
i 

 

 

 

 

 

Burkholderia pseudomallei: 
Interaction with Host Cells 

 
Cameron Flegg 

B.App.Sci (Hons) QUT 

 

 

 

 

Institute for Glycomics 
Science, Environment, Engineering and Technology  

Griffith University 

 

 

 

 

 
Submitted in fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

April 2011 

 



ii 

 

 

 

 

 

 

 

 

 

“I am against religion because it teaches us 

to be satisfied with not understanding the world.” 

-- Richard Dawkins 

 



iii 

 

Synopsis 

 

Melioidosis is the serious and often fatal systemic disease of humans and animals 

resulting from infection from Burkholderia pseudomallei. B. pseudomallei is a Gram-

negative bacillus that inhabits the soil and stagnant water of tropical and sub-tropical 

countries. Infection usually occurs through inhalation or inoculation though ingestion is 

a common route for animal infections. The disease can occur in almost any organ and 

symptoms are non-specific leading to common misdiagnosis. B. pseudomallei has 

increased prevalence for infection in immunocompromised and diabetic patients.         

 

Due to the soil dwelling nature of B. pseudomallei this bacteria has a high level of 

antibiotic resistance. Treatment is often difficult and prolonged, though modern medical 

treatment has reduced mortality to around 40%. Recent studies have revealed that B. 

pseudomallei contains numerous virulence mechanisms including bacterial protein 

secretion systems, lipopolysaccharides, and quorum sensing mechanisms. These 

systems allow the bacteria to survive and perpetuate especially in host macrophages.  It 

is this interaction and the responses of the host that remain to be elucidated.  

 

Many studies have described activation of host signalling pathways or proteins during 

infection. Often B. pseudomallei mutants are produced to establish the affect these 

altered bacteria have on the host pathways. This study attempted to examine intact 

virulence mechanisms by utilising drug and small peptide inhibitors of the host 

pathways to examine the effect that these have on the invading bacteria. Furthermore, it 

set out to investigate the processes involved in B. pseudomallei-host interactions. It 

examined the MAPK, NFAT and NF- B signalling pathways activated in infected 

macrophages.  Further, the resultant chemokine expression and receptor activation on 

these infected cells was established.  

 

Inhibition of the NFAT pathway revealed no reduction in macrophage fusion and 

MNGC formation. This is contrary to other giant fused cells like osteoclasts that rely on 

the NFAT pathway to function. Alternatively, treatment of the MAPK pathways leads 

to the revelation that antagonistic pathways occur during infection. Inhibition of the 

ERK1/2 or JNK proteins kinases lead to significant reductions in MNGC formation 
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whereas treatment with a p38 MAPK drove MNGC formation into a cellular syncitia. 

Disrupting the NF- B pathway through either the use of the naturally occurring emodin 

or a specific inhibitor raised the possibility that intracellular replication was actually 

linked to MNGC formation. Observations in this study suggest that blocking NF- B 

prevented cellular fusion and consequently stopped intracellular replication of B. 

pseudomallei.   

 

These results suggest the intriguing proposition that MNGC formation and B, 

pseudomallei infection are possibly more tightly linked than previously thought. Whilst 

these results may be specific to the cell types examined in this study and remembering 

that in vitro studies are not always transferable to in vivo models it opens new 

possibilities for treatment or preventation targets for melioidosis.  
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 2 

1.1  Burkholderia pseudomallei  

 

1.1.1 Burkholderia pseudomallei and Melioidosis  

 

“Melis” being Greek for “distemper of asses” and eidos meaning “resemblance” – a 

term proposed by Stanton and Fletcher in 1921 (Stanton and Fletcher, 1921) describing 

a novel systemic disease caused by an organism first isolated nine years prior – B. 

pseudomallei (Whitmore and Krisnaswami, 1912).  

 

B. pseudomallei is a Gram negative, motile bacillus classified in the -subclass of the 

Proteobacteria. B. pseudomallei is resistant to many common antibiotics including 

aminoglycosides, macrolides and polymyxins. This is achieved by the use of multi-drug 

efflux pumps contained in the amr locus (Moore et al., 1999) and a LPS (Burtnick and 

Woods, 1999).   

 

Recently the B. pseudomallei strain K96243 was sequenced and annotated (Holden et 

al., 2004), ahead of a number of other strains of B. pseudomallei being sequenced by a 

number of institutes. B. pseudomallei was found to contain two chromosomes; 

chromosome one 4.07 Mbp and chromosome two 3.17 Mbp respectively. These 

chromosomes contained an average of 68.05% GC content and appeared to have 

differing evolutionary beginnings with chromosome 1 biased towards metabolic genes 

and chromosome 2 biased towards virulence mechanisms (Holden et al., 2004). 

Furthermore, there appears to be 16 genomic islands present in the genome making up 

approx 6.1% of the genome mostly biased towards further virulence machinery (Holden 

et al., 2004).  

 

1.1.2 Environment 

 

B. pseudomallei is a soil-borne saprophyte which can survive in a harsh variety of 

environments and niches. It has been demonstrated that B. pseudomallei can survive in a 

range of temperatures (it appears to be particularly susceptible to cold temperatures 

however), a range of pH, nutrient deprivation, detergents and antiseptics (Cheng and 
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Currie, 2005). Further, it has been shown to be readily isolated from soil, clay and water 

in endemic regions (Leelarasamee and Bovornkitti, 1989).  

As diagnostics have improved so has the reported incidence of melioidosis. A 20 fold 

increase in diagnosed cases has occurred since 1979 (reviewed in (Currie et al., 2000c)).  

Furthermore, the major risk factors for melioidosis are symptoms of modern society. 

The identified risk factors include diabetes, alcoholism and renal disease (Currie et al., 

2000c).  Moreover, tasks such as gardening and farming further increase the risk of 

melioidosis (Dance, 2000a) (Asche, 1991).  

 

The major endemic foci for melioidosis is Southeast Asia and northern Australia (Cheng 

and Currie, 2005) (Currie, 2003) (Currie et al., 2000c, Currie et al., 1993). In northern 

Australia, melioidosis is the most common cause of fatal community-acquired 

septicaemic pneumonia (Currie et al., 2000). Further to this it has been found that these 

case numbers spike during the rainy and monsoonal seasons (Strauss et al., 1969) 

(Currie and Jacups, 2003). This is due to the belief that the rain stirs up bacteria found 

in the soil and water. Melioidosis is endemic in northeast Thailand, causing 20% of 

community-acquired septicaemias (Chaowagul et al., 1989) and 80% of all 4 year olds 

are positive for antibodies (Ellis and Titball, 1999). In Thailand 60% of cases involve 

bacteraemia and the mortality can be as high as 44% of infected cases (Suputtamongkol 

et al., 1994). Later reports from Thailand have reported mortality as high as 50% 

(White, 2003). In northern Australia bacteraemia can occur in up to 46% of cases and 

mortality can be as high as 19% (Currie et al., 2000c). Isolation of these clinical isolates 

in regions has shown that there can be diverse in their genetics and heterogenous from 

region to region (Chua et al., 2010).  

Melioidosis is endemic in Thailand, Singapore and Australia, though B. pseudomallei 

infections have been documented in countries throughout the region including Papua 

New Guinea, Malaysia, Laos, Cambodia, Burma, Vietnam, the Philippines, Brunei, 

Indonesia, China, Hong Kong, Taiwan, India, Sri Lanka, Bangladesh, Pakistan, Turkey, 

West Indies, Korea and parts of Central and South America (reviewed in (Leelarasamee 

and Bovornkitti, 1989) (Cheng and Currie, 2005)). It is believed that many of the cases 

outside of these endemic areas come about by the movement of infected animals and 

tourists passing through endemic areas (Dance, 1991). What has not been made clear 

however, is whether the disease has spread into new habitats or whether it has always 

been endemic in these areas but just remained un-reported (Dance, 2000b). 
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1.1.3 Animal Models of Melioidosis 

 

It has been reported that melioidosis can occur in a wide variety of animals and at times 

has proved to be problematic in zoological collections as large numbers of captive 

animals succumb to the disease (Dance, 1991) (White, 2003). There have been 

numerous reports of domesticated and wild animals succumbing to the infection 

(reviewed in (Ellis and Titball, 1999) (Cheng and Currie, 2005).  Zoonotic transmission 

is extremely rare and interestingly there are only limited reports of human to human 

transmission, mostly through sexual means (Dance, 1990) (Leelarasamee, 1998). Most 

animal models have focused on acute disease. A number of animal models have been 

utilized in the laboratory to examine B. pseudomallei survival and virulence. These 

include Caenorhabditis elegans (O'Quinn et al., 2001) and the ubiquitous rodents (mice, 

rats, guinea pigs and the particularly susceptible hamster) to pigs (Veljanov et al., 1996) 

(Whitmore, 1913). The majority of studies have concentrated on BALB/c mice (highly 

susceptible) and C57BL/6 mice (relatively resistant).  

 

1.1.4 Molecular and Cellular Virulence 

 

Compared to many other bacterial pathogens B. pseudomallei is an understudied 

organism. This deficit in knowledge is currently being reduced as increased interest in 

the organism occurs due to the recent listing by the CDC as a potential bio-weapon and 

the afore mentioned sequencing and annotation of many strains. Moreover, the 

development of new molecular techniques – Tn5 transposon mutagenesis (DeShazer et 

al., 1997), counter-selectable markers (Logue et al., 2009) (Moore et al., 1999)  (Brown 

et al., 2004) (facilitating allelic exchange) have begun to elucidate new virulence 

mechanisms in this organism. Furthermore, Shalom and colleagues (2007) have 

identified a type VI secretion system. They utilized in vivo expression technologies to 

identify a series of genes (tssH-5, tssI-5 and tssM-5) that are located within a type VI 

secretion system cluster. This cluster was identified as a macrophage induced gene 

cluster. Interestingly, disruption of this cluster failed to reveal a role for the genes in 

macrophage survival at the time. Six type VI secretion clusters have to date been 

identified (Shalom et al., 2007) meaning B. pseudomallei contains more type VI clusters 

than any other organism (Boyer et al., 2009). The gene cluster 1 type VI secretion 
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system has been identified to be important for actin-based motility, MNGC formation, 

intracellular and growth in macrophages (Burtnick et al., 2011) with the knock out 

mutant having significant delay in intracellular growth.    

A type V or two-partner secretion system (Brown et al., 2004) bpaAB was discovered in 

a virulent strain of B. pseudomallei but not in avirulent B. thailandensis. This secretion 

system was identified in a putative genomic island and at the time of publishing Brown 

and colleagues had not found a role in virulence for this system though this secretion 

system will be discussed in greater depth in chapter 5 of this thesis.  

To this time the majority of study has focused on multiple type three secretion systems 

(TTSSs) that have demonstrated roles in virulence.   

   

1.1.5 Type Three Secretion Systems  

 

Three TTSSs have been identified in multiple loci (Holden et al., 2004) termed TTSS1 

to TTSS3 (Warawa and Woods, 2005). TTSS1 and TTSS2 have been found to be 

similar to the hrp locus of Ralstonia solanacearum (plant pathogen) (Winstanley et al., 

1999) and TTSS3 (bsa)  has been demonstrated to be homologous to the Inv/Spa/Prg 

and Ipa/Mxi/Spa TTSS from Salmonella (Attree and Attree, 2001) and Shigella 

(Rainbow et al., 2002) respectively.  

The importance of the TTSSs have been demonstrated by attenuation of virulence in 

vivo. Stevens and colleagues (Stevens et al., 2004) showed that the TTSS3 was required 

for virulence in intraperitoneal and intranasal infected Balb/c mice. Furthermore, 

Warawa and colleagues (Warawa and Woods, 2005) demonstrated that the TTSS3 

(though not TTSS1 or TTSS2) was important for virulence via the intraperitoneal route 

in hamsters. Interestingly, a three way knockout mutant (all three TTSSs disabled) was 

further attenuated beyond the level of the TTSS3 mutant.      

The TTSS has also been shown to be important in the intracellular survival of B. 

pseudomallei with the mutation of the TTSS effector protein BipD leading to reduced 

bacterial loads in the liver and spleen in infected mice (Stevens et al., 2004).  
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1.1.6 Quorum Sensing 

 

Quorum sensing is a method of bacterial signaling based on the density of the bacteria 

and the release of small diffusible signaling molecules such as acyl-homoserine lactones 

(Fuqua et al., 1996), (Miller and Bassler, 2001). In its simplest form QS consists of an 

inducer gene (I) and a receptor gene (R).    

The K96423 genome has been shown to contain numerous genes predicted to encode 

AHL homologs (Holden et al., 2004) (Ulrich et al., 2004). Valade and colleagues 

(Valade et al., 2004) identified homologs of LuxI-LuxR (PmlI-PmlR) producing n-

decanoyl homoserine lactones which were required fro virulence in SWISS mice 

(Valade et al., 2004). Similarly, Ulrich and colleagues identified eight LuxI and Lux R 

homologs in B. pseudomallei K96423 (Ulrich et al., 2004). They demonstrated that 

there were three pairs of inducers and receptors and two unpaired receptors one in 

chromosome 1 and one in chromosome 2. Ulrich and colleagues made a series of QS 

mutants with which they found that there was a significant modification in the virulence 

of these bacteria. Specifically they found that the pmlR2 mutant had increased 

dissemination from the sight of inoculation and consequently virulence in mice and 

hamsters and the pmlI3 mutant displayed a significant drop in virulence. The products 

of these systems remain to be identified, however, the BpsI-BpsR system has been 

identified to play a key role in B. pseudomallei biofilm production (Garnage et al., 

2011). 

 

1.1.7 B. pseudomallei interaction with host cells   

 

B. pseudomallei is able to survive and proliferate within host cells; phagocytic cells - 

peripheral mononuclear leukocytes and macrophages (Pruksachartvuthi et al., 1990) 

(Miyagi et al., 1997) (Harley et al., 1994) (Kespichayawattana et al., 2000), non-

phagocytic cell-lines (Harley et al., 1998a) (Jones et al., 1996) and Acanthamoeba 

(Inglis et al., 2000). In cultured non-phagocytic cells debate has continued on the levels 

and importance of B. pseudomallei adherence to cultured cell-lines. A number of 

research groups have demonstrated that B. pseudomallei adheres to cultured cells (Kanai 

et al., 1997) (Gori et al., 1999) (Ahmed et al., 1999) (Brown et al., 2002) 

(Kespichayawattana et al., 2004) with Balder and colleagues (2010) demonstrating that 

knocking out the boaA gene considerably decreased adherence to epithelial cells . 
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Further to demonstrating adherence, Brown and colleagues (2002) showed that the 

adherence was both temperature and growth phase dependent. This may demonstrate a 

role in adherence to the respiratory system (they describe increased adherence at 30 C) 

though the true role of this observation is yet to be determined. Asialo-GM1 and asialo-

GM2 have been identified as possible cell receptors for adherence in vitro (Kanai et al., 

1997) (Gori et al., 1999). These are carbohydrates moieties that are extensively 

expressed on respiratory cells and a range of important respiratory pathogens utilise 

them as adherence sites to establish infections (see(Thomas and Brooks, 2004)). 

Whether this adherence is critical in the establishment of an infection of B. 

pseudomallei remains unknown however, Phewkilang and colleagues (2010) 

demonstrated that the removal of the polysaccharide capsule from B. pseudomallei lead 

to a significant change from adherence to invasion and apoptosis of respiratory 

epithelial cells. Further to the shortage of knowledge about host receptors, there has 

been minimal characterisation of B. pseudomallei adhesins. The K96423 genome 

sequence, however, did reveal type I and type IV pilus loci and non-pilus adhesions 

(Holden et al., 2004). Characterization of the type IV pilus suggested that they may be 

involved in virulence in vivo (Essex-Lopresti et al., 2005).  

Further to adhering to cells B. pseudomallei can efficiently invade these non-phagocytic 

cells (Jones et al., 1996) (Kespichayawattana et al., 2004) (Stevens et al., 2003). 

Normally in intracellular bacteria this would occur by the use of invasins (see review 

(Cossart and Sansonetti, 2004)) interacting with host cell receptors. Invasion has been 

shown to be blocked by cytochalasin D, demonstrating interaction and dependance on 

cytoskeletal actin (Jones et al., 1996). Furthermore, TTSS effectors (BipB, BipD and 

BopE) have been shown to be required for invasion to occur (Stevens et al., 2003) 

(Suparak et al., 2005) and at least one of these mutants (bipD) demonstrated significant 

decrease in virulence in BALB/c mice (Stevens et al., 2004). A possible reason for this 

was the observation that a significant reduction in intracellular replication in the liver 

and spleen was observed in these mice. 

 

1.1.8 Phagocytic cells 

 

As stated previously B. pseudomallei can survive and proliferate in a number of 

phagocytic cells.  B. pseudomallei is capable of escaping the phagosome and 

proliferating in the cytoplasm (Harley et al., 1998b) and it has been shown that B. 
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pseudomallei can disrupt the normal functioning of the iNOS in macrophages 

(Utaisincharoen et al., 2001). Further, similar to a number of intracellular bacterial, B. 

pseudomallei is able to induce nucleation of actin monomers at one pole of the 

bacterium (utilising the bacterial protein bimA (Stevens et al., 2005)). Bim A contains 

two WASP homology 2 domains (PDASX) which have been identified as critical for 

actin binding, actin assembly and plaque formation (Sitthident et al., 2011). It is 

believed that this actin nucleation allows the bacterial to drive itself through the host 

cytoplasm and potentially “punch” its self from cell to cell. (Gouin et al., 2005) 

(Kespichayawattana et al., 2000). This potentially allows for spreading of the infection 

through intracellular means without further exposing the B. pseudomallei to the host 

immune system. 

The Inv/Mxi/Spa TTSS has been shown to be essential for the initial escape from the 

phagosome and further, is required for intracellular proliferation (Stevens et al., 2002) 

though some groups have reported that delayed vacuole escape and replication can 

occur in TTSS mutants (Burtnick et al., 2008). Furthermore, once present in the 

cytoplasm it has been recorded that B. pseudomallei can induce apoptosis in the 

macrophags by a caspase-1 dependent mechanism (Sun et al., 2005). 

  

1.1.9 Adaptive Immunity  

 

As described, there have been extensive studies on the innate immune responses of 

infected hosts to B. pseudomallei. Adaptive immunity has proven to be problematic to 

study in the same detail due to little potential being shown in vaccine candidates for a 

long time.  The regulation of acquired immunity against pathogens occurs by antigen-

specific memory B cells and T lymphocytes. 

Whilst the knowledge base is developing for adaptive immunity responses in 

melioidosis, already it does appear to be an essential component of the host responses 

(reviewed in Lazar Adler et al., 2009).  In endemic areas, a significant proportion of 

apparently healthy individuals have antibodies to B. pseudomallei. These antibodies 

appear to come from subclinical infections in the majority of cases; 10% of tested 

individuals in an aboriginal community had positive serology to B. pseudomallei when 

tested (Thompson and Ashdown, 1989) and human cases of adaptive cell mediated 

immunity response have demonstrated in culture-confirmed melioidosis (Ketheesan et 

al., 2002). 



Chapter 1: Literature Review 

 

 9 

 

No vaccine currently exists that is suitable for human protection. Whilst live attenuated 

mutants of B. pseudomallei have been found to be the most effective immunogen in 

mice – this antigen is unlikely to be allowed to be trialed on humans (Sarkar-Tyson and 

Titbull, 2010). Antibody studies alone have shown increased survival in mice but have 

failed to provide long-term survival; polysaccharide derived antibodies have proven to 

extend survival time in infected mice and rats (Brett and Woods, 1996; Bottex et al., 

2005). This failure for complete protection may be in part to the intracellular nature of 

B. pseudomallei protecting it from such immune responses. However, a combination of 

mucosal immunization with non-coding DNA complexed liposomes and killed bacteria 

has provided significant protection to mice, raising CD8+ T cell responses from normal 

lethal pulmonary challenges (Henderson et al., 2011).    

 

Ultimately it appears a mixed response of innate and adaptive immune response is 

required for the host to successfully fight B. pseudomallei infection.     

 

1.1.10 Cell Fusion  

 

One ability that B. pseudomallei possesses is the ability to induce fusion in macrophage 

cells resulting in multi-nucleated giant cells (MNGCs; (Figure 1.1 (Harley et al., 1998a)  

(Kespichayawattana et al., 2000))). The fusion of macrophage host cells has been shown 

to require intracellular B. pseudomallei and is dose dependent (Utaisincharoen et al., 

2003). Moreover, the TTSS effector BipB was shown to be required for the MNGC 

formation (Suparak et al., 2005).  

Granulomas (similar to that established in tuberculosis infections) are associated with 

chronic melioidosis and these fused cells have been observed in post mortem (Wong et 

al., 1995) and in biopsies from melioidosis patients with bone damage  

(Sirikulchayanonta and Subhadrabandhu, 1994). Interestingly, Boddey (2007)  

demonstrated that these giant cells have biochemical properties very similar to 

osteoclasts and this may explain the reason why bone pathologies are observed in 

chronic melioidosis. Boddey and colleagues (2007) demonstrated that not only do the 

giant cells induced by B. pseudomallei express many cytokines/chemokines associated 

with infection – MCP-1, MIP-1γ, RANTES and the transcription factor NFATc1 but it 

also expressed many characteristics of osteoclasts. This included the markers calcitonin 
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and cathepsin K and the acid phosphatase TRAP. All these markers were expressed at 

levels similar to what is observed in true osteoclasts.  This is a surprising observation 

given that although these are both multi-nucleated type cells, the method of formation is 

remarkably different. The gene expression was remarkably similar to that of osteoclasts, 

and Boddey demonstrated that the functionality was different between the cells. 

Osteoclasts grown on dentine chips usually show the “typical” resorption pits and 

exposed matrix of the underlying surface. Instead of dissolving bone the B. 

pseudomallei-derived MNGCs actually deposited a mineral material on to the surface of 

the dentine.  

  

 

 

       

Figure 1.1 B. pseudomallei-induced RAW264.7 cell-fusion.  When macrophage cell lines are infected 

with B. pseudomallei in vitro it can induce membrane fusion between the cells in as little as 12 hours post 

infection - forming the equivalent of a bacterial-induced syncytia or an osteoclast-like cell.  

 

 

1.1.11 Clinical features of Melioidosis  

 

Melioidosis presents with a series of symptoms which may easily be misdiagnosed for 

other infections (Ellis and Titball, 1999) (Leelarasamee and Bovornkitti, 1989), with a 

common presentation being pneumonia (Chaowagul et al., 1989) (Dance et al., 1990) 

(Currie et al., 2000a). Recent DNA microarrays of the host reveals that B. pseudomallei 
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is capable of activating immune, stress, cell cycle, proteosomal degradation, cellular 

metabolism and signal transduction pathways mostly through the TLR2 receptors (Chin 

et al., 2010). These global manifestations of systemic activation may not always be seen 

in each clinical case with melioidosis usually presenting as one of four types of 

infection; acute, sub-acute, chronic and sub-clinical (Howe et al., 1971) (Guard et al., 

1984) (Ellis and Titball, 1999). It can affect any organ in the body (Leelarasamee and 

Bovornkitti, 1989) and can be localized to a particular site or disseminated 

(Sirikulchayanonta and Subhadrabandhu, 1994) (Manson-Bahr and Bell, 1987) 

(Leelarasamee and Bovornkitti, 1989, Currie et al., 2000a) (Currie et al., 2000b). Nearly 

90% of all cases present as acute infections (Currie et al., 2000a). These acute infections 

primarily occur in immuno-compromised individuals with the infection presenting as 

pulmonary or septicemic illness which can be rapidly fatal if untreated (Currie et al., 

2000a) (Brett and Woods, 2000). Further, in endemic areas such as Thailand, 80% of 

septicemic cases are still fatal even with antibiotic treatment (Leelarasamee, 1998) 

(Chaowagul, 2000). Acute diseases presenting with septic shock can have a mortality 

rate of up to 86% (Currie et al., 2000a). Sub-acute disease can present as a long febrile 

illness. B. pseudomallei can be detected or recovered in body tissues and secretions such 

as blood, urine and pus (Smith et al., 2002) (Leelarasamee and Bovornkitti, 1989). 

Chronic disease has a variable presentation though it often forms lesions in the skin, 

subcutaneous tissues and bones (Manson-Bahr and Bell, 1987) and granulomas similar 

to tuberculosis (Piggott and Hochholzer, 1970) (Wong et al., 1995).     

Sub-clinical disease is the most common form of melioidosis and is the asymptomatic 

form of the disease. Whilst the host may not present with symptoms at the time of 

infection there is the potential for reactivation, up to 29 years later (Mays and Ricketts, 

1975) (Chodimella et al., 1997). In general infection symptoms can take up to 21 days 

to appear though on average the incubation time is nine days (Currie et al., 2000a). 

Relapse can be common with 23% and 13% of cases reoccurring in Thailand and 

Australia respectively despite eradication therapies (Currie et al., 2000a) (Leelarasamee, 

1998), with molecular typing proving that these patients were indeed infected with the 

same strain of bacterium and had not simply being infected from a secondary source 

(Haase et al., 1995). Relapse appears to be dependent on the choice of treatment during 

the initial infection. Treatment with ceftazidine for an extended period can reduce 

recurrence by up to 50% (Chaowagul et al., 1993) though imipenem and meroperem are 

the preferred drug in Australia.     
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As described previously, B. pseudomallei is resistant to many antibiotics – gentamycin, 

streptomycin, penicillins, first and second generation cephalosporins, polymyxins and 

tobramycin (reviewed in (Cheng and Currie, 2005) (Leelarasamee and Bovornkitti, 

1989)) – often making treatment difficult. It has been shown that the using antibiotics 

which are permeable to macrophages are far more effective in treating a mouse model 

of melioidosis (Fukuhara et al., 1995). Further highlighting the importance of the 

intracellular lifecycle of B. pseudomallei, Currie and colleagues (Currie et al., 2000a) 

have reported fatalities even with aggressive treatment of antibiotics; post-mortem 

culturing demonstrating that the B. pseudomallei was sensitive to the clinical antibiotics 

being administered. This natural antibiotic resistance has put increased emphasis on the 

need for a useful vaccine though as to date attenuated live vaccines have shown the 

most promise in murine models and these are not suitable for human trials at this time 

(Sarkar-Tyson and Titball, 2010).    

 

1.1.12 Cytokine secretion in host organisms infected with B. pseudomallei  

 

The initiation of significant infection and the often serious development of sepsis and 

disease is a common host response. In bacterial infection with Gram-negative organisms 

these host responses often occur due to LPS stimulation of the host immune cells 

(Suzuki, et al., 2000) and similar responses are seen in B. pseudomallei infection as the 

host works to destroy or at least suppress and control the foreign invasion. 

In the murine models of B. pseudomallei infection the production of IFN-γ has been 

shown to be critical to the survival of the host. This was demonstrated by the application 

of neutralizing antibodies against IFN-γ, where upon the bacterial loads in the liver and 

spleen of infected animals increased 8,500 and 4,400 times respectively (Santanirand et 

al., 1999). They believed that the rapid production of IFN-γ within the first day of 

infection determined whether the host suffered an acute lethal infection or developed a 

chronic infection. The idea that cytokine responses levels help to determine acute versus 

chronic infection in the mouse was reinforced by Ulett and colleagues (2000) where 

they demonstrated that the susceptible mouse strain BALB/c displayed three times the 

amount of TNF-α, twice the amount of IL-1β and IL-6 than C57BL/6 mice (which tend 

to be relatively resistant to B. pseudomallei -10 to 100 times less susceptible (Tan et al., 

2008) or form chronic infections) at 36 hours post infection. The importance of these 

early inflammatory cytokines is reinforced when it is observed that the expression of 
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IFN-γ in the mouse was critical to control of B. pseudomallei infection in the lungs.   

Easton  and colleagues demonstrated that the depletion of neutrophils from the lungs 

leads to a decrease of up to 98% in expression of TNF-α, IFN-γ and IL-6 with an 

associated loss of infection control (Easton et al., 2007). Likewise a depletion of natural 

killer cells and T cells lead to a decrease in IFN-γ, IL-12 and IL-18 (Haque et al., 2006). 

This initial response (or differences of) is observed also in spleenocytes where BALB/c 

derived cells produced twice as much IFN-γ than the equivalent cells from C57BL/6 

stimulated with B. pseudomallei (Koo et al., 2006). Furthermore, it appears that this 

increased release of pro-inflammatory cytokines (including TNF-α, IL-1β, IL-6, IL-12 

and IL-18 leads to the more intense inflammation observed in BALB/c mice (Koo et al., 

2006). Early responses in the lungs and spleens of BALB/c and C57BL/6 mice rapidly 

differ after aerosol inoculation. After one day post infection, C57BL/6 mice express low 

levels of TNF-α, IL-6, IFN-γ and the chemoattractants KC, RANTES, MCP-1, MIG and 

MIP-1β. In contrast BALB/c mice similarly inoculated express high levels of these 

cytokines. Correspondingly, the levels of B. pseudomallei bacteria in the lungs and 

spleen of the BALB/c was significantly higher (Tan et al., 2008). Hence the ability to 

survive infection with B. pseudomallei appears tightly linked by initial host cytokine 

responses.  

