidis or Gallinarum were markedly different, and this could be 

directly related to differences in both the pathogenesis and progression o f the different 

diseases caused by these agents. It was therefore an aim o f the study to investigate the 

pro -infiammatoiy immune response o f CKC cells to infection with serovar Pullorum, 

and to determine any involvement of the SPI-1 TTSS. The effects o f the SPI-1 TTSS on 

bacterial invasion o f the macrophage eell models is also o f 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 TTSS-mediated persistence within splenic macrophages during serovar 

Pullorum infection has been previously demonstrated in vivo by Wigley et at. (2001) 

and a functional SPI-2 TTSS was essential for both virulence and carriage (Wigley et 

aL, 2002). The SPI-2 TTSS is essential for virulence during serovai' Gallinarum 

infection and this persistence has been successfully modelled in vitro using HDl 1 cells 

(Jones et aL, 2001). However, persistence due to the SPI-2 TTSS during serovar 

Pullorum infection has not yet been modelled in vitro. Attempts at using HDl 1 cells for 

this purpose have so far been unsuccessful (Paul Wigley, personal communication). Due 

to the previous lack o f an effective cell model, studies into the mechanisms o f and the 

consequent host cell responses to persistence have not been possible. Utilisation o f 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 HDl 1 cells were prepared as described in Chapter 2, section 2.3.1. 

Bone marrow-derived macrophages were isolated from line I 2 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. Two hours prior to use the 

monolayer was washed to remove all traces o f 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 

o f the repeated parameters was taken from each experiment (giving n-3) for the 

analysis. Differences were analysed using Analysis o f Variance and the two-tailed t-test, 

and were carried out using Minitab for Windows version 14 statistical package (Minitab 

Ltd., Coventry, West Midlands, UK). Values o f 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 intracellular bacterial counts as colony forming units (i.e. a 

count of the viable bacteria) per ml from CKC infected with either serovar Pullorum, 

serovar Pullorum spaS  attenuated 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 o f the time-course, demonstrating that the cells were 

not contaminated. At the early time-points o f 2 and 3 h post-infection (hpi), the numbers
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Figure 5.1: Intracellular bacterial counts from CKC following infection with 100 fiMmX of a 

late log phase 10* cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar 

Pullorum spaS- or serovar Enteritidis. Bacteria! counts are expressed as log cfti/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=0.015, 

P=0,021 respectively) than numbers o f the spaS  attenuated mutant, by approximately 

1.5 log at 2 hpi then 1 log at 3 hpi. By 4 hpi, there is no longer any significant difference 

between these groups. The numbers o f serovar Enteritidis within the CKC over the 

time-course stay relatively constant at approximately 5 log/ml, and they are 

significantly higher at 2, 3, 4 and 5 hpi compared to numbers o f serovar Pullorum 

(P=0.024, P=0.001, P==0.001, P-Q.003 respectively) and at 2, 3 and 4 hpi when 

compared to numbers o f the spaS  attenuated mutant (P=0.004, P=0.002, P=0.006 

respectively).

Results o f Griess assays to determine nitric oxide production were performed on 

the supernatants collected from the gentamicin protection assays and are shown in 

Figure 5.2. There was no significant difference between the amounts o f nitrite measured 

in any of the supernatants across the time-course, after intracellular infection with either 

serovar Pullorum, serovar Pullorum spaS, serovar Enteritidis or from the control mock- 

infected CKC.

Figure 5.3 shows cytokine inRNA expression in the same CKC. Figure 5.3A 

shows the expression profile oflL-ljS mRNA for the differentially infected cells across 

the time-course. At 2 hpi, XL-1)8 mRNA expression levels during serovar Enteritidis 

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

Pullomm infection (P=0.019), spaS  (P=0.033) and for the mock-infected control cells 

(P=0.006). At 3 hpi, there were no significant differences for IL-1/3 mRNA expression 

fi'om 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 Pullomm (P=0.026), with spaS  (P=0.041) and for the 

mock-infected control (P=0.02). At 5 hpi, IL-1/8 mRNA expression levels during
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Figure 5.2: Nitric oxide production by CKC following infection with 100 /il/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 pX of supernatants from gentamicin protection assays 

(n=3; SD±0.05).
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Figure 5.3: IL 1,8 (A), IL-6 (B), CXCLil (C) and CXCLil (D) mRNA expression levels in 

CKC following infection with 100 g 1/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 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 Pullorum (P=0.015), with spaS  (P-0.054) and for the mock- 

infected control cells (P=0.0025). There was no significant difference between IL-1/3 

mRNA expression levels during serovar Pullorum 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), jpaF-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 j^uF-infected cells (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 Pullomm-infected 

(P=0.046) and i/7uF-infected cells (P=0.017). By 5 hpi, this significant up-regulation 

was only evident when comparing serovar Enteritidis-infected cells to serovar 

Pullorum-infected cells (P=0.025). There was no significant difference in IL-6 mRNA 

levels between the differentially infected cells at 6 hpi. There was no significant 

difference between IL-6 mRNA expression levels during serovar Pullomm and spaF  

infections across the time-course.

Figure 5.3C shows the mRNA expression profile for CXCLil across the time- 

course. At 2 hpi, CXCLil mRNA expression levels were significantly higher during 

serovar Enteritidis infection when compared to those measured during serovar Pullomm 

infection (P=0.005), spaS  infection (P=0.015) and for the control cells (P=0.006). At 4 

and 5 hpi, levels o f CXCLil mRNA during serovar Enteritidis infection were 

significantly higher than those measured during serovar 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 

difference in CXCLil mRNA levels between the differentially infected cells at 6 hpi. 

There was no significant difference between CXCLil mRNA expression levels during 

serovar Pullorum and spaF  infections across the time-course.

Figure 5.3D shows the CXCLi2 mRNA expression profile over the time-course 

o f the experiment. There were significant differences between the levels o f CXCLi2 

mRNA expression for the groups o f 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 infected 

cells had significantly down-regulated CXCL12 mRNA levels compared to those 

measured in the control cells (P=0.008). At 4 and 5 hpi, CXCL12 mRNA levels from 

serovar Enteritidis-infected cells were significantly up-regulated when compared to 

those measured in serovar Pullorum-infected cells (P=0.010, P=0.030 respectively). At 

5 hpi, there was also significant up-regulation o f CXCLi2 mRNA during serovar 

Enteritidis infection when compared to j^puFinfection (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 effect of SPI-2 TTSS on invasion of CKC with serovar Pullorum

Intracellular bacterial counts from CKC over a time-course following infection 

with either serovar Pullorum, serovar Pullorum ssalT  attenuated mutant or serovar 

Enteritidis are shown in Figure 5.4. The cells were also mock infected as a control, and 

these results were negative 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 /il/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/ml, 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 ssaLT 

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 s sa lf  over 

the time-course.

Griess assays perfonned on the supernatants collected from the gentamicin 

protection assay are shown in Figure 5.5. Across the time-course, there was no 

significant difference between nitrite levels measured during intracellular serovar 

Pullomm, ssa lf  or serovar Enteritidis infection, or for the control mock-infected CKC 

cells, with levels remaining at approximately 1 /xM nitrite for the duration of the 

experiment.

Figure 5.6 shows cytokine inRNA expression in the same CKC. IL-1/5 mRNA 

expression levels during the experiment are shown in Figure 5.6A. There was 

significant up-regulation oflL-ljg mRNA expression levels at 2 hpi during infection 

with serovar Enteritidis compared to those during infection with serovar Pullorum 

(P=0.000), with s sa lf  (P=0.001) and in the control cells (P=0.000). At 4 hpi, IT-1/5 

mRNA expression levels during serovar Enteritidis infection were significantly up- 

regulated compared to those measured during serovar Pullorum infection (P=0.001). At 

5 hpi, there was significant up-regulation o f IL-ljS mRNA expression levels during 

serovar Enteritidis infection compared to those measured during serovar Pullorum 

infection (P=0.018) and in the control cells (P=0.000), There was no significant 

difference between IL-1/3 mRNA expression levels during serovar Pullorum and spas' 

infections across the time-course.
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Figure 5.5: Nitric oxide production by CKC following infection with 100 nVmi 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 gl of supernatants from gentamicin protection assays 

(n=3; SD±0.05).
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Figure 5.6: IL-1/3 (A), IL-6 (B), CXCLil (C) and CXCLi2 (D) mRNA expression levels of 

CKC following infection with 100 /d/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 *, or * 

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 itlR N A  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), ssaLT infection (P^O.OOl and P=0.006 

respectively) and in the control cells (P=0.002, P=0.007). At 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 Pullomm infection (P=0.001), ssa lf  infection (P=0.050) 

or in the control cells (P=0.020). At 6 hpi there was a significant up- regulation of IL-6 

mRNA levels measured during s sa lf  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 s sa lf  infections.

CXCLil mRNA expression levels durmg the experiment are shown in Figure 

5.6C. There was significant up-regulation o f CXCLil mRNA expression levels during 

serovar Enteritidis infection compared to levels measured during serovar 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 ssa lf  infection 

(P=0.005 and P=0.011 respectively) and to those levels measured for the control cells at 

2, 4 and 6 hpi (P=0.001, P=0.039 and P=0.022 respectively). There was no significant 

difference between CXCLil mRNA expression levels during serovar Pullorum and 

s sa lf  infections across the time-course.
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CXCL12 mRNA levels are shown in Figure 5.6D. Again, as for the CXCLil 

expression profile, CXCL12 mRNA expression levels during serovar Enteritidis 

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

during serovar Pullorum infection (P=0.001, P=0.001, P=000, P=0.0026 and P=0.000 

respectively). There was up-regulation o f CXCL12 mRNA levels during serovar 

Enteritidis infection at 2, 3, 5 and 6 hpi compared to those measured during ssalT  

infection (P^O.OOO, P=0.015, P=0.050 and P=0.015 respectively) and in the control cells 

(P=0.000, P=0.004, P=0.002 and P=0.008 respectively). At 2, 4 and 6 hpi CXCL12 

mRNA levels measured during serovar Pullomm infection were significantly down- 

regulated compared to 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 s sa lf  

infection compared to levels in the control cells (P=0.020). There was no significant 

difference between CXCLi2 mRNA expression levels during serovar Pullorum and 

s sa lf  infections across the time-course.