 

In human cases of melioidosis there is again key cytokines released with acute 

infections. Elevated levels of IFN-γ, IL-18, IL-12p40 and IL-15 are often observed 

(Lauw et al, 1999) and similarly other groups see increases in IL-8 and IL-6 levels with 

the reporting that plasma levels of IL-6 over 1000 pg/mL leads to a 75% mortality rate 

(Friedland et al., 1992). Monocytes from patients with sepsis produce TNF-α, IL-8, 

MCP-1, MIP-1α and MIP-1β. Along with these pro-inflammatory cytokines a collection 

of anti-inflammatory cytokines are likewise released during infection including IL-4, 

IL-10, IL-1RA and TNF-R1 (Wiersinga, 2007). 

IL-8 expression (a potent chemoattractant for polymorphonuclear cells) has similarly 

been observed in the human lung cell line A549 – though interestingly the expressed 

levels were less than 50% of that observed for S. typhi infection (Utaisincharoen et al., 

2004) and did not require bacterial invasion even though non-invasive bacteria such as 

S. flexneri cannot induce NF-ĸB translocation and subsequent IL-8 production (Philpott 

et al., 2000). 
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Likewise, Wiersinga and colleagues (2009) demonstrated that patients with sepsis had 

elevated levels of IL-6, IL-8, IL-10, IL-1β and IL-12p70 though not significantly high 

over controls. TNF-α was undetected and they reported that immuno-suppression may 

be occurring leading to decrease in TNF-α where as IL-10 levels were increased. This 

potential immuno-suppressed state they associated with poor patient outcomes.  

 

1.2  Multinucleated Giant Cells 

 

1.2.1 Cell fusion 

 

No matter where one falls on the evolutionary tree be it plant, protist or vertebrate – 

membrane fusion to form the initial genetically whole cell begins the process of 

individual life. During this early development cell-to-cell fusion regulates tissue 

formation (Oren-Suissa and Podbilewicz, 2007). The fusion of biological membranes is 

a continuous and essential event in the physiological functioning of the majority of 

multicellular organisms. Primarily there are two types of membrane fusion depending 

on whether cytoplasmic exchange occurs during fusion. Whilst virus-to-host and 

intracellular trafficking of vesicles are both highly studied forms of membrane fusion 

these events do not end with the exchange of cytoplasmic material (Cossett and 

Lavillette, 2011; Kalia and Jameel, 2011; Piper and Lehner, 2011; Hunt and Stephens, 

2011). Virus induced fusion, mediated by fusion proteins gives entry of viral genetic 

material into the host and therefore viral replication. The critically important fusion of 

membranes for intracellular vesicle trafficking is a widely studied phenomenon (Dacks 

and Field, 2007) and its functioning is essential for every cell.  

 

Alternatively, the fusion of cell-to-cell membranes is a process that remains to be fully 

elucidated. To fuse the membranes of neighboring cells requires membranes that 

incorporate specific proteins (dependent on soluble N-ethylmaleimide-sensitive fusion 

attachment protein receptor (SNARE) proteins either heterotypic or homotypically 

distributed in the membrane which act as specific receptors that secure the mechanistic 

process (Helming and Gordon, 2009). This highly regulated cellular event is required 

for a number of homeostatic processes and basic development whether that is the fusion 

of sperm and oocyte, macrophages into osteoclasts or the formation of viral syncitia – 
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there is much to learn about the mechanisms governing cell too cell fusion. Moreover, 

cell-to-cell fusion is now recognized in cancer progression. Macrophage-tumour and 

stem cell-tumour hybrids have been found in vivo and in vitro leading to cells with 

increased proliferation, enhanced metastasis and drug resistance to chemotherapeutics. 

Further, these fusion hybrids may be one of the sources of cancer re-occurrence – long 

after apparent clearance of the primary tumour (Dittmar and Zanker, 2011). 

 

Yeast cells mate by fusing membranes. Yeast plasma membrane fusion is regulated at 

least partially by PRM1, a gene product that is required by both partners to ensure 

fusion occurs. Mutation of this gene product results in cells that make contact but 

remain un-fused (Heiman and Walter, 2000; Jin et al., 2008). It has been shown 

however that it is not completely essential and surprising yeast geneticists have failed to 

elucidate many more candidates (Oren-Suissa and Podbilewicz, 2007).  

Greater understanding is seen in C. elegans models. Cell fusion is critical in the 

development of C. elegans and this makes it one of the most studied models of cell-to-

cell fusion. In an adult worm greater than 30% of nuclei reside in multinucleated cells. 

These include glial, epidermal internal epithelium and contractile muscle tissue (del 

Campo et al., 2005; Mohler et al., 2002).  Screening the genome identified the gene eff-

1. Like in mating yeast, inactivation of eff-1 leaves cell migration and cell-to-cell 

contact uninterrupted, however, actual membrane fusion is inhibited. In fact eff-1 works 

so efficiently that it can be substituted into viral envelopes and still drive virus – host 

fusion (Kontani and Rothman, 2005). Higher up the evolutionary order cell-to-cell 

fusion plays an increasingly important role in specialized organ formation. Myoblast 

formation (in Drosophilia) occurs between muscle founder cells and competent 

myoblasts (Abmayr and Pavlath, 2012). This is driven by the formation of fusion pores, 

leading to cytoplasmic mixing and fusion of the membranes.  

 

Cell to cell fusion participates in the role of bone metabolism (osteoclastogenesis 

(Holtrop and King, 1977)), chronic inflammation (foreign body giant cells and 

granuloma (Chen et al., 2007)) and its dysfunction occurs in many tumours (Pawelek, 

2005). It is envisioned that a complex mixture of signalling (chemokines) and receptors 

must be invoked for this to occur.  
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1.2.2 Macrophage Cell Fusion 

 

Macrophages usually reside as mononuclear cells ubiquitously throughout the body of 

mammals. Macrophages are a myeloid lineage of cells that are usually involved in 

homeostasis and repair, ubiquitously distributed throughout the body tissues. 

Macrophages have been regarded as “cleaners” though they are now recognized as 

being relatively sophisticated entities (Bernhagen, 2005). In specific circumstances, 

however, macrophages are attracted to each other and fuse, forming multinucleated cell 

types that play key roles in physiological functioning.  

There are two consequences with the fusion of macrophages on the individual cells. 

First, there is a significant increase in the size of the cytoplasm to allow for 

“extracellular lysosomes” and second, there can be a significant change in the lifespan 

of these cells. The increase in the size of the cytoplasm allows these giant cells to engulf 

targets or present a greatly increased surface area onto the substrate including bone, 

foreign bodies (such as surgical implants) and pathogens. Furthermore, the increase in 

cytoplasmic volume allows for a vastly increased amount of vacuole secretion onto the 

“foreign surface” (Lee and Minako, 1996). Moreover, the fusion event can radically 

alter the life span of these giant cells and currently there is some debate on how long 

these giant cells can survive. Compared to the mononuclear cells which can circulate for 

months (Thomas et al., 1976) it appears that osteoclasts have a relatively short life span, 

especially in vitro ((Thomas et al., 1976, Marks and Seifert, 1985) (Hughes et al., 1995), 

whereas granulomas and FBGCs that form in response to inflammatory responses 

appear to be able to survive for long periods in patients (el-Mofty et al., 1985).  

 

Whilst the fusion of macrophages begins with what is believed to be a homogenous 

mononuclear population the actual mechanisms driving fusion events differs depending 

on which terminal differentiation pathway these cells take. 

Likewise, macrophages can fuse in specific instances to form bone regulating 

osteoclasts and foreign body giant cells (Oren-Suissa and Podbilewicz, 2007).  This 

process is critical to allow specific control of specialized macrophage derived functions 

such as bone resorption; cell-to-cell fusion is believed to allow larger areas of bone to 

be resorbed. Whilst in lower order organisms single genes have been identified, the 

control and regulation of these cells has been shown to be complex and intricate with a 

potentially vast array of genes activated during the process (Helming and Gordon, 
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2007). Whilst a number of receptors have been identified; CD47, MFR (macrophage 

fusion receptor), CD44, and DC-STAMP only DC-STAMP appears to have a 

conclusive role in fusion (Chiu et al., 2011), with DC-STAMP
-/- 

mice lacking 

osteoclasts and giant cells and suffering from osteopetrosis. 

Macrophages or osteoclast precursors are activated into forming osteoclasts by the 

soluble ligand RANKL (receptor of NF- B ligand) interacting with its surface receptor 

RANK (Nakagawa et al., 1998). Alternatively, many studies have presented data 

supporting the importance of the cytokine IL-4 in the formation of FBGCs (McInnis and 

Rennick, 1988, McNally and Anderson, 1995) . Whilst IL-4 is clearly a key regulator in 

the formation of giant cells (it is also a requirement in the formation of fusing myoblasts 

– skeletal muscle cells (Horsley and Pavlath, 2004)) other unidentified factors are 

required. IL-4 supplemented alone cannot form giant cells (McNally and Anderson, 

1995) and complex serum mixtures are added to the media (McNally and Anderson, 

1995) and it is also known that MCSF and GM-CSF are required for growth and 

survival of the FBGCs in vitro (Lemaire et al., 1996). Interestingly, IL-4 blocks the 

formation of osteoclasts supporting the idea of differing lineages of formation for these 

giant cells (Bendixen et al., 2001) (Moreno et al., 2003). That is, IL-4 is important in the 

inflammatory response whilst RANKL drives giant cell formation down the 

osteoclastogenesis pathway.  

 

Whilst there are clear differences between the pathways to form these giant cells there 

are mechanisms in place that are attributable to both lineages of cells. One identified 

factor is the cell receptor DC-STAMP (dendritic cell-specific transmembrane protein) is 

a seven-transmembrane receptor, similar to CXCR4, an identified co-receptor of HIV 

(which can generate fused-cell syncitia (Zaitseva et al., 2005)) and ste2 and ste3 (G-

protein coupled receptors responsible for initiation of fusion in yeast (Shi et al., 2007). 

What has not been made clear though is whether DC-STAMP is a regulator of fusion or 

is actually a mediator of fusion through other parties (Yagi et al., 2006) (Miyamoto, 

2006). Knock-out mice lacking DC-STAMP reportedly have no osteoclasts and no giant 

cells (Kukita et al., 2004).     

While it is known that DC-STAMP is essential for fusion in both osteoclasts and 

FBGCs how the receptor actually functions is still unknown. The ligand for DC-

STAMP has yet to be identified (though the chemokine MCP-1 is a potential candidate 

(Kyriakides et al., 2004) (Kim et al., 2005b). Yagi and colleagues proposed that there 
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are “master” fusing cells expressing the DC-STAMP receptor (Yagi et al., 2005). They 

proposed that these master cells lead the fusion process and that DC-STAMP may not to 

be expressed on every fusing cell. If this is the mechanism initiating fusion other 

receptors and ligands must surely be required for the cells following the fusion path.  

     

There has been a number of other cell receptors proposed to be involved in cell to cell 

fusion. SIRP  (previously called Macrophage fusion receptor (MFR)) is a protein that is 

expressed or induced at the onset of fusion. It is able to bind the ubiquitously expressed 

CD47 and this partnership would fulfil the master-follower theory of cell fusion (Han et 

al., 2000). Other cell surface receptors or ligands including mannose receptor, CD9, 

CD81 and E-cadherins have all been identified as possible candidates though none have 

been conclusively proven to drive cell to cell fusion (Mbalaviele et al., 1995) 

(Morishima et al., 2003) (Yi et al., 2006) (Iwai et al., 2007) (Moreno et al., 2007).  

 

1.2.3 Chemokine regulation in cell fusion 

 

As discussed, although cell-to-cell fusion is a process essential throughout biological 

development (fertilization, placentation, skeletal muscle development, bone regulation, 

tissue repair), limited data has been established on the molecules that regulate these 

events. 

In many cell-to-cell fusion models numerous cytokine/chemokines have been identified, 

however, whether these are contributing a direct role in these fusion events or are 

simply components of other events.  In the lead up to fertilization IL-1 and TNF-α are 

present  (Mendoza et al., 1999), however later studies have shown that increased levels 

of IL-1 lead to impairment of sperm-oocyte fusion (Ganaiem et al., 2009). Likewise, 

whilst it is known that M-tropic strains of HIV interact with a number of cytokine 

receptors (CCR5 and CXCR4) these and their associated ligands have not been 

definitively linked to HIV’s ability to form host cell syncytia. (Blanpain et al., 2002).  

 

Of the higher order models of cell fusion, it is that if macrophages and related cell types 

that have been elucidated most thoroughly; osteoclasts, foreign body giant cells, 

Langerhans cells, tuberculosis granulomas, schistosomasis giant cells. Even in this 

model whilst many cytokines/chemokines have been identified in the process of cell 

fusion, the actual cytokines functionally involved in the fusion event are not clear. The 
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process of cell-to-cell fusion of macrophages appears to occur through 4 stages; 

induction of a fusion competent status, chemotaxis, cell-to-cell attachment, cytoskeletal 

rearrangement and fusion. Cytokines and chemokines have been identified at most of 

these processes. Inducing fusion-competent cells has been demonstrated to be regulated 

most often by IL-4 and IL-13 (Moreno et al., 2007; Helming and Gordon, 2007b). 

Moreover, these cytokines further induce other fusogenic proteins including E-

cadherins, MMP-9 and DC-STAMP (Helming and Gordon, 2009). Chemotaxis appears 

to be significantly regulated by CCL2 in macrophages (Kyriakides et al., 2004). Other 

chemokines implicated in this process include RANKL and M-CSF (osteoclasts), IFN-γ 

and IL-13 (tuberculosis granulomas) and RANKL, M-CSF and IL-17A (Langerhans). 

Whilst all these cytokines are believed to assist in the process of cell fusion the specific 

fusogenic molecules have yet to be elucidated (Helming and Gordon, 2009).         

 

1.3 Cytokines 

 

As briefly described the chemokine MCP-1 may be capable of activating cell fusion 

(Kyriakides et al., 2004) (Kim et al., 2005b). Cytokines as a whole are able to activate 

numerous signalling pathways in the cell, leading to changes in gene-expression and 

overall cell-homeostasis. These changes are often absolutely crucial to maintain a 

normal physiological function.  

Alternatively, regulation of these cytokine responses is just as essential in order to avoid 

the disastrous effects seen in conditions with excess cytokine signalling – for example 

the pathogenic process of diabetes (Navarro and Mora, 2006).  

 

1.3.1 Cytokine release and the activation of response pathways 

 

Cytokines can activate a complex network of intracellular signalling cascades. For 

example, three members of the IL-1 family (a, b (which have similar effects) and IL-

1Ra (a natural receptor antagonist and modulator of IL-1 system) can regulate key 

signalling pathways through the protein kinase TAK1. The MAPK pathway and the 

transcription factor NF- B can be activated (McDermott and O'Neill, 2002)  
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(Takaesu et al., 2003), whereas the WNT pathway is down-regulated (Ishitani et al., 

1999). Cytokines can activate these key pathways by interacting with cell surface 

receptors in response to extracellular events such as pathogen infection.  

Immune responses to foreign organisms can be traced to development in invertebrates.  

Drosophila melanogaster contains a family of 8 proteins termed the Toll receptors. 

These protein receptors recognise a number of foreign bodies, especially pathogens 

including bacteria and fungi and begin the induction of antimicrobial peptides to kill 

invaders (Cherry and Silverman, 2006). In mammals there have been 10 characterised 

Toll-like receptors (TLRs) that operate as “pattern recognition” receptors of various 

pathogen molecules (Bowie and O'Neill, 2000) (Armant and Fenton, 2002). These 

receptors are one of the mechanisms in which inflammation responses are controlled 

with each receptor recognising a different target; TLR 4 activates in response to LPS 

(Chow et al., 1999) (Hoshino et al., 1999), TLR 2 activates in response to lipoteichoic 

acids and peptidoglycans (Schwandner et al., 1999) (Yoshimura et al., 1999), TLR 5 

responds to bacterial flagellin (Hayashi et al., 2001) and TLR9 respond to CpG-

containing DNA (Hemmi et al., 2000).  

 

Cytokine signalling leads to ligand-mediated dimerization, with the TLR signalling 

through the adaptor protein MyD88 (Takeuchi et al., 2000) that consequently signals 

through another series of signalling proteins (IRAK, TRAF6 and ESCIT, see review 

(Fitzgerald and O'Neill, 2000)). This early cascade leads to the activation of the two key 

pathways: NF- B (discussed in detail later) and the MAPKs of p38 and JNK leading to 

the further production of cytokines including TNF- , IL-1 and IL-12. 
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Figure 1.2 Activation of host response pathways through cytokine signalling. Stimulation of cells 

through a variety of means including stress, activation and apoptosis etc leads to a release of key 

chemokines/cytokines that initiate these responses. On docking with the appropriate receptor the MAPK 

and NF-κB pathways are activated which ultimately leads to transcriptional activation. This leads to 

expression of further chemokines/cytokines and the cycle of activation continues. Image adapted from 

(Cook et al., 2000).  
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1.4 Mitogen Activated Protein Kinases  

 

 1.4.1 General principals 

 

In normal functioning, host cells require the ability to convert external and surface 

stimuli into physical responses and gene expression. A network of interacting proteins 

that regulate a number of cellular processes mediates the transmission of these 

extracellular signals into intracellular responses. One such signalling mechanism that 

has been elucidated involves a sequential stimulation of several cytoplasmic protein 

serine/threonine kinases collectively known as the mitogen-activated protein kinase 

(MAPK) signalling cascade.  

The MAPK pathway provides multiple forms of regulation through a broad range of 

biological targets. The regulation of various target substrates is selectively conferred by 

the specific MAPK docking sites being present on the target substrates (see review 

(Kyriakis and Avruch, 2001). Furthermore, the specificity between vertical tiers of the 

cascade is high as there is little horizontal cross talk in between tiers.  

This cascade process consists of up to 6 tiers – each tier contributing to amplification 

and specificity of the transmitted signals which activate several regulatory molecules in 

the cytoplasm and nucleus; MAPKs are involved in all aspects of immune responses; it 

initiates the innate immune system, drives the activation of adaptive immunity response 

and finally drives cell death when the immune responses are completed (Junttila et al., 

2008). Furthermore, during the immune responses it assists in driving cell functions as 

indicators, regulators and effectors. The MAPK cascade is not restricted to growth 

factor signalling however and it plays a key role in cell responses to stress stimuli (see 

Rincon et al., 2009).  

As mentioned the MAPK cascade functions in key ways to continue a healthy 

physiological state. Unfortunately the MAPK pathways also control growth and survival 

of a wide range of human tumours. Solid tumours have MAPK activated and when 

these MAPKs have been targeted as anti-tumour therapy the degree of toxicity incurred 

was unacceptable (see Chopra et al., 2008) due to the importance of these pathways in 

normal functioning.      
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There are three major groups of MAPKs in mammalian cells - Extracellular signal-

related protein kinase (ERK), p38 MAPK and c-Jun NH2-terminal kinases (JNK). These 

MAPKs are amongst the most ancient of signal transduction pathways and these 

MAPKs are heavily evolutionary conserved (Hamel et al., 2006) (Koike et al., 2001), 

with approximately 60% amino acid identity between ERK, p38 and JNK between 

species.  

While the individual MAPKs will be discussed in detail later, briefly the ERK proteins 

are kinases activated by growth and survival factors (Peng et al., 1996). It is the 

pathway that assists in regulating proliferation and survival. Alternatively, p38 and JNK 

are activated in response to stress events and apoptosis signalling (Wang et al., 1998). 

This can include osmotic shock, heat shock, UV irradiation and responses induced by 

pro-inflammatory cytokines. This pathway conveys extracellular stress events into gene 

responses by the host cell.  

 

When required the MAPKs are activated by dual phosphorylation at the tripeptide motif 

Thr-Xaa-Tyr. The activation motif is different in each group of the MAPKs - ERK (Thr-

Glu-Tyr), p38 (Thr-Gly-Tyr) and JNK (Thr-Pro-Tyr). 

The dual phosphorylation event activating the MAPKs (the Thr and Tyr are the 

phosphorylated aa’s) are mediated by a family of conserved proteins that make up the 

kinase cascade. These proteins for each MAPK are: ERK - MKK1/MKK2 (MAP 

Kinase Kinase), p38 - MKK3/MKK4/MKK6 and JNK - MKK4/MKK7 (see Figure 1.3). 

In turn, these MAPKK are activated by several MAPKKK (MAP Kinase Kinase 

Kinase). The activation of these MAPKKK occurs by a number of upstream signals; 

small G-coupled proteins (GDP/GTP molecular switches (see review in (Gilman, 1987)) 

appear to play a prominent role in this activation. This entire cascade system and the 

signal transduction along the kinase pathways are facilitated by a series of scaffold 

proteins (Yoshioka, 2004) (Dard and Peter, 2006). Upon activation of MAPK, the 

complex MAPKK-MAPK dissociates and the MAPK is free to phosphorylate targets 

(Biondi and Nebreda, 2003). 
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Figure 1.3 MAPK cascade pathways. Activation of the MAPKs occurs in response to a variety of 

agents that are often stressful to the host cell. These include cytokines, DNA-damaging agents, growth 

factors and mechanical/oxidative stress. MAPK signalling cascades have developed into a hierarchical 

array of MAPK kinase kinases, MAPK kinases and a MAPK. The MAPK sits at the bottom of this 

cascade and on activation accumulates in the nucleus where gene transcription occurs. Image adapted 

from (Cook et al., 2000). 

 

 

 

1.4.2 Members of the MAPK Family 

 

The key members of the MAPKs are expressed in various forms. Separate genes encode 

various members of these families. There are two members of the ERK family, ERK1 

and ERK 2 (Boulton and Cobb, 1991). The p38 MAPK contains four different forms ( , 

, , ) (Han et al., 1993) and there are three forms of JNK expressed JNK1, JNK2 and 

JNK3 (Kyriakis et al., 1994). Furthermore, further diversity of these MAPKs occurs 

through the expression of multiple MAPK iso-forms, generated by the alternate splicing 

of MAPK genes. For example, the JNK1/2/3 gene transcripts can give rise to 10 

different iso-forms (Casanova et al., 1996).  
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The major ERKs (ERK1 and ERK2) are two highly homologous kinases of 

approximately 40 kDa in size (Boulton and Cobb 1991). The ERKs are ubiquitously 

expressed throughout the host, however, there appears to be variable tissue abundance 

(Lewis et al., 1998). ERKs like all MAPKs are activated by a number of extracellular 

factors including changes in serum, growth factors, cytokines, certain stresses and 

ligands for G-proteins-coupled receptors (GPCRs). The ERKs are believed to be mainly 

associated with adaptive responses in the host (English and Sweatt, 1996) (Atkins et al., 

1998). The MAP kinase kinases MEK1 and MEK2 are the principle activators of the 

ERKs from further up the cascade (Crews et al., 1992) (Wu et al., 1993). ERK1/2 has a 

variety of targets to phosphorylate and it can directly target transcription sites (targeting 

AP-1, ATF-2 or c-FOS) or indirectly target transcriptional events by targeting the 

kinases Rsks or Mnks (see review (Pearson et al., 2001)) which then target H3-histones.  

 

The p38 MAPKs are a stress-activated MAPK family originally described as a 38-kDa 

polypeptide that underwent phosphorylation in response to osmotic shock (Han et al., 

1994). The p38 family displays the greatest differences between members – the  and  

subtypes show disparate responses to inhibitors compared to the  and  types (Kumar 

et al., 1997) (Goedert et al., 1997). As described p38 is activated by osmotic stresses, 

however, cytokines, hormones, GPCRs and heat shock will cause activation. The p38 

MAPKs share some targets with the ERKs (Mnk is a substrate, especially Mnk1 

(Waskiewicz et al., 1997) and the MAPKAP Kinase-2 and 3 (Stokoe et al., 1992).    

 

The JNK MAPKs (or SAPK: stress activated protein kinase) are proteins ranging in size 

from 46 to 54 kDa  (Hibi et al., 1993), with the core catalytic domains displaying high  

homology – 85% identical (Casanova et al., 1996). The JNKs are activated by 

cytokines, certain ligands for GPCRs, agents that interfere with DNA and protein 

synthesis and to a lesser extent by serum, growth factors and transforming agents 

(Derijard et al., 1994) (Kyriakis and Avruch, 1996) (Kyriakis et al., 1994). The JNKs 

are activated by the MAPK Kinase 4 and 7 (Hirai et al., 1998) (Huot et al., 1997) and 

once activated it targets other substrates that include the transcription factor c-Jun 

(Derijard et al., 1994).  

Furthermore, JNK is seen as a major factor in mediating apoptosis (Papa et al., 2006). 

There appears to be two mechanisms for JNK to mediate apoptosis. First, JNK may 
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induce transcription-dependant apoptosis following cytokine exposure by targeting p53 

or c-Myc as a downstream target. The second mechanism could occur by regulation of 

members of Bcl-2 proteins in mitochondria (Goillot et al., 1997).  

 

 

                     

Figure 1.4 MAPK inhibitors utilized in this study. U0126 and JNK Inhibitior (see materials and 

methods chapter 2) are chemical inhibitors that prevent the phosphorylation of MEK1, 2 and JNK, 

respectively. SB203580 is a chemical inhibitor known to block the kinase activity of p38. Blue 

highlighted inhibitors utilized in this study. Image adapted from (Burrage et al., 2006). 
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1.5 Nuclear Factor – B 

 

1.5.1 The NF-κB family 

 

Since its discovery in 1986 (Ranjan and Baltimore, 1986), Nuclear Factor - B (NF- B) 

has attracted a lot of interest because of its unique mechanism of regulation and the 

various functional consequences of its activity. NF– B (or Rel) proteins comprise a 

family of ubiquitous, structurally related eukaryotic transcription factors that are 

involved in the control of a large number of normal cellular processes. NF– B is 

involved in a diverse range of tasks including immune responses, apoptosis and cell 

cycle regulation. Incorrect regulation of NF– B may cause inflammation, autoimmune 

diseases, cancer or assist in viral disease states (see review (Ahn et al., 2007)). In 

addition, these transcription factors are persistently active in a number of disease states; 

cancer, arthritis, chronic inflammation, asthma, neuro-degenerative diseases and heart 

diseases (Simmonds and Foxwell, 2008) (Horie, 2007) (Camandola and Mattson, 2007) 

(Adhikari et al., 2006).  

 

NF– B transcription factors include a collection of proteins with functions conserved 

from the fruit fly Drosophila melanogaster to humans (Silverman and Maniatis, 2001). 

More recently, NF– B homologs have been found to occur even in organisms as simple 

as Cnidarians (sea anemones and corals) and Porifera (sponges) (Hemmrich et al., 2007) 

though interestingly, NF– B is neither present in yeast nor in nematodes 

(Caenorhabditis elegans) – possibly due to the role of the NF– B pathway in 

controlling a variety of physiological aspects of the immune and inflammatory 

responses (Salminen et al., 2008).  

Higher order animals including mammals appear to have five members of the NF– B 

family; 

 

1. NF– B1 (p50) – Transcribed as precursor I B p105; No Transactivation 

Domain present. 

2. NF– B2 (p52) – Transcribed as precursor I B p100; No Transactivation 

Domain present. 

3. Rel A (p65) 
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4. Rel B – Does not possess a phosphorylation site. Contains an additional N-

terminal leucin-zipper-like region that affects the transcriptional activity is 

present. 

5. c-Rel 

 

 

 

Figure 1.5 NF-κB family of proteins. The Rel/NF-κB proteins are characterised by their conserved N-

terminal Rel Homology Domain (RHD – blue). This region mediates the binding to DNA, nuclear 

localization and subunit dimerization. Grey shaded area indicates the c-terminal cleavage area for 

proteolytic processing of p105 and p100 to form p50 and p52 respectively. The ankyrin repeat regions  in 

this area prevent nuclear translocation. The number of amino acids present in each member appears on the 

right. LZ – Leucine zipper, TD – transactivation domain.    

 

 

 

These five members of the NF– B family all share a highly conserved DNA-

binding/dimerization Rel homology domain (RHD- see Figure 1.5) (Blank et al., 1992). 

This is present in the N-terminal domain and is approximately 300 aa in length. The 

RHD contains sequence domains that are responsible for binding to the I B inhibitory 

component, dimerization, nuclear localization and binding to the B DNA site. NF– B 

only functions as a transcription factor when in the form of a dimer. The most common 

form of functional NF– B consists of either a p50 or p52 subunit and the p65 unit.  
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1.5.2 The NF– B Signal Transduction Pathway 

 

The five members of the NF- B protein family can be divided into two groups. Only 

Rel A (p65), Rel B and c-Rel contain potent transactivation domains (TD) within the 

sequences from the C-terminus to the RHD (Schmitz et al., 1994) (Schmitz et al., 1995). 

The TDs consist of abundant serine, acidic and hydrophobic aa’s that are essential for 

the transactivation activity. Further, there are additional differences between the two 

groups of Rel/ NF- B proteins. Rel A, Rel B and c-Rel genes encode proteins that 

consist of the RHD and TD (Schmitz et al., 1994) (Schmitz et al., 1995) while p50 and 

p52 are synthesized as p105 and p100 precursor proteins respectively. The p105 and 

p100 proteins belong to the I B family. The N-terminal portion of the protein consists 

of the RHD, whilst the C-terminal portion contains multiple copies of ankyrin repeat 

sequences (which are typical of I B proteins).  There are two groups or forms of the 

p105, p100 NF- B proteins. 1) NF– B p105, NF– B p100, Drosophila relish - possess 

long c-terminal domains that consist of multiple copies of ankyrin repeats. These act to 

inhibit these molecules. Between the RHD and ankyrin repeats lies a glycine-rich region 

(GRR). The GRR might provide a signal for endo-proteolytic cleavage of p105 (and 

possibly p100) by an ATP dependant protease. This results in the release of the p50 

protein and 2) NF– B p50 and NF– Bp52 are derived from p105 or p100 either by 

limited proteolysis (26s proteasome) or arrested translation (Basak et al., 2008).  

Members of the group of the first class in general do not activate transcription. This can 

be overcome when they form a dimer with members of the second class of NF– B 

transcription factors. The second class of NF– B proteins (the Rel transcription 

proteins) contain c-terminal transcription activation domains. These proteins can 

activate transcription across a variety of species yet the transcription domains are not 

conserved at the sequence level across many species. This class of transcription factors 

includes c-Rel (a retroviral homolog v-Rel), Rel-B, Rel-A (p65) and Drosophilia Dorsal 

and Dif proteins.  

 

On activation the NF– B/Rel transcription factor dimers translocate into the nucleus by 

NLS (nuclear localization signal) recognition sites and bind to the DNA at specific 

sequences, termed B sites (9-10 bp DNA sequences). It is believed that the Rel-B 
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proteins can form heterodimers, whilst the other Rel proteins may form hetero or homo-

dimers (de Lumley et al., 2004). 

It is this ability to form different combinations of hetero and homo-dimers that provide 

NF– B with the ability to bind different genes in the DNA sequence as the individual 

dimers have individual specific B sites.  

 

The most frequently formed dimer and consequently the most studied combination is 

the p50-Rel-A heterodimer with I Ba (de Lumley et al., 2004). I B is the major 

regulator of activity of NF– B and are expressed with tissue specificity. There is a 

whole family of I Bs (p105, p100, I B , I B , I B , I B , I Bz, Bcl-3 Drosophilia 

Cactus Protein) all having slightly different regulation and affinities for individual NF–

B /Rel dimers (Wang et al., 2002).  

 

I B  is regulated by the presence of an nuclear export sequence (NES) meaning that it 

remains predominantly a cytoplasmic protein. The I B  attempts to achieve a state of 

equilibrium between constantly shuttling into and out of the nucleus but the strong NES 

allows export to exceed import and so the majority of the protein remains cytoplasmic.  

I B  inhibits the nuclear activity of NF– B by attaching to multiple sites on NF– B, 

including the DNA binding sites. Interestingly, I B  lacks an NLS and remains solely 

cytoplasmic, demonstrating further the differences and specificity in interactions and 

between the NF- B dimers and its inhibitory partners.  

 

At the regulatory site, I B  (inhibitor of NF- B ) maintains NF- B inactivity in the 

cytosol. One of the key steps in NF- B activation is the regulation of the IKK (I B  

kinase) complex containing two catalytic subunits (IKK  and IKK , and the regulatory 

subunit IKK  (NEMO)). The IKK /  subunits are catalytic kinase subunits whilst 

NEMO is the scaffold holding the complex together and integrating the upstream 

signals   (Clement et al., 2008). In response to various exogenous stimuli, IKK  

phosphorylates I B  on Ser32/Ser36 residues. IKK -phosphorylated I B  is rapidly 

degraded via the ubiquitin proteasome pathway. Consequently, functional NF- B 

molecules are free to enter  



Chapter 1: Literature Review 

 

 31 

the nucleus. Ubiquitination of I B  is promoted by a specific CRL [cullin–RING 

(Really Interesting New Gene) ubiquitin ligase]-SCFb-TrCP complex (where SCF is 

Skp1/cullin/F-box) containing the F-box protein b-TrCP (b-transducin repeat-containing 

protein) as substrate adaptor, which specifically recognizes and binds to Ser32/Ser36-

phosphorylated I B . 

 

 

Whilst the majority of NF– B is normally localized in the cytoplasm of an appropriate 

cell, it is generally in an inactive state bound to the inhibitor protein I B. As described, 

NF– B can be activated by a number of stimuli. These include; cytokines (especially 

TNF-  and IL-1), T and B cell mitogens, viral proteins and stress inducers including 

UV and reactive oxygen radicals (Brasier, 2006). 

The activation of NF– B begins upstream in the pathway where an activating signal 

(eg. binding of the cytokine TNF-  to its receptor TNF-R1) may cause phosphorylation 

of I B by IKK (I B kinase) (see Figure 1.6).  This phosphorylation event begins the 

ubiquitination targeting of I B (the target molecule is masked by a chain of ubiquitins 

which targets it for degradation by the 26s proteasome). Free NF– B then translocates 

to the nucleus and activates transcription.  
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Figure 1.6 Mechanism of canconical NF-κB regulation. The canonical or classical NF-κB activation 

pathway is activated by numerous agonists including TNFα, IL-1 LPS and CD40L. Activation relies on 

phosphorylation of the IκB complex by the upstream IKK complex (IKK1-IKK2-NEMO) inducing 

degradation of IκB through the 26s proteasome. The p50/p65(RelA) components are then free to 

translocate to the nucleus and begin transcription until they are removed by a new shuttling IκB escorting 

the complex to the cytoplasm or IκB itself being transcribed and leading to inhibition of the p50/p65 

complex. Image is adapted from Beinke and Ley, 2004.   
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In the majority of cells NF- B is present in the cytoplasm as an inactive dimer NF- B-

I B. On the detection of an extracellular signal, the canonical (or classical) pathway is 

activated and the majority of signalling passes through the serine specific IKK (I B 

kinase; it is targeted for ubiquitination (by TrCP) and then degraded by the 26s 

proteasome). The NF- B-I B complex dissociates the NF- B translocates to the 

nucleus and gene transcription is begun (Gilmore, 2006).  

Activation of the NF- B pathway is generally a transient process, normally lasting 30-

60 minutes in most cells. Transcription of genes continues until I Ba is transcribed and 

translated where the newly created I Ba can enter the nucleus, interrupt NF- B from 

the KB binding sites and export the complex to the cytoplasm, restoring the NF- B-

I Ba resting state (Perkins, 2007).  

Recent evidence suggests that the regulation of the NF- B-I B complex is more 

involved then previously believed (Gilmore, 2006). Rel A and p50 appear to be 

regulated by ubiquitination, acetylation and prolyl isomerization. This leads to the 

transactivation of Rel A and c-Rel affected by phosphorylation.  

TNF-alpha activation can also lead not only to the activation of NF- B but to the 

activation of IKK . IKK  is induced to enter the nucleus and become associated with 

the B promoter sites where it phosphorylates histone H3 and enhancers the 

transcription of B site-dependant genes. Moreover, NF- B remains constitutively 

active in a number of cell types (B cells, T cells, Sertoli cells and neurons) where it 

remains free in the nucleus. This excessive nuclear localization is a key constituent of a 

number of cancers (Chang et al., 1995). Breast, colon, prostate and lymphoid cancers 

are all known to have forms in NF- B is substantially nuclear localized. This may be 

due to chronic stimulation of IKK or mutations in proteins such as I B that allows them 

to mis-function. It is believed that the constituent expression of NF- B provides two 

survival factors for cancer cells, protection from apoptosis and the expression of growth 

factors.   

It is not known how or which of the many genes induced by NF- B factors in a given 

response contribute to that response. Extensive involvement of NF- B transcription 

factors in human inflammation and disease establishes them as targets for therapeutics. 
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Aspirin, green tea and curcumin have all been shown to affect the NF- B pathway in 

some form and there are nearly 800 compounds that have now been identified that 

display inhibition of the NF- B pathway (Gilmore and Herscovitch, 2006). 

 

1.5.3 NF– B responses to infectious pathogens 

 

In a normal, physiologically functioning host the epithelial cell layer represents the first 

barrier for microbial pathogens. Pathogens that attempt to breach this primary defence 

trigger innate and inflammatory responses in the host. This activation of an 

inflammatory response, that functions to activate residential macrophages and recruits 

blood leucocytes to the site of infection (Naumann, 2000). The NF- B cascade plays a 

key role in activating downstream genes in the immune response to protect the host. 

Due to the important role of I B  in NF- B regulation it represents an attractive target 

for human microbial pathogens as well as commensals to control the immune response. 

 

NF- B expression is increased by the recognition of pathogen-associated molecular 

patterns (PAMPs). These bacterial pathogen targets are detected by Pattern-recognition 

receptors (PRRs) that are extensively TLRs or NLRs (NOD [Nucleotide-binding 

oligomerization domain protein]-like receptors; reviewed in (Proell et al., 2008)). The 

genes that are regulated by NF- B include pro-inflammatory cytokines, anti-apoptotic 

factors (ie. bcl-2) and defensins (Wang et al., 2003) (Wang et al., 2008).  

 

Many pathogenic and commensal microbial organisms have evolved strategies to 

overcome the host immune responses through I B /NF- B activation and potentially 

manipulating or circumventing it. Alternatively, the infection can lead to a chronic 

inflammatory state, which leads to the destruction of the epithelial structure and severe 

diseases.  

A number of intracellular bacteria have developed methods that prevent NF- B 

activation by targeting various components of the pathway by utilizing TTSS effectors.  

Shigella flexneri utilizes a TTSS effector, the serine/threonine kinase OspG. This kinase 

binds a number of ubiquinated ubiquitin-conjugating enzymes (E2s; including UbcH5) 

thus preventing ubiquitination of I B and ultimately preventing proteasomal 

degradation and activation of NF- B (Kim et al., 2005a). Similarly, a number of 
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Yersinia sp. have a TTSS effector (YopP/J) which can inhibit NF- B activation (Zhou 

et al., 2005). YopP/J acts as an acetyltransferase that blocks activation of the pathway 

by acetylating serine and threonine residues on I K. This prevents upstream kinases 

from phosphorylating IKK  (and thus activating IKK ) leading to the inhibition of the 

cascade pathway as IKB  remains non-phosphorylated and hence inactive and unable to 

be degraded (Mukherjee et al., 2006b). Furthermore, Salmonella typhimurium possesses 

the effector protein AvrA, a YopP/J homolog (Collier-Hyams et al., 2002). AvrA 

operates in a similar method to YopP/J, however, there are mechanical differences in 

their operation. It is presumed that AvrA blocks the NF- B pathway downstream of 

IKK by preventing ubiquitination of I B  by the CRL SCFb-TrCP complex (Collier-

Hyams et al., 2002) (Neish et al., 2000). Finally, another member of the YopP/J 

homolog is the effector protein AopP from Aeromonas salmonicida. This protein blocks 

the NF- B pathway downstream of IKK  by directly inhibiting the nuclear 

translocation of NF- B p65 (Fehr et al., 2006).  

 

1.6 Host manipulation by bacterial pathogens 

  

We have seen in the previous discussions that host cells contain complex signalling 

systems designed to assist the host in maintaining physiological balance. What occurs 

however, when these pathways face interruption by intracellular pathogens? 

 

Pathogenic bacteria use diverse mechanisms to accomplish a similar goal – to alter the 

host cell environment. They must do this to ensure their own survival through 

facilitating replication and dissemination. Studies that address the mechanisms of 

signalling processes modulated by microbial pathogens could lead to the development 

of novel drugs that the pathogens would not easily develop any resistance. The ability to 

prevent microbial pathogens from exploiting the normal mechanisms of NF- B and 

MAPK activation, or of the regulatory machinery that controls these cascade pathways 

represents an important field of potential therapeutic intervention that may have 

increasing relevance to a wide variety of inflammatory diseases involving the NF-

B/MAPK pathway.  
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One method of manipulation is to directly inject virulence factors into host cells to 

manipulate their functioning and modify the environment to the benefit of the pathogen.  

An important finding was that the same host pathways used to maintain well being in 

the host are exploited by the pathogens by using secreted bacterial effector proteins. 

These pathogens can attack the pathways at several points ensuring disruption of the 

host cellular functions (Bhavsar et al., 2007). Many pathogens interfere with the 

phosphorylation cascades in the intracellular signalling pathways of the host cells. 

Phosphorylation states are usually controlled by the host protein kinases and protein 

phosphatases – these proteins are mimicked by the bacterial effector proteins. 

 

Bacterial pathogens inject effectors directly into the cytosol of the host to subvert 

normal function. It is the bacterial Type 3 and Type 4 secretion systems that are the 

most abundant (Saier et al., 2006). To further promote their life cycle, bacterial 

pathogens can use host cells to aid their own adherence, replication and or 

dissemination.  

The first step for bacterial pathogens is to adhere to the host cells. The most commonly 

commendeered component of the host is the cytoskeleton. Many pathogens modify to 

use and abuse – actin filaments, microtubules and intermediate filaments. Actin is the 

most commonly used component (Carlsson and Brown, 2006), though it is often not 

controlled as such itself but it is the control of actin polymerisation (such in the case of 

B. pseudomallei BimA protein).   

  

After establishing attachment to the host, pathogens begin to alter the host response 

pathways. The S. fleneri OpsF protein has been shown to catalyze the transfer of 

ubiquitin to the yeast MAPK signalling cascade member Ste7 and hence this abrogates 

the MAPK signal in this model system (Kramer et al., 2007). Meanwhile, the S. flexneri 

effector OspF has been shown to irreversibly de-phosphorylate specific MAPKs (ERK2, 

p38 and JNK). OspF eliminates the reaction that chemically modifies the key threonine 

residue of the substrate so that this MAPK cannot function in the signalling pathway 

(Kim et al., 2008). 

Conversly, the Salmonella enterica effector SspH1 has been demonstrated to possess E3 

ubiquitin protein ligase activity (Rhode et al., 2007). The SspH1 protein catalyses the 

transfer of ubiquitin to the mammalian protein kinase PKN1, a protein shown to be 

essential in the NF- B pathway (Haraga and Miller, 2006).  
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As previously described the MAPK signalling pathways are critically important in the 

role in immunity. Subsequently, the bacterial pathogen specifically targets these 

pathways to assist their survival. The canconical phosphorylation cascades are subject to 

attack by multiple bacterial effector proteins. Yersinia spp. effector YopP/J is an 

acetylase (Mukherjee et al., 2006a). The acetylation out competes the phosphorylation 

in the pathway and consequently blocks the signal transduction.  

Furthermore, Yersinia sp. can alter the antigen presentation by dendritic cells. The same 

effector YopP/J, inhibits adaptive immune responses by affecting the canconical MAPK 

signalling pathway. YopP/J prevents phosphorylation of the MAPK JNK and p38 

MAPK pathways leading dendritic cells to take up a lesser amount of antigen by 

clatharin mediated endocytosis (Autenrieth et al., 2007). This phospho-threonine lysase 

activity appears to be present in other pathogenic bacteria. Yersinia and S. enterica 

restrict T cells and hence limit the host adaptive immune response .  

 

1.7 Aims and goals of this thesis 

 

Currently, although it has long been identified that cell fusion is a remarkable 

phenomenon of the in vitro infection in macrophages by B. pseudomallei, little has been 

elucidated in the importance of the role of this cell fusion in the disease process even 

though similar structures have been identified in in vivo infections.  

This study undertook the goal to identify the mechanisms and reactions involved in the 

host-pathogen process during B. pseudomallei infection. Specifically it attempted to 

identify the biochemical pathways involved in the cell-fusion that is induced by B. 

pseudomallei in in vitro cultures. It will examine the importance of specific pathways 

including the MAPK responses and transcription factors such as NF-κB. Further, it will 

attempt to elucidate the importance of this fusion event and determine if this fusion is an 

integral component of the infection process or if it is possibly a curious artefact from a 

pathogen-host interaction else where in the environment.  

Finally the importance of cytokine/chemokine signalling by the host will be examined 

in response to infection with B. pseudomallei and what changes occur in host responses 

when B. pseudomallei surface proteins are altered.  
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2.1 Materials  
 

2.1.1 Chemicals, Enzymes, etc. 

 

All chemicals utilized in this study were of a molecular biology grade and supplied by 

Ajax Chemicals (Sydney, New South Wales), ICN Biochemicals Inc. (Aurora, Ohio), 

Merck Pty. Ltd. (Kilsyth, Victoria), Progen Industries (Darra, Queensland) and Sigma 

Chemical Company (St Louis, Missouri). The molecular biology enzymes and 

associated reagents were obtained from Genesearch (Arundel, Queensland) and 

Promega Corporation (Madison, Wisconsin) while molecular weight markers were 

obtained from Bio-Rad (Hercules, California) and Genesearch (Arundel, Queensland). 

 

 

2.1.2 Bacterial Strains 

 

Table 2.1 List of bacterial strains used in this study 

 

Strains used in this study Genotype/Source Source 

Burkholderia pseudomallei 

08 (MSHR520)  wt, clinical isolate, Gm
R
, Sm

R, 
Imp

S
 Dr. B. Currie 

K96243 wt, clinical isolate, Gm
R
, Sm

R, 
Imp

S
 Songsinvilai et al., 2000 

ΔbpaA 08 08 derivative; bpaA Δ605-15010 Brown et al., 2004 

bpaB 08 08 derivative; bpaB::ΩTc Brown et al., 2004 

comp bpaB 08 ΔbpaB::bpaB This study 

   

Burkholderia thailandensis 

E264 wt, environmental isolate, Gm
R
, Sm

R
 Brett et al., 1998 

   

Other Bacteria 

Escherichia coli DH5α supE44 Δlacu169 hsdR17 recA1 endA1 Brown, 1991 

E. coli SM10 pir trans acting and mobilization factors Simon et al., 1993 

Salmonella sp 1344 wt, clinical isolate, Gm
R
 Gold Coast Hospital 

Listeria monocytogenes M46701 wt, clinical isolate, Gm
R
 Gold Coast Hospital 

*Strain 08 has been re-designated MSHR520 

 

 

2.1.3 Plasmids 

 

 

Table 2.2 List of plasmids used in this study 

 

Plasmid Name Genotype Source/Reference 

pUC18T-mini-Tn7T+Tp Ap
r
; mobilizable mini-Tn7 base vector Choi et al., 2008 
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2.1.4 Drugs 

 

 

Table 2.3 List of drugs used in this study 

 

Drug Stock conc. Final conc. Solvent Supplier 

Bapta-am 1 mM L
-1

 15 nM H2O Invitrogen (1204) 

BX471 100 mM 1 μM mL
-1

 DMSO Schering 

CP481715 100 mM 5 μM mL
-1

 DMSO Pfizer 

Cyclosporin A 125 g mL
-1

 250 ng mL
-1

 DMSO Sigma (C3662) 

Emodin 25 mg L
-1

 various DMSO Sigma (E7881) 

FK506 1 mM L
-1

 10 ng mL
-1

 DMSO Tocris (3631) 

INCB3344 100 mM various DMSO Pfizer 

JNK Inhibitor II 2.5 mM L
-1

 10 μM mL
-1

 DMSO Calbiochem (420119) 

LiCl 1 M 10 mM H2O Sigma (2203637) 

JSH-23 1 mM  5 μM DMSO Calbiochem (481408) 

Phenoxybenzamine 1 mM L
-1

 1 μM DMSO Sigma (P5292) 

SB203580 1 mM 1 μM DMSO Sigma (S8307) 

U0126 50 mM 1 μM DMSO Sigma (U120) 

Wortmannin 1 mM 1 μM DMSO Sigma (1628) 

 

 

 

 

2.1.5 Oligonucleotide Primers 

 

 

Geneworks (Hindmarsh, South Australia), supplied all the primers designed for this 

study. Underlined nucleotides represent restriction enzyme sites incorporated into 

primer. The universal primers, T7 and T3, were obtained from Stratagene (La Jolla, 

California). 
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Table 2.4 Oligonucleotide Primers used in this study 

 

Primer Name Sequence 5' - 3' Source 

Primers for cDNA conversion in RT-PCR   

Oligo dtG TTT TTT TTT TTT TTT TTT Tg  This study 

Oligo dtA TTT TTT TTT TTT TTT TTT TA  This study 

Oligo dtC TTT TTT TTT TTT TTT TTT TC  This study 

Primers for qPCR - human samples 

MCP-1 FWD TCg CgA gCT ATA gAA gAA TCA Kim et al., 2006 

MCP-1 REV TgT TCA AgT CTT Cgg AgT TTg Kim et al., 2006 

MIP-1alpha FWD CTA Tgg ACT ggT TgT TgC CA Kim et al., 2006 

MIP-1alpha REV Agg ggA ACT CTC AgA gCA AA Kim et al., 2006 

RANTES FWD gAg CTT CTg Agg CgC TgC T Kim et al., 2006 

RANTES REV TCT AgA ggC ATg CTg ACT TC Kim et al., 2006 

CCR2a FWD CAT AgC TCT Tgg CTg TAg gA Kim et al., 2006 

CCR2a REV gTg AAg CCA gAC gTg TgA TT Kim et al., 2006 

CCR2b FWD AAC AAA CAC gCC TTC CAC Tg Kim et al., 2006 

CCR2b REV gTC AAA gTC TCT ACC CAC Ag Kim et al., 2006 

18s FWD CTT AgA ggg ACA AgT ggC g This study 

18s REV ACg CTg AgC CAg TCA gTg TA This study 

Primers for qPCR - murine samples    

MCP-1 FWD TgA gTA ggC Tgg AgA gCT ACA Ag This study 

MCP-1 REV TgT Atg TCT ggA CCC ATT CCT TC This study 

CCL-9 FWD CAg AgC AgT CTg Aag gCA CAg This study 

CCL-9 REV CgT gAg TTA Tag gAC Agg CAg C This study 

CCL-12 FWD CAg TCC TCA ggT ATT ggC Tgg This study 

CCL-12 REV ACT ggC TgC TTg TgA TTC TCC This study 

RANTES FWD CAT gAA gAT CTC TgC AgC TgC C This study 

RANTES REV gCA CTT gCT gCT ggT gTA gA This study 

NFATc1 FWD TCT CAA ggA Acg AgA Agg gCT This study 

NFATc1 REV ATA TgC CCT ggT gTg gTC AgA This study 
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CTR FWD gCg TgC TTg TgA CCA AgA Tg This study 

CTR REV gAg gAg CAC TAA CTA CgC gg This study 

CTSK FWD TgT ATA ACg CCA Cgg CAA Agg This study 

CTSK REV CAT ggT TCA CAT TAT CAC ggT CA This study 

TRAP FWD gAC CTT TCg TTg ATg TCg CAC This study 

TRAP REV gCC TAC CTg TgT ggA CAT gA This study 

18s FWD CTT AgA ggg ACA AgT ggC g This study 

18s REV ACg CTg AgC CAg TCA gTg TA This study 

Primers for qPCR -  bpaA and bpaB expression   

bpaA 2 qPCR F AgT ggT TTg ggC gAA TgA C This study 

bpaA 2 pPCR R ACC gTg Agg TTg TTg AAC g This study 

bpaB 2 qPCR F ACA ACt gAg gCg gCA AAA g This study 

bpaB qPCR R CAC ACC ATC TTg AAC AgC gg This study 

16s 325-345 AgA CAC ggC CCA gAC TCC TAC Brett et al., 1997 

16s 625-645 CAg TCA CCA ATg CAg TTC CCA Brett et al., 1997 

Primers for bpaB complementation 

bpaB_F_Hind III _comp AAg CTT gAT TAA CAC ATg This study 

bpaB_R_Nsi I_comp A gCg TgC CgC TTg ATg CAT This study 

 

 

 

2.1.6 Antibodies 

 

Table 2.5 Antibodies used in this study 

 
Primary Antibodies  

Target Species raised Company Use Final conc.
^
 

B.ps OMP rabbit Gift from Dr Ian Peak IF 1:800 

Tubulin mouse Mol Probes (A11126) IF 1:300 

CCR1 rabbit Santa cruz (sc-7934) W/B 1:500 

CCR2 goat ABR (PA1-27409) W/B 1:1000 

CCR2 goat Santa cruz (sc-6228) W/B 1:500 

CCR4 rabbit Santa cruz (sc-7936) W/B 1:500 
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CCR5 mouse Santa cruz (sc-17833) W/B 1:1000 

Β-COP (Golgi) Ascites fluid Gift from Dr Markus Kerr IF 1:100 

PDI (ER) mouse Gift from Dr Markus Kerr IF 1:500 

Calnexin rabbit Cell Signalling (2433) W/B 1:10000 

NF-κB p65 rabbit Santa cruz (sc-109) W/B 1:1000 

Secondary Antibodies   

Target Species raised Company Use Final conc. 

Alexa 488 goat anti-rabbit Mol Probes (A11008) IF 1:800 

Alexa 647 goat anti-mouse Mol Probes (A21235) IF 1:500 

anti-mouse HRP goat Bio-Rad (170-6516) W/B 1:10000 

anti-rabbit HRP goat Santa cruz (sc-2004) W/B 1:5000 

anti-goat HRP rabbit Santa cruz (sc-2768) W/B 1:5000 

Fluorescent Dyes   

DAPI n/a  Mol Probes (D-1306) IF 1:200 

Alexa 568- 

Phalloidin n/a Mol Probes (A12380) IF 1:300 

IF- Immunofluorescence; W/B – Western blot; ^Final Dilution from manufacturers stock concentration. 

 

 

2.2 Methods 
 

 

2.2.1 Preparation of Bacterial Culture Media 

 

 

Liquid medium (LB broth) consisted of 25 g of LB powder (Oxoid; Basingstoke, 

Hampshire) dissolved in one litre of MilliQ water. Solid medium (LB agar) was 

prepared by the addition of 1.5% [w/v] bacteriological agar (Oxoid; Basingstoke, 

Hampshire) to the LB broth. Bacterial culture medium was prepared to the 

manufacturer's instructions and sterilised by autoclaving at 121 C for 15 minutes at 15 

psi. 
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2.2.2 Bacterial Growth Conditions and Storage 

 

 

Bacterial strains for long-term storage were stored in 15% [v/v] glycerol/PBS at -80 C 

When required for a series of assays, bacterial strains were streaked onto LB agar plates 

from frozen glycerol stocks and grown at 37 C for 24 - 48 hours. LB agar plates were 

stored at room temperature for Burkholderia strains and at 4 C for E. coli, Salmonella 

and Listeria strains. 

Liquid cultures of bacterial strains were grown in LB broth for 12 -16 hours at 37 C, 

shaking at 220 r.p.m. Antibiotic stocks, as described in the Table 2.6, were made and 

filter sterilised using 0.22 μm Millex-GV PVDF filter units (Millipore, Billerica, 

Massachusetts) and stored at -20 C These were added to the liquid or solid media as 

required. 

 

Table 2.6 Antibiotics used in this study 

 

Antibiotic Stock Concentration Final Concentration Dissolved in 

Ampicillin 10 mg mL-1 100 μg mL-1 Ethanol (AR) 

Gentamicin 20 mg mL-1 20 μg mL-1 dH2O 

Imipenem 5 mg mL-1 10 μg mL-1 dH2O 

Trimethoprim 100 mg mL-1 100 μg mL-1 Ethanol (AR) 

 

 

2.2.3 Construction of Complemented B. pseudomallei bpaB  

 

 

The bpaB gene was recreated by PCR using B. pseudomallei 08 genomic DNA template 

(Choi et al., 2008) and the bpaB_F_Hind III and bpaB_R_Nsi I comp primers; PCR 

conditions ([0.5u Phusion Taq (Finnzymes; Vantaa, Finland) 200 μM dNTPs, 1x 

reaction buffer, 1.5 mM MgCl2 (in buffer), 0.5 μM each primer, 5 ng DNA template, 

10% DMSO in a total volume of 25 μL]: 98 C for 30 secs, (98 C for 10 secs, 60 C for 

20 secs, 72 C for 90 secs) x 35 cycles, 72 C for 7 minutes30 secs). The resultant 

product was digested with Hind III and Nsi I and the cut product was ligated into 

pUC18T-mini-Tn7T + Tp (Choi et al., 2008). This resultant construct was confirmed by 

Hind III digest. It was then transformed into SM10λpir and transferred by conjugation 

to B. pseudomallei ΔbpaB 08 using the helper strain pTNS2 (Choi et al., 2008) with 
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selection for trimethoprim resistance. B. pseudomallei ΔbpaB::bpaB contains the ΔbpaB 

deletion (Brown et al., 2003) plus bpaB integrated into the chromosome via 

transposition. PCR was used to check the insertion using the original cloning primers, 

and integration was determined to be at site 2 in the genome (see Choi et al., 2008).   

 

2.2.4 Spectrophotometric Quantification of CFUs 

 

 

The OD600
 
of 1 ml of an overnight bacterial culture was measured (Beckman DU-64 

Spectrophotometer) and used to calculate the colony forming units (CFU) mL
-1

 of the 

culture from calculated growth curves ( J.Boddey, personal communication). For all 

Burkholderia strains, CFUs mL
-1

 were calculated by the equation y = 0.9758x (y 

represents OD600 and x represents CFU ml 1 x 10
9
). For E. coli strains, CFU m

-1
 was 

calculated using the equation y =1.125x, where x and y are represented as above. 

 

2.2.5 Cell Culture 

 

 

2.2.5.1 Heat Inactivation of Fetal Calf Serum (HI-FCS) 

 

FCS (Gibco, Carlsbad California) was thawed and returned to room temperature. FCS 

was placed in a water bath at 56 C for 30 minutes. On completion, large aliquots were 

stored at -20 C and working stocks were maintained at 4 C. 