5.3.3 The effect of SPI-1 TTSS on invasion of H D ll cells with serovar 

Pullorum

Intracellular bacterial counts from HDl 1 cells over a 24 h time-course following 

infection with either serovar Pullomm, s p a f  or serovar Enteritidis are shown in Figure 

5.7. Cells were also mock-infected as a control. These cells were negative for 

intracellular bacterial counts for the duration o f the time-course, demonstrating that the 

cells were not contaminated. At 2 hpi, intracellular serovar Enteritidis bacterial counts 

were significantly higher compared to those measured for serovar Pullorum (P=0.002) 

and for the .s/?a5"-attenuated mutant (P=0.003) by approximately 1 log. There was no
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Figure 5.7: Intracellular bacterial counts from H D ll cells following infection with 100 

H\Jm\ of a late log phase 10* cfu/ml culture of either Salmonella enterica serovar Pullorum, 

serovar Pullorum spaS- 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 H D ll cells following infection with 100 /d/ml of a 

late log phase 10* cfu/ml culture of either 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 p\ supernatants from gentamicin protection 

assays (n=3; SDi0.05). Statistical significance represented by *.
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significant difference between the bacterial numbers in any o f the differentially 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 o f nitrite measured in the 

supernatants following serovar Enteritidis infection o f the HDl 1 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 respectively), spas' infection 

(P=0.001, P=0.016, P=0.006 and P=000 respectively) and in the control cells (P=0.001, 

P=0.015, P=0.004 and P=0.000 respectively). The levels o f nitrite produced following 

serovar Pullorum infection were significantly greater than those measured in the 

supernatants o f control cells 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). There were no significant differences 

between the levels o f nitrite produced following serovar Pullomm infection compared to 

spaS^ infection for the time-course.

Figure 5.9 shows cytokine mRNA expression in the same HDl 1 cells. IL-1/5 

mRNA expression levels during the experiment are shown in Figure 5.9A. At 2 hpi, IL- 

IjO mRNA expression levels following serovar Enteritidis and spaS' infection o f HDl 1 

cells were significantly up-regulated compared to those measured in control cells 

(P=0.003 and P^O.OOl respectively). At 4 hpi, IL-1/3 mRNA levels following serovar 

Pullorum infection were significantly up-regulated when compared to those measured 

following infection with serovar Enteritidis (P=0.010). IL-ljS mRNA levels at 8 hpi 

during serovar Enteritidis, serovar Pullorum 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-lj8 (A), IL-6 (B), CXCLil (C) and CXCLil (D) mRNA expression levels of 

H Dll cells following infection with 100 fi\/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 qRT-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-1/3 mRNA expression 

levels during serovar Pullorum and spaS  infections across the time-course.

IL-6 mRNA expression levels during the experiment are shown in Figure 5.9B. 

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 expression levels 

during serovar Enteritidis infection were 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 spaS  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 significantly up-regulated 

compared to those measured during serovar Enteritidis infection (P=0.041 and P=0.007 

respectively). There was no significant difference between IL-6 mRNA expression 

levels during serovar Pullorum and spas' infections across the time-course.

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 mRNA were significantly up-regulated following infection with serovar 

Pullorum (P=0.001, P=0.000, P=0.001 and P=0.001 respectively), with^p^^S'’ (P=0.001, 

P=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 serovar 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 (P=0.004, P=0.002 and P=0.012 respectively).
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There was no significant difference between CXCLil inRNA expression levels during 

serovar Pullorum and spaS^ infections across the time-course.

Figure 5.9D shows CXCL12 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 Pullomm (P=0.002), with spas' (P=0.002) 

and with serovar Enteritidis (P=0.011). CXCLi2 mRNA expression levels at 4 hpi in 

serovar Pullomm-infected cells were up-regulated compared to in spaS~-infected cells 

(P^O.044), serovar Enteritidis-infected cells (P=0.011), and compared to those measured 

in the control cells (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) at 4 hpi. At 8 hpi, mRNA 

expression levels following serovar Pullorum infection were up-regulated compared to 

those measured following serovar Enteritidis infection (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 o f HDl 1 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 following spas' infection at 24 hpi 

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

5.3.4 The effect of SPI-2 TTSS on invasion of H D ll cells with serovar 

Pullorum

Intracellular bacterial counts from HDl 1 cells infected with either serovar 

Pullomm, with serovar Pullomm s sa lf  attenuated mutant or with serovar Enteritidis 

over a 24 h time-course are shown in Figure 5.10. The cells were also mock infected as
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Figure 5.10: Intracellular bacterial counts from H D ll cells following infection with 100 

/ll/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 demonstrating that the cells 

were not contaminated. At 2 hpi, numbers o f intracellular serovar Enteritidis were 

significantly higher compared to numbers o f intracellular serovar- Pullorum and s sa lf  

(P=0.045, P=0,026) by approximately 1 log. There are no significant differences in the 

intracellular bacterial numbers o f the differentially infected cells across the rest o f the 

time-course and the numbers o f 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 intracellular 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), ssa lf  infection (P=0.042, P=0.015, P=0.009 and 

P=0.001 respectively) and compared to those measured in control cells (P=0.041, 

P==0.014, P=004 and P=0,000 respectively). Nitrite levels increased across the time- 

course to a maximum o f approximately 25 (xM. At 24 hpi, nitrite levels measured in the 

supernatants o f serovar Pullorum-infected and ssa lf  -infected HDl 1 cells were 

significantly higher than those measured in the supernatants o f control cells, at 

approximately 5 ixM compared to approximately 1 pM.

Figure 5.12 shows cytokine mRNA expression in the same HDl 1 cells. IL-1/3 mRNA 

expression levels for the differentially infected HDl 1 cells across the time-course are 

shown in Figure 5.12A. At 2, 4, 8 and 24 hpi, compared to levels in control cells, there 

was significant up-regulation o f IL-1/3 mRNA levels during serovar Pullorum infection 

(P=0.046, P=0.002, P=0.000 and P=0.009 respectively) and during infection 

(P=0.037, P=0.001, P-0.004 and P=0.004 respectively). IL-1/3 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).



161

a
0)

serovar Pullorum 

serovar Pullorum ssaU- 

serovar Enteritidis 

control

30

25

20

15

10

5

0
2 4 8 24

Hours post-infection

Figure 5.11: Nitric oxide production by H D ll cells following infection with 100 ^1/ml of a 

late log phase 10* cfu/ml culture of either Salmonella enterica serovar Pullorum, serovar

Pullorum ssalJ- or serovar Enteritidis. Nitric oxide production is illustrated by the amount of 

nitrite present, measured by Griess assay on 50 fx\ of supernatants from gentamicin protection 

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

H D ll cells following infection with 100 fil/m\ of a late log phase 10* cfu/ml culture of 

either Salmonella enterica serovar Pullorum, serovar Pullorum ssaf/-, 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 IL-1/3 inRNA expression levels during 

serovar Pullorum and ssalT  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 o f IL-6 mRNA levels following infection with serovar Pullorum (P=0.001, 

P=0.004, P̂ ^O.OOO and P=0.006 respectively), with s sa lf  (P=0.001, P=0.004, 

P=0.002and P=0.008 respectively) and with serovar Enteritidis (P=0.002, P=0.006, 

P=0.000 and P=0.001 respectively). At 2 hpi, IL-6 mRNA expression levels m s sa lf  - 

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 IL-6 mRNA 

expression levels during serovar Pullorum and ssa lf  infections across the time-course.

Figure 5.12C shows expression levels o f CXCLil mRNA during the experiment. 

There was significant up-regulation o f CXCLil mRNA expression levels, compared to 

those measured for the control cells, at 2, 4, 8 and 24 hpi following infection with 

serovar Pullomm (P=0.054, P=0.003, P=0.000 and P-0.001 respectively) and ssa lf  

(P=0.036, P=0.001, P=0.002 and P=0.001 respectively). Following serovar Enteritidis 

infection, there was significant up-regulation o f 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 o f both serovar Pullomm- 

infected and 55aC/'-infected cells were significantly up-regulated compared to those 

measured for serovar Enteritidis-infected cells (P=0.035 and P=0.014 respectively). 

There was no significant difference between CXCLil mRNA expression levels during 

serovar Pullorum and s sa lf  infections across the time-course.
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The CXCL12 mRNA expression levels for the differentially infected HDl 1 cells 

across the time-course are shown in Figure 5.12D. There was significant up-regulation 

o f 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 P-0.000 

respectively), with s sa lf  (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 s sa lf  infections across the time-course.

5.3.5 The effect 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-dMO) infected on day 7 ex vivo, at 2, 4, 8 and 24 hpi following infection with 

serovar Pullorum, with serovar Pullorum ssaW  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 o f intracellular s sa lf  were significantly higher (by 

approximately 1 log) compared to numbers o f intracellular serovar Pullorum (P=0.008). 

Intracellular serovar Enteritidis bacterial numbers at 2 hpi were higher (by 

approximately 2.5 log) than those for serovar Pullorum (P=0.000), and (by 

approximately 1.5 log) than those for ssa lf  (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 intracellular bacterial 

numbers were significantly higher compared to s sa lf  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 /d/ml of a late log phase 10̂  cfu/ml culture of 

either Salmonella enterica serovar Pullorum, serovar Pullorum ssaU- 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.
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Griess assays perfonned on the supernatants collected fi'om the gentamicin 

protection assays are shown in Figure 5.14. At 2, 4, 8 and 24 hpi, nitrite concentrations 

measured in the supernatants o f serovar Enteritidis-infected cells were significantly 

higher than in serovar Pullorum-infected cells (P=0.009, P=0.001, P=0.000 and P=0.000 

respectively), in s sa lf  -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 fi'om approximately 25 /iM at 2 hpi to approximately 45 at 

24 hpi. Levels measured during serovar Pullorum infection, s sa lf  infection and in 

control cells did not rise above 2.5 fiM. for the duration o f the experiment.

Figure 5.15 shows cytokine mRNA expression levels in the same bone marrow- 

derived macrophages. The IL-ljS mRNA levels for the experiment are shown in Figure 

5.15A. At 2 hpi, there were no significant differences between IL-lj6 mRNA expression 

levels for the differentially infected cells. At 4, 8 and 24 hpi, compared to those 

measured for serovar Enteritidis-infected cells, IL-1/3 mRNA expression levels were 

significantly up-regulated following serovar Pullorum infection (P=0.010, P=0.001 and 

P=0,004 respectively) and following CL infection (P=0.050, P=0.001 and P=0.003 

respectively). IL-ljS mRNA levels were significantly up-regulated at 24 hpi, compared 

to those measured in control cells, during serovar Pullorum infection (P=0.044) and 

during s sa lf  infection (P=0.041). There was no significant difference between IL-1/3 

mRNA expression levels during serovar Pullorum and ssa lf  infections across the time- 

course.

The IL-6 mRNA expression levels 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 /d/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 /xl 

of supernatants from gentamicin protection assays (n=3; SD±G.G5). Statistical significance 

represented by *.
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Figure 5.15: IL-1/8 (A), IL-6 (B), CXCLil (C) and CXCLil (D) mRNA expression levels in 

chicken bone marrow-derived macrophages following infection with 100 /d/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 

e x  v iv o  (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 o f IL-6 mRNA levels during infection with serovar Pullorum at 4 and 8 hpi 

(P=0.010 and P-0.003 respectively), w ith^^aU 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 o f IL-6 mRNA levels, compared to those measured following 

infection with serovar Enteritidis, at 4 and 8 hpi following infection with serovar 

Pullorum (P=0.029 and P=0.001 respectively) and with^y^yafL (P=0.047 and P=0.028 

respectively). There was no significant difference between IL-6 mRNA expression 

levels during serovar Pullomm and s sa ll  infections across the time-course.

Expression levels o f CXCLil luRNA are shown in Figure 5.15C. At 4 and 24 

hpi, CXCLil mRNA expression levels were significantly up-regulated following 

serovar Pullomm infection compared to those in control cells (P=0.038 and P=0.009 

respectively). Following ssalT infection this up-regulation of mRNA levels compared to 

serovar Enteritidis 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 o f CXCLil mRNA levels compared to those measured in 

control cells (P=0.053). There was significant up-regulation o f CXCLil mRNA levels, 

compared to those measured during infection with serovar Enteritidis, at 4 hpi with 

serovar Pullomm (P=0.007). There was no significant difference between CXCLil 

mRNA expression levels during serovar Pullomm and s sa lf  infections across the time- 

course.

The CXCLi2 mRNA expression levels for the experiment are shown in 

Figure 5.15D. There was significant up-regulation o f CXCLi2 mRNA levels at 4 and 8 

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

Pullorum infection (P=0.005 and P=0.041 respectively), also at 4, 8 and 24 hpi during 

ssa lf  infection (P=0.009, P=0.031 and P=0.038 respectively). At 24 hpi, compared to
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Figure 5.16: Intracellular bacterial counts from chicken bone marrow-derived 

macrophages following infection with 100 /d/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 ssalJ- . 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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levels in control cells, there was significant up-regulation o f CXCLi2 inRNA levels 

following serovar Pullorum infection (P=0.014), and following s sa lf  infection 

(P-0.009). There was no significant difference between CXCLi2 mRNA expression 

levels during serovar Pullomm and s sa lf  infections across the time-course.

Intracellular bacterial counts from BM-dMO infected on day 5 ex vivo with either 

serovar Pullorum, serovar Pullorum s sa lf  attenuated mutant or with serovar Enteritidis 

at 24, 48 and 72 hpi are shown in Figure 5.16, 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. Intracellular bacterial numbers of s sa lf  were significantly 

higher compared to those measured for serovar Pullorum at 24 and 48 hpi (P=0.048 and 

P=0.010 respectively). The intracellular levels of  s sa lf  were high (approximately log 3) 

at 24 hpi, but they then fell dramatically over the time-course to numbers similar to 

those measured following serovar Pullomm infection. Numbers o f intracellular serovar 

Pullorum bacteria remained relatively stable over the time-course, with much lower 

gradients when plotted across the time-course, compared to those measured for s s a lf . 

Numbers of intracellular serovar Enteritidis were significantly higher compared to those 

o f serovar Pullomm at 24 and 48 hpi (P==0.011 and P=0.009 respectively), and 

significantly higher compared to those of  s sa lf  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 are shown in Figure 5.17. At 24 hpi, there were no 

significant differences between the nitrite levels measured following serovar Pullorum 

and ssalT infection. By 48 hpi, though, the ssa lf  -infected BM-dMO cells produced 

significantly increased levels of nitrite compared to those measured fr om the serovar 

Pullorum infected cells (P=0.025) and this significant increase continued to 72 hpi
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Figure 5.17: Nitric oxide production by chicken bone marrow-derived macrophages 

following infection with 100 fiMml of a late log phase 10̂  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 /il 

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

represented by *, or * for significance that is SPI-2 TTSS-mediated.
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(P=0.011). Nitrite levels were significantly higher compared to those in control cells 

across the time-conrse following serovar Pulloruni infection (P=0.000, P=0.024 and 

P=0.006 respectively) and following ssalT infection (P=0.012, P=0.000 and P^O.OOO 

respectively). During serovar Enteritidis infection, nitrite levels were significantly 

higher at 48 and 72 hpi compared to those measured during serovar Pullorum infection 

(P=0.004 and P=0.015 respectively), during ssalT  infection (P=0.006 and P=0,000 

respectively) and for control cells (P=0.000 and P=0.014 respectively).

The cytokine mRNA expression profiles for the experiment are shown in Figure 

5.18. IL-ljS mRNA expression levels are shown in Figure 5.18A. IL-1|8 mRNA levels 

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

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

with.s'^atf at 24 and 72 hpi (P=0.002 and P=0.003 respectively) and with serovar 

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

Enteritidis at 24 hpi, there was significant up-regulation o f IL-ljS mRNA levels 

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

There was no significant difference between IL-1/3 mRNA expression levels during 

serovar Pullorum and ssa lf  infections across the time-course.

IL-6 mRNA expression levels across the time course for the 

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

mRNA levels during 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 to control cells, IL-6 mRNA levels were significantly up- 

regulated tluoughout the time-course during ssa lf  infection (P=0.000, P=0.046 and 

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

Pullomm infection (P^O.002). At 24 and 48 hpi, compared to those measured for



174

25

ü  20

î ' =
g 10
o  5

24 48

25

20

15

10

72

Hours post-infection

m  serovar Pullorum
m  serovar Pullorum ss a il-

B i  serovar Enteritidis
I I control

0 ab

25 

20 

15 

10 

5 

0

Hours post-infection

Figure 5.18: IL-ljS (A), IL-6 (B), CXCLil (C) and CXCLÎ2 (D) mRNA expression levels in 

chicken bone marrow-derived macrophages following infection with 100 fiVm\ 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 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 o f  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^O.021).

T h e mRNA expression levels for CXCLil are shown in Figure 5.18C. Across 

the time-course, compared to levels in control cells, expression levels o f CXCLil 

mRNA were significantly up-regulated during infection with serovar Pullorum 

sign ifican ce that is SPI-2 TT SS-m ediated. Bars, w ithin sam e tim e point for each cytokine, not 

sharing a letter (w hen letters are show n) are statistically significantly different.

(P-O.OOO, P==0.034 and P-Q.002 respectively) and during infection (P=0.000, 

P=0.026 and P=0.007 respectively). There was also significant up-regulation of 

CXCLil mRNA 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 ssalT (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 s sa lf  infections across the time-course.

The CXCLi2 mRNA expression levels for the experiment are shown in Figure 

5.18D. CXCLi2 mRNA levels were significantly 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^O.OOl respectively), ssa lf  (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 niRNA expression levels following s sa lf  infection were significantly 

lower than those measured following serovar Pullorum infection (P=0.032). CXCLi2 

mRNA levels measured following serovar Pullomm infection were significantly higher 

and those measured following serovar Enteritidis infection at 24, and 48 hpi (P=0.016 

and P=0.034 respectively). At 48 hpi, levels o f mRNA expression during ssa lf  

infection were significantly higher compared to those measured during serovar
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Enteritidis infection (P=0.014). Levels o f CXCLil mRNA expression were significantly 

higher during serovar Enteritidis infection compared to those measured during serovar 

Pullorum infection at 72 hpi (P=0.023).

5.4 Discussion

The data clearly show that the SPI-1 TTSS is involved in, but not essential for, 

the invasion of CKC by serovar Pullorum. There were significant differences between 

intracellular numbers o f serovar Pullorum wild-type and the SPI-1 TTSS-attenuated 

mutant at early time-points post-infection. The serovar Pullorum wild-type bacteria 

invaded CKC faster than the SPI-1 TTSS-attenuated bacteria suggesting a role for this 

system in the invasion process. Attenuation o f the SPI-1 TTSS does not, however, 

completely inhibit this process as intracellular bacteria were still found at the early time- 

points. These data support and build on those reported by Wigley et al. (2002), who 

investigated the effect o f the SPI-1 TTSS on invasion of CKC at 2 hpi. Intracellular 

levels o f serovar Pullorum within the CKC were constant thioughout the experiment. 

The SPI-1 TTSS-attenuated mutant bacteria were present intracellularly in significantly 

lower numbers at the start o f the assay, but theii’ numbers quickly increased to be 

comparable to those seen during the serovar Pullorum wild-type infection. This was not 

due to continued invasion into 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 TTSS did not appear to play a role in this 

process.

The intracellular survival o f 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 o f 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-ljS, IL-6, CXCLil and CXCL12 mRNA expression during 

serovar Pullorum wild-type and SPI-1 TTSS-attenuated mutant infection, which 

indicates that although the SPI-1 TTSS is involved in the initial invasion event, it does 

not appear to have any affect on host pro-inflammatory cytokine production. Expression 

o f the pro-infiammatoiy cytokines was significantly increased at early time-points 

during serovar Enteritidis infection, but not during serovar Pullorum infection. This 

could be due to either immune modulation by serovar Pullorum or due to the lower 

numbers o f 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 immune response by maintaining a lower intracellular bacterial population. This 

would reduce the chance of detection by the immune system and lessen the need for 

active immune modulation.

Repetition o f 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 et uA, 2002). None of the bacteria induced 

nitric oxide production by CKC. The pro-inflammatory cytokine mRNA expression 

profiles were similar to those measured when evaluating the role o f the SPI-1 TTSS in 

CKC, with expression being significantly up-regulated during serovar Enteritidis 

infection, but not during serovar Pullorum infection when compared to the control. It is 

o f note, though, that at 6 hpi, IL-6 mRNA expression due to serovar Pullorum infection
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appeared to be down-regulated in a SPI-2 TTSS-dependent manner. It has been 

suggested that the SPI-2 TTSS becomes functional in the course o f intracellular 

persistence during in vivo infection due to a specific set of environmental signals 

(Diewick et al., 1999), and the persistence o f the bacteria within the CKC, could be the 

reason for this late difference in function and phenotype of the SPI-2 TTSS mutant 

during the experiment. The role o f the SPI-2 TTSS in intracellular persistence and host 

immune modulation will be discussed further below.

The SPI-1 TTSS plays a role in invasion o f 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 HDl 1 macrophage-like cells. This in itself suggests 

that the up-take o f bacteria into the macrophage is via a different mechanism than that 

employed in invading the gut. In the gut, invasion of 5. enterica bacteria involves, in 

some part, membrane-ruffling (Francis et a l, 1993), which involves processes mediated 

by the SPI-1 TTSS (Hayward and Koronakis, 1999; Galan 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 completely dependent on the process o f membrane-ruffling though, and 

that other SPI-1 TTSS-mediated forms o f invasion may also play a role. Uptake into 

macrophages, however, is likely to be tlnough phagocytosis initiated by the host cell, 

therefore not requhing the SPI-1 TTSS.