 

2.2.5.2 Preparation of Complete MEM 

 

 

Aliquots of complete MEM were prepared by adding 10% [v/v] HI-FCS to DMEM - 

with Earl's BSS and 2 mM L-glutamine (1.5 g litre
-1

 sodium bicarbonate, 0.1 mM non-

essential amino acids, 1 mM sodium pyruvate, (Gibco; Carlsbad, California)) and stored 

at 4 C. Complete media was warmed to 37 C before use. 

 

 

2.2.5.3 Cell Lines - Growth and Maintenance 

 

 

RAW 264.7 cells (ATCC TIB-71), bone marrow monocytes (BMM) from BALB/c and 

B57bl/6 mice and peripheral blood mononuclear Cells (human PBMC) were all grown 

in complete MEM at 37 °C in 5% CO2 atmosphere. Primary cells were further 

supplemented with 25 ng mL
-1

 of either murine or human (as appropriate) M-CSF 
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(monocyte - colony stimulating factor; PeproTech; Rehovot, Israel). During general 

growth and maintenance of RAW 264.7 cells were grown in 150 mm diameter bacterial 

petri dishes (Griener; Frickenhausen, Germany). When time to passage media was 

aseptically removed leaving approximately 10 mL covering the cells. The RAW 264.7 

cells were detached by rinsing with the remaining media using a 19 gauge needle and 10 

mL syringe (Terumo; Shibuya-ku, Japan). The cell suspension was collected into a 

sterile 10 mL tube and centrifuged at 400x g for 5 mins. An appropriate dilution was 

then added to a new cell dish and containing 40 mLs of complete media. 

 

 

2.2.5.4 Storage of RAW 264.7 Cells 

 

 

RAW 264.7 cells were grown in 150 mm diameter bacterial petri dishes (Griener) until 

80- 90% confluent. At the beginning of the procedure freezing media was prepared by 

adding 10% [v/v] DMSO to complete MEM media. This was placed on ice to cool. 

From a dish of RAW 264.7 cells, media was aseptically removed leaving approximately 

10 mL covering the cells. The RAW 264.7 cells were detached by rinsing with the 

remaining media using a 19 gauge needle and 10 mL syringe (Terumo). The cell 

suspension was collected into a sterile 10 mL tube and centrifuged at 400x g for 5 mins. 

Following centrifugation the supernatant was removed from cells and 5 mL of cooled 

freezing media was added to the cell pellet. The pellet was resuspended and 1 mL 

aliquots were distributed to chilled cryovials (Nunc; Rochester, New York). Aliquots 

were frozen for 24 hours at -80 C before being transferred to liquid nitrogen for long-

term storage. 

 

Primary cells were always prepared fresh from the source for an assay and were not 

stored frozen. 

 

2.2.5.5 Resuscitation of RAW 264.7 Cells 

 

 

Aliquots of RAW 264.7 cells was removed from either -80 C or liquid nitrogen and 

rapidly thawed in a 37 C water bath. A cell aliquot was transferred to pre-warmed (37 

C) complete MEM in a 100 mm diameter cell culture dish (Falcon; San Jose, 

California) and allowed to adhere for 24 hours at 37 C in 5% CO2 atmosphere. 24 
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hours post thawing the media was removed and the RAW 264.7 cells were washed with 

warmed PBS. PBS was aspirated away and 2 mL of warmed trypsin (Gibco; Carlsbad, 

California) was placed on the cells. The plate was incubated at 37 C 5% CO2 

atmosphere for 10-15 minutes until the cells begun to detach. The cells were removed 

with 10 mL of complete MEM (warmed to 37 C) and a 19 gauge needle and 10 mL 

syringe (Terumo; Shibuya-ku, Japan). The cell suspension was collected, centrifuged at 

400x g and then the supernatant was replaced with warmed, fresh complete MEM. The 

cell pellet was resuspended and the cells were distributed to petri dishes as appropriate. 

 

 

2.2.5.6 Isolation and Differentiation of BMMs for Infection Assays 

 

 

BALB/c and C57BL/6 mice were cared for as per Griffith University's animal ethics 

guidelines and were humanely euthanized at the time of experiments. The BMMs were 

recovered as per Fuller and colleagues (1998) with modifications. The hind legs of mice 

were then separated from the pelvic girdle being careful not to puncture any part of the 

femur to ensure sterility of the bone marrow. Once the legs were separated from the 

body, the remaining muscle was carefully removed from the bone using sterilized 

surgical scissors or scalpel until the leg bones were clear of all muscle tissue. The femur 

was then sliced below the epiphysis and above the joint to the humerus to leave just the 

long marrow-containing region of the femurs. A 23 g needle and syringe filled with 

warm complete MEM was carefully inserted into a cut end of the femur and the bone 

marrow was gently flushed into a dish containing more warmed complete MEM. The 

flushed marrow was resuspended into a total volume of approximately 25 mL of 

complete MEM per mouse. The cell suspension was then filtered through a 70 μm filter 

(Falcon) to remove debris and fat into a sterile 50 mL tube. The cells were centrifuged 

400x g for 5 minutes and resuspended in 50 mL complete MEM and enumerated by 

haemocytometer. Cells were plated into 150 mm culture dishes (Falcon) at a density of 

1xl0
7
 in complete MEM for 24 hours. 

The following day the non-adherent cells were gently removed by aspirating the media. 

The adherent fraction was washed off the plate and centrifuged 400x g and resuspended 

into 50 mL of fresh complete MEM. Cells were counted by haemocytometer ensuring 

that any RBCs or dendritic cells were excluded. Cells were plated into 24 well plates 

(Griener) at a density of 1 x 10
6
 per well in 500 L total volume of complete MEM 
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supplemented with 25 ng mL-1 murine M-CSF (PeproTech). BMMs were left for 4 to 6 

days until the majority had differentiated and then infection assays were performed. 

 

2.2.5.7 Isolation of PBMC for Infection Assays 

 

 

Consenting adults were bled by venous puncture and tourniquet. Whole blood was 

collected into heparin sulphate collecting tubes. Blood was transferred from collecting 

tubes into sterile 50 mL tubes (Falcon) and diluted 1:2 [v/v] in sterile PBS. 15 mL of 

sterile ficoll (Sigma) was transferred into a sterile 50 mL tube. With the tube tipped at 

45°, 35 mL of whole blood/PBS mix was slowly run into the tube so that it layered on 

top of the ficoll. Tubes were centrifuged at 400x g for 30 minutes with the acceleration 

and deceleration set to slow (no brake). (On completion the blood should be in three 

layers - the lowest, red blood cells and ficoll, the middle layer containing the buffy coat 

(WBCs) and the whole plasma on top). The buffy coat was removed, diluted 1:3 or 1:4 

[v/v] in sterile PBS and centrifuged at 400x g for 5 minutes. The supernatant was 

removed and the cells were washed in sterile PBS and centrifuged at 400x g for 5 

minutes. The wash and centrifugation was repeated and the WBCs were resuspended in 

MEM supplemented with 10% Hl-FCS and 25 ng mL
-1

 human M-CSF (PeproTech). 

Cell counts were performed and the cell population was placed into 150 mm dishes to 

adhere overnight. After allowing the WBC population to adhere for 16 hours non-

adherent cells were removed and the adherent cells were recovered by rinsing the dish 

surface. Cell numbers were calculated and the cells plated at a density of 2.5x 10
4
 cells 

mL
-1

 in appropriate dishes. 

 

2.2.6 Preparation for Multinuclear Giant Cell (MNGC) Formation Assays 

 

Two days prior to the assay, a Burkholderia colony was inoculated into 2 mL of LB 

media (in a sterile 10 mL tube) and grown at 37 °C with shaking at 220 rpm for 16 

hours. Starter cultures were used to inoculate fresh overnight cultures (2 mL of LB) 

1:40 that were grown at 37 C for 16 hours with shaking at 220 rpm. 

RAW 264.7 murine macrophage-like cells were infected as per Kespichayawattana and 

Colleagues (2000) with modifications. On the day before the assay, RAW 264.7 cells 

were resuspended using a 19 gauge needle and 10 mL syringe (Terumo; Shibuya-ku, 
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Japan). A dilution was prepared in fresh complete MEM and cell number was 

enumerated using a haemocytometer. 

 

 

2.2.7 MNGC formation for Cell Counts and Imaging (including drug treatment 

assays) 

 

RAW 264.7 cells were seeded onto sterile 13 mm cover-slips (Thermanox cell culture 

plastic (Nunc; Rochester, New York) for Giemsa stained assays; No. 1 round glass 

coverslips (ProSciTech, Thuringowa, Queensland) for fluorescence microscopy) at 2.5x 

10
4
 cells cm

-1
) and incubated at 37 C, in 5% CO2 atmosphere overnight. The OD600 

was measured for the overnight culture to calculate CFU mL
-1

 of the bacterial culture 

(see Section 2.2.4). The RAW 264.7 cell monolayers were inoculated with bacteria at a 

MOl of 10: 1. After one hour incubation at 37 C, 5% CO2, the media was removed to 

eliminate inoculum which were not phagocytised and replaced with fresh media 

containing imipenem at a final concentration of 10 g mL
-1

 to kill extracellular bacteria. 

If the assay required drug treatments then they were added as appropriate at this stage - 

see Table 2.3). 

 

12 hours pi., media was removed and the macrophages were fixed in ice-cold methanol 

for 15 minutes. The methanol was removed and the samples were stained with freshly 

prepared 1x Giemsa (see Section 2.2.8). Stain was removed and samples were allowed 

to dry overnight. 

 

In this study, three cultures arising from individual colonies were inoculated onto 

separate coverslips with pictures taken for seven fields of view (FOV) per cover-slip 

(i.e. 21 FOV per strain or treatment). An MNGC was defined as a fused cell with a 

minimum of three nuclei. The average number of MNGCs per FOV and the average 

number of nuclei per MNGC was enumerated for each strain or treatment. 

 

 

2.2.8 Giemsa Stain 

 

 

A 1% Giemsa stock solution was prepared in 50:50 glycerol, methanol. 0.5g of Giemsa 

powder was added to 25 mL of glycerol and heated in 65 C oven for two hours. 25 mL 
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of methanol was added and solution mixed. Working stocks were prepared in water at 

1:20, and adjusted to pH 6.7 using HCL and/or NaOH. 

On completion of a cell assay, media was removed by aspiration and the cells were 

fixed in ice-cold methanol for 10 minutes. Enough Giemsa working solution was added 

to thoroughly cover the coverslips and left to stain for 10 mins. The Giemsa solution 

was aspirated and samples were allowed to dry. If samples required de-staining due to 

excess background dye the addition of a drop or two of methanol, immediately 

aspirated, removed the background stain. Samples were then examined by microscopy. 

 

 

2.2.9 Immunofluorescence Labelling 

 

 

Cell assays and controls were grown on 13 mm diameter glass coverslips placed in 24 

well plates (Falcon) as per Section 2.2.7. At appropriate times, samples had the cell 

media removed and replaced with 3.7% formaldehyde (Sigma) for 10 minutes at room 

temperature. Samples were either processed immediately or placed at 4 C until 

processed within a few days. 

On processing, the samples were washed with PBS three times to remove all traces of 

fixative and permeabilized with 0.1% triton-x 100/PBS (Sigma) for ten minutes before 

again being washed three times in PBS. Samples were incubated in blocking solution 

(4% HI- FCS [v/v] in PBS) for 30 minutes. The blocking solution was removed by 

aspiration and the samples were transferred from the 24 well plates to a para-film sheet 

(Pechiney, Menasha Wisconsin) to minimize the amount of further reagents required. 

Primary antibody mixtures were prepared (in blocking solution; see Table 2.5) and 

added to samples incubating for 60 minutes. Samples were washed three times in PBS 

before secondary antibodies or dyes were added (see Table 2.5) and incubated for a 

further 30 minutes. Samples were washed three times in PBS before nuclei staining with 

DAPI (see Table 2.5) for 10 minutes. Samples were washed three times in PBS before 

excess liquid was removed and the coverslips were mounted inverted in 8% n-propyl 

gallate and sealed with clear nail polish on clean glass slides. Samples were then viewed 

either by epi-fluorescence or by confocal microscopy. 
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2.2.10 Image Capture and Processing 

 

 

Epi-fluorescence microscopy was performed on a Nikon Eclipse E600 microscope 

(Nikon Tokyo, Japan) and captured with a Nikon DXM1200c CCD camera and Nikon 

ACT-lc software. Images were captured as separate channels in black and white at 

appropriate exposure levels. Contrast and brightness were adjusted -if necessary- in 

Adobe Photoshop CS and images were finally false coloured and overlayed in Image J 

(NIH, Bethesda, Maryland). Confocal microscopy was performed on a Leica SP5 (Leica 

Microsystems, Wetzlar, Germany) microscope fitted with a DFC360 FX camera 

utilising Leica application suite software. Images were false coloured and overlayed in 

situ during collection. 

 

 

2.2.11 Scanning Electron Microscopy 

 

 

The infection assays were prepared as previously described on Nunc coverslips (Section 

2.1.7). 12 hrs pi. the media was removed and samples were fixed in 4% glutaraldehyde 

(ProSciTech) in cacodylate buffer (ProSciTech) was used to fix all assays. Samples 

were placed at 4 C until processing. 

Samples were washed x 3 in cacodylate buffer for 10 minutes at a time followed by 

incubation in osmium tetroxide (ProSciTech) for 1 hour. Samples were washed in 

distilled water twice 10 minutes at a time. The samples were then dehydrated through a 

series of alcohol baths, two changes of 10 minutes each of 50%, 70%, 90% and 100% 

ethanol (AR) and two 15 minute incubations in 100% amyl acetate (Sigma). Samples 

were critically point dried (Polaron KE3100 critical point dryer - Quorum Technologies, 

Ashford, Kent) before mounting on aluminium SEM stubs, sputter coated in gold and 

then viewed in an FEI Quanta 200 scanning electron microscope (Hillsboro, Oregon). 
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2.2.12 Protein Isolation and Western Blots 

 

 

2.2.12.1 Solutions 

 

RIPA buffer  

TRIS 790 mg 

NaCl 900mg 

dH2O water up to 75 mL 

adjust pH to 7.4 with HCl  

NP-40 (10%) 10 mL 

Sodium deoxycholate 10% 2.5 mL 

EDTA 100 mM 1mL 

adjust volume to 100mL with dH2O  

 

 

30% Acrylamide Mix  

Acrylamide 29 g 

bis- acrylamide 1 g 

dissolve in 100mL dH2O  

 

Storage container was wrapped in foil and stored at 4 °C. Fresh solution was prepared 

once every three weeks to ensure polymerization. 

 

 

 

TRIS solutions  

1.5M (pH 8.8)  

TRIS 12.67 g 

Dissolve in up to 100 mL dH2O. pH 8.8 HCl.  

  

1.0M (pH 6.8)  

TRIS 10.56 g 

Dissolve in up to 100 mL dH2O. pH 6.8 HCl.  

 

Solutions were autoclaved at 121 °C for 15 minutes at 15 psi. 

 

 

 

4x Lammli Buffer  

TRIS 1M pH 6.8 2.4 mL 

Glycerol 4 mL 

SDS 0.8 g 

β -mercaptoethanol 1 mL 

dH2O 2.8 mL 

Bromocresol blue 0.01% Final conc. 

0.02% 
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Aliquots were prepared and stored at -20 °C until use. 

 

 

 

Running Buffer 1x  

TRIS 3.03 g 

Glycine 14.4 g 

SDS 1 g 

Dissolve in up to 1 L of dH2O  

 

 

Transfer Buffer 1x  

TRIS 3.03 g 

Glycine 14.4 g 

Dissolve in up to 1 L of dH2O and 20%  [v/v] 

methanol  

 

 

Solution was stored at 4 °C until use. 

 

 

2.2.12.2 TRIS-glycine SDS-PAGE gel 

 

 

Polyacrylamide gel electrophoresis (PAGE) of proteins was performed as per Laemmli 

(1970). Gels were prepared as 12% resolving and 5% stacking gels in 1.5 mm Mini 

Protean II gel rigs (Bio-Rad; Hercules, California). Resolving gels were prepared first. 

 

Resolving Gel  

  

dH2O 6.6 mL 

30% Acrylamide mix 8.0 mL 

1.5M TRIS (pH8.8) 5.0 mL 

10% SDS 200 μL 

APS (freshly prepared  

10% solution in dH2O) 

200 μL 

TEMED 8 μL 

 

Solution was poured into the gel rig, to a level about 0.5 to 1 cm below the level of the 

combs, layered with water on top of the gel surface and left to polymerise. Once 

polymerised, water was removed and the stacking gel prepared. 

 

Stacking Gel  

dH2O 3.4 mL 

30% Acrylamide mix 830 μL 
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1.0M TRIS (pH6.8)  630 μL  

10% SDS 50 μL 

APS (freshly prepared  

10% solution in dH2O) 

50 μL 

TEMED 5 μL 

 

 

 

Stacking gel solution was poured to the top of the gel rig, the combs were added, 

avoiding air bubbles, and left to polymerise. The gels were placed in the running tank 

and submerged in running buffer. Prepared protein samples were added to 4x Laemmli 

buffer [v/v] and boiled for 4 minutes before loading into the gel. Precision Plus Protein 

Standards ladder (Bio-Rad; Hercules, California) was loaded as marker and the gel run 

at 70 volts until the samples had passed through the stacking gel. Voltage was then 

increased to 150 volts until the dye front left the gel. 

 

2.2.12.3 Membrane Blots 

 

After separation the proteins were transferred to a 0.45 m BioTrace PVDF membrane 

(Pall Life Sciences, Port Washington, New York) for immunoblotting. The SDS-PAGE 

gels were removed from the glass plates rinsed in dH20 before being incubated in 

transfer buffer for 10 minutes. The PVDF membrane was cut to size and activated in 

methanol for 30 seconds before being incubated in the transfer buffer with the gels. 

Extra thick blot paper Protean XL (Bio-Rad; Hercules, California) was cut to size and 

soaked in transfer buffer. Transfer occurred in a TRANS-blot SD blotter (Bio-Rad; 

Hercules California) as per manufactures instructions at a constant 0.1 Amp for 1 hour. 

On completion the membranes were removed and washed in PBS-T (l L of PBS and 

0.05% [v/v] of tween-20) for 5 minutes.  

 

Membranes were blocked for 1 hour in 4% skim milk/PBS-T with gentle rocking. 

Blocking solution was removed, the primary antibody (as per Table 2.5) was added to 

fresh blocking buffer and placed on the membrane for 1 hour at room temperature with 

gentle rocking. Membranes were then washed in PBS-T for 15 minutes x 3. The 

secondary antibody was then prepared in blocking solution and added to membrane to 

incubate for 1 hour at room temperature with gentle rocking. Membranes were again 
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washed for 15 minutes x 3 in PBS-T. Membranes were then given a fourth wash for 30 

minutes before ECL exposure. 

 

ECL - Supersignal West Pico Chemiluminescent (Pierce; Rockford, Illinois) was used 

to detect the signal from the membranes according to manufacturer’s instructions. 

Membranes were wrapped in plastic film and incubated for 3 minutes in ECL solution. 

Membranes were transferred to clean plastic wrap, placed inside a light-proof 

Hypercassette (Amersham Biosciences; Little Chalfont Buckinghamshire) with CL-

XPosure x-ray film (Pierce; Rockford, Illinois) and exposed for various time periods as 

appropriate. Film was placed in developer solution (Eastman Kodak, Rochester, New 

York) for 2 minutes, washed thoroughly in water for a minute and then placed in 

fixative solution (Eastman Kodak, Rochester, New York) for 2 minutes. Finally, the 

film was washed thoroughly in water and air-dried. Completed films were digitised by 

imaging in a Bio-Rad Gel Doc in transmitted light mode (Bio-Rad; Hercules California) 

and analysed using Scan Array Express (PerkinElmer, Waltham, Massachusetts). 

 

 

2.2.13 RNA Preparations 

 

 

Cell assays were prepared as per Section 2.2.7 with appropriate infections or inhibitory 

drugs (see Table 2.5) in 6 well plates (Greiner) at a cell density of 1.75x10
4
/ cm

2
. 12 

hours pi. the assays were washed three times with PBS, warmed to 37°C, and lysed with 

solution RA 1 supplied in the NucleoSpin RNA II kit (Macherey-Nagel; Duren, 

Germany). The lysed cell mix was then collected and placed into clean 1.5 mL tubes 

(eppendorf) and frozen at -80 °C until use. 

RNA was prepared by using NucleoSpin RNA II kit (Macherey-Nagel) as per the 

manufacturer’s instructions. RNA was either converted immediately to cDNA (see 

Section 2.2.14) or frozen at -80 C until use. 

 

 

2.2.14 RT-PCR Conversion of RNA to cDNA 

 

RT- PCR was performed with Improm II kit (Promega). All reactions were prepared on 

ice. One reaction consisted of 4 L of 5 x reaction buffer, 2.4 L of MgCl2 25 mM, 1 

L of Thermo Scientific Random Decamers (AB gene), 1 μL oligo dT mix (3 primers 



  Chapter 2: Materials and Methods 

 

56 

 

mixed in equal volume to 3 mM stock - see primer list, Table 2.4), 1 L 25 mM dNTPs 

(Fermentas). To this mix 1 L of RT enzyme was added and 10 L of the RNA 

preparation and the mix was incubated at 42 C for 1 hour. Samples were then diluted 

with 40 L dH20 and stored at -20 C until required. 

 

2.2.15 Quantitative Real Time PCR 

 

Samples were prepared in 96 well PCR plates (Bio-Rad; Hercules California) on ice. To 

each well was added 1 L each of forward and reverse primers (see Primer list see 2.4), 

2 L of cDNA (from RT-PCR Section 2.1.2), 6 L of dH20 and 10 L of iQ Sybr Green 

Supermix (Bio-Rad; Hercules, California). The 96 well plates were sealed with optical 

tape (Bio-Rad; Hercules California) and run on a Bio-Rad iCycler 584 BR (Bio-Rad; 

Hercules California) on the following program: Step 1: 94 C for 2 mins. Step 2: 94 C 

for 30 secs, 55 C for 45 secs, 72 C for 60 secs (45 cycles). Melt curve analysis 

occurred between 55 C to 95 C (0.5 C increments). Fold induction of gene 

expression was then calculated by comparing genes of interest against 18s (mammalian) 

or 16s (bacterial) control genes. Fold = 2
ct

. 

 

2.2.16 Cytokine Arrays of Infected RAW 264.7 Macrophage Cells 

 

 

Cytokine Arrays (AAM-CYT-III) were purchased from Ray Bio (Norcross, Georgia) 

and used as per manufacturer’s instructions with minor modifications. Cell assays were 

performed as per previously described in Section 2.1.2. with appropriate strains, 

mutants or drug treatments. At the completion of the cell assay the conditioned media 

was removed and stored at -80 C until used in the assay. 

Assay was completed as per manufactures instructions except for following 

modifications: membranes were incubated with 1,000 fold diluted HRP-conjugated 

streptavidin for 12 hours at 4 C with shaking at 50 rpm. Membranes were then washed 

three times with 2 mL of wash buffer I and three times with 2 mL of wash buffer II, 

with the final wash incubating for 45 minutes. Membranes were prepared for detection 

by mixing equal parts of detection buffers [v/v] and the membranes were incubated in 

detection buffer wrapped in plastic wrap for two minutes. Excess buffer was removed, 
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the membranes placed in clean plastic wrap and placed in a light proof cassette 

(Hypercassette, Pittsburgh, Pennsylvania). CL-Xposure x-ray film (Thermo) was 

exposed for between one second to one minute. Film was then placed in developer 

(Kodak) for two minutes followed by washing thoroughly in water. The film was then 

placed in fixative for 2 minutes, washed again in water and then allowed to air dry. 

Array x-ray films were visualised using a UV transilluminator (UYP; Cambridge, 

United Kingdom) set to white light and images were acquired using Grab It software 

v2.59 (UYP; Cambridge, United Kingdom). Images were inverted to the negative in 

Adobe Photoshop and analysed by densitometry using Scan Array Express 

(PerkinElmer, Waltham, Massachusetts). Data was normalised against fresh cell media. 

 

 

2.2.17 Phosphorylation of MAPKs by ELISAs 

 

 

RAW 264.7 cells were grown in flat bottom 96 well plates (Falcon) at a density of 

1.5x10
4
 over night. Infection assays were performed as previous described (Section 

2.2.7) appropriately scaled down to match the number of RAW cells. At 8 hrs pi. the 

cell media was discarded and each well was washed 3x with wash buffer A by 

individually pipetting the solutions in and out of the wells to ensure minimal disruption 

to the attached cells. The 96 well plate was then gently inverted on a piece of absorbent 

towel to remove excess wash buffer from the wells. The cells were fixed 20 minutes at 

room temperature. The fixative was then removed and the wells were again washed 3x 

with the wash buffer A. Wells were then incubated in quenching buffer for 20 minutes 

at room temperature before removing and again washing 3x in wash buffer and drying 

on absorbent towel. 

Cells were incubated in blocking solution for 1 hour at room temperature then washed 

in buffer B 3x before being incubated in the primary antibody (1 plate pan antibody, 1 

plate phospho antibody) at room temperature with shaking 50 rpm on an orbital shaker 

for 2 hours. Following this the wells were washed 4x in buffer B, dried and incubated 

for 1 hr, 50 rpm in the secondary antibody (anti-mouse IgG) at room temperature. The 

wells were again washed 4x with buffer B and 100 L of TMB one-step substrate 

reagent was added and the plates were incubated out of the light shaking at 50 rpm for 

30 minutes. Stop solution was added and the plates were immediately read at an 

absorbance of 450 nm on a Fluorostar optima plate reader (BMG Labtech; Offenberg, 
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Germany). The absorbances were collected, corrected against the controls (untreated 

and uninfected RAW 264.7 cells) and analysis was performed. 

 

2.2.18 Recording of RAW 264.7 cells fusing in real time 

 

One day prior to the cell infection assay a single colony B. thailandensis was removed 

from a fresh LB agar plate and inoculated into 2 mL of LB and grown for 16 hour as a 

starter culture (37 C / 220 rpm shaking). On the day of the infection assay, 200 L was 

taken from the starter culture and inoculated into 2 mL of fresh LB to make the 

inoculum. This was grown for 10 hours (37 C / 220 rpm shaking) until the beginning of 

the assay. 6 hours prior to beginning the infection RAW 264.7 cells were washed off a 

maintenance dish and plated at a density of 2xl0
5
 in a glass-bottom dish (Matek; 

Ashland, Massachusetts) and allowed to adhere until infection at 37 C with 5% CO2. 

On beginning the infection the B. thailandensis culture had the OD600 measured, the cfu 

was calculated and the culture was diluted 1:10 [v/v] in PBS. An MOI of 10:1 was 

calculated and then added to the RAW 264.7 cells in the glass-bottom dishes. The 

inoculum was left to incubate on the cells for 1 hour at 37 C with 5% CO2. One hour 

pi. the media was removed and CO2 buffered media supplemented with 10% HI-FCS 

(Gibco) was added with the addition of imipenem at 10 g mL
-1

 and any drugs as 

appropriate for the particular assay (see Section 2.2.7). The glass-bottom dish was 

transferred to a heated microscope stage (37 C) attached to an Olympus BX71 epi-

fluorescence microscope and left to equilibrate for 30 minutes. Images were captured 

using Olympus cell R™ software every three minutes with illumination by the bright 

field lamp and utilising a 10x magnification objective lens for a minimum of 10 hours. 

Images were transferred to Adobe Photoshop where image size and contrast was 

adjusted to make for consistent playback of the finished movie. Images were compiled 

as an .avi file in Image J software and compressed to enhance viewing of the movies on 

slower computers. 

 

2.2.19 B. pseudomallei Growth in DMEM + Emodin 

 

100 μL of overnight B. pseudomallei culture was inoculated into complete DMEM 

aliquots (Gibco) containing increasing concentrations of emodin (Chapter 4). Inoculated 
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DMEM cultures were grown statically at 37 ˚C / 5% CO2 for 16 hours. The cultures 

were diluted 10
-3

 in PBS [v/v] and 40 μL was inoculated onto LB agar to compare the 

amount of growth. 

 

2.2.20 Intracellular Pathogen Growth in the Presence of NF-κB Inhibition 

 

RAW 264.7 cell were prepared 1 day prior to the assays as described; RAW 264.7 cells 

were inoculated into 24 well plates as per Sections 2.2.7. B. pseudomallei, L. 

monocytogenes and Salmonella sp. were grown as overnight cultures to stationary 

phase. The three bacterial cultures were diluted 1:10 [v/v] in PBS and inoculated onto 

the RAW 264.7 cells at a MOI of approximately 10:1. An identical volume of each 

bacteria was inoculated into 1 mL of PBS for enumeration of the inoculum. The cell 

assays were placed into 37°C, 5% CO2 atmosphere incubator for 1 hour after which all 

three assays had the media replaced with fresh complete DMEM supplemented with 

imipenem (10 μg mL
-1

) for the Burkholderia and gentamicin (20 μg mL
-1

) for the 

Listeria and Salmonella. The assays were then returned to the cell incubator until 12 hrs 

p.i. The PBS aliquots with inoculum were then diluted 10
-3

 [v/v] in PBS and 40 μL for 

each sample was plated onto agar plates to enumerate the inoculums the next day. At the 

end of 12 hours the assays were washed three times with sterile PBS, treated with 0.1 % 

[v/v] triton x-100/PBS (Sigma) and the resultant cell lysates were diluted 10
-3

 in PBS 

and 40 μL was inoculated onto LB agar for enumeration.    