Although serovar Enteritidis and serovar Pullorum bacteria were present in 

HDl 1 cells in relatively similar numbers throughout the time-course, intracellular 

infection with serovar Enteritidis induced significantly greater nitric oxide production 

when compared to that induced by serovar Pullorum infection. This could suggest that 

serovar Pullorum is perhaps modulating host cell nitric oxide induction, but the results 

do not suggest any involvement o f the SPI-1 TTSS at this stage. The pro-inflammatory
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mRNA expression profile during serovar Pullomm and serovar Enteritidis infection of 

HDl 1 cells showed a generalised significant up-regulation o f IL-ljS, IL-6, CXCLil and 

CXCL12 mRNA levels compared to those measured in control cells. From the results, 

there was no suggestion o f SPI-1 TTSS involvement in this induction o f increased 

expression, as no significant differences were measured following infection with either 

serovar Pullorum wild-type or the SPI-1 TTSS-attenuated mutant. There is also no 

indication o f immune modulation by serovar Pullomm as pro-inflammatory cytokine 

mRNA expression was o f similar (sometimes significantly greater) levels to those 

measured during infection with serovar Enteritidis across the time-course.

There were no significant differences in the numbers o f intracellular' serovar 

Pullorum bacteria counted in HDl 1 cells infected with either the wild-type or the SPI-2 

TTSS-attenuated mutant, suggesting that there was no SPI-2 TTSS-attenuated mutant 

involvement in bacterial persistence within the HDl 1 cells up to 24 hpi. There was no 

involvement o f the SPI-2 TTSS in the induction o f nitric oxide in HDl 1 cells, and 

nitrite levels in supernatants collected during invasion and persistence o f serovar 

Pullorum and serovar Enteritidis were comparable to those measured when 

investigating the role o f the SPI-2 TTSS. The cytokine mRNA expression profiles 

measured over the time-course for the differentially infected HDl 1 cells showed an up- 

regulation o f IL-1|3, IL-6, CXCLil and CXCL12 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 o f HDl 1 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-attenuated mutant-infected cells.
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Repetition in BM-dM$ o f the assays initially performed in HDl 1 cells to 

evaluate the role o f the SPI-2 TTSS in serovar Pullorum infection showed that at 2 hpi 

there was a significant difference in the intracellular numbers o f wild-type serovar 

Pullorum and the SPI-2 TTSS-attenuated mutant. The SPI-2 TTSS-attenuated mutant 

was present in significantly higher numbers within the BM-dM$ than the serovar 

Pullorum wild-type, suggesting 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 o f detection and clearance 

from the cells by the host immune system, thereby increasing the chance of successful 

intracellular persistence. During serovar Typhimurium infection, SPI-2 TTSS gene 

expression is induced by environmental eues believed to be homologous to those 

encountered by the bacteria within the intra-macro phage phagosome, such as Mĝ "̂  

deprivation and phosphate starvation (Diewick et a l, 1999). Since the SPI-2 TTSS are 

thought to be conserved between S. enterica serovars (Ochman and Groisman 1996), 

environmental regulation o f the SPI-2 TTSS gene expression (Deiwick et al., 1999) is 

also likely to be applicable during infections with serovar Pullorum. Therefore, this 

apparent difference in the ability to invade macrophages may in fact be an early 

restriction placed on intracellular proliferation, rather than due to differences in numbers 

o f invading bacteria, as SPI-2 TTSS gene expression is unlikely to be “switched on” 

during the invasion process.

There was no apparent SPI-2 TTSS effect on nitric oxide production up to 24 

hpi during serovar Pullorum infection, or on the pro -inflammatory cytokine mRNA 

expression profile. Generally, infection o f BM-dM4> with either serovar Pullorum or
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serovar Enteritidis resulted in a significant up-regulation of IL-1/3, IL-6, CXCLil and 

CXCL12 mRNA, when compared to the control. In fact, serovar Pullomm infection in 

general resulted in increased up-regulation o f the pro-inflammatoiy cytokines compared 

to levels measured during serovar Enteritidis infection across the time-course up to 24 

hpi.

Wlien modelling persistence, the duration of culture and infection should be 

considered. It would be interesting to investigate the role o f SPI-2 TTSS over a time- 

course longer than 24 hours, to more realistically model in vitro the nature o f the in vivo 

infection. To this end, the BM-dMT> were used at 5 days ex vivo, as opposed to 7 days 

as previously, as it was thought that a younger culture could better sustain the bacterial 

infection for a longer period o f time. Because the cell population used was o f 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 o f the intracellular SPI-2 TTSS-attenuated mutant at 24 and 48 

hpi were signifieantly higher than those measured during serovar Pullorum infection, 

but by 72 hpi there was no significant difference observed. Interestingly, intracellular 

numbers of serovar Pullorum bacteria remained relatively constant over the time-course 

from 24-72 hpi, and although intracellular numbers o f the SPI-2 TTSS-attenuated 

mutant were significantly higher than those o f the serovar Pullorum wild-type at 24 hpi, 

they dropped rapidly thereafter. This would suggest that the levels at which the SPI-2 

TTSS-attenuated mutant initially proliferated within the BM-dMT> are 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 that the SPI-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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detection by the host’s iininune system and the host cell itself. In an earlier study, 

serovar Pullorum mutants defective in SPI-2 TTSS were fully attenuated for virulence 

(Wigley et a l, 2002). Interestingly, research by Hensel et a l (1998) suggested that, 

during infection o f murine macrophages with serovar Typhimurium, one o f the 

functions o f the SPI-2 TTSS is 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 o f 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 intracellular growth. This would essentially 

agree with the suggestion by Hensel et a l (1998), that SPI-2 TTSS promote virulence 

by enabling effective sustainable intracellular growth. The levels o f nitric oxide detected 

within the supernatants were significantly higher at 48 and 72 hpi during infection with 

the SPI-2 TTSS-attenuated mutant compared to levels measured during infection with 

the serovar Pullorum wild-type. This indicates that the SPI-2 TTSS also inhibits 

induction o f nitric oxide synthesis by the cells. Nitric oxide synthesis is associated with 

antimicrobial mechanisms within the lysosome o f macrophages. It is one of the 

components requhed for the generation o f peroxynitrite, a potent antimicrobial effector 

o f macrophages in mammalian species (Nathan and Shiloh, 2000). The effects o f 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 o f intracellular bacteria. Chakravortty et al. (2002) 

demonstrated by use o f immunofluorescence microscopy that murine macrophages 

infected with serovar Typhimurium defective in SPI-2 TTSS were able to effectively 

co-localise nitric oxide within the Salmonella-conitiinm^ vacuole (SCV), but that this
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was not the case with wild-type bacteria. It was therefore suggested that a function o f 

the SPI-2 TTSS was to exclude peroxynitrite from the SCV (Chakravortty et al., 2002). 

The inhibition o f nitric oxide synthesis by the SPI-2 TTSS during serovar Pullorum 

infection o f BM-dM$ is therefore likely to be a survival mechanism employed by the 

bacteria to enable intracellular persistence. It is also interesting to note the rapid 

decrease in nitrite levels measured in the supernatants o f serovar Enteritidis-infected 

cells fr om 48-72 hpi. The reason behind this decrease is unknown, but may be due to 

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 o f serovar Enteritidis 

takes longer to “switch on” compared to that o f serovar Pullorum due to fundamental 

differences between the two serovars. Furthermore, as serovar Enteritidis causes disease 

in a range o f 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 requii e an extended period o f activation by environmental 

factors in order to induce gene expression, to prevent expression at incorrect stages of 

the infection (e.g. expression during the initial invasion o f gut epithelial cells).

IL-6 is a pleiotrophic cytokine that plays a fundamental role in the inflammatoi'y 

response. Interestingly, IL-6 mRNA expression was significantly up-regulated during 

SPI-2 TTSS-attenuated mutant infection o f BM-dM$ at 24, 48 and 72 hpi when 

compared to levels measured during serovar Pullorum infection. This suggests a role for 

the SPI-2 TTSS in inhibiting IL-6 mRNA expression during serovar Pullorum infection. 

The involvement of the SPI-2 TTSS in IL-6 mRNA expression regulation was first 

indicated during serovar Pullorum infection o f CKC, when it was observed at 6 hpi.

This could point to an attempt by the bacteria to inhibit the progression o f the immune
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response from innate to adaptive, to reduce the likelihood of bacterial clearance. There 

was also a significant difference in CXCLi2 mRNA expression levels during serovar 

Pullomm wild-type infection compared to those measured during the SPI-2 TTSS- 

attenuated mutant infection at 24 hpi, with expression during serovar Pullorum wild- 

type infection being significantly up-regulated. This SPI-2 TTSS-mediated up- 

regulation o f CXCLi2 could be utilised to continue recmitment o f monocytes to the site 

o f infection in order to increase the number o f target cells capable o f being infected, as 

chCXCLi2 is chemotactic for monocytes (Barker et al., 1994). By 48 hpi, though, this 

difference was no longer observed. Possibly any SPI-2 TTSS-mediated up-regulation is 

short-lived due to the host’s need to restrict recruitment o f naïve 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 invasion o f serovar Pullorum in CKC, a model for endothelial 

cells. The SPI-2 TTSS is involved in intra-maerophage persistence, limiting bacterial 

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 tai-geted 

macrophage killing o f the bacteria within the SCV. Active SPI-2 TTSS-mediated 

suppression of IL-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 fr om a localised pro- 

inflammatory innate immune response to a systemic adaptive immune 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 Salmonella 

enterica serovar Pullorum in vivo

6.1 Introduction

The main aim o f these experiments was to determine the role o f the serovar 

Pullorum SPI-1 TTSS in entry and the inflammatory immune response during infection 

o f 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 inflammation.

Previous work (Wigley et at., 2002) has not been able to establish a strong 

phenotype for the SPI-1 TTSS attenuated mutant used in this experiment, compared to 

infection with the wild-type. The SPI-1 TTSS was not essential for the virulence o f 

serovar Pullorum, but it played a part in the disease process (Wigley et al., 2002). The 

study investigated bacterial numbers and pathology in biids over a tlii'ee week time- 

course, and so looked at bacterial persistence. To date, there have been no reports on the 

initial invasion stage o f Pullorum Disease, the role that SPI-1 TTSS plays during the 

early establishment o f the infection, the host immune response to the bacteria, and how 

the SPI-1 TTSS contributes to this.

Cytokine expression levels can indicate the iimnune response during infection 

and changes in theii* expression can indicate presence, movement, promotion of 

differentiation, and the proliferation o f specific cell populations. It is difficult to 

directly measure levels o f avian cytokines as few specific bioassays exist. However, 

cytokine mRNA expression levels can be measured in tissue samples from infected 

birds, giving an indication o f changes in transcription levels.



186

Antimicrobial peptides provide a defence mechanism against a broad spectmm 

of micro-organisms including pathogenic Gram-negative and Gram-positive bacteria, 

fringi and yeast. As discussed in Chapter 1, the only antimicrobial peptides found in 

avian species are /S-defensins. The exact mechanism of action o f these peptides is 

unknown but they are thought to cause disruption in membrane integrity, resulting in 

cell death (Kagan et al., 1990). Avian antimicrobial peptides were fii'st described by 

both the terms “gallinacin” and “|3-defensin” and due to inconsistency in nomenclature 

arising between different research gioups, a new system has now been proposed and 

they are now known as avian |3-defensins (abbreviated to AvBD) (Lynn et al., 2007). To 

date 14 avian )3-defensin molecules have been described in the literature and they are 

now numbered AvBDl-14 (Table 1.1) (Evans et a l, 1994; Harwig et a l,  1994; Zhao et 

a l, 2004; Lynn et a l,  2004; Xiao et a l, 2004, Lynn et a l, 2007).

The role of avian /3-defensms during Salmonella enterica infection of the 

chicken is unknown, but transgenic mice expressing human enteric defensin 5 are 

completely protected against normally lethal doses o f serovar Typhimurium (Salzman et 

a l, 2003). Also, mice deficient in matrilysin, the protein responsible for the activation 

o f enteric defensins, are more susceptible to serovar Typhimurium infection (Wilson et 

a l,  1999). As little is known about avian )3-defensm responses to enteric disease, I 

decided to investigate expression profiles o f a selection o f these peptides during serovar 

Pullorum infection o f the chicken and the role o f the SPI-1 TTSS in this. As there are no 

cuiTent bioassays for avian /S-defensins, levels of mRNA were measured using real-time 

quantitative RT-PCR.
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6.2 Methods

6.2.1 Animal Experiment

60 day-old line 7% White Leghorn chickens, from the Poultry Production Unit at 

the Institute for Animal Health (Compton, UK), were used in this experiment and they 

were housed in colony cages in the Experimental Animal House (EAH) at lAH for the 

length o f the experiment. Upon aii'ival into the EAH, they were divided into four groups 

o f 15 birds per group. The groups then received the following by oral inoculation using 

a sterile gavage needle;

Group 1 received 10® cfu o f an overnight broth culture of a spontaneous nalidixic acid 

mutant oiSalmonella Pullomm 449/87 in 0.1 ml of LB broth.

Group 2 received 10® cfu o f an overnight broth culture o f a S. Pullorum 449/87 spas' 

mutant (Jones et al, 1998) in 0.1 ml o f LB broth.

Group 3 received 10® cfu o f an overnight broth culture of a spontaneous nalidixic acid 

mutant o f S. Enteritidis 125589 in 0.1 ml LB broth.

Group 4 contained control biids which were mock-infected with 0.1 ml LB broth.

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

6.2.2 Post Mortem analysis

Time-points for post-mortem sampling in this experiment were at 10, 24 and 48 

hours post infection (hpi). At each time-point, five birds were sampled from each group. 

Samples were taken for bacteriology (liver, caecal contents) and RNA isolation (ileum, 

caecal tonsil, spleen). Observations of pathology were made at each o f the time-points.

The liver and caecal contents were weighed and diluted 1/10 with sterile PBS. 

Dilutions o f the caecal contents were then plated out onto selective Brilliant Green agar 

containing 20 gg/ml sodium nalidixate and 1 pglmX novobiocin. The liver was manually
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homogenised using a sterile Griffiths Tube and dilutions plated out onto selective 

Brilliant Green agar as per the caecal contents. The plates were incubated for 24 h at 

2>TC in 5% CO2 and the resulting colonies counted.

Tissues removed for RNA isolation were placed directly into 500 fA RNA/a^er 

(Qiagen) in cryo vials, and incubated at overnight for effective penetration o f the 

tissue, before storing at -20“C until RNA isolation (see Methods chapter).

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

carried out as described in Chapter 2.

6.2.3 Data Analysis

Differences were analysed using Analysis o f Variance and the two-tailed T-Test, 

and were carried out using the Minitab for Windows version 14 statistical package 

(Minitab Ltd., Coventry, West Midlands, UK). Values o f P <0.05 were taken as 

significant.

6.3 Results

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 o f the experiment are shown in Figure 6.1. Figure 6.1 A shows the bacterial 

counts measured in the caecal contents. At 10 hpi, there were significantly lower 

bacterial numbers counted in the caecal contents o f serovar Pullorum-infected birds 

compared to those counted in the spas' -infected birds (P=0.038), and in the serovar 

Enteritidis-infected bit’ds (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 numbers o f bacteria counted in caecal contents o f the birds infected 

with serovar Enteritidis were significantly higher compared to those measured in the 

birds infected with serovar Pullorum (P=0.023) and with spaS~ (P=0.054). The bacterial 

counts from the birds infected with both serovar Pullomm and the spas' mutant 

decreased slowly over the course o f the infection, but this trend was not significant. 

When comparing the bacterial numbers counted in the serovar Enteritidis-infected bfrds, 

there was a significant decrease between 10 and 24 hpi (P=0.018).

In Figure 6. IB, the bacterial numbers measured in the liver significantly 

increased during infection with serovai* 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 ofspaS- infected bfrds over the time-course, this was not 

significant and numbers were almost undetectable at log 2 cfu/ml (which was used as 

the baseline). The bacterial counts from serovar Enteritidis-infected bfrds stayed 

relatively constant between 10 hpi and 24 hpi at a log of 2.5 cfu/ml, then rose slightly to 

a log of 3.2 cfu/ml by 48 hpi. At 10 hpi, bacterial counts in the serovar Enteritidis- 

infected bfrds were significantly higher than those measured in the serovar Pullorum- 

infected (P=0.051) and the Apa5^-infected bfr'ds (P==̂ 0.051). By 24 hpi, there were no 

significant differences in bacterial numbers measured between the groups, but at 48hpi 

the bacterial numbers within serovar Enteritidis-infected bfrds had risen to be 

significantly higher than those measured in spas '-infected bfrds (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 bfrds at all 

time-points were recorded. All the birds appeared healthy, and no abnormal pathology 

was recorded when post mortems were carried out at 10 hpi in any o f the groups. At 24 

hpi, no pathology was apparent in the serovar Pullomm-infected bfrds, whereas in the 

serovar Pullorum spaS- group, 3/5 o f the bfr ds killed had generalised ileal 

inflammation. The serovar Enteritidis-infected group had 4/5 bfrds with marked ileal 

inflammation. The remaining bird in the group had a hyperaemic gut. 4/5 o f the group 

had evident hepatosplenomegaly with the spleen of the remaining bird appearing 

swollen. By 48 hpi, 5/5 o f the serovar Pullorum-infected bfrds displayed signs o f 

hepatosplenomegaly. Although there was little gut inflammation observed within this 

group, 3/5 o f the birds had a generalised gut hyperaemia and 2/5 o f the birds appeared 

to have a yolk-sac infection. In the group infected with spaS-, 5/5 o f the bfrds displayed 

signs o f hepatosplenomegaly and had slight, patchy gut inflammation. In 3/5 o f these 

birds, mucosa was evident in the caecal contents. Two o f the seovar Enteritidis-infected 

birds were found dead at 48 hpi so no tissues could be collected for RNA isolation from 

them. When examined during the post mortem, they both had severe yolk-sac 

infections, acute inflammation in the gut and substantial blood and mucosa was found in 

the caecal contents. Of the remaining three, all displayed evident hepatosplenomegaly 

and gut inflammation. 2/5 o f these birds had suffered haemorrhaging in the ileum 

resulting in bloody ileal contents.

6.3.3 Pro-iiiflainmatory cytokine mRNA expression

Levels o f IL-1/3 mRNA isolated from the ileum, caecal tonsil and spleen o f the 

differentially infected bfrds were measured by real-time qRT-PCR and are shown in
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Figure 6.2. At 10 hpi, IL-1/5 luRNA expression levels measured in the ileum spaS- 

infected birds were significantly down-regulated compared to those from serovar 

Pullorum-infected bfrds (P=0.037), and from serovar Enteritidis-infected bfrds 

(P^O.053). In the caecal tonsil at 10 hpi, IL-lj3 mRNA levels during spaS  infection 

were significantly down-regulated compared to those measured during serovar 

Pullorum-infection (P=0.022). A significant up-regulation o f IE-1/3 mRNA levels was 

measured in the caecal tonsil at 10 hpi during serovai' 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, IE-1/3 mRNA levels were significantly up- 

regulated during infection with serovar Enteritidis compared to those measured during 

infection with serovar Pullomm (P=0.022), with spaS  (P=0.033) and for the control 

(P=0.003). The IE-1/3 mRNA levels measured in the spleen at 10 hpi were significantly 

up-regulated during serovar Enteritidis infection compared to those measured during 

spaS  infection (P=0.023). Levels o f IL-1/3 mRNA expression in the spleen were 

significantly higher following infection with serovar Enteritidis compared to those 

measured following infecton with serovar Pullomm (P=0.048) and to the control 

(P-0.013).