 

2.3 Solutions 

 

 

Phosphate Buffered Saline (PBS) 10x  

NaCl 40 g 

Na2HPO4 5.75 g 

KH2PO4 1.0 g 

KCl 1.0 g 

Up to 500 mL of dH2O  

 

Chemicals were added to 450 mL of dH20 with stirring. The pH was adjusted to 7.4 

with l0 M NaOH and final volume adjusted to 500 mL with dH20. Solution was 

sterilized by autoclave. 1x PBS was prepared by aseptically adding 50 mL of sterile 10x 

PBS to 450 mL sterile dH20. 
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2.3.1 Formaldehyde 3.7% 

 

Stock 37% formaldehyde solution (Sigma) was diluted in 1x PBS at 10:1 [v/v] to give a 

working solution of 3.7%. Fresh solution was prepared for each experiment. 

 

2.3.2 N-propyl-galate 

 

n-propyl galate was utilized as an anti-fade agent for fluorescence microscopy as per 

Giloh and Sedat (1982). 8% [w/v] n-propyl-galate (Sigma) was dissolved in a 90: l0 

[v/v] mixture of glycerol/PBS. Solution was stored in the dark at -20 C and filtered 

through a 0.22 PVDF membrane filter (Millex GY) before use. 

 

2.3.3 Triton X-l00 

 

Triton x-100 (20% Stock)  

  

Triton-x 100 10 mL 

dH2O 40 mL 

Stock solution stored at 4 ˚C  

Working Solution (0.1%)  

20% Triton x-100 stock 50 μL 

PBS 1x to 10 mL 

 

 

2.4 Statistical Analysis 

 

Statistical analysis was performed on results obtained for MNGC counts, inhibition 

assays, intracellular growth assays, qPCR assays, cytokine arrays and phosphorylation 

assays. Data for all assays was collected for three individual bacterial cultures repeated 

at least twice on separate occasions, averaged and the SEM was calculated to show 

variance. Data and statistics were graphed using Excel (Microsoft, Seattle, USA) and 

statistical significance was determined by 2-tails student t test.  p values of <0.05 (*) or 

0.01 (**) were deemed significant. 
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Host Biochemical Pathways regulated in B. pseudomallei 

infection: 

Host receptors and MAPK activation in B. pseudomallei MNGC formation.  
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3.1 Introduction 

It has been well established that B. pseudomallei infection of macrophage and 

macrophage-like cells leads to a rare pathogen driven phenomenon of extensive cellular 

fusion (see Figure 3.1; Harley et al., 1998, Kespichayawattana et al., 2000). Whilst 

some of the bacterial factors involved in this process have been identified (Suparak et 

al., 2005) (Utaisincharoen et al., 2006), very little work has occurred in establishing the 

host factors that are involved in this cellular fusion. As previewed in chapter 1 (and will 

be discussed as a results in chapter 5 of this thesis) it has been observed that B. 

pseudomallei infection creates an extensive array of cytokines and chemokines being 

released by the host cells. The question remains however, what of these circulating 

factors may be involved in the fusion events of the host macrophages?  

 

              

Figure 3.1 Burkholderia pseudomallei infection of RAW 264.7 cells induces MNGC formation.  

Macrophage or macrophage-like cells infected with B. pseudomallei fuse to form MNGCs. Within these 

MNGC cells rapid bacterial replication occurs and the infection spreads from MNGC to MNGC via actin 

tail propulsion. The true nature of these formations in the infection and disease process has yet to be 

established. Representative immunofluorescence micrograph of infected RAW 264.7 cells 12 hours pi. 

Bacteria labelled green. Cellular actin stained red and cell nuclei stained blue.  

 

 

At the beginning of an infection, a rapid immune activation occurs leading to the 

production of anti-microbial agents. This activation also results in chemokine 

10 µM 
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production and recruitment of immune cells (Devergne et al., 1994) (Schall et al., 1990). 

Cell migration to sites of infection or inflammation is regulated by inflammatory 

chemokines (including MCP-1, MIP-1α, MIP-1β and RANTES (Khair et al., 1996) (Lin 

et al., 1998). For chemokines to be able to exert their influence on cells in the body they 

must be to interact with the cellular surface. This critical interaction occurs through the 

appropriate cell surface chemokine receptors (Moser and Loetscher, 2001). Chemokine 

receptors (CCR) are G-protein-coupled receptors expressed on cells such as 

macrophages according to the state of cell activation (Ward et al., 1998). Whilst 

chemokine receptors are critical components of immune cells and guide their responses 

to inflammation, infection, injury etc many other cell types including endothelial, 

smooth muscle, stromal, neurons and epithelial cells all possess chemokine receptors 

(Thelen, 2001).This leads to regulation of events such as haematopoiesis, development, 

angiogenesis and viral entry into animal cells (Murphy et al., 2000) (Lalani and 

McFadden, 1999) (Berger et al., 1999).  

 

Receptor Chemokine Ligands Cell Types Disease 

CCR1 MIP-1α, RANTES, MCP-3 T cells, Monocytes, 
Eosinophils, Basophils 

RA, MS 

CCR2 MCP-1, MCP-2, MCP-3 Monocytes, T cells, DCs 
(immature) 

 

Athero, RA, MS, 
Int Path Resist 

 
CCR4 TARC, CCL22 (MDC) T cells (Th2), Basophils, 

Macrophages, DCs 
 

Parasites, Graft 
Rejection 

 
CCR5 MIP-1α, MIP-1β, RANTES, 

Eotaxin 

T cells, Monocytes 
 

HIV-1 
 

Table 3.1 Chemokine receptor expression and binding partners. The chemokine receptors examined 

in this chapter with their major ligands are listed here. The major immune cells expressing these receptors 

are Tabled as well as the significant diseases that have over or down –regulation of these receptors; RA – 

Rheumatoid Arthritis, MS- Multiple Sclerosis, Athero – Atherosclerosis, Int Path Resist- Intracellular 

Pathogen Resistance.   

 

 

Chemokines exert their effects through a family of at least 19 G protein-coupled 

receptors (GPCRs) (Horuk, 2001). G-protein-coupled receptors are members of a super-

family of seven-transmembrane loop proteins (Dohlman et al., 1991) (Figure 3.2) that 

contain an extracellular amino terminal segment (NH2) and a cytoplasmic carboxylic 

terminus (Ji et al., 1998). The extracellular N-terminus determines the specificity of the 
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receptor (Figure 3.2) to the circulating chemokines. On binding a chemokine, the signal 

is transduced through a series of heterotrimeric G proteins (Gα, Gβ, G    – see Figure 3.2 

B). Initially CC chemokine receptors (CCRs) were thought to direct this signalling via a 

cascade of intracellular events to inhibit the activity of adenyl cyclase (AC) and to 

regulate Ca
+2

 fluxes (Horuk, 1997). There is growing evidence that CCRs are capable of 

exerting a wide array of effects, potentially influencing the activity of numerous 

signalling pathways and gene transcription events. Thus the G proteins trigger various 

effector enzymes that activate chemotaxis, increased respiratory burst, degranulation, 

phagocytosis and lipid mediator synthesis (Onuffer and Horuk, 2002).  

Immune cells circulating through the host respond to these cytokine/chemokine 

gradients through their cytokine receptors (Boring et al., 1997, Ward and Westwick, 

1998) or the receptor signalling may regulate cell trafficking to lymph nodes where the 

development of adaptive immune responses occurs (Cyster, 1999; Sallusto et al., 1998). 

The interaction with circulating immune cells with any pathogens leads to receptor 

switching and potentially to the formation of responses such as granuloma formation 

(Hickman et al., 2002; Bhatt et al., 2004); CCR5, CCR2 and the chemokine MIP-1α 

have been shown to be critical in granulomatous inflammation due to Leishmania 

infection (Sato et al., 1999). 

Combinations of chemokine receptors allow recruitment of specific cells to sights of 

need. The regulation of neutrophil migration is mediated by CCR1, CCR2 and CCR5 

receptors (Reichel et al., 2006) and the chemokine CCL3 (MIP-1α) binding to CCR1 

and CCR5 receptors on leukocytes, macrophages and T cells directs immune responses 

in Rheumatoid arthritis patients (Chintalacharuvu et al., 2005). Likewise, MCP-3 

interacts with the CCR1, CCR2 and CCR3 acts upon T cells, NK cells, eosinophils and 

DCs plus mononuclear phagocytes (Fioretti et al., 1998). 

Chemokine receptor gene expression in the brain is dominated by CCR1, CCR2 and 

CCR5 (Nansen et al., 2000). T cells that have been activated by viral infections have 

been found to express CCR2 and CCR5. Alternatively, monocytes and macrophages in 

a similar situation express CCR1 and CCR5. These chemokines receptors are similarly 

expressed in leukocytes that express CCR1, CCR2 and CCR5 that are directed to the 

glomerulus in human renal allografts by MCP-1 and RANTES. This infiltration of 

monocytes and macrophages displays the complex regulation (Ruster et al., 2004). 

The actual expression of chemokine receptors can be regulated and may vary according 

to the nature of the antigen and cell type. M .tuberculosis infection has been shown to 
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down regulate CCR2 expression (thought to be regulated by host responses to M. 

tuberculosis cell wall components) (Moller et al., 2003). Likewise, CCR5 has been 

reported to be down regulated on whole blood monocytes (Juffermans et al., 2000) and 

monocyte-derived macrophages (Emori et al., 2004). This idea has been contradicted by 

Fraziano and colleagues (Fraziano et al., 1999) who demonstrated that CCR5 is 

increased on human monocytes differentiating into macrophages and alveolar 

macrophages after in vitro infection with M .tuberculosis. Furthermore, CCR2 and 

CCR5 is neither expressed by murine macrophages nor induced by M. tuberculosis 

(Bhatt et al., 2004).  

 

 

Figure 3.2 Chemokine receptor expression and structure. A. Chemokines can be classed as 

developmentally regulated (constitutive) or inflammatory (inducible). This is not an absolute division and 

has exceptions e.g. CCR6 is constitutively expressed on immature DCs; however, it is down-regulated on 

maturity. B. Structure of a typical seven transmembrane G-coupled receptor such as a chemokine 

receptor. These membrane spanning units are generally linked to the G-proteins through which signalling 

to further biochemical pathways is conducted. Image is adapted from Proudfoot (2002).  

 

Remarkably, chemokine receptors display a relative lack of selectivity in ligand 

binding. Many receptors bind more than one chemokine with high affinity e.g. 11 

chemokines bind to the CCR1 receptor with varying affinities (New and Wong, 2003). 

Similarly, individual chemokines may act as ligands for a number of receptors e.g. 

A. 

B. 
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MCP-3 binds CCR1, CCR2, CCR3 and CCR5 (Murphy et al., 2000, Chou et al., 2002). 

This promiscuity and the apparent redundancy of signalling that may arise, presents 

problems in establishing the identification of chemokines that are specifically 

controlling combinations of chemokines, receptors or effector pathways in the receptive 

cells. Likewise redundancy also may complicate establishing the true nature of receptor 

signalling with dendritic cells (DC) from mice deficient in CCR1, CCR3 and CCR5 

respond to RANTES indicating that these receptors are not required to initiate the 

chemokine cascade in a host (Fischer et al., 2001).  

  

 

3.1.1 CCR Antagonists 

 

The nature of chemokine receptors (rhodopsin family members) means that small-

molecule antagonists show cross-reactivity with other GCPRs (Gao et al., 1997, Deng et 

al., 1997, Liu et al., 1996, Taussig and Zimmermann, 1998). This issue with selectivity 

may potentially limit the potential therapeutic use of these receptor inhibitors or 

necessitate extensive studies to ensure minimal undesired cross-reactivity. Nevertheless, 

the search for specific inhibitors to a range of diseases including rheumatoid arthritis 

(Chintalacharuvu et al., 2005), multiple sclerosis (Charo and Ransohoff, 2006), diabetes 

(Kalev et al., 2003), transplant rejection (Ruster et al., 2004) and HIV (Yi et al., 1999, 

Juffermans et al., 2000) means that there is plenty of incentive and potentially big 

monetary returns for finding potential drug targets.  

 

3.1.2 Regulation of MAPK Pathways 

 

G-protein-coupled receptors regulate cell function through a family of MAPKs. These 

serine/threonine protein kinases phosphorylate downstream targets including 

transcription factors and consequently regulate appropriate transcriptional events. Three 

critical MAPKs in these activated pathways are the extracellular signal regulated kinase 

(ERK1/2) which is stimulated by growth factors and the C-Jun NH2-terminal kinases 

(JNKs) and p38 MAPK that are generally stimulated by cellular stress events (Kyriakis 

and Avruch, 2001).  

It has been demonstrated that the chemokine RANTES induces the phosphorylation of 

ERK1/2 and ultimately pro-inflammatory cytokines. This cascade can be prevented by 
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treatment with the MEK inhibitor U0126 (Zhang et al., 2002). RANTES activation of 

the ERK pathway results in an increase in synthesis of chemokines. This activation 

potentially prolongs the inflammatory response in the host. Likewise, activation of 

CCR2B (a splice variant, (Charo et al., 1994)) but not the CCR2A receptor induces a 

rapid induction of ERK activity (Yen et al., 1997). MCP-1 challenge of murine 

peritoneal macrophages demonstrates MCP-1 mediated phosphorylation of JNK and 

activation of the c-Jun transcription factor (Sodhi and Biswas, 2002). It has been further 

demonstrated that CCR3 activation can lead to phosphorylation of ERK1/2 and p38 but 

not JNK MAPKs in eosinophils and is essential for chemotaxis (Kampen et al., 2000). 

Similarly, when CCR5 was activated by its ligand MIP-1β along with co-stimulation of 

T cells both JNK and p38 MAPK pathways are activated. When stimulation occurs via 

MIP-1β alone ERK1/2 MAPK is the only activated pathway (Misse et al., 2001). (For 

further explanation on MAPK regulation and responses see Chapter 1 – Literature 

Review). 

 

3.2 Aims for Chapter 

 

This chapter examines the biochemical pathways activated and regulated by the host 

cells when infected by B. pseudomallei. Specifically it examines the regulation of 

MAPK activation and the effects had on MNGC formation when these vital pathways 

are disrupted. Further, it will examine the induction and expression of chemokine 

receptors that are utilized in MNGC formation and look at the consequences that 

inhibiting these receptors has on B. pseudomallei-induced MNGC formation.   
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3.3 Results and Discussion 

3.3.1 B. pseudomallei Induced MNGCs are Functional Cells. 

It has been well established that B. pseudomallei on infecting macrophages (-like cells), 

can induce cell fusion and create MNGCs (Harley et al., 1998). Whilst the 

transformation from mononuclear cells (Figure 3.3 A) to MNGCs (Figure 3.3 B-D) has 

been recorded for a number of cellular events (e.g. osteoclastogenesis and FBGCs), it is 

only viral infections (HIV (Geny et al., 1991, Yi et al., 1999) and measles (Watari and 

Yokomuro, 1997; Watari et al., 2001) that can match the rapid transformation that this 

bacterial-mediated fusion induces. Whilst the occurrence of Burkholderia-induced cell 

fusion is well established the actual physiological role and importance of these fused 

cells to the infection process has yet to be established. It has been demonstrated that 

MNGCs and osteoclasts contain unusual cytoskeletal organization. This arrangement 

includes cortical rings of actin filaments (Nakamura et al., 1996) and unique adhesion 

structures - podosomes, (Ory et al., 2008). Currently no one has examined the structures 

and functioning of these structures in B. pseudomallei induced MNGCs. Regardless of 

what role these giant cells may play in the infection process, these cells contain 

structures normally observed in mononuclear cells.  

The MNGCs contain all the cellular machinery of protein secretory pathways (Figure 

3.3 B-C). It can be observed that the MNGCs contain Golgi apparatus. Eukaryotic cells 

usually contain between 10-20 Golgi stacks (cisternae) per cell (Bannykh and Balch, 

1997). Figure 3.3C depicts a representative immunofluorescence micrograph of 

MNGCs with the Golgi apparatus labelled with anti-β-cop antibody. It is observable that 

the numerous nuclei have all retained their separate Golgi, allowing for complex control 

of proteins often destined for the extracellular matrix or lysosomal enzymes (yellow 

arrows) through the externally stimulated regulated secretory pathway or the 

constitutive pathways (Bannykh and Balch, 1997) . Interestingly, these Golgi remain 

separate identities and do not fuse into a larger structure within the MNGCs.  

For cells to remain viable they require strict regulation of all constituent components 

including proteins. This process occurs with the protein origin in the Rough 
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Endoplasmic Reticulum (RER), leads to the Golgi apparatus and then onto vesicles that 

lead to the plasma membrane or other cellular sites. The Endoplasmic Reticulum (ER) is  

a network of flattened sacs and branching tubules extending through the cytoplasm.  

These branches are critical to Ca
+2

 storage in the cell (Blaustein and Golovina, 2001). 

Usually the ER would possess about 10% of the cytoplasmic volume (Paiement and 

Bergeron, 2001). On examining the ER within the MNGCs (Figure 3.3B) it can be seen 

to encompass the majority of the cytoplasmic space (yellow arrow). Indeed the ER 

occupies so much space in the cytoplasm that it can be observed that the B. 

pseudomallei bacteria are leaving pathways through the structure as they make their 

way around the MNGC cells (white arrows).  

 

Whilst it is known that B. pseudomallei alters the actin cytoskeleton (Stevens et al., 

2005, Stevens et al., 2006) the tubulin network has been minimally examined. The 

tubulin cytoskeleton usually provides a variety of functions including structural support 

of the cell (Hammond et al., 2008). Furthermore, microtubules serve as a “highway” 

along which organelles can be transported with the aid of motor proteins, like kinesin 

(Howard, 1996). The microtubule network interconnects the Golgi apparatus with the 

plasma membrane. Moreover, it has been shown that some pathogens can utilize the 

tubulin network as anchorage or transport points in host cells (Oelschlaeger et al., 1993, 

Meyer et al., 1999, Rietdorf et al., 2001). Whilst it has not been established whether B. 

pseudomallei is capable of interacting with these tubulin fibres in any  

 

 

 

 

A. B.  
100µM 10 µM 
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C. D.  
      

E. F.  

 

Figure 3.3 RAW 264.7 cells infected with B. pseudomallei form MNGCs. Macrophage-like cells are 

fused into MNGCs when infected with B. pseudomallei. When RAW 264.7 cells were infected with B. 

pseudomallei 08 (or B. thailandensis E264) the individual cells (A) fuse into MNGCs. These MNGCs 

contain the organelles (B, C, and D) of the individual cells though modified to suit the new physiology. 

The ER becomes a very large organelle (B – (PDI antibody) yellow arrow) throughout the cell and the 

bacteria actually push their way through the ER leaving trails of empty space behind them (white arrow).  

The golgi network rather than expanding throughout the cell like the ER (C – (β-cop) yellow arrows), 

continues to encircle the multiple nuclei present in each MNGC whilst the bacteria are moving through 

the cells on actin filaments (red arrows).The tubulin network reforms on the fusion of these cells (D – 

yellow arrow) and forms a complex network within the cells with the bacteria attaching to the filaments 

of the cytoskeleton (white arrow). (E) Scanning electron microscope images of murine BMM-derived 

macrophages (E) and human-PBMC-derived macrophages (F) infected with B. pseudomallei 08 and 

cultivated on whale dentine. While these MNGCs are believed to possess similar biochemical properties 

to osteoclasts these cells deposit a mineral build-up (yellow arrows) on the smooth dentine chips (white 

arrow, E) rather than create resorption pits.  

 

 

physiological way it is clear from Figure 3.3D that bacteria are attached to the 

microtubule strands (arrows) and may use this as an attachment point in the cell to 

100 µM 200 µM 

10 µM 20 µM 
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intercept nutrients or simply as a “resting” point before actin tail propulsion. Finally, 

Figures 3.3 E and F display possible functions that this secretory pathway in the 

MNGCs may play. Similarly to that described by Boddey and colleagues (2007), 

MNGCs derived from murine BMMs (E) and human PBMCs (F) have secreted mineral  

particles onto a dentine surface, rather than resorbing the surface as would be observed 

for functional osteoclasts.    

 

3.3.2 DMSO Carrier has no Affect on B. pseudomallei MNGC Formation.   

 

By their very nature lipid membranes present a protective barrier for the cytoplasmic 

contents of cells. This barrier can often present difficulties in delivering drug treatments 

into a cell to record physiological alterations.  

Dimethyl sulfoxide (DMSO) is often used as a carrier to allow 1) easy dissolving of the 

chosen drug and 2) allows drug permeability across the cellular lipid membrane 

(Gurtovenko and Anwar, 2007). As well as enhancing cell membrane permeability 

DMSO has been shown to increase fusion of cellular membranes (Notman et al., 2006). 

Ji and  

 

  

A.  B.  

Figure 3.4 The addition of the carrier DMSO has no effect on the formation of MNGCS. RAW 

264.7 cells were infected with B. pseudomallei 08 and allowed to form MNGCs over 12 hours ± DMSO 

(0.4% v/v). (A) The average number of MNGCs present per field of view in infected RAW 264.7 cells ± 

DMSO. were compared to uninfected cells. (B) The average number of nuclei present per field of view in 

infected RAW 264.7 cells ± DMSO was compared to uninfected cells. There was a significant difference 

between the infected cells compared to the uninfected cells though the addition of DMSO made no 

difference to either the average amount of MNGCs formed or the number of cells that fuse in the event. 

Data represents the average of 3 individual experiments ± the standard error of the mean. (Significance 

(**) is p<0.01)   
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colleagues (2006) described how an in vitro fusion model of HIV was enhanced with 

DMSO treatment between 0.1% and 0.5% of total cell media volume. DMSO can have 

other effects on cell functioning including altering proliferation and cell survival 

(Zyuz'kov et al., 2007). To establish that any drug effects observed were attribuTableto 

the drug and not the solvent carrier altering the RAW 264.7 cells, DMSO was added to 

B. pseudomallei 08 infections of RAW 264.7 cells at concentrations between 0.01 and 

0.4% total cell media volume v/v. These amounts were chosen as they covered both 

extremes of potential amounts of DMSO added to infection assays (0.4% DMSO is 

depicted in Figure 3.4). The addition of DMSO up to a concentration of 0.4% had 

negligible effects on MNGC formation – either the total MNGCs formed (3.4A) or the 

number of fusion events occurring (3.4B), providing confidence that any alterations 

(especially a reduction in fusion) were due to the drug treatments being applied.   

 

3.3.3 The inhibition of host cell NFAT does not affect B. pseudomallei MNGC 

formation.   

 

NFAT is a cytokine inducing transcription factor that is critical in the formation of giant 

cells and osteoclasts (Kim et al., 2005, Huang et al., 2006). Whilst NFAT (along with c-

Fos) has been shown to be critical in osteoclasts these factors have been shown to be 

dispensable in macrophage-derived giant cell formation (Yagi et al., 2007). In chapter 5 

it will be shown that a B. pseudomallei mutant fails to activate NFAT when infected 

into RAW 264.7 cells. To examine the role NFAT participation plays in B. 

pseudomallei MNGC formation a series of inhibitors were utilized to disrupt NFAT 

directly or various surrounding biochemical pathways as this transcription factor is so 

critical to osteoclasts formation.  

The treatment of B. pseudomallei infected RAW 264.7 cells with either Cyclosporin A 

(CsA) or FK506 (Tacrolimus) – potent anti-rejection drugs administered after organ 

transplant (Starzl et al., 1981, Kino et al., 1987, Miyazaki et al., 2007) that both have 

been shown to impede the generation of TRAP+ osteoclasts (Fuller et al., 2006) – show 

no significant difference from the 08 wt control in either the average number of MNGCs 

formed or the average number of nuclei involved in fusion (Figures 3.5 and 3.6B and 

D). Whilst CsA has been shown to both increase or decrease fusion in measles 
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infections (Watari and Yokomuro, 1997, Watari et al., 2001) depending on the strain of 

the virus used and FK506 is capable  

 

 

 

            A.  
 

            B.  
Figure 3.5 NFAT is not required for MNGC formation. Blocking NFAT or its surrounding pathways 

does not lead to a reduction in MNGC formation. RAW 264.7 cells were infected with B. pseudomallei 

and 1 hr p.i. were treated as appropriate with NFAT inhibitors. NFAT and associated regulators were 

disrupted either directly (CsA 250 ng mL
-1

, FK506 10ng mL
-1

) or indirectly (Phenoxy 1 μM - alpha 

adrenergic receptor, LiCl 10 mM – GSK-3β, Wort 1 μM – P13K , 7ND 10 ng mL
-1

 – CCR2 , Bapta am 

15 nM – Ca
+2

 chelation). (A) The average number of MNGCs present per field of view in infected RAW 

264.7 cells ± appropriate inhibitor was compared to uninfected cells. (B) The average number of nuclei 

present per field of view in infected RAW 264.7 cells ± appropriate inhibitor was compared to uninfected 

cells. There was no significant difference between the wt B. pseudomallei (08 wt) infected cells compared 

to the inhibitor treated cells; Phenoxy – phenoxybenzamine, CsA – cyclosporine, LiCl – Lithium chloride, 

Wort – Wortmannin. Data represents the average of 3 individual experiments ± the standard error of the 

mean. (Significance (*) is p<0.05, (**) is p<0.01)   
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of preventing RAW 264.7 fusion (Hirotani et al., 2004), neither drug made any radical 

alterations to the resultant B. pseudomallei-induced fusion (Figure 3.5 Band D). 

Likewise, treating with Phenoxybenzamine, an alpha adrenergic receptor antagonist 

which lowers superoxide production and acts to decrease TNF (Bertini et al., 1993) and 

IL-6 (Salahuddin et al., 1997) production had no affect on formation (Figures 3.5 and 

3.6C). Further, examining the disruption of the nuclear functioning of NFAT did little to 

disrupt fusion. Treatment with LiCl (a GSK-3β inhibitor) usually results in further 

NFAT transcriptional activity (as GSK-3β acts to drive NFAT form the nucleus, (Jiang 

et al., 2006, Puri et al., 2004)). Inhibition of GSK-3β has been shown to inhibit the 

formation of TRAP+ MNGCs (Spencer et al., 2006) though not survival or activity of 

osteoclasts. LiCl, however, appears to have no affect on the fusion of RAW 264.7 cells 

infected with  

 

 

 

 

A.  B.  
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 C. D.  

       

E. F.  

        

G. H.  

Figure 3.6 Representative micrographs of Giemsa stained MNGCs treated with NFAT inhibitors. 
RAW 264.7 cells were infected with B. pseudomallei and at 1 hr pi treated as appropriate with NFAT 

inhibitors. The assays were allowed to continue until completion at 12 hrs where upon the assays were 

fixed and stained with Giemsa and images were recorded. As the graphs eluded (Figure 3.5) there is 

minimal differences in the average number of MNGCs and nuclei present between all the NFAT 

inhibitors (A) 08 wt, (B) FK506 10ng mL
-1

 (C) Phenoxybenzamine 1μM (D) Cyclosporin 250ng mL
-1

 (E) 

LiCl 10mM (F) Wortmannin 1μM (G) 7ND 10ng mL
-1

 and (H) Bapta am 15 nM that were applied to the 

100µM 100µM 

100 μM 100 μM 

100 μM 100 μM 
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RAW 264.7 cells infected with B. pseudomallei as MNGC formation appears to progress unimpeded 

(yellow arrows).  

 

 

B. pseudomallei (Figure 3.5 and 3.6 E). Moreover, the PI3K inhibitor wortmannin 

(Wymann et al., 1996) had no affect on fusion or size of MNGCs (Figures 3.5 and 3.6F) 

whilst it has been shown to disrupt the fusion of LPS-induced pre-osteoclast cells (Suda 

et al., 2002), inhibit the spread of osteoclasts (Palacio and Felix, 2001) and resorption, 

motility and morphology of the ruffled border in osteoclasts (Pilkington et al., 1998). 

The dominant negative inhibitor of MCP-1, 7ND (missing the N-terminal AAs) has 

been shown to decrease monocyte cell activation and migration and consequently 

inflammation (Egashira, 2003). Due to B. pseudomallei infected cells releasing 

significant amounts of MCP-1 (see chapter 5.2.5) and 7ND treatment has been 

demonstrated to significantly reduce the expression of MCP-1, RANTES, MIP-2 and 

eotaxin (Goser et al., 2005) B. pseudomallei infected RAW 264.7 cells were treated 

with this inhibitor. As seen in Figure 3.5 and 3.6G, 7ND had no significant effect on 

fusion events. Finally the membrane permeable Ca
+2

 chelator bapta-am was added to 

the infection assay. Calcium has been shown to be critical to cell migration and 

osteoclast bone resorption via integrins (Rucci et al., 2005) and has been found to 

disrupt NFAT activation in HTLV-1 infection, however, it had no significant effect in 

the formation of MNGCs by B. pseudomallei in RAW 264.7 cells (Figures 3.5 and 

3.6H).      

 

3.3.4 Disruption of MAPK Affects B. pseudomallei Induced MNGC Formation. 

As discussed in Chapter 1 of this thesis the MAPK pathways play an invaluable role in 

a range of host responses to external stimuli. One critical component of these responses 

is to infection and the release of cytokine/chemokine signals.  B. pseudomallei has been 

shown to activate a number of cellular pathways during infection leading to cytokine 

release, however, it has also been demonstrated that it is capable of activating the JNK 

and p38 MAPK pathways independently of surface TLRs during internalization into the 

host (Hii et al., 2008). Furthermore, a similar reduction in internalization of the bacteria 

and cytokine release is achievable with treatment of MAPK inhibitors.  Differential 

activation of MAPKs has been shown in other infection models with P. gingavalis LPS 
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activating TLR-2 and the JNK pathway whilst E. coli activates TLR-4 and p38 MAPK 

(Diya et al., 2008). 

These MAPK members have been shown to be critical in a whole range of infection 

models and host responses. Activation of JNK is a critical pathway for bacterially 

induced hyperplasia during otitis media (Furukawa et al., 2007). Induction of iNOS in 

macrophages by C. pneumoniae infection occurs through phosphorylation of the MAPK 

JNK pathway (Rodriguez et al., 2008) and similarly H. pylori infection activates MAPK 

pathways (Ding et al., 2008) in vivo and JNK is critical for H. pylori-dependant cell 

motility (Snider et al., 2008). P. gingivalis adhesin proteins activate ERK1/2, p38 and 

JNK in stimulated macrophages. Blocking ERK1/2 and p38 signalling revealed 

regulatory roles in cytokine production. ERK1/2 and p38 are important in the down-

regulation of IL-12p40 and IFN-γ and with increases of IL-10. Blocking of ERK1/2 

leads to increases in IL-12 (Zhang et al., 2005) demonstrating the complex interwoven  

 

 

        A.  B.  

 

       C. D.  

Figure 3.7 Disruption of the ERK1/2 and JNK pathways decreases MNGC formation. RAW 264.7 

cells were infected with B. pseudomallei 08 and at 1 hr pi. the MAPK inhibitors U0126 (1 μM - A, B) or 
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JNK inhibitor II (10 μm mL
-1

 - C, D) were added. The addition of U0126 in the infection has little effect 

on the average number of MNGCs present in a field of view (A), however, the addition of ERK1/2 

inhibitor U0126 significantly reduces the average number of cells forming the MNGCs (B) compared to 

the wt infection. The addition of JNK inhibitor II to the developing MNGCs appears to significantly 

reduce the average number of MNGCs observed per field of view (C), while the average number of cells 

fusing in the MNGCs has reduced significantly by about two-thirds compared to the wt infection (D). 

Data represents the average of 3 individual experiments ± the standard error of the mean. (Significance 

(*) is p<0.05, (**)is p<0.01)   

 

 

 

 

 

 

 

relationship of the MAPKs. Finally, the MAPK pathways can be directly linked to 

intracellular replication. Infection with varicella-zoster virus (vzv) causes a 34-fold 

increase in the activation of JNK in early infection followed by a 2-fold increase in p38 

during late infection. Treatment with a JNK inhibitor gives a two times increase in viral 

replication. An increase in JNK activation provides a decrease in viral replication 

(Rahaus et al., 2004).  

Similarly the MAPK ERK1/2 and JNK pathways have been shown to be critical in 

formation of giant cells and osteoclasts with activation of JNK required for efficient 

osteoclastogenesis from bone marrow monocytes (BMM) (David et al., 2002) and 

activation of JNK pathway and NF-ĸB in vivo required for bone erosion in 

inflammatory diseases (Hirayama et al., 2005). During LPS-induced cell fusion, TNFα 

secretion is increased and the three main MAPK pathways ERK1/2, p38 and JNK are 

phosphorylated. U0126 and JNK-inhibitors (SP600125) have been shown to inhibit the 

fusion event. (Islam et al., 2007; Hotokezaka et al., 2007). Likewise, in “typical” 

osteoclast formation RANKL secretion activates ERK, p38 and JNK pathways through 

TRAF 6 in both osteoclasts and their precursors (Ikeda et al., 2008). The addition of 

U0126 was found to inhibit both RANKL mRNA and RANKL protein and 

subsequently cell fusion. (Tsubaki et al., 2007). 
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   A. B.  

C. D.  

 

Figure 3.8 Photo-micrographs of MAPK inhibitor treatment of B. pseudomallei infected RAW 264.7 

cells. RAW 264.7 cells were infected with B. pseudomallei and 1 hr pi treated as appropriate with 

ERK1/2 inhibitor U0126 1 μM or JNK inhibitor 10 μm mL
-1

 where upon the infection continued until 12 

hr pi. The Giemsa-stained micrograph (A) of U0126 treated B. pseudomallei infected RAW 264.7 cells 

display  small formations of MNGCs. It can be observed that the MNGCs have become long and spindly 

with few nuclei (yellow arrows) surrounded by the large number of RAW 264.7 cells that have failed to 

fuse. The smaller MNGCs can be observed in greater detail (B) with the confocal micrograph of an 

U0126 treated infection showing that the bacteria (labelled green) are present in the MNGCs (yellow 

arrows) and the actin tails (stained red) are still forming (red arrow). (C) The immuno-fluorescence 

micrograph of labelled infected RAW 264.7 cells treated with JNK inhibitor II again demonstrates that 

the RAW 264.7 cells are fusing poorly and there are only small MNGCs (yellow arrows) (D) Untreated 

infected RAW264.7 cells for comparison.       

 

 

 

Inhibiting ERK1/2 with U0126 lowers the average number of MNGCs per field of view 

by less than 20%; however, it reduces the number of cells participating in the fusion 

event by more than 55%. Likewise, treatment with a JNK inhibitor [10 μm mL
-1

]  

100 μM 

100 μM 

20 μM 

100 μM 
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provides a significant reduction in the average number of MNGCs per field of view 

(reduced by approximately 35% 12.8 versus 8.5) whilst the average amount of cells 

fusing has decreased significantly by greater than 60%.  

It has been suggested that there is a “seesaw” balance to activation of the MAPK 

pathways in osteoclast formation. Phosphorylation of ERK1/2 is increased when the 

p38 MAPK pathway is treated with inhibitors. Likewise, U0126 treatment of ERK1/2 

increases the phosphorylation of p38 (Hotokezaka et al., 2002). Essentially, ERK1/2 

negatively regulates osteoclastogenesis, whereas, p38 positively-regulates 

osteoclastogenesis (Hotokezaka et al., 2002). In these bacterial assays the effects of 

U0126 on MAPK ERK1/2 can be observed when one examines the relative levels of 

phosphorylated (activated) MAPK proteins. Treatment of U0126 significantly drives 

down ERK1/2 and p38 activity (compared to the 08 wt infection); however, it leaves 

JNK activation at a level approximately the same level as that of the wt infection 

(Figure 3.9A). Likewise, the treatment of JNK inhibitor (10 μm mL
-1

) leads to a 

significant decrease in the phosphorylation of JNK and p38 whilst leaving ERK1/2 

relatively at the same level of activation as measured for the wt infection (Figure 3.9B) 

 

When examining the effect of JNK inhibitor on cytokine gene expression (following the 

significant decrease in cell fusion (Figure 3.7C and D) in human PBMCs-derived 

macrophages demonstrates that there is a significant decrease in the expression of MCP-

1 (almost completely off), MIP-1α (reduced by 65%) compared to wt infection and 

RANTES (again reduced by almost 95%) (Figure 3.10). This significant down-

regulation of cytokine expression is observed in HEK293 cells where the receptor CD36 

functions as a phagocytic  
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  A.  

  B.  

Figure 3.9 Relative amounts of MAPK phosphorylation of B. pseudomallei infected RAW 264.7 

cells. RAW 264.7 cells were infected with B. pseudomallei and at 1 hour pi. were treated as appropriate 

with inhibitors U0126 (1 μM – A) and JNK inhibitor II (10 μm mL
-1

 – B). Treatment with U0126 leads to 

a significant decrease in both p38 and ERK1/2 activity to a level of almost no active kinase. The 

measured JNK activity has seen a small (though not significant) increase in activity. Treatment with the 

JNK inhibitor II leads to a significant decrease in the JNK activity and a complete switching off and 

reduction in p38 MAPK. ERK1/2 activity has decreased a small amount. Data represents the average of 

three separate experiments ± the Standard Error of the Mean.  (Significance (**) is p<0.01)     

 

receptor for a variety of Gram –ve and Gram +ve bacteria. The CD36 receptor mediates 

signalling induced by Gram –ve bacteria and LPS via a JNK-mediated signalling 

pathway in a TLR2/4 –independent manner with JNK inhibitor being the only MAPK 

inhibitor that potently blocks E. coli/LPS-stimulated cytokine production (Baranova et 

al., 2008). 

When examining the protein level of expression of cytokines (Figure 3.11) by infected 

cells treated with JNK MAPK inhibitor it is observable that a whole host of cytokines 
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are down regulated, including chemoattractants (MIG, MIPs and RANTES). TNFα 

appears to be JNK pathway regulated as inhibiting the MAPK switches off expression 

of TNFα; IFN-γ is decreased as well as a selection of interleukins (IL-1, IL-6, IL-12 and 

IL-13).  

A small number of chemokines appear to be up-regulated with treatment of the inhibitor 

including eotaxin, MIP-1g and MIP-2. Interestingly, the down-regulation of gene 

expression (Figure 3.11) observed by qPCR in human PBMC derived macrophages. 

Protein expression of MCP-1 displays little difference between the 08 wt and JNK 

inhibited infections. MIP-1α is not examined on these arrays (α is the human version 

and γ is the murine version) and RANTES has failed in displaying correctly on the 

array.     

 

    A.  B.     

        C.  

Figure 3.10 Fold induction of chemokine gene expression in infected PBMC-derived macrophages 

after JNK inhibitor treatment. PBMCs were infected with B. pseudomallei and at 1 hr pi treated with 

JNK inhibitor 10 μm mL
-1

. The assay was continued until 12 hrs pi where upon cell lysates were collected 

and RNA recovered. 10ng of total RNA was converted to cDNA and qPCR was performed. The 

expression of chemokine genes MCP-1(A), MIP-1α (B) and RANTES (C) was measured after treatment 
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with JNK inhibitor. All three chemokine genes was significantly decreased with the expression of MCP-1 

completely suppressed, MIP-1α reduced by two-thirds and RANTES down by 11.5 fold compared to the 

wt infection.  Data is expressed as the average number of copies of the gene of interest per copy of 18s 

RNA from three independent experiments ± the standard error of the mean.  (Significance (**) is p<0.01)     

 

 

When examining the protein level of expression of cytokines by infected cells treated 

with JNK MAPK inhibitor it is observable that a whole host of cytokines are down 

regulated, including chemoattractants (MIG, MIPs and RANTES). TNFα appears to be 

JNK pathway regulated as inhibiting the MAPK switches off expression of TNFα; IFN-

γ is decreased as well as the interleukins (IL-1, IL-6, IL-12 and IL-13). Likewise 

treatment with ERK1/2 inhibitor leads to a similar down-regulation of IFN-γ and IL-13. 

U0126 treatment leads to an increase in expression of a number of proteins including 

MCP-1, RANTES, IL-10, IL-6 and IL-4. A small number of chemokines appear to be 

up-regulated with treatment of the JNK inhibitor including eotaxin, MIP-1g and MIP-2. 

Interestingly, the down-regulation of gene expression (Figure 3.10) observed by qPCR 

in human PBMC derived macrophages does not hold completely true at the protein 

level. Protein expression of MCP-1 displays little difference between the 08 wt and JNK 

inhibited infections. MIP-1α is not examined on these arrays (α is the human version 

and γ is the murine version) and RANTES has failed in displaying correctly on the 

array.     

 

 

Figure 3.11 (over page) Major cytokine expression differences of B. pseudomallei infected RAW 

264.7 cells versus treated with MAPK inhibitors U0126 and JNK inhibitor. RAW 264.7 cells were 

infected with B. pseudomallei and where appropriate MAPK inhibitor drugs U0126 (1µM) and JNK 

inhibitor (10 μm mL
-1

) were added. On completion of the assay the media was collected and incubated 

with cytokine arrays and the expression of cytokine/chemokines was calculated compared to uninfected 

and B. pseudomallei wt infection. The U0126 treatment leads to a number of down-regulated 

cytokines/chemokines especially the initiating cytokines IFN-γ, IL-1β and TNFα. Interestingly, the Th2 

associated interleukins -4, -6 and -10 are all up-regulated by U0126 treatment. Treatment with JNK 

inhibitor leads to a reduction in initiating cytokines IFN-γ, the IL-1s and TNFα (which is completely 

switched off by JNK inhibition). Few cytokines/chemokines are up-regulated with JNK inhibition with 

only MIP-1γ and MIP-2 being up-regulated. Data represents the average expression ± the standard error 

of the mean.  (Significance (*) is p<0.05, (**) is p<0.01)      
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3.3.5 Disruption to p38 MAPK Functioning Alters MNGC Development in B. 

pseudomallei Infected RAW 264.7 Cells 

 

 

As observed in the previous Section (3.3.4) B. pseudomallei are capable of activating 

the MAPK p38 internally within host kidney cells (Hii et al., 2008), leading to cytokine 

release. Similarly B. pseudomallei can stimulate p38 MAPK activation in alveolar A549 

cells. In both models treatment with the p38 MAPK inhibitor SB203580 significantly 

reduced  

 

 

 

 

      A. B.  

 

Figure 3.12 Disruption of the p38 MAPK pathway increases the amount of fusion in infected RAW 

264.7 cells. RAW 264.7 cells were infected with B. pseudomallei and 1 hour pi where appropriate, treated 

with p38 MAPK inhibitor SB203580 (1μM). (A) The average number of MNGCs present per field of 

view in infected RAW 264.7 cells ± SB203580 was compared. (B) The average number of nuclei present 

per field of view in infected RAW 264.7 cells ± SB203580 was compared. There was a significant 

decrease in the number of MNGCs formed after SB203580 treatment with the average falling by nearly 

50%. Likewise, a significant difference was observed for the fusion of RAW 264.7 cells with more than 

twice the number of cells fusing in the average MNGC under SB203580 treatment compared to the wt 

infection; Data represents the average of 3 individual experiments ± the standard error of the mean. 

(Significance (*) is p<0.05)   

 

 

 

 

invasion. Activation of p38 occurs at the time of contact with host cells and B. 

pseudomallei do not need to be internalised for this activation to occur (Utaisincharoen  
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 A. B.  

 

         C.  

 

Figure 3.13 SB203580 inhibitor increases B. pseudomallei infected RAW 264.7 cell fusion. 

Representative micrographs of SB203580 treated B. pseudomallei infected RAW 264.7 cells. RAW 264.7 

cells were infected with B. pseudomallei and 1 hour pi where appropriate, treated with p38 MAPK 

inhibitor SB203580 (1 μM). (A) Confocal micrograph displaying MNGC containing numerous nuclei 

(blue). Actin tails from B. pseudomallei (green) can be observed through the cytoplasm (red arrows). (B) 

Immunofluoresence micrograph of treated cells showing the densely packed MNGC with many nuclei 

(blue) and little actin being able to be observed (red). (C) A Giemsa-stained sample infected RAW 264.7 

cells showing the extensive fusion that has occurred across the coverslip. Fusion occurred from one side 

of 13 mm coverslip to other with 100,000 nuclei incorporated into the giant cell – see enlarged panel.     

   

 

 

et al., 2005). Though it has been observed that some bacterial pathogens can activate the 

pathway without even coming into contact with the host cells with the P. aeruginosa
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lactone (3O-C(12-HSL) activating the p38 MAPK pathway (Vikstrom et al., 2005).  

The activation of p38 MAPK has been shown to be critical in the invasion of other 

pathogens and facilitates in vitro host cell invasion by Rickettsia rickettsii (Rydkina et 

al., 2008). Likewise p38 MAPK is critical to cytokine responses during infection with 

cellular signalling by TNFα mediated through activation of host MAPKs. In particular 

p38 MAPK is activated in mononuclear phagocytes on infection with M. tuberculosis. 

Blocking with SB203580 effectively reduces TNFα production during the infection 

process (Surewicz et al., 2004). Inhibition of p38 MAPK can go one step further and 

inhibit viral replication within the host cells. Hepatitis B virus (HBV) proteins from a 

transfected plasmid lead to phosphorylation of p38 but not JNK or ERK1/2 (Chang et 

al., 2008). Treating the host cells with SB203580, thus inhibiting p38 MAPK, 

significantly retards the intracellular replication of intracellular HBV.  

 

 

 

      
 

Figure 3.14 The addition of the p38 inhibitor SB203580 suppresses p38 MAPK and increases 

ERK1/2 activity. RAW 264.7 cells were infected with B. pseudomallei and at 1 hour pi. were treated as 

appropriate with the p38 MAPK inhibitor SB203580 (1μM). MAPK activity (active phosphorylated 

kinase versus total kinase protein present) was measured in an ELISA assay. Treatment with SB203580 

leads to a complete repression of p38 MAPK activity with no phosphorylated p38 present. The treatment 

has had little effect on the functional JNK, however, there is a large and significant increase (3x) the 

amount of active ERK1/2. Data represents the average of three separate experiments ± the Standard Error 

of the Mean.  Significance (**) is p<0.01)   

 

 

 

Furthermore, p38 MAPK has been shown to be essential in cellular fusion though the 

significance of the role that this MAPK plays in the development of osteoclasts appears 

to be debated. Whilst Rossa and colleagues demonstrated that p38 MAPK was a major 

signalling pathway involved in IL-1β and TNFα induced RANKL expression at the 
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initiation of osteoclast formation (Rossa et al., 2006) others have argued that SB203580 

did not inhibit the fusion of LPS-induced cell fusion – even though p38 MAPK was 

phosphorylated on the fusion event occurring (Hotokezaka et al., 2007). This possibly 

suggests that RANKL and LPS induce osteoclasts through differing biochemical 

pathways.  

A partial explanation for some of the observed differences observed on the importance 

of p38 MAPK signalling in osteoclast formation may come from work demonstrating 

that SB203580 acts directly on osteoclast formation – not on osteoblast signalling to the 

osteoclast precursors. Once osteoclasts have formed SB203580 neither affects their 

survival as mature osteoclasts nor their bone resorption activity. (i.e. p38 is required for 

osteoclast differentiation but not osteoclast function). Specifically there is 

phosphorylation of p38 MAPK induced by RANKL, IL-1, TNFα and LPS in osteoclast 

precursors but not in osteoclasts (Li et al., 2002).  

On introduction of the p38 MAPK inhibitor SB203580 into the B. pseudomallei 

infection model of RAW 264.7 cells there is significant reduction (nearly 50%) in the 

amount of MNGCs formed compared to the wt infection (Figure 3.12). This loss of 

average numbers of MNGCs per field of view is related to the size of the MNGCs 

increasing, i.e. more individual cells are fusing (an average of 152 nuclei per MNGC 

versus an average of 330 nuclei per MNGC). Similarly, Tsubaki and colleagues found 

that the addition of SB203580 lead to an increase in the expression of RANKL mRNA 

and protein leading to an increase in fusion with C7 osteoclast precursor cells (Tsubaki 

et al., 2007).  

The inhibition of p38 MAPK (see Figure 3.14) phosphorylation appears to have no 

affect on the expression of JNK MAPK, however, there is a significant increase in the 

phosphorylated or active ERK1/2 MAPK. Examining the confocal image (Figure 

3.13B) and the Giemsa-stained MNGCS (Figure 3.13C) depicting the edge of a 12 mm 

dia. coverslip shows just how much these cells can fuse under the treatment of 

SB203580.  

On examining the cytokine protein profile (Figure 3.15) of the key changes in 

expression it can be observed that there is considerable down-regulation across a range 

of cytokines/chemokines. MCP-1, however, has a small increase in expression and 

lymphotactin and the anti-inflammatory interleukins -4, -5, -9 and -10 are all raised 

significantly compared to the wt infection. Other pro-inflammatory interleukins (-1, -2, -  
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Figure 3.15 Major cytokine expression differences of B. pseudomallei infected RAW 264.7 versus 

treated with SB203580. RAW 264.7 cells were infected with B. pseudomallei and where appropriate the 

MAPK inhibitor drug SB203580 (1 μM) was added. On completion of the assay the media was collected 

and incubated with cytokine arrays and the expression of cytokine/chemokines was calculated compared 

to uninfected and B. pseudomallei wt infection. Blocking p38 activity decreased the initiating cytokines 

IFN-γ and IL-1 along with numerous other cytokines/chemokines. There was a small increase in MCP-1 

expression – possibly not sufficient to increase the fusion to the extent observed. Data represents the 

average expression ± the standard error of the mean. Only significant data points are posted (*) p<0.05, 

(**) p<0.01.    

 

 

 

6 and -13) are all heavily down-regulated. This runs somewhat contrary to what was 

observed in LPS-activation of the p38 MAPK signalling pathway by Matsumoto and 

colleagues. They found that the addition of SB203580 suppressed p38 MAPK (from 

LPS stimulation- as is observed here (Figure 3.15)), however, LPS-induced IL-1, TNFα 

(no change of expression with SB203580 treatment in this study – data not shown) and 

IL-6 from BMMs was not suppressed with SB203580 failing to alter the release of these 

cytokines. Likewise, they observed suppression of differentiation of BMM into 

osteoclasts by RANKL or TNFα was strongly inhibited by SB203580 (Li et al., 2003) 

(Matsumoto et al., 2000) and not the up-regulation of fusion observed repeatedly in this 

study. 

 

3.3.6 Cytokine Receptor Expression is Altered in B. pseudomallei Induced MNGCs. 

 

 

The expression of cytokine receptors is a tightly regulated process. The type and 

quantity of receptors present on the cell surface are dependent on the type of antigen 

present in the host and the circulating cytokines/chemokines interacting with the cells. 

As discussed in the introduction the four chemokine receptors examined here (CCR1, 

CCR2, CCR4 and CCR5) are all seven transmembrane-spanning G-protein-coupled 

receptor proteins (Power et al., 1995) (Samson et al., 1996). 

Each of these chemokine receptors is expressed across a range of cell types, though 

each has its own subtle effects on the expressing cells. The CCR1 receptor is expressed 

on a wide range of immune cells including monocytes, neutrophils, eosinophils, 

basophils and activated T lymphocytes (Baggiolini, 1998, Gao et al., 1997). CCR4 is 

expressed in a range of cells (including osteoclasts (Kim et al., 2006)) and is 

preferentially expressed by active Th2 cells (Bonecchi et al., 1998) (Pappas et al., 

2006). CCR5 is expressed on peripheral blood derived cells, DCs, and lymphocytes 

(Th1) (Murphy et al., 2000). Unlike these receptors the CCR2 receptor is expressed as 
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two variants on cell surfaces. CCR2A and CCR2B are splice variants that differ only in 

their carboxyl tails (Charo et al., 1994) with the CCR2B being the predominant receptor 

expressed on monocytes and monocyte-like cell lines (Wong et al., 1997).   

 Mice lacking CCR1 have been shown to have deficiencies in the trafficking and 

proliferation of neutrophils (Khan et al., 2001) and peripheral blood monocytes have 

CCR1 increased and CCR5 decreased (Opalek et al., 2007). CCR1 has non-redundant 

functions in haematopoiesis, host defence and inflammation (Gao et al., 1997) and the 

main chemokines interacting with CCR1 include human and murine MIP-1α, MCP-1 

and RANTES. Likewise, many studies have identified CCR2 as critical to monocyte 

and macrophage recruitment during immune responses predominantly through the 

chemokine MCP-1. Both the CCR2A and CCR2B splice variants of the receptor can 

bind MCP-1 with high affinity at the cell surface (Monteclaro and Charo, 1997) (Beck 

et al., 2001) (Sica et al., 2000). MCP-1 via CCR2 plays a role in regulating 

macrophages and T cell infiltration to xenograft sites (Solomon et al., 2003) and a 

functioning expression of CCR2 is required for graft versus host disease (Terwey et al., 

2005).  

Unlike the other two receptors discussed that regulate monocyte/macrophage 

chemotaxis, CCR4 appears to be required for chemotaxis in splenocytes to MIP-1α 

(Chvatchko et al., 2000). It is also critical for T cell responses even though resting T  

 

 

  

Figure 3.16 Expression of chemokine receptors in uninfected RAW 264.7 cells. Uninfected RAW 

264.7 cells were plated into tissue culture dishes and allowed to grow for 12 hours. Cells were lysed and 

whole cell preparations were loaded across 12% SDS-PAGE gels. In uninfected RAW 264.7 cells there is 

a small amount of endogenous CCR1 and CCR5 expressing. In contrast CCR2 and CCR4 appear not to 

be expressed.  
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cells express no CCR4 (Morimoto et al., 2005). However, for T cells to become motile 

to chemotactic signals they require CCR4 and IL-4 to respond to Th2 signalling 

(Morimoto et al., 2005). It has been found that the functionality of CCR4 does not 

correlate with CCR4 expression but emerges at later stages of the Th2 differentiation 

(Morimoto et al., 2005). Furthermore, CCR4 is regulated along with CCR5 by IL-18 

plus IL-2. This combination of cytokines induces CCR4 (Th-2 associated) and CCR5 

(Th-1 associated) gene expression (Rodriguez-Galan et al., 2005). When expressed on 

the cell membrane CCR4 binds RANTES, MIP-1α, MCP-1 (Hoogewerf et al., 1996), 

CCL17 (Imai et al., 1997) and CCL22 (Imai et al., 1998) chemokines. Along with the 

CCR4 receptor CCR5 is involved in infection and inflammatory responses. CCR5 is 

activated on binding of RANTES, MIP-1α, MIP-1β and MCP-3. CCR5 does not bind 

MCP-1, MCP-2 MCP-3 and IL-8 (Raport et al., 1996). IL-10 induces an increase in 

CCR5 induction in macrophage-like HL-60 cells. This effect is blocked by a MEK-1 

inhibitor. The binding of CCR5 leads to activation of Rho GTPase family proteins, 

CCR5 internalization and recycling. This activity is regulated by actin polymerization 

and activation of small G proteins in a Rho-dependant manner (Mueller and Strange, 

2004).  

When whole cell preparations incorporating both the membrane and cytoplasmic debris 

of uninfected RAW 264.7 cells were loaded across a SDS-PAGE gel and probed for  

 

 

  
 

Figure 3.17 Surface expressed chemokine receptors on B. pseudomallei 08 infected RAW 264.7 cells. 
RAW 264.7 cells were plated out appropriately and infected with B. pseudomallei. After 12 hours 

infection the cells were lysed and then loaded across a 12% SDS-PAGE gel and probed with CC receptor 
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antibodies. On infection with B. pseudomallei there appears to be a significant increase in the expression 

of chemokine receptors CCR1 and CCR4 and CCR5. The expression of CCR1 and especially CCR5 was 

especially up-regulated. CCR2 was not detected.  

 

endogenous cytokine receptors, low amounts of CCR1 and CCR5 were detected. It has 

been argued that CCR1 is the most prominent chemokine receptor expressed on RAW 

cells (Yu et al., 2004). In contrast to an increase in CCR1 expression on monocytes, it 

has been described that CCR5 is preferentially expressed by monocyte-derived 

macrophages (Kaufmann et al., 2001) (Fraziano et al., 1999). A similar expression 

pattern is observed for alveolar macrophages that express CCR5 i.e. increased levels of 

 

 

Figure 3.18 Internalized chemokine receptors of B. pseudomallei 08 infected RAW 264.7 cells. RAW 

264.7 cells were plated out appropriately and infected with B. pseudomallei. After 12 hours infection the 

cells were lysed and then centrifuged at 13000xg for 10 mins to pellet membranes and cell debris. 

Cytoplasmic preparations were then equally loaded across a 12 % SDS-PAGE gel and probed with CC 

antibodies.  CCR5 is the major receptor being internalized or recycled in the cytoplasm. CCR4 has some 

recycling occurring. Even though CCR1 was extensively expressed on the cell surface, little CCR1 

appears to be internalized or recycled, suggesting that it may not be actively utilized. CCR2 was not 

detected.  

 

 

 

 

CCR5 and lower levels of CCR1 (Opalek et al., 2007). Neither CCR2 nor CCR4 are 

detectable in the uninfected RAW 264.7 cells (Figure 3.16). Even though macrophage 

invasion is significantly impaired in CCR2 knockout mice when compared with wt 

controls (Siebert et al., 2000), these RAW 264.7 cells may have lost the ability to invade 

like a “wild-type” cell or simply sitting in vitro in a dish does not require the ability to 

posses the mechanisms to invade tissues. This is theory is supported again by alveolar 

macrophages which lack CCR2 expression and do not migrate in the presence of MCP-

1 (Opalek et al., 2007).  
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When RAW 264.7 cells were infected with B. pseudomallei 08 and allowed to form 

MNGCs, the expression of chemokine receptors changes from that observed for the 

uninfected cells. On probing the membranes for the four key chemokine receptors 

selected, whole cell preparations that included both the cell cytoplasm’s and all the 

cellular membranes displayed an increase in the expression of CCR4 (not expressed in 

the uninfected cell preparations) and an increase in expression of CCR1 from the 

uninfected RAW 264.7 cells (Figure 3.17). An affect also observed when RSV increases 

the expression of CCR1 in human monocytes (Morrison et al., 2007). The expression of 

CCR5 can be observed to have substantially increased and appears to be the major 

chemokine receptor (of those examined) that is up-regulated by B. pseudomallei 

infection. This CCR5 regulation is observed in other pathologies with complications 

such as cardiomyopathy as a result of Chagas disease leads to an increase in expression 

of CCR5 on the surface of leukocytes (Talvani et al., 2004). Likewise, the bacterial 

infection of P. gingivalis causes an up-regulation of CCR5 on oral keratinocytes 

(Giacaman et al., 2008). The expression is different to that of inflammatory 

macrophages which have decreased levels of CCR1 and increased levels of CCR5 

(when examined from deep in the brain). The monocytes initially entering the brain 

expressed high levels of both CCR1 and high levels of CCR5. This heavy expression of 

CCR5 (Figure 3.18) has been shown to be critical in other inflammatory situations. 