IL-6 mRNA expression levels measured in the ileum, caecal tonsil and spleen 

during the experiment are shown in Figure 6.3. There were no significant differences in 

IL-6 mRNA expression levels measured in the ileum across the time-course for the 

differentially infected bfr'd groups. At 10 hpi in the caecal tonsil, IL-6 mRNA levels 

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 Enteritidis (P=0.004) and for the
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Figure 6.2: IL-1/3 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 6.3: IL 6 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues obtained 

post-mortem from line ?2 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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control (P=0.009). At 48 hpi in the spleen following infection with serovar Enteritidis, 

IL-6 mRNA expression levels were significantly higher compared to those measured 

following infection with serovar Pullorum (P=0.006), with (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-inflammatoiy chemokine mRNA expression

The mRNA expression levels for CXCLil for the experiment are shown in 

Figure 6.4. In the ileum at 10 hpi, CXCLil mRNA levels following infection with 

serovar Enteritidis were significantly up-regulated compared to those measured 

following infection with serovar Pullorum (P=0.031) and spaS  (P=0.016). At 24 hpi in 

the ileum, CXCLil mRNA levels were significantly higher in the control bfrds 

compared to those infected with serovar Pullorum (P=0.014). By 48 hpi, compared to 

those measured for the control bfr'ds, CXCLil mRNA levels were significantly higher in 

birds infected with serovar Pullorum (P=0.018), with (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 CXCLil mRNA levels measured in the 

differentially infected bfr ds 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 serovar 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: CXCLil 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 serovar 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, caecal 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 bfrds infected 

with serovar Enteritidis compared to those measured in control bfrds (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 

differences in CXCLi2 mRNA levels at 24 hpi, but at 48 hpi those levels measured 

during serovar Enteritidis infection were significantly higher compared to those 

measured during spaS  infection (P=0.032) and in the control bfrds (P=0.007). In the 

spleen at lOhpi and 24 hpi, CXCLi2 mRNA expression levels were significantly up- 

regulated following infection with serovar Enteritidis compared to those measured 

following infection with (P=0.033 and P=0.049). CXCLi2 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: CXCLÎ2 mRNA levels of ileal (A), caecal tonsil (B) and splenic (C) tissues 

obtained post-mortem from line l i  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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6.3.5 Avian jS-defensiii mRNA expression

The mRNA expression levels for AvBDl for the experiment are shown in 

Figure 6.6. There were no signifieant differences between AvBDl mRNA levels 

measured in the ileum at 10, 24 and 48 hpi. In the caecal tonsil at 10 hpi, AvBDl 

mRNA levels were significantly lower following infection with spaS' compared to those 

measured in control biids (P=0.032). At 24 hpi, AvBDl mRNA levels were 

significantly down regulated following infection with serovar Enteritidis compared to 

those measured following infection with serovar Pullomm (P=0.042) and spas'

(P=0.011). There were no significant differences between the AvBDl mRNA levels 

measured at 48 hpi in the caecal tonsil for the differentially infected bhds. In the spleen 

at 10 and 24 hpi, there are no significant differences between the AvBDl mRNA levels 

measured. AvBDl mRNA levels at 48 hpi in the spleen were significantly up-regulated, 

when compared to infection with serovar Pullomm and also m control biids, following 

infection with (P=0.002 and P=0.038 respectively) and serovar 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 

serovar Enteritidis were significantly higher compared to those measured following 

infection with serovar Pullomm (P=0.032) and with spas' (P=0.045). Wliilst 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 following mfection with serovar Pullomm (P=0.009). Furthermore, at 48 hpi, 

AvBD2 mRNA levels were significantly lower in control birds compared to those 

measured in birds infected with serovar Pullorum (P=0.000), with spaS" (P=0.004) and 

with serovar Enteritidis (P=0.025). There were no significant differences in AvBD2
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Figure 6.6: AvBDl 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±G.G5). Statistical significance within a group is represented by *, or * for significance 

that is SPI-2 TTSS-mediated.
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Figure 6.7: AvBDl 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 *.



202

mRNA levels in the caecal tonsil over the time-course for the differentially-mfected 

birds. In the spleen, there were no significant differences until 48 hpi, when AvBD2 

mRNA levels measured following infection with serovar Pullomm were significantly 

down-regulated compared to those measured following infection with serovar 

Enteritidis (P=0.002) and in the control bkds (P=0.000). AvBD2 mRNA levels 

following infection with serovar Enteritidis at 48 hpi in the spleen were significantly 

higher compared to those measured 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 ileum AvBD3 mRNA levels following infection with serovar 

Enteritidis were significantly down-regulated compared to those measured in the control 

birds (P=0.045). There were no significant differences in AvBD3 mRNA levels 

measured in the ileum at 10 and 48 hpi. In the caecal tonsil at 10 hpi there were no 

significant differences in AvBD3 mRNA levels for the differentially mfected birds. At 

24 hpi in the caecal tonsil, AvBD3 mRNA levels following infection with serovar 

Enteritidis were significantly down-regulated compared to those measured m the control 

birds (P—0.016). AvBD3 mRNA levels at 48 hpi in the caecal tonsil were significantly 

lower following infection with serovar Pullomm compared to those measured following 

infection with (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 AvBD5 mRNA levels measured during the experiment. In the 

ileum, there were no significant differences between the AvBD5 mRNA levels 

measured for the differentially infected cells at lOand 24 hpi. At 48 hpi though, AvBD5 

mRNA levels following infection with serovar Enteritidis were significantly up- 

regulated compared to those measured 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 ?2 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), caeca! 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±G.G5). Statistical significance within a group is represented by *, or * for significance 

that is SPI-2 TTSS-mediated.
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caecal tonsil, AvBD5 mRNA levels at 24 hpi following infection with serovar 

Enteritidis were significantly lower compared to those measured following infection 

with spaS  (P=0.039) and measured in the control birds (P=0.039). There were no 

significant differences in the caecal tonsil at 10 and 48 hpi in AvBD5 mRNA levels. In 

the spleen at 10 and 24 hpi, there are no significant differences in AvBD5 mRNA levels 

measured for the differentially infected birds. At 48 hpi though, AvBDS mRNA levels 

following infection with serovar Enteritidis were significantly up-regulated compared to 

those measured following infection with serovar Pullorum (P=0.002) and to the control 

birds (P-0.013). AvBDS mRNA levels were significantly higher at 48 hpi in the spleen 

following infection with spas' compared to those measured following infection with 

serovar Pullorum (P=0.009).

AvBDl4 mRNA levels measured in the spleen during the experiment are shown 

in Figure 6.10. At lOhpi, AvBDl4 mRNA levels were significantly higher following 

infection with serovar Pullorum compared to those measured following infection with 

serovar Enteritidis (P=0.014). AvBDl4 mRNA levels measured at 24 hpi were 

significantly down-regulated following infection with serovar Enteritidis compared to 

those measured following infection with serovar Pullorum (P=0.001) and with 

(P=0.015). At 48 hpi, AvBDl4 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 qRT-PCR. (n=5; SE±0.05). Statistical 

significance within a group is represented by *.
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6.4 Discussion

Following oral inoculation, serovar Pullorum must exit the intestinal lumen to 

establish a systemic infection. There are several proposed routes o f entry and one is 

thought to be thiough the caecal tonsil (Henderson et al., 1999). The caeca provide an 

ideal envii'onment for tissue invasion as they have a lower flow rate than the ileum, 

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 o f the 

rate o f invasion into the suiTounding tissue. Therefore, the lower the bacterial count in 

the caecal contents, the higher the numbers o f bacteria that have moved horn the gut to 

more systemic sites. The caecal contents bacterial counts suggest that wild-type serovar 

Pullorum exit the caeca by invading the caecal walls at a faster rate compared to the 

SPI-1 TTSS attenuated mutant. Therefore although the SPI-1 TTSS is not essential for 

successful invasion o f the caecal tissue by serovar Pullorum, invasion is SPI-1 TTSS- 

mediated. This is further supported by bacterial numbers counted in the liver, one o f the 

systemic sites associated with persistence during serovar Pullorum infection. The SPI-1 

TTSS mutant is barely detectable at 10 and 24 hpi with numbers only starting to rise by 

48 hpi, compared to infection with the serovar Pullomm wild-type which shows a 

steady, statistically significant increase in bacterial numbers throughout the experiment. 

The SPI-1 TTSS, although not essential, does therefore appear to play a role in the rapid 

establishment of systemic serovar Pullorum infection.

The results suggest that serovar Pullorum promotes a generalised inhibition o f 

the host pro-inflammatoiy 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 m 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 o f cellular recruitment to the 

site of infection. For the majority o f the time, serovai' Pullorum needs to 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 o f active down- 

regulation would not prove beneficial to the bacteria. As systemic infection of serovar 

Pullorum is reliant on intra-cellular survival o f the bacterium in, and dissemination by, 

migrating phagocytes, it is not always o f advantage to the bacteria to actively down- 

regulate the transcription o f pro-inflammatory cytokines and chemokines which activate 

and attract macrophages to the site o f mfection. A temporaiy restoration of the levels o f

a
some specific pro-inflammatoiy cytokines/chemokines in the area around the site o f 

infection is a way around this problem and this is what the results appear to suggest is 

happening.

The SPI-1 TTSS is involved in this restoration of the pro-inflammatory immune

response during the early stage o f serovar Pullorum infection (10 hpi) in the ileum and

caecal tonsil by actively up-regulating IL-1/5 mRNA. Due to the dual constitutive 

.inhibition and SPI-1 TTSS-mediated up-regulation o f IL-ljSby serovar Pullorum in the 

host, the net result is that IL-1/3 mRNA expression during infection are compaiable to
■V

that in non-infected birds. This maintains migration o f tissue macrophages tlirough the 

GALT. IL-6 mRNA transcription was not highly up-regulated in the ileum, caecal tonsil 

or spleen during infection with either serovai* Pullorum or serovar Enteritidis when 

compared to the control. Interestingly, serovar Typhimurium up-regulates IL-6 

expression during invasion (Kaiser et ah, 2000). This suggests that both serovar 

Pullorum and serovar Enteritidis may actively inhibit transcription o f this pro- 

inflammatoiy cytokine. This regulation was not mediated by the SPI-1 TTSS during

serovar Pullorum infection. Immunomodulation during infection with serovar Pulloivim

'ill■s]
1
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could reduce inflammation and damage in the intestines, which would increase the 

likelihood of the bacteria being able to establish a systemic infection. There has been 

contradictory evidence as to the role of SPl-1 in serovar Gallinarum infection (Jones et 

a l, 2001; Shah et a i, 2005). These differences could be due to the differences in the age 

and breed of chicken used for the experimental infections (Shah et a l, 2005). It is 

therefore most likely that although SPI-1 contributes to the virulence o f serovar 

Gallinarum infection, the age and genetic makeup of the chicken may also contribute to 

any effect (Shah et al., 2005). Interestingly invasion of a gut epithelial cell model with 

serovar Gallinarum has no effect on IL-6 expression (Kaiser et a l, 2000), a mechanism 

which appears to be SPI-1-mediated in other serovars.

ChCXCLil (K60) and chCXCLi2 (IL-8) share 48% and 50% homology with 

human CXCL8 (IL-8) respectively (Sick et al., 2000; Kaiser et al., 1999). CXCLil 

mainly chemoattracts heterophils (the avian equivalent o f neutrophils) and CXCLi2 

mainly chemo attracts monocytes (Poll, Pease, Young, Bumstead and Kaiser 

unpublished results). During serovar Typhimurium infection, which causes much 

damage to the intestinal epithelia, a SPI-1 TTSS-mediated increase in IL-8 production is 

observed in mammals (Hobble et a l, 1997). From the observed pathology and the 

nature o f the disease, it could be hypothesised that the converse is tme durmg serovar 

Pullorum infection, and therefore there should be a decrease in CXCLil and CXCLi2. 