CCR5 is specifically required for CNS leukocyte trafficking for the purpose of viral 

clearance evidenced by an increase in the viral load and decrease in the NK and 

mononuclear cells observed in brains of CCR5 deficient mice (Glass et al., 2005) (Klein 

et al., 2005). Moreover, functional CCR5 and RANTES are required for persistence of 

chronic fungal asthma in mice (Schuh et al., 2002). CCR5
-/-

 mice are resistant to 

Leishmania major infestation due to the insufficient migration of T cells (Yurchenko et 

al., 2006) and deletion of CCR5 leads to an increase in resistance to Chlamydia 

trachomatis fallopian alterations in genital infections. The chronic infection  
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  A.  B.  

         C.  

Figure 3.19 Fold induction of CCR2A, CCR2B and TM7SF4 in infected PBMC-derived 

macrophages treated with JNK inhibitor. The expression of surface receptor genes CCR2A (A), 

CCR2B (B) and TM7SF4 (C) were measured after treatment with JNK inhibitor II (10 μM mL
-1

). 10ng of 

total RNA was converted to cDNA and then run for 45 cycles at an annealing temperature of 55˚C. Two 

of the three receptor genes were significantly decreased with the expression of CCR2A decreased by two-

thirds and TM7SF4 almost switched off. CCR2B showed a small increase in expression, however, the 

relative amounts or fold induction of each of these genes was so low as to negate any differences of the 

inhibitor. Data is expressed as the average fold induction of gene expression of three independent 

experiments ± the standard error of the mean per 18s mRNA. (Significance (*) is p<0.05, (**) is p<0.01)    
 

 

outcome of Chlamydia improves; the short term clearance is not as efficient (Barr et al., 

2005). When the whole cell preparation is centrifuged to pellet the membranes leaving 

only the cytoplasmic cell contents and hence any chemokine receptors that are being 

internalized or recycled once again the expression pattern of the receptors changes. 

Fused MNGCs formed by B. pseudomallei infection appears to internalize the CCR1 

receptor at a very low level, the CCR4 receptor has been internalized or is being 

recycled at a low level whilst the CCR5 – like that seen for the whole cell infected 

preparations – is very highly expressed. This internalized CCR5 suggests that it is a 

critical chemokine receptor being internalized or recycled in significant amounts during 
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the fusion process of RAW 264.7 cells. This is in contrast to osteoclasts where CCR1 

plays a key role in the development of osteoclasts and on maturation CCR1 continues to 

regulate these giant fused cells. RANKL induces OCs to dramatically increase the 

production of MIP-1  and to express the MIP-1  receptor CCR1 (Okamatsu et al., 

2004). Further, osteoclasts utilize CCR1 as their number one RANTES receptor (Yano 

et al., 2005) and RANTES and MIP-1α then act to increase mature osteoclast motility 

(Yu et al., 2004). 

On examining the western blots of B. pseudomallei infected RAW 264.7 cells a notable 

observation was the lack of CCR2 receptor even though reports suggest that it is 

expressed on macrophages. To examine this from an alternative angle human PBMC- 

derived macrophages were examined by qPCR for the chemokine receptor CCR2 splice 

variants A and B and the TM7SF4 protein (TM7SF4 or DC-STAMP is another  seven 

transmembrane receptor protein that is said to be critical in the formation of osteoclasts 

(Kukita et al., 2005))  gene activation. The effects of JNK MAPK inhibitor was also 

examined in this process.  

Whilst the JNK inhibitor has had an impact on the expression of both CCR2A and 

TM7SF4 expression (Figure 3.19) the actual levels induced by the wt infection are so 

low as to make the differences irrelevant. Essentially neither the splice variant of CCR2 

nor the membrane receptor TM7SF4 was being induced in infected human-derived 

macrophages. This is in contrast to osteoclast formation where Kim and colleagues 

found that (Kim et al., 2006) CCR2 was induced 12.6 fold on formation of osteoclasts. 

 

3.3.7 The Addition of CCR1 inhibitors and Their Effects on MNGC Formation in 

B. pseudomallei Infected RAW 264.7 Cells. 

 

The chemokine receptor CCR1 is believed to play a role in several inflammatory 

diseases – primarily by promoting leukocyte migration and CCR1 is a critical 

chemokine receptor in the formation of osteoclasts (Lean et al., 2002). As the CCR1 

protein was up-regulated during the development of fusion as seen on western blot gels 

(Section 3.2.6) specific CCR1 inhibitors were utilized to see what effect that had on the 

development of B. pseudomallei MNGCs.   

BX-471
 
is a potent non-peptide CCR1 antagonist

 
in both human and mouse (He et al., 

2007). BX-471 competes with CCR1 ligands MIP-1α, RANTES and MCP-3 with high 

affinity. BX-471 acts as a potent antagonist to CCR1 inhibiting Ca
+2

 mobilization and 
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leukocyte recruitment (Ribeiro and Horuk, 2005). Moreover, BX-471 has a greater than 

10,000-fold selectivity for CCR1 compared to other G-coupled receptors (Ribeiro and 

Horuk, 2005). Likewise, CP481,715 is a novel small molecular weight CCR1 antagonist 

that has been shown to fully block receptor activation, Ca
+2

 release and mobilization, 

monocyte recruitment and has been shown to be a reversible antagonist with a 100-fold 

> selectivity for CCR1 versus other G-couple receptors (Gladue, et al., 2003).    

These inhibitors have been shown to be highly effective at decreasing inflammation and 

related diseases both in vitro and in vivo. The chemokines CCL3, CCL5 and CCR1 are 

believed to play a role in pathogenesis of several inflammatory diseases including  

 

 

 

    A.  B.  

 

Figure 3.20 Addition of CCR1 inhibitors shows no effect on MNGC formation. RAW 264.7 cells 

were infected with B. pseudomallei 08 and allowed to form MNGCs over 12 hours ± CCR1 inhibitors 

BX-471 (1 μm mL
-1

) or CP418,715 (5 μM mL
-1

) (A) The average number of MNGCs present per field of 

view in infected RAW 264.7 cells ± CCR1 inhibitors were compared. (B) The average number of nuclei 

present per field of view in infected RAW 264.7 cells ± CCR1 inhibitors was compared. Neither event 

was significantly altered by the CCR1 inhibitors. A small drop off in the average number of MNGCs 

observed and some small alterations to the amount of RAW 264.7 cells fusing with BX-471 dropping 20-

30 cells per fusion event. Data represents the average of 3 individual experiments ± the standard error of 

the mean.  

 

 

 

rheumatoid arthritis, multiple sclerosis and transplant rejection. CP-481,715 shown to 

inhibit CCL3 and CCL5 binding to CCR1 (Gladue et al., 2003).  

These inflammatory conditions appear to be especially linked to the recruitment of 

leukocytes and monocytes. The CCR1 inhibitors have proven themselves to be effective 

at decreasing these conditions. It was found that BX-471 blocks firm adhesion of 

monocytes triggered by RANTES on inflamed endothelium and in combination with 

low dose cyclosporine is effective in prolonging transplant organ rejection (Horuk, 

2001). Similarly, CP481,715 has been shown to inhibit migration of neutrophils and can 

0 

4 

8 

12 

16 

08 wt BX-471 CP481715 

0 

50 

100 

150 

200 

08 wt BX-471 CP481715 

A
v

erag
e #

 o
f M

N
G

C
s 

A
v

erag
e #

 o
f N

u
clei 



                                               Chapter 3: Host Cell Pathways Regulated in B. pseudomallei infection 

 

99 
 

be used to inhibit cell infiltration, inflammation and Th1 cytokine responses (Gladue et 

al., 2006). And the blocking of CCR1 in the development of end-stage renal failure 

reduces cellular infiltration and renal fibrosis. BX-471 can reduce 60% of interstitial 

macrophage infiltration in mice (Anders et al., 2002), and can halt lupus nephritis by 

selective inhibition of interstitial leukocyte recruitment and fibrosis (Anders et al., 

2004). 

CCR1 has been shown to be a critical receptor in osteoclast formation (Ishida et al., 

2006) (Vallet et al., 2007). The CCR1 inhibitor BX-471 is able to reduce osteoclast 

formation and resorption (Menu et al., 2006) {Oba, 2005 #242}. Multiple myeloma  

 

 

 

 

 A. B. C  

 

Figure 3.21 CCR1 inhibitors fail to alter B. pseudomallei infected RAW 264.7 cell fusion. 

Representative Giemsa-stained micrographs of (A) BX-471 (1μM mL
-1

) and (B) CP418,715 (5 μM mL
-1

) 

treated B. pseudomallei infected RAW 264.7 cells. (C) Untreated infected RAW 264.7 cells. Extensive 

fusion has occurred across the field of view similar to that observed in wt infections.   

 

 

 

(MM) proliferation occurs in bone marrow and induces osteolysis. It was found that 

treatment of a mouse model with CCR1 inhibitor BX-471 blocked osteoclastogenesis 

and osteoclastic resorption. BX-471 reduced these osteoclast lesions by 40% (Menu et 

al., 2006).  

To examine the effects that the chemokine receptors play in the formation of B. 

pseudomallei MNGC formation, these CCR1 inhibitors BX-471 and CP481,715 were 

added to the infection assays (see materials and methods chapter). Neither inhibitor 

made a substantial difference to the average MNGC formation (only a very nominal 

drop of about 1 MNGC per field of view). Likewise, the number of cells involved in the 

fusion process decreased marginally on treatment with BX-471 (even less with 

CP418,715) though neither change was significant (Figure 3.20). Similarly, examining 
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Giemsa-stained examples demonstrate no change in the morphology (Figure 3.21) 

between these treated infections and that observed for the wild type infection.  

Both the BX-471 and CP481,715 drugs have some affect on the activity of MAPK 

proteins during the infection process. BX-471 has reduced the active phosphorylated 

JNK protein by approximately 40% - although it should be noted that there is still 

substantial activated JNK in these cells. The changes in both p38 and ERK1/2 MAPKs 

are minimal, with just a small drop in p38 activity. Examining the MAPK activity after  

 

 

A.  

  B.  

 

Figure 3.22 Relative amounts of MAPK phosphorylation of B. pseudomallei infected RAW 264.7 

cells treated with CCR1 inhibitors. RAW 264.7 cells were infected with B. pseudomallei and at 1 hour 

pi. were treated as appropriate with inhibitors BX-471 (1 μM mL
-1

– A) and CP481,715 (5 uM mL
-1

– B). 

On completion of the infection MAPK activity (active phosphorylated kinase versus total kinase protein 

present) was measured in an ELISA assay. Overall neither CCR1 inhibitor shut down MAPK activity 

although the phosphorylated protein was altered some. Treatment with BX-471 lead to a significant 

decrease in the amount of phosphorylated JNK, though p38 and ERK1/2 were only altered to a small 

degree. The measured JNK activity has seen a small (though not significant) increase in activity. 

Treatment with the CP481,715 leads to a significant decrease in p38 activity (though there is still active 
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kinase) and an increase in ERK1/2 activity. Data represents the average of three separate experiments ± 

the Standard Error of the Mean. (Significance (*) is p<0.05) 

 

 

 

 

treatment with CP418,715 displays a slightly differing pattern of activity. This time 

there is a small drop in JNK MAPK activity, a significant (60%) drop in p38 MAPK 

and an increase in ERK1/2 MAPK activity (Figure 3.22).  

 

Observation of the cytokine profiles (Figure 3.23) – a selection of major differences to 

wt infection - in RAW 264.7 cells demonstrates that the BX-471 treatment leads to an 

increase in chemokines MIP-1α and γ, MIP-2 and RANTES. Alternatively, CP481,715 

increases the expression of MCP-1. Similarly, BX-471 increases the expression of a 

number of interleukins (IL-1α, -12, -6) and creates a significant increase in sTNF-RII 

and GCSF. Expression of TNFα only alters minimally with a small increase in TNFα 

expressed by the BX-471 treated infected cells and a further small increase by the 

CP481,715 treated cells. This goes against other infection models where it has been 

observed that BX-471 has been shown to dose dependently reduced airway 

inflammation, hyper-responsiveness and remodelling to Aspergilus infection. BX-471 

treatment of isolated macrophages from this model decreased TNFα production and 

increased IL-10 (Carpenter et al., 2005).  

 

 

 

 

Figure 3.23 (over page) CCR1 inhibitors do alter the expression of host cytokines. RAW 264.7 cells 

were infected with B. pseudomallei and where appropriate the CCR1 inhibitor drugs BX-471 (1 μM mL
-1

) 

and CP481,715 (5 μM mL
-1

) were added. On completion of the assay the media was collected and 

incubated with cytokine arrays and the expression of cytokine/chemokines was calculated compared to 

uninfected and B. pseudomallei wt infection. The BX-471 treatment leads to a number of up-regulated 

cytokines/ chemokines. The MIPs (-1α, γ and -2) are all up, as is RANTES and the interleukins -1, -6 and 

-12. The MCP-1 chemoattractant was decreased. Treatment with CP481,715 inhibitor leads to a reduction 

in chemokines MIPs (-1α, γ and -2) and IL-12. There was an increase in expression of TNFα and MCP-1. 

Data represents the average expression ± the standard error of the mean. (Significance (*) is p<0.05), (**) 

is p<0.01)    
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3.3.8. Addition of CCR2 Inhibitor INCB3344 Reduces MNGC Formation. 

 
 

INCB3344 is a potent and selective rodent active CCR2 antagonist. In in vitro 

INCB3344 inhibits the binding of CCL2 to murine monocytes with a nanomolar 

potency. Further, INCB3344 has a dose-dependent inhibition of CCL2-mediated 

responses including ERK phosphorylation and chemotaxis and is reported to be at least 

a 100-fold selective for the CCR2 receptor (Brodmerkel et al., 2005).    

The addition of the CCR2 inhibitor INCB3344 (50 -200 μM) inhibits the formation of 

MNGCs infected with B. pseudomallei in a dose response manner. Treatment at 1 hour 

post infection with INCB3344 in the infection assay leads to an approximately 60 % 

reduction in the average number of observed MNGCs per field of view at the maximum 

INCB concentration (200 μM). This reduction is continued into the number of cells  
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Figure 3.24 Addition of the CCR2 inhibitor decreases MNGC formation in a dose dependent 

manner. RAW 264.7 cells were infected with B. pseudomallei 08 and allowed to form MNGCs over 12 

hour’s ± the CCR2 inhibitor INCB3344 (50 to 200 μM). (A) The average number of MNGCs present per 

field of view in infected RAW 264.7 cells ± CCR2 inhibitor INCB3344 was compared. (B) The average 

number of nuclei present per field of view in infected RAW 264.7 cells ± CCR2 inhibitor INCB3344 was 

compared. The addition of INCB3344 up to 200 μM lead to significant reduction in both the average 

number MNGCs visible (reduced by two-thirds) and the average number of cells fusing in an MNGC 

(Only 20% of the cells fusing) despite CCR2 not being expressed by B. pseudomallei-infected RAW 

264.7 cells. The Data represents the average of 3 individual experiments ± the standard error of the mean. 

(Significance (from uninfected wt infection (*) is p<0.05), (**) is <p0.01)  

 

 

 

partaking in the fusion event where a reduction of nearly 80% can be observed for the 

average number of RAW 264.7 cells involved in the fusion process (at 200 μM). 

Likewise, the photomicrographs show a significant decrease in the fusion that has 

occurred over the 12 hour infection period.  

 

 

 

 

 

A. B.  

Figure 3.25 A CCR2 antagonist decreases cell fusion. Representative micrographs of RAW 264.7 cells 

that were infected with B. pseudomallei 08 and allowed to form MNGCs over 12 hours ± the CCR2 

inhibitor INCB3344 (200 μM) despite the lack of CCR2 expression on infected RAW 264.7 cells. (A) 

Immunofluorescence image of reduced MNGC formation. Small MNGCs can be observed (few nuclei – 

blue) containing B. pseudomallei (green) (yellow arrows). (B) Giemsa-stained image of B .pseudomallei 

08 infected RAW 264.7 cells treated with INCB3344 CCR2 inhibitor. Small MNGCs can be observed 

(yellow arrows) along with numerous mononuclear RAW 264.7 cells (red arrows). 100x mag. 

 

 

 

This leads to the problem of what receptor this antagonist is binding? The western blots 

presented in Section 3.2.6 demonstrates the lack of detecTableCCR2 present on the 

RAW 264.7 cells. Further, other CCR2 antibodies (both C and N terminal peptides, 
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Figure 3.26 The addition of INCB3344 increases CCR5 expression. The addition of INCB3344 (200 

μM) inhibits the fusion of B. pseudomallei infected RAW 264.7 cells. RAW 264.7 cells were plated out 

appropriately and infected with B. pseudomallei. After 12 hours infection the cells were lysed to include 

both the cytoplasm and cell membranes. The cell preparations were then equally loaded across a 12% 

SDS-PAGE gel and probed with a CC antibody for CCR5. B. pseudomallei-infected RAW 264.7 cells up-

regulates the CCR5 receptor, however, the addition of INCB3344 increases the expression of CCR5 

significantly. The control calcineurin protein demonstrates that the increase is genuine.    

 

 

 

 

raised in multiple species-data not shown) were probed against infected RAW 264.7 cell 

extracts. No anti-CCR2 antibodies detected endogenous CCR2 from cell extracts at any 

state of the infection. A number of studies have suggested that the CCR2 receptor is 

decreased on the surface of monocytes as they undergo differentiation into macrophages 

(Fantuzzi et al., 1999; Kaufmann et al., 2001). Kaufman and colleagues went further, 

describing that when monocytes change to macrophages they change their chemokine 

receptor expression. CCR2 decreases from 4 hours (Kaufmann et al., 2001) and 

continues to decrease the levels of expression over the following seven days until no 

CCR2 can be detected (Fantuzzi et al., 1999). 
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Figure 3.27 The addition of a CCR2 inhibitor leads to changes in MAPK activity in B. 

pseudomallei-infected RAW 264.7 cells. RAW 264.7 cells were infected with B. pseudomallei and at 1 

hour pi. were treated as appropriate with the CCR2 antagonist INCB334 (200 μM). On completion of the 

infection MAPK activity (active phosphorylated kinase versus total kinase protein present) was measured 

in an ELISA assay. Treatment with INCB3344 lead to a complete repression of p38 activity with no 

phosphorylated p38 present and a severe down-regulation of total p38 MAPK. Likewise, the active JNK 

MAPK was severely reduced. ERK1/2 was significantly up-regulated and may be linked to the over-

expression of CCR5 observed in Figure 3.26. Data represents the average of three separate experiments ± 

the Standard Error of the Mean. (Significance (*) is p<0.05, (**) is p<0.01)   

 

 

 

 

 

Interestingly, the addition of INCB3344 increases the expression of CCR5 receptor in 

the infected RAW 264.7 cells. The addition of INCB3344 has no affect on the loading 

control protein calcineurin. Conversely, there is a significant up-regulation of the CCR5 

protein present on the gel. 

Examining the MAPK activity of the INCB3344 assay displays a pattern similar to that 

observed for the infected RAW 264.7 cells treated with JNK inhibitor (Figure 3.27). 

There is a significant reduction in JNK activity (90% reduction in phosphorylated 

MAPK and an even greater suppression of p38 active kinase). The ERK1/2 MAPK has 

increased in activity contradicting the predicted effect expected in CCR2 binding 

(Brodmerkel et al., 2005). The expression of cytokines/chemokines into the media has 

been altered by the treatment of the infection assay with INCB3344.    
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Figure 3.28 The addition of CCR2 to B. pseudomallei infected RAW 264.7 

cells alters the host cytokine response.  

RAW 264.7 cells were infected with B. pseudomallei and where appropriate 

the CCR2 antagonist INCB3344 (200 μM) was added even though CCR2 

appears not to be expressed. On completion of the assay the media was 

collected and incubated with cytokine arrays and the expression of 

cytokine/chemokines was calculated compared to uninfected and B. 

pseudomallei wt infection. The addition of INCB3344 decreased IL-1 and -6 

and in addition MCP-5, MIG and lymphotactin. There were increases in GM-

CSF, GCSF and TNFα. Data represents the average expression ± the standard 

error of the mean. Only significant data points are posted (*) p<0.05, 

(**)<0.01.    

 

A
v

g
 fo

ld
 in

d
u

ctio
n

 o
v

er u
n

in
fected

 R
A

W
 

2
6

4
.7

 cells 

A
v

g
 fo

ld
 in

d
u

ctio
n

 o
v

er u
n

in
fected

 R
A

W
 

2
6

4
.7

 cells 

A
v

g
 fo

ld
 in

d
u

ctio
n

 o
v

er u
n

in
fected

 R
A

W
 

2
6

4
.7

 cells 



                                               Chapter 3: Host Cell Pathways Regulated in B. pseudomallei infection 

 

108 
 

3.4 Conclusions 

This work has begun to characterize the biochemical events that occur during the 

process of macrophage fusion when infected with B. pseudomallei. It has further 

demonstrated that unlike osteoclasts which require NFAT activation to fuse, B. 

pseudomallei-derived MNGCs can form independent of the NFAT transcription factor. 

This work has also shown that the activation of MAPK pathways are essential in the 

fusion process (especially ERK1/2) with the inhibition of ERK1/2 and JNK leading to a 

reduction in cell fusion, whereas the inhibition of p38 MAPK appears to increase 

ERK1/2 activity and actually drive greater amounts of fusion. Moreover, analysis of 

chemokine/cytokine expression has shown that the interaction of these extracellular 

molecules is complex and there is unlikely to be a single key fusagenic chemokine. 

Moreover, this work has demonstrated that that not surprisingly along with the cytokine 

production there is significant production of critical chemokine receptors expressed – 

though to this time – inhibition of these receptors fails to block B. pseudomallei- 

mediated fusion regardless of the alterations in chemokine expression. The exception to 

this is the drug INCB3344 (a supposed CCR2 inhibitor) that dose dependently inhibits 

fusion. The true mechanism behind this inhibition remains to be elucidated however, 

and with it, the possibility of disrupting the B. pseudomallei infection process by 

disrupting MNGC formation.    
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NF-ĸB regulation of B. pseudomallei infection: 

Intracellular replication and MNGC formation in the host   
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4.1 Introduction 

4.1.1 The activation of NF-ĸB 

For a full review see chapter 1 Literature Review. 

NF–ĸB was identified in B cells where it acted as a transcription factor controlling 

immunoglobulin kappa light chain expression. Since that time NF-ĸB has been identified 

and extensively studied for its role in inflammation, immune responses and tumor 

formation (Ahn et al., 2007). NF-ĸB proteins are now seen as central co-coordinators of the 

adaptive immune system.  

There are five members of the NF-ĸB family – all containing a structurally conserved 300 

amino acid sequence called the REL region (Blank et al., 1992). NF-ĸB has been identified 

in nearly all cell types, predominantly located in the cell cytoplasm. It remains there is an 

inactive state bound to regulatory proteins – inhibitors of NF-ĸB (IĸB) which in-turn are 

regulated by a cascade of proteins beginning at the cell surface membrane.   

Activation of NF-ĸB occurs through stimulation by ligands such as TNF binding to cell 

surface receptors including TLRs. On activation of the cascade the signalling pathway is 

activated which ultimately leads to phosphorylation and ubiquitination events that remove 

the inhibitory proteins and allow free NF-ĸB to translocate to the nucleus where it binds to 

DNA, activates transcription of target genes and leads to increases in chemokine/cytokines, 

perpetuates inflammation or promotes cell cycle. Aberrant activation of NF-ĸB has now 

been recognized in many disease states (Baud and Karin, 2009; Yamamoto and Gaynor, 

2001; Neurath et al., 1998) and there is a concerted push to development or discover 

suitable drugs that can target this pathway. One such potential anti-NF-ĸB therapeutic is 

emodin (Li et al., 2005).    

4.1.2 Emodin 

Emodin and the closely related aloe-emodin are (orange-red crystalline compound 

belonging to a family of chemicals called) anthraquinones and are obtained from a number 

of plant species including rhubarb and buckthorn (Battistutta et al., 2000). It has been 
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utilized as a laxative and as a traditional herbal medicine for pancreatic cancer in China 

(Cai et al., 2008). 

Pharmacological studies have supported these traditional uses of emodin with 

demonstrations that it possesses many therapeutic properties including anti-bacterial (Wang 

and Chung, 1997), anti-viral (Andersen et al., 1991), anti-inflammatory (Chang et al., 1996) 

and immune-suppression (Huang et al., 1992). Further it has been shown to inhibit growth 

of tumour cells (Huang et al., 2004). The basis of this wide spectrum of activity has begun 

to be elucidated, with studies suggesting that emodin is able to disrupt a number of 

intracellular signalling pathways including tyrosine kinase  (Jayasuriya et al., 1992), Casein 

Kinase 2 (Battistutta et al., 2000) (Kim et al., 2008) and NF-κB (Huang et al., 2004, Kitano 

et al., 2007).  

 

 

Figure 4.1 The structure of Emodin. Emodin (6-methyl-1,3,8-trihydroxyanthraquinone) is a anthraquinone 

extracted from rhubarb. 

 

4.2 Aims of Chapter 

The aims of this chapter are to demonstrate the intricate relationship between the host NF-

ĸB signalling pathway and B. pseudomallei infection; suggesting that not only is NF-ĸB 

activated on interaction with B. pseudomallei and the host, but is essential for the bacterial 

infection and development of fused MNGCs to proceed. Furthermore, it will examine the 

consequences of manipulating this relationship between the NF-ĸB pathway and pathogen 

and present data demonstrating the potential exploitation of this pathway as a therapeutic 

target to treat B. pseudomallei infection.  

http://upload.wikimedia.org/wikipedia/en/3/32/Emodin.PNG
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4.3 Results and Discussion 

4.3.1 Emodin does not inhibit growth of B. pseudomallei in culture.  

The results in chapter three demonstrate that the MAPK pathway has significant effects on 

the B. pseudomallei-derived MNGC formation. With the NF-κB signalling pathway 

established as the parallel pathway (to MAPK signalling) after TLR activation, NF-κB 

functioning was examined to establish the role this transcription factor plays in B. 

pseudomallei-derived MNGC formation.  

To examine the functioning of the NF-κB signalling pathway, assays were performed with 

the NF-κB inhibitor emodin. Amongst other properties emodin inhibits respiratory-driven 

solute transport at µM concentrations in membranous vesicles of E. coli. Anthraquinones 

affect the energy-transducing properties of E. coli membranes by I) inhibiting the electron 

flow in the electron transfer system and by II) dissipating the proton motive force (Ubbink-

Kok et al., 1986). Further, utilizing an agar-well diffusion method – growth of 12 bacterial 

species (6 Gram positive and 6 Gram negative) was inhibited with emodin with a MIC of 

(0.5 -2.0 µg mL
-1

) against three bacilli. The MIC for B. cereus, B. subtilis and B. pumilus 

were 0.5, 1.5 and 2.0µg mL
-1

 respectively (Basu et al., 2005). Alternatively, P. aeruginosa 

had a MIC of 70 ug/mL.  Emodin doesn’t inhibit all bacterial species since emodin is only 

mildly effective against S. aureus with a MIC requirement of 90 µg/mL (Hatano et al., 

2005). 

 A.  B.  

Figure 4.2 B. pseudomallei growth is uninhibited by emodin in culture. (A) B. pseudomallei was 

inoculated into DMEM cell media that had emodin added at concentrations of 1, 5, 10, 17, 25, 30, 40 and 50 
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µg/mL. After 16 hours no inhibition of growth was observed at the utilized concentrations after plating 40 μl 

onto LB agar. (B) Growth curves of B. pseudomallei in LB demonstrate that emodin concentrations of 10 

μg/mL and 40 μg/mL demonstrate little change in growth from untreated growth in LB. Data represents the 

average of triplicate assays ± SEM.    

 

Experiments were devised to establish whether emodin would inhibit the growth of B. 

pseudomallei as previously observed (Basu et al., 2005; Hatano et al., 2005). Differing 

concentrations of emodin (1-50 ug mL
-1

 – these were equivalent to what was to be utilized 

in the cell assays) were added to cell culture media (Dulbecco’s DMEM) and this mixture 

was inoculated with B. pseudomallei. The cell media was placed at 37 ˚C for 16 hours and 

growth was examined. On examining the dilutions that had been plated onto LB agar no 

inhibition of bacterial growth was observed with an equal growth of colonies recovered 

across all the concentrations of cell culture media plus emodin (Figure 4.2), similar to what 

had been observed for the Gram positive S. aureus (Hatano et al., 2005) . Further, 

examining the growth curves of B. pseudomallei grown in LB ± emodin (10 μg/mL or 40 

μg/mL respectively over 10 hours (Figure 4.2) demonstrates little alteration in growth 

suggestion that emodin is not acting as a bacteriostatic agent against B. pseudomallei.  