This is indeed the case, as there is a SPI-1 TTSS-mediated up-regulation o f CXCLil 

during early-stage infection in the caecal tonsil to levels similar to those seen in the 

control. The SPI-1 TTSS does not seem to promote an up-regulation o f 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 SPI-1 TTSS-mediated up-regulation o f CXCLil 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 o f hnmune cells to the site o f 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 o f chickens is 

vertical. For this to be effective, birds must first reach sexual maturity in order to 

transmit the pathogen vertically to their offspring. Therefore it does not benefit the 

bacteria to cause extensive pathology, which would ultimately reduce the health o f the 

chicken host, and during the early stages o f systemic infection this modulation o f the 

immune response may in part be due to the SPI-1 TTSS. The expression profile o f 

CXCLi2 suggests that any regulation o f transcription o f 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 o f chemokine transcription due to 

detection by the innate immune response, may be controlled by other virulence factors.

The mRNA levels o f a selection o f avian jS-defensins were investigated as the 

defensins play a role in gram-negative bacterial infections in mammalian hosts 

(Sugiarto and Yu, 2004; Salzman et a l,  2003; Wilson et al., 1999). AvBDl mRNA is 

not transcribed above basal levels (those seen in control birds) in the ileum, 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 would suggest it functions in a 

localised manner. In the spleen at 48 hpi, AvBDl mRNA levels in response to serovar 

Pullorum infection appear to be suppressed due to the SPI-1 TTSS, as the SPI-1 TTSS 

attenuated mutant has statistically significantly up-regulated mRNA levels compared to 

those observed in the wild-type-infected and control bird groups. The AvBD2 mRNA 

expression profile is different to that for AvBDl, and this /3-defensin appears to be most 

important at later stages of the experiment (48 hpi). In the ileum, there is active up-
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regulation o f AvBD2 mRNA in response to serovar Pullorum infection, but in the 

spleen AvBD2 mRNA is down-regulated compared to the control. The differential 

regulation o f AvBD2 mRNA does not appear to be due to the SPI-1 TTSS o f serovar 

Pullorum, as the attenuated mutant-infected group does not have significantly different 

mRNA levels to the wild-type. The reason for the mRNA levels o f AvBD2 in the ileum 

being at similar 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 o f the bacteria will have escaped the caecal lumen and 

moved to systemic sites, so it becomes 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 o f 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 Pullomm are unaltered compared to 

levels in birds within the control group up to 48 hpi in any o f the tissues. Either serovar 

Pullorum does not stimulate AvBD3 mRNA transcription due to specific adaptation o f 

the serovar, or there is an active inhibition of this ^-defonsin to maintain levels similar 

to that obseiwed in control birds. I f  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, however, there does appear to be a SPI-1 TTSS- 

mediated active inhibition of AvBD3 transcription in both the spleen and caecal tonsil. 

The regulation o f AvBDS (Lynn et a l,  2004; Xiao et a i, 2004) mRNA in the spleen at
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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 AvBDl 4 in the spleen in response to 

serovar Pullorum infection which is not SPI-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 o f the bacteria systemically, as shown by the 

bacterial counts. Tissue expression profiles have found that AvBDl 4 is only expressed 

in the skin and the spleen (Annelise Soulier, unpublished results), but the early up- 

regulation of expression measured in the spleen hidicates that transcription o f 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 AvBDl 4.

Although there has been some previous research into the role o f mammalian /3- 

defensins in S. enterica infection, to date the specific roles o f the avian /J-defensins are 

largely unknown. The actions o f avian jS-defensins during infection can be compared as 

a group to mammalian |3-defensins, but they are not comparable individually (i.e.

AvBDl is not comparable to human j8-defensin-l). It is important to study the role 

played by individual anti-microbial peptides during infection though, as j8-defensins 

may each occupy a distmct fiinctional niche important in intestinal mucosal defence 

(O’Neil et al., 1999). An example o f this is the differential expression of human beta- 

defensin-1 and -2 in the colon. Human /3-defensin~l is expressed by the epithelium of 

normal human colon and small mtestine, with a similar pattern of expression in the 

inflamed colon (O’Neil et al., 1999). In contrast, there is little human /3-defensin-2 

expression by the epithelium of normal colon, but abundant human /3-defensin-2 

expression by the epithelium of inflamed colon (O’Neil et al., 1999). Additionally, 

serovars Enteritidis, Typhimurium, Typhi and Dublin all mduce human iS-defensin-2
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mRNA expression in human colon cells (Ogushi et al., 2001). One avian jS-defensin that 

has been studied with regard to the host response to S. enterica 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-bome pathogens including serovar 

Typhimurium, which suggests that it plays an important role in chicken innate host 

defence (van Dijk et al., 2007). Avian /3-defensins may also play a role in reducing the 

transmission ofX  enterica to subsequent generations. The expression o f AvBDl, 2 and 

3 in the cloaeas o f laying hens increases with age, and also decreases in the regressed 

oviduct during the non-laying phase (Yoshirnura et al., 2006). There is an increase in 

the synthesis o f AvBDl, 2 and 3 m response to serovar Enteritidis infection in the 

cloacas o f laying chickens, which may serve to reduce transmission o f the bacteria from 

the egg (Yoshirnura et al., 2006). Avian /5-defensins are involved in host resistance to 

Salmonella (Sadeyen et al., 2006). There is an increased expression o f avian /3-defensin 

genes in chicken lines which are considered to be Salmonella resistant (Sadeyen et al., 

2006). The high expression of avian j8-defensins in resistant lines is concurrent with 

lower serovar Enteritidis colonisation rates (Sadeyen et al., 2006). Adult birds from a 

Salmonella-rorsistmt line, have a high baseline level o f expression for both AvBDl and 

AvBD2 and in chickens exhibiting the most resistant Salmonella phenotype, these avian 

^-defensin genes have been found in levels approximately 10 times higher than those 

measured in a 5'ûî/mowc//ût-susceptible line (Sadeyen et al., 2006).

In summary, there appears to be a generalised suppression o f avian /5-defensin 

mRNA expression in response to serovar Pullomm infection in the spleen at 48 hpi and 

this is SPI-1 TTSS-mediated for AvBDl, 3 and 5. The down-regulation observed for 

AvBD2 does not seem to be assoeiated with the SPI-1 TTSS and therefore is probably 

due to another vfrulence faetor. There is also a specific targeted up-regulation of
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AvBDl 4 mRNA in the spleen during the early stages o f 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 are transported in greater 

numbers to the spleen. These results suggest a manipulation o f avian jS-defensin 

transcription in the chicken host during the first 48 hours following serovar Pullorum 

infection in order to suppress the antimicrobial actions o f these molecules. This 

manipulation appears to be SPI-1 TTSS mediated, but is also clearly a result o f other 

virulence factors utilised by serovar Pullorum to enhance the ability o f the bacteria to 

cause a persistent systemic infection in the chicken.

The gross pathology observed during the post-mortem collection o f tissues 

supports the hypothesis that the SPI-1 TTSS-attenuated mutant is slower to escape the 

caecal lumen than the wild-type serovar Pullorum bacteria. Birds infected with the 

serovar Pullomm SPl-l 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 o f 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 Pullomm translocates to systemic sites in the chicken 

transported inside phagocytes such as macrophages (Wigley et a l,  2001) and the 

increase in blood vessel provision around the site of infection would certainly aid in the 

process o f cell recmitment. The gross pathology does indeed suggest that this process 

may be somewhat SPI-1-mediated. It is also interesting that the serovar Enteritidis- 

infected biids 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 immune response to a greater extent than other S.
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enterica serovars, in order to create a persistent low-level systemic infection until sexual 

maturity is reached (Shivaprasad, 2000).

In conclusion, the SPI-1 TTSS enables serovar Pullorum to invade the chicken 

host quickly without inducing a significant innate immune response. Although 

functionality o f the SPI-1 TTSS is not vital for infection, it aids in the development o f a 

more rapid systemic infection. This increases the chance of a succèsshil persistent 

infection with minimum detection by the host immune system.
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C hapter 7: General Discussion

The relative contribution o f SPI-1 and SPI-2 to the virulence o f serovar 

Pullomm has previously been deteiinined (Wigley et a l, 2002). Loss o f SPI-1 function 

results in a reduction in vfrulence o f serovar Pullorum, but not a complete attenuation 

(Wigley et al., 2002). There has been contradictoiy evidence as to the role o f SPI-1 in 

serovar Gallinarum infection (Jones et al, 2001 ; Shah et a l, 2005). It appears that SPI-I 

contributes to the vimlence of serovar Gallinamm infection, but the age and genetic 

makeup of the chicken may also contribute to any effect (Shah et a l, 2005). SPI-2 is 

essential for the vimlenee o f serovar Pullorum and its attenuation abrogates carriage in 

the ehicken and the establishment of infection (Wigley et a l, 2002). The aetiology o f 

disease resulting from infection with S. enterica can be directly related to the pathology 

caused by the host immune response reacting to the presence o f 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 (Henderson et a l, 1999) and 

this was evident during comparisons with pathology in bfrds infected with serovar 

Enteritidis during this study. Previous research in this area has concentrated on the 

relative contribution o f SPI-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 o f this study was to assess if these mechanisms may 

be in part as a result o f vfr-ulence factors from the SPI-1 and the SPI-2. A range o f 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 tlii’ough the gut-associated lymphoid tissue (GALT) is in part SPI-1 mediated. 

The in vivo study described in Chapter six used counts o f bacterial numbers in the caeca 

and at systemic sites over a time-course in order to establish rates o f invasion. Invasion 

tlirough the GALT is likely to be via the bursa and the caecal tonsil, as both sites have a 

high eoncentration o f lymphoid tissue (Henderson et al., 1999). The data showing the 

différences in the progiession o f the disease between the wild type and the mutant 

strains indicate that SPI-1 is hnportant for the rapid systemic dissemination o f serovar 

Pullorum in the chicken. This SPI-1 mediated rapid systemic spread could be as a direct 

result o f 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 

host pro-inflammatoiy cytokines and chemokines is in general similar to that measured 

in non-infected birds. This leads to the hypothesis that serovar Pullomm either promotes 

a generalised inhibition or does not elicit a host pro-inflammatory immune response 

during infection. If this is the case, then this stealth is achieved by an as yet 

unidentified, constitutively expressed, vimlence factor. The result is an inhibition o f the 

host pro-inflammatoiy immune response during infection, to transcription levels below 

those seen m control biids. It is likely that this would down-regulate normal levels o f 

expression o f pro-inflammatoiy mediators in the host such as IL-ljS, and provide a 

favourable environment for the serovar Pullorum bacteria to persist in. During the initial 

invasion event, SPI-1 appears to be involved in counteracting this, which is presumably 

in order to maintain more normal levels of cellular recmitment to the site of infection 

(i.e. similar to those seen m non-infected hosts). For the majority o f 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 o f the host to recognise the presence o f the bacteria by 

down-regulating components o f 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 o f the bacterium in, and dissemination by, migrating phagocytes (Wigley et a l, 

2001). At this stage, it is not advantageous for the bacteria to actively down-regulate 

transcription o f specific pro-inflammatory cytokines and chemokines which activate and 

attract macrophages to the site o f infection. A temporary restoration o f the levels o f 

some specific pro-inflammatory cytokines/chemokines m the area around the site o f 

infection is a way around this problem. The results suggest that this is in fact the case 

and is SPI-1 -mediated.