 

4.3.2 Emodin treatment of host cells inhibits B. pseudomallei replication and MNGC 

formation. 

The repression of NF-κB and its downstream release of cytokines is vitally important in 

pathogen infections of the host. Disruption of the NF-κB pathway by aloe-emodin leads to 

inhibition of viral replication with susceptible viruses: demonstrating that entire signalling 

pathways can be disrupted in a host (with the importance of this in pathogenesis). Emodin 

leads to the inhibition of Epstein-Barr virus activation in virally infected cell culture 

(Koyama et al., 2006) where the EBV envelope glycol-proteins usually activate IL-1β 

through NF-κB in macrophages (D'Addario et al., 1999). Furthermore, aloe-emodin can 

disrupt Varicella-zoster, Influenza virus A, Rhinovirus, Adenovirus and HSV-1 and HSV-2 

(Sydiskis et al., 1991). Moreover, this inhibitory effect is not restricted to viral pathogens 

with emodin having an inhibitory effect on the pathogenicity of Trichomonas vaginalis in 
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mice, delaying the development of subcutaneous abscesses due to the parasitic infection 

(Wang, 1993).  

NF-κB appears to have an immediate and critical role in osteoclastogenesis – i.e. giant  cell 

formation, with the suggestion that MAPKs play a later role (Asagiri and Takayanagi, 

2007). The activation and translocation of NF-κB is critical in the formation of giant cells 

with mice deficient in functional NF-κB subunits become osteopetrotic due to mal-

functioning of osteoclast differentiation (Asagiri and Takayanagi, 2007). 

 

 

Figure 4.3 Western Blot of NF-ĸB regulation during B. pseudomallei infection. RAW 264.7 cells were 

infected with B. pseudomallei for 12 hours ± emodin 50 μg mL
-1

. Cell lysates were probed for p65 Rel A (NF-

ĸB) and Calcineurin (loading control).  Uninfected cells show a degree of detectable endogenous NF-ĸB p65 

Rel A, whereas the B. pseudomallei infected cells have an increase in detectable p65 Rel A. Infected cells 

treated with emodin prevented this up regulation of the NF-ĸB Rel A component.   

 

Likewise, the activation of NF-ĸB is usually a critical component in bacterial pathogenesis 

and B. pseudomallei activates low levels of NF-κB through TLR-2 and TLR-4 and TLR-5 

(Hii et al., 2008). They demonstrated that in RAW 264.7 cells there was a two-fold increase 

in NF-κB expression (a lower increase than compared to E. coli and S. enterica infected 

cells, however), this was still sufficient to induce large amounts of cytokines from the host 

cells. B. pseudomallei infection similarly activates TLR-2 and TLR-4 in HEK292 cells. 
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This receptor activation signals through the adaptor protein MyD88 to activate NF-κB. As 

described for RAW 264.7 cells, this activation is reduced compared to other Gm -ve 

bacteria and consequently B. pseudomallei-infected cells produce less TNF-α than E. coli- 

infected cells (West et al., 2008).  

To examine the effect of emodin on NF-ĸB, RAW 264.7 cells were infected with B. 

pseudomallei and treated where appropriate with 40 μg mL
-1

 of emodin. On completion, the 

cells were lysed with RIPA buffer and run on 12% SDS-PAGE gels. After transferring the 

proteins, the membranes were probed with anti-p65 RelA (NF-ĸB subunit) and anti-

calcineurin (an endoplasmic reticulum protein used as control). Uninfected resting RAW 

264.7 cells possess little active NF-ĸB (Figure 4.3), remembering that the majority of NF-

ĸB activity is due to regulation of cellular localization i.e. translocation of the protein into 

the nucleus [ideally this would be examined by separating nuclear and cytoplasmic cell 

components and probing each sample, however, this cannot be easily achieved in infected 

cell assays full of live B. pseudomallei], though induction of NF-ΚB  can be clearly 

observed during infection with B. pseudomallei. On addition of emodin p65 RelA NF-ĸB 

subunit expression is reduced.  

 

 

A.  B.  
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C.  D.  

Figure 4.4 B. pseudomallei growth in RAW 264.7 cells is inhibited by emodin. RAW 264.7 cells were 

infected with B. pseudomallei and 1 hr p.i. emodin (40 µg mL
-1

) was added as appropriate. (A) Uninfected 

control. Untreated infection (B) shows extensive colonies on the LB plate at 12 hrs p.i. The emodin (40 µg 

mL
-1

) treated (C) sample shows no colonies on the LB plate after 12 hrs growth in RAW 264.7 cells. (D) 

There was a complete absence of colonies recovered in the assay treated with emodin 40 μg mL
-1

. Treatment 

with vehicle only (DMSO) demonstrated no effect – data not shown. Data represents the average of 3 

individual experiments ± the standard error of the mean. (Significance (**) is p<0.01) 

 

Having observed the emodin treatment inhibits the activation of NF-ĸB in host cells 

infected with B. pseudomallei, and that emodin does not directly kill the B. pseudomallei in 

culture, assays were performed to examine the consequences this had on B. pseudomallei 

infection. The treatment of B. pseudomallei-RAW 264.7 cells with emodin demonstrated 

inhibition of bacterial replication using the standard cell assay. Moreover, the treatment of 

RAW 264.7 cells infected with B. pseudomallei with emodin demonstrated that 40 μg mL
-1

 

completely inhibits intracellular replication (confirmed on the LB plate Figure 4.4C) where 

no growth is observable.  

 

4.3.3 Inhibition of B. pseudomallei infection by emodin treatment displays a dose 

response.  

As section 4.3.1 shows, inhibition of growth of B. pseudomallei in emodin-inoculated 

media does not occur. The addition of emodin into B. pseudomallei-infected RAW 264.7 

cells however, leads to significant inhibition of bacterial replication. Wang and colleagues 

reported that growth of H. pylori was inhibited in a dose-dependent manner by emodin 
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(Wang and Chung, 1997). Full inhibition of H. pylori occurred at 0.25 mg mL
-1

. 

Mutagenesis and inhibition was observed from 0.025 μg mL
-1

 to 0.25 mg mL
-1

 when grown 

in culture media, however, this was not examined in H. pylori-infected cells. Similarly, 

Salmonella replication was inhibited, with emodin found to be mutagenic in a number of S. 

typhimurium spp with increasing doses (Tikkanen et al., 1983).  Finally, emodin and aloe-

emodin demonstrated noticeable anti-bacterial effects on four strains of MRSA with a MIC 

of 2-64 μg mL
-1

.  

This dose response appears to occur in the host signalling pathway also. Dose dependent 

interruption of host cell NF-κB signalling pathways has been shown to disrupt viral 

replication that is dependent on NF-κB functioning: enveloped viruses HepB, HSV, human 

CMV, Coronavirus and the non-enveloped poliovirus (Barnard et al., 1992; Cohen et al., 

1996; Semple et al., 2001; Ho et al., 2007). Specifically, emodin inhibited the nuclease 

activity of HSV-1 in biochemical assays leading to a decrease in plaque assays at a final 

Ec50 21.5 µM (Hsiang and Ho, 2008). Immuno-histochemistry revealed a reduction in the 

nucleocapsids in the nucleus in a dose-dependent manner and activity was believed to come 

from emodin interacting with critical catalytic amino acids of a viral alkaline nuclease 

(Hsiang and Ho, 2008).  

Emodin likewise has a dose response on B. pseudomallei-infected RAW 264.7 cells; not 

only does emodin prevent bacterial replication in the RAW 264.7 cells, it prevents B. 

pseudomallei-induced MNGC formation. The addition of 10 μg mL
-1

 of emodin leads to a 

30% reduction in MNGC formation (see Figure 4.5A) compared to the untreated infection. 

This reduction is reflected in the number of RAW 264.7 cells actually participating in the 

fusion event as 33% fewer cells are forming these MNGCs (Figure 4.5B). As the 

concentration of emodin is increased further inhibition occurs (25 μg mL
-1

 gives only 15% 

of the average MNGCs that were observed in the untreated assay). Increasing the dose 

beyond 30 μg mL
-1

 leads to inhibition of MNGC formation and cells fusing (to uninfected 

levels).
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Figure 4.5 Emodin inhibition of B. 

pseudomallei-derived MNGCs 

follows a dose response. RAW  

264.7 cells were infected with B. 

pseudomallei. The average number 

of MNGCs (A) and nuclei in 

MNGCs (B) per field of view were 

enumerated. Small doses of emodin 

(5µg mL
-1

) were conducive to cell 

fusion (A) Increasing doses of 

emodin (10-50 μg mL
-1

) lead to 

inhibition of fusion. Data represents 

the average of 3 individual 

experiments ± the standard error of 

the mean. (Significance (*) is 

p<0.05, (**) is p<0.01) 
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Interestingly, the addition of a low dose of emodin (5 μg mL
-1

) actually leads to an average 

increase in the formation of MNGCs with the mean MNGCs increasing to 117% of the 

untreated cells and the number of cells fusing increasing by nearly 40% over the untreated 

RAW 264.7 cells; this increase was statistically insignificant however. 

Closer examination of the inhibition of MNGC formation by emodin was warranted and 

hence infected RAW 264.7 cells treated with emodin (25 and 50 ug mL
-1

) were examined 

by confocal microscopy (Figure 4.6). In the untreated infections the fused RAW 264.7 cells 

contain tightly packed nuclei (white arrows) surrounded by tubulin fibres (white-labelled 

organelles). The MNGCs are packed with Burkholderia (green) with numerous bacteria 

apparently “punching” out of the cells upon actin tails. When this is compared to the 

emodin 25 ug mL
-1

 treated infected cells, it can be observed that the fusion event has been 

significantly reduced. The spindly MNGCs contain only 4-5 nuclei each (white arrows) 

with bundles of tubulin running through the cells. Whilst the numbers of Burkholderia are 

greatly reduced compared to the untreated (A) assay and actin polymerization is still 

apparent; the entire infection appears to be hours behind that of the untreated infection. The 

addition of emodin at 50 μg mL
-1

 to infected RAW 264.7 cells prevented fusion. By 

immunofluorescence there is minimal evidence of B. pseudomallei present in the cells – 

explaining the lack of B. pseudomallei colonies recovered when the cells are lysed and 

plated onto agar (see Section 4.3.2) (yellow arrows).  

 A. B.   
20 μM 20 μM 
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C.  

Figure 4.6 Representative confocal micrographs of RAW 264.7 cells infected for 12 hrs with 08 wt B. 

pseudomallei ± emodin. (A) 08 untreated, (B) 08 infection + emodin 25 ug mL
-1

 and (C) 08 infection + 

emodin 50μg mL
-1

. The B. pseudomallei infection (A) forms MNGCs with a large number of cells fused and a 

strong microtubule network surrounding the nuclei (white arrow). The MNGCs are full of bacteria and 

extensive actin tails (red arrows). The 25 μg mL
-1

 treated infection (B) displays reduced MNGC formation 

(white arrow) with lower numbers of bacteria appearing in the cells (red arrows). When the dose of the 

emodin is increased (C 50 μg mL
-1

) MNGCs are completely abolished with only individual cells present in 

the culture. Few bacteria are present (yellow arrows) as the cultures have not expanded in the 12 hrs pi. (Actin 

– red, Nuclei- blue and bacteria/bacteria LPS – green, tubulin – white). 

 

 

4.3.4 Host cell responses are altered in response to emodin treatment.  

Chapter three demonstrated that when host cells are infected with B. pseudomallei 

signalling pathways are activated, including the MAPK pathways and the functioning of 

these pathways has a significant influence on MNGC formation. These pathways were 

shown to be involved in the regulation of MNGCs and manipulation of these kinases lead 

to either inhibition or stimulation of the host cell fusion. As described in the introduction 

(Chapter 1) both the MAPK and NF-κB signalling pathways are downstream of the host 

cell TLRs that initiate host signalling during pathogen infection.  

Many studies have demonstrated the tight relationship between MAPKs and NF-ĸB. It has 

been shown that JNK and NF-κB are linked in other cellular functions. TNF-α treatment of 

cells leads to an increase in phosphorylation of JNK and NF-κB. Inhibitors of JNK and NF-

κB decrease the TNF-α-stimulated up regulation of COX-2 (Bage et al., 2010) and  

20 μM 
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inhibition of JNK phosphorylation decreases IFN-λ-induced B7-DC expression (Deng et 

al., 2010). Treatment with emodin leads to the inhibition of phosphorylation of ERK1/2 and 

JNK MAPKs. Emodin suppresses the AP-1signalling pathway (Lee et al., 2006). 

These pathways are not only required for host cell fusion, but they play a critical role in 

cytokine responses. This is similar to that observed by Huang and colleagues where emodin 

was inhibitory to tumour invasion by suppressing AP-1 and NF-κB. As opposed to what 

was observed in the current study (suggesting that ERK1/2 is being directly stimulated by 

the bacterial infection) the authors found that the MAPKs ERK and JNK were suppressed 

on treatment with appropriate inhibitors and no phosphorylation or activation occurred. 

Further, they demonstrated a reduction in the NF-κB inhibitor κBα, in nuclear translocation 

of p65 and in NF-κB DNA binding activity (Huang et al., 2004). Specifically, when emodin 

was used as a treatment in a mouse corneal alkali-burn model it suppressed TNF-α-induced 

cell migration and MCP-1 expression also decreased. Further, it inhibited TNF-α-induced 

NF-κB p65 and JNK activation (Kitano et al., 2007). 
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B.  

Figure 4.7 MAPK phosphorylation of B. pseudomallei infected RAW 264.7 cells. Treatment with 5 µg 

mL
-1

 emodin (A) leads to a small but significant decrease in JNK activity and a significant increase in 

ERK1/2 activity (approx. 40%). The p38 MAPK activity appears not to alter. On addition of 50 µg mL
-1

 

emodin (B) JNK activity ceases whilst p38 again remains unaltered. ERK1/2 activity appears to resemble the 

response seen for the 5 μg mL
-1

 emodin dose in (A) and shows a similar increase in activity. Data represents 

the average of 3 individual experiments ± the standard error of the mean. (Significance (*) is p<0.05, (**) is 

p<0.001) 

 

Activation of the MAPK pathway is heavily dependent on NF-ΚB  regulation (see chapter 

1). To examine the effect of emodin treatment on these kinase pathways, phosphorylation 

assays were performed examining JNK, p38 and ERK1/2 activity (Figure 4.7). The addition 

of 5 μg mL
-1

 of emodin increases the fusion of B. pseudomallei-infected RAW 264.7 cells 

and this may be due in part to the fact that ERK1/2 activity increases significantly (by 

approximately 40%). Whilst there is a small reduction in JNK activity (although there is 

still a significant amount of active kinase) it is the increase in ERK1/2 (similar to that 

observed for the U0126 treatment – see Chapter 3) that may be driving fusion. When 

inhibition of fusion is examined (by the addition of 50 μg mL
-1

 emodin) there is still an 

increase in ERK1/2 activity however, it is the complete inhibition of JNK activity is 

completely abolished hence, the treatment with emodin and the consequential inhibition of 

fusion is probably related to a significant reduction in JNK phosphorylation. 

Knowing that both NF-ĸB and MAPK activity tightly regulate the cytokine/chemokine 

expression of the host cells, conditioned media was collected from infection assays 
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including assays treated with 5 μg mL
-1

 and 50 μg mL
-1

 of emodin (representing the two 

extremes of dose response) and examined by cytokine array. If a reduction in 

chemoattractants could be identified this would suggest the RAW 264.7 cells were not 

fusing due to the lack of chemokines shown to be key to fusion in other cell models (Kim et 

al., 2006). Few differences were noted between the two emodin treatments with only SDF-

1a, IL-6, TNF-α and MCP-1 decreased in expression recovered from the 50 μg mL
-1

 

compared to both the untreated and the 5 μg mL
-1

 assays (Figure 4.8). SDF-1a and MCP-1 

have been implicated in cell fusion events and so these may prove to be the critical 

chemoattractants being expressed (Wright et al., 2005; Kim et al., 2006). 

Interestingly, a number of cytokines/chemokines appear to rise on emodin treatment 

(regardless of the concentration). Eotaxin-2, MIG, MIP-3α and MIP-3β are all 

chemoattractants that are significantly increased over the untreated infection. This is 

probably a reflection of both ERK1/2 activation being increased on emodin treatment, and 

that other unidentified signalling pathways may be altered in the assays.   

4.3.5 Emodin inhibits B. pseudomallei cellular spread and MNGC formation in RAW 

264.7 cells 

Having established that emodin inhibits both intracellular bacterial replication and the 

formation of MNGCs, assays were performed to attempt to establish what the Burkholderia 

bacteria are doing during infection of RAW 264.7 cells and how this is affected by 

treatment with emodin. Immunofluorescence assays were established to track the 

development of MNGCs (or lack thereof when treated with emodin) and the spreading of 

the bacteria through these cells.  

At 2 hours p.i. (i.e. 1 hour post wash; Figure 4.9), few cells can be observed containing 

bacteria. By this time point the bacterial inoculum (MOI 25:1) has been added and removed 

1 hour later and so it can be seen in all three assays (A) untreated, (B) emodin 25 μg mL
-1

 

at 1 hour p.i. and (C) 50 μg mL
-1

 at 1 hour p.i., that few bacteria are actually phagocytosed 

by the RAW 264.7 cells (yellow arrows) and there is little to distinguish between the 

emodin treated and untreated assays ie. emodin does not impede early events in cellular 

infection. 
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Figure 4.8 Key cytokine expression 

differences of B. pseudomallei-infected 

RAW 264.7 cells treated with emodin. 5 μg 

mL
-1

emodin treatment leads to an up-

regulation in a number of cytokines including 

Eotaxin-2, MIG, IL-1a and IL-6. Inhibitory 

concentrations of emodin (50 μg mL
-1

) lead to 

significant decreases in SDF-1a IL-6 and 

TNFa. There is not a significant difference in 

all the chemoattractants expressed and so the 

inhibition of fusion may relay on other factors. 

Data represents fold induction of protein over 

the uninfected control RAW 264.7 cells. 

(Significance (*) is p<0.05, (**) p<0.01)  
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As the infections progress beyond 4 hours p.i. there is still little to distinguish the three 

assays, although the untreated assay appears to have a number of bacteria progressing 

from cell to cell via actin tails (white arrows – Figure 4.10). The emodin treated assays 

show that there is some growth within the cells; however, there is little bacterial 

spreading between the RAW 264.7 cells. By 8 hours p.i. differences between the 

cultures can be clearly observed. In the untreated assays (Figure 4.11) it can be seen that 

cells are beginning to form small multinucleated cells and there is an obvious increase 

in bacterial numbers within these RAW 264.7 cells (yellow arrows). In the emodin 25 

μg mL
-1

 treated assay (B) there is some MNGC formation and expanding bacterial 

numbers (yellow arrows); however, it is reduced compared to the untreated assays. In 

the 50 μg mL
-1

 treated assay (C) there is no evidence of MNGC formation nor further 

distribution of the Burkholderia through the RAW 264.7 cells, the bacteria remaining in 

the cells that they originally occupied (yellow arrows).   

 

At the completion of the assay (Figure 4.12), the effects of emodin suppression on 

MNGC formation are clearly visible compared to the untreated assay. The untreated 

assay possesses the distinct fused MNGCs containing numerous nuclei and bacteria 

(arrows), with actin  
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A.       

B.  

C.  

Figure 4.9 Fluorescence 

micrographs of       

B. pseudomallei infected 

RAW 264.7 cells 2 hours pi.   
2 hrs pi. (A) 08 untreated, (B) 

08 infection + emodin 25 μg 

mL
-1

 and (C) 08 infection + 

emodin 50 μg mL
-1

. At this 

time point there is little to 

distinguish between the 

infection models though the 

untreated infection with a few 

individual cells containing 

bacteria visible (yellow arrows) 

in all three cultures. Actin – 

red, Nuclei- blue and 

bacteria/bacteria LPS – green.  

100µM 

100µM 

100µM 
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   A.    B.     C.  

                     

Figure 4.10 Fluorescence micrographs of infection at 4 hrs pi. (A) 08 untreated, (B) 08 infection + emodin 25 μg mL
-1

 and (C) 08 infection + emodin 50 μg mL
-1

. Actin 

tails have formed and the bacteria have left cells ((A) white arrows – enlarged image) in the 08 untreated infection and allowed the infection to spread further (yellow arrows) 

than the emodin treated infections (25 and 50 μg mL
-1

) though they are spreading to surrounding cells (B,C – yellow arrows). Actin – red, Nuclei- blue and bacteria/bacteria 

LPS – green.  

20µM 20µM 20µM 

100µM 100µM 100µM 
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A.  

B.  

C.  

Figure 4.11 Fluorescence 

micrographs of emodin treated 

infection 8 hrs pi. (A) 08 

untreated, (B) 08 infection + 

emodin 25 μg mL
-1

 and (C) 08 

infection + emodin 50 μg mL
-1

. 

The untreated infection has 

begun to spread to surrounding 

cells and the formation of 

MNGCs has begun (A – arrows). 

Meanwhile the emodin treated 

assays (B and C) lag behind the 

dissemination between cells 

(especially the 50 µg mL
-1

 - C) 

where little development of the 

infection can be seen and no 

MNGC formation has occurred. 

Actin – red, Nuclei- blue and 

bacteria/bacteria LPS – green.  

100µM 
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A.  

B.  

C.  

Figure 4.12 Fluorescence 

micrographs of emodin treated 

infection 12 hrs pi. (A) 08 

untreated, (B) wt 08 infection + 

emodin 25 μg mL
-1

 and (C) 08 

infection + emodin 50 μg mL
-1

. 

The untreated infection has 

formed the characteristic MNGCs 

with numerous nuclei (blue) and 

extensive bacteria (green) 

throughout the cytoplasm. (A – 

arrows). In contrast the emodin 

treated assays (B and C) have 

failed to develop the infection  

(especially the 50 µg mL
-1

 - C) 

where little development of the 

infection can be seen and no 

MNGC formation has occurred. 

Actin – red, Nuclei- blue and 

bacteria/bacteria LPS – green.  
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tails present and cells appearing to head towards the main MNGCs. This is contrasted 

with the two emodin-treated samples with the 25 μg mL
-1

 emodin assay containing a 

small centre of fused cells (yellow arrows - B) and a limited number of bacteria 

spreading beyond the infected cells. This phenomenon is further emphasized in the 50 

μg mL
-1

 assay. The infection has failed to progress, the bacteria have failed to spread to 

surrounding cells and ultimately there is little evidence that the cells are even infected 

(yellow arrows). 

Studies have shown that B. thailandensis induces MNGC formation in RAW 264.7 cells 

like B. pseudomallei (Harley et al., 1998). Whilst B. thailandensis lacks some critical 

pathogenicity mechanisms including exopolysaccharide capsular components and TTSS 

(Reckseidler et al., 2001; Rainbow et al., 2002), it activates MyD88 through the TLRs. 

It has been shown to achieve a 2.4 to 7.4 fold induction of NF-κB through TLR-2 and a 

6.2 to 8.8 induction of NF-κB through TLR-4 though these results were dose dependent 

on the innoculum (West et al., 2009). It is argued that B. thailandensis is a reliable, safer 

model organism for some experiments (Haraga et al., 2008).  

 

   A.  B.  

Figure 4.13 Emodin prevents the formation of MNGCs in B. thailandensis infected RAW 264.7 

cells. (A) The average number of MNGCs per field of view in B. thailandensis E264 infected RAW 264.7 

cells. (B) The average number of nuclei in MNGCs per field of view in B. thailandensis E264 infected 

RAW 264.7 cells. As per B. pseudomallei infection, B. thailandensis-induced MNGC formation is 

significantly impeded by the addition of emodin. Data represents the average of three separate 

experiments ± the Standard Error of the Mean.  (Significance (*) is p<0.05)     
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In this study B. thailandensis substituted for B. pseudomallei in live microscopy 

recordings of Burkholderia-RAW 264.7 cell interactions. To ensure that these 

observations would be as relevant as possible, B. thailandensis was examined for its 

response to emodin during cell infection. The addition of an inhibitory dose of emodin 

(40 μg mL
-1

) to the standard RAW 264.7 infection assay leads to suppression of MNGC 

formation (an average of 1.3 vs. 19.9 MNGCs per field of view) and a reduction of 98% 

of the number of RAW 264.7 cells involved in fusion per field of view (Figure 4.14).  

 

  

Figure 4.14 Inhibition of intracellular replication of  B. thailandesis E264 by emodin. (A) At 1 hour 

pi. (emodin 1hr p.i.), 4 hours (emodin 4hr PI) or 8 hours (emodin 8hr p.i.) emodin (40 µg mL
-1

) was 

added to the assays as appropriate. Assays were completed at 12 hour pi. On treatment with emodin it can 

be observed that the number of intracellular bacteria is significantly reduced. Alternatively (B) emodin 

appears not to directly cause bacteriostatic effects on B. thailandensis with addition of emodin showing 

no significant effects on growth. Data represents the average of three separate experiments ± the Standard 

Error of the Mean.  (Significance (*) is p<0.05, (**) is p<0.01)     

 

Similarly, the addition of an inhibitory dose of emodin (40 ug mL
-1

) during the course 

of the infection assay reduces the intracellular bacterial load. The addition of emodin at 

1 hour p.i. leads to suppression of the infection and no observable bacterial colonies 

being recovered. Allowing the infection to progress for 4 hours before the addition of 

emodin allows the bacterial numbers to increase marginally (only 4% of the untreated 

infection). Moreover, if the infection was allowed to continue for 8 hours before the 

addition of emodin allows the intracellular bacterial levels to rise to 33% of the 

untreated. When these emodin concentrations were added to LB inoculated with B. 

thailandensis no bacteriostatic affect was observed on growth (Figure 4.14 B). 
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12 hours 

3 hrs pi. 6 hrs pi. 9 hrs pi. 

Figure 4.15 Uninfected RAW 264.7 cells are motile but 

fail to fuse spontaneously. These RAW 264.7 cells 

remained uninfected and were recorded by light 

microscopy over 12 hours. Uninfected RAW 264.7 cells 

are motile and during the recording of 12 hours of this 

control assay the macrophage like cells move extensively 

around the dish though no fusion events occur 

spontaneously. (see video, supplementary material). 
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Figure 4.16 B. thailandensis infection causes RAW 

264.7 fusion. The cells remain motile and for the first 3 

hrs of recording, little difference can be observed over the 

uninfected cells. Around 6 hrs pi. the beginnings of 

MNGCs can be observed (black arrows) and a small 

number of cells begin to fuse. By 9 hrs pi. these MNGC 

nucleation sites increase in size (black arrows) and 

increasing numbers of cells are attracted to the growing 

fused mass and these too fuse into an ever increasing 

MNGC mass. By 12 hours pi. smaller MNGCs have fused 

into a large MNGC swirling with bacteria in the cytoplasm. 

At this time smaller MNGCs (in corner of frame) collapse 

or possibly apoptose, releasing B. thailandensis bacteria 

into the culture to potentially infect further cells (see video, 

supplementary material).  

12 hours pi. 

6 hrs pi. 9 hrs pi. 3 hrs pi. 
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24 hours pi. 

6 hrs pi. 12 hrs pi. 18 hrs pi. 

Figure 4.17 The addition of 25 μg mL
-1

 of emodin 

delays fusion of B. thailandensis infected RAW 264.7 

cells. Whilst these treated cells eventually form MNGCs 

(similar to the untreated experiment (Fig 4.21) the time 

in which this occurs is approximately double that of the 

wt infection (24 hrs). Motile un-fused RAW 264.7 cells 

can be observed beyond the first 6 hrs pi. until at 

approximately 12 hrs pi. a small MNGC has formed at 

the edge of the screen (black arrow). The development 

of this fusion can be seen occurring at 18 hrs pi. as the 

nucleation sites for fusion are occurring (black arrows).  

Large MNGCs can be observed in the final frame at 24 

hrs pi (black arrows). (see video, supplementary 

material). 
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72 hours pi. 

18 hrs pi. 50 hrs pi. 36 hrs pi. 

Figure 4.18 The addition of emodin (50μg mL
-1

) 

prevents fusion of Burkholderia infected RAW 264.7 

cells. By the end of the video at 72 hrs pi. the RAW 

264.7 cells display little evidence of Burkholderia 

infection. In the first 18 - 36 hrs the infection resembles 

that of the uninfected RAW 264.7 cells. In this time the 

infected cells fail to fuse. The RAW 264.7 cells appear 

to begin reorganizing their cytoskeletons by 50 hrs pi., 

their motility is reduced – and by the end of 72 hrs the 

cell structure appears more ragged and disrupted rather 

than like that of smooth uninfected RAW 264.7 cells 

(arrows) (Figure 4.20). (see video, supplementary 

material). 
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This suppression of the growth of B. thailandensis intracellularly suggests that this is an 

acceptable model for studying Burkholderia-induced