SPI-1 mediates an up-regulation o f IL-1/3, IL-6, CXCLil and CXCL12 to levels 

comparable to those measured in the gastro-intestinal tract o f control birds. These 

cytokines and chemokines can promote recruitment o f phagocytes locally, to the site of 

infection. This up-regulation o f expression will thus increase the likelihood that the 

baeteria will encounter macrophages. Infection of day-of-hatch birds with serovar 

Typhimurium leads to a significant up-regulation of CXCLil, CXCL12 and IL-1^ 

expression in intestinal tissue which coiresponds with the presence o f inflammatory 

signs (Withanage et al., 2004). CXCLil is a major chemotactic factor, which aids in 

mediating the serovar Enteritidis-induced recmitment o f heterophils to the site o f 

bacterial invasion (Kogut, 2002; Poh, Pease, Young, Bumstead and Kaiser unpublished 

results) and CXCL12 is thought to aid recruitment o f macrophages to the site o f
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infection (Poh, Pease, Young, Bumstead and Kaiser unpublished results). Thereby up-

7.2 Persistence within macrophages during Pullorum Disease

regulation of CXCLil and CXCL12 expression may aid the systemic spread of infection.

Although SPI-1 is involved in the invasion o f the gut epithelial cells, it does not
3

play a role in the subsequent invasion o f macrophages, which indicates that this event 3

involves a different process. Entry into macrophages is likely to be via phagocytosis in à

I
most hosts. Avian macrophages are capable o f engulfing both opsonised and un- 

opsonised antigen, but phagocytosis is more efficient with opsonised antigens (Qureshi 

et ah, 1986; Powell, 1987). Once phagocytesed, the avian macrophage digests antigens 

with hydrolytic enzymes such as lysozymes and acid phosphatase (Fox and Soloman,

I
1981; Qureshi and Dietert, 1995). Avian macrophages, like their mammalian

counterparts, also produce reactive oxygen intermediates (Golemboski et ah, 1990) and
I

reactive nitrogen intermediates (Dietert et ah, 1991 ; Sung et ah, 1991 ; Qureshi et ah.

1993).

At this stage of infection, although uptake of serovar Pullorum is mediated by 

the macrophage, persistence o f intracellular bacteria is SPI-2-mediated. The results 

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 to sustain large numbers o f 

intracellular bacteria without detection by the immune system. SPI-2 therefore may
1

promote controlled intracellular growth. The macrophage may be unable to sustain high
"Ï

numbers o f intracellular bacteria and restrictions on proliferation would help. Serovar
■5''

Pullorum bacteria lacking a functional SPI-2 were present in higher numbers compared
I

to the wild-type early in the infection, but these numbers rapidly dropped over the time- 

course. Intracellular numbers o f the wild-type bacteria remained at a low, sustained



220

level throughout the time-course. In addition to this, SPI-2 inhibits the induction o f 

nitric oxide synthesis by the macrophage to control targeted antimicrobial activity. 

Interestingly, serovar Enteritidis also regulates intramacrophage numbers (Okamura et 

al., 2005). Although invasion takes place at similar rates, numbers o f mtracellular 

serovar Enteritidis are significantly reduced when compared to serovar Typhimurium 

(Okamura et al., 2005). Macrophages activated with IFN-y produce significantly less 

NO following treatment with serovar Enteritidis EPS compaied to serovar 

Typhimurium EPS, and macrophage necrosis is significantly increased following 

mfection with serovar Typhimurium (Okamura et al., 2005). This may cause an 

increased inflammatoiy response during infections with serovar Typhimurium 

(Okamura et al., 2005) which can be diiectly related to the aetiology o f  the disease. 

Therefore, limiting intracellular bacterial numbers may aid persistence o f serovar 

Enteritidis in macrophages.

Serovar Pullorum inhibits IL-6 mRNA expression in macrophages in a SPI-2- 

dependent manner. This may play a role in masking the intracellular infection as the 

macrophage would normally produce IL-6 in response to infection with an intracellular 

pathogen. Strains with a functional SPI-2 also lead to increased levels o f CXCLi2 

expression in macrophages at eaiiy time-points compared to SPI-2 mutants. This would 

probably lead to increased monocyte recruitment to the site o f infection and increase the 

chance o f 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 jS-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 Salmonella enterica (Groisman et 

al., 1992). In serovar Typhimurium this resistance has been associated with 8 separate 

genetic loci representing several virulence factors (Groisman et al., 1992). The 

generalised suppression o f avian jS-defensin mRNA expression in the spleen at 48 hpi in 

response to infection with serovar Pullorum in vivo is SPI-1-mediated for AvBDl, 3 and 

5. Milona et al. (2007) reported that infection with serovars Typhimurium and 

Enteritidis does not induce AvBD5 mRNA expression m the small intestine. Likewise, 

mfection with serovar Pullorum did not induce AvBDS mRNA expression in the ileum 

and caecal tonsil, with equivalent levels compared to mock-infected control birds. The 

down-regulation o f AvBD2 mRNA expression during serovar Pullomm infection was 

not due to SPI-1. AvBDl4 mRNA is up-regulated in spleen prior to bacterial infection 

in that tissue, but at 48 hpi the expression levels fall to be similar to those seen in 

control bir ds. This coincides with the systemic spread of the bacteria and at systemic 

sites avian j8-defensin expression is, in general, reduced in a SPI-1-dependent 

mechanism.

7.4 Areas of future work

7.4.1 Work involving primary macrophages

Large numbers o f primary macrophages can be obtained from the chicken via 

culture o f bone marTow-derived cells with rchGM-CSF using the method developed and 

described in Chapter thr'ee. Primary avian macrophages are required for the accurate 

study of macrophage function and, as demonstrated by the in vitro infection studies in 

this research, bacterial persistence assays. The effect of SPI-2 in vivo has been
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demonstrated previously (Wigley et al. 2002), but the associated phenotype using 

macrophages in vitro had not been previously established (Paul Wigley, personal 

communication). This research described SPI-2-associated intracellular persistence 

using bone mairow-derived macrophages. This phenotype was only apparent when 

studying survival and response over a long time-course (up to 72 hpi) though, which is 

not practical using primary macrophages derived from other sources. The chicken bone 

maiTow-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 m BM-dMO 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 first thought. The divergent 

evolution of avian and mammal orders from a common ancestor 300 million year's ago 

has resulted in some differences between the modern immune systems o f both groups. 

Avian macrophages may therefore have some different functions compared to 

mammalian macrophages, and may be involved in granulocytic activities. The 

heterophil inflammatoi'y response in avian species more closely resembles the reptilian 

response than the mammalian neutrophil response (Montali, 1988). Further 

investigation into the nature o f these granulocytic structures is needed.

7.4.2 Determining the roles of virulence factors during infection with 

serovar Pullorum

The contributions o f vfr-ulence factors outwith the SPl-1 and SPI-2, and also o f 

other SPIs, to the virulence o f Pullorum Disease are important to establish and further 

research should address this. The unsuitability of serovar Pullorum 449/87 for the X,-Red
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system means that any future work requir ing mutagenesis of the serovar would need to 

either utilise a different serovar Pullorum strain or a different technique. Although 

considered to be a quick and easy method o f 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 1-Red.

7.4.3 The mechanisms of infection of the reproductive tract and subsequent 

transovarian transmission of serovar Pullorum

This research has concentrated on the establisliment o f systemic infection with 

serovar Pullorum in the chicken. Little work has been done to investigate the 

mechanisms behind the infection o f the reproductive tract and subsequent transovarian 

transmission and the dissection o f this could be one area o f 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 birds at the onset o f lay (Wigley et al,, 2005). This fall 

in T cell responsiveness coincides with an increase in serovar Pullorum bacterial 

numbers in the spleen and the spread to the reproductive tract (Wigley et al., 2005). 

Approximately three weeks following the onset o f lay, T cell responsiveness is restored 

which coincides with a decline in bacterial numbers (Wigley et al., 2005). This 

indicates a non-specific suppression o f cell-mediated immunity occurs at the onset o f 

lay, and that this plays a major role in the ability o f serovar Pullorum to infect the 

reproductive tract (Wigley et al., 2005). The bacterial mechanisms (if any) behind this 

are unknown, and foture work could evaluate the contribution of the SPIs to this event. 

In the reproductive tract, serovar Pullorum colonises both the ovary and the oviduct o f
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hens, which leads to 6% o f laid eggs being infected with the bacterium (Wigley et a l, 

2001). Localised cell-mediated immunity may also be involved in the control o f serovar 

Enteritidis infection o f reproductive tissues, as there is a correlation between decreased 

bacterial survival with elevated lymphocyte and macrophage numbers in the ovary and 

oviduct (Withanage et al., 2003). Therefore the loss o f T cell activity at the point o f lay 

may also aid serovar Enteritidis infection and transmission to eggs (Wigley et a i,

2005). This suggests that both serovar Pullorum and serovar Enteritidis may infect and 

colonise the reproductive tract using the same mechanisms, and the identification o f the 

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

7.5 Final conclusions

The results from this study suggest that Salmonella enterica serovar Pullorum 

does not promote the induction o f a pro-inflammatory immune response in the gut, and 

that SPI~1 is responsible for up-regulating IL-1/3, ÏL-6, CXCLil and CXCL12 to recruit 

phagocytes to the site 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 Pullorum to systemic sites. At 

systemic sites away fi*om the gut, SPI-1 is responsible for a down-regulation o f the 

antimicrobial peptides AvBDl, 3 and 5 and o f CXCLil. SPI-2 appears to play a role in 

maintaining sustainable intracellular numbers within macrophages. Methods by which it 

may do this include the inhibition o f nitric oxide synthesis and down-regulation ofIL-6 

expression.

In conclusion, SPI-1 and SPI-2 both contribute to the virulence o f serovar 

Pullorum, enabling the establishment o f a more rapid and stealthy infection in the 

chicken.
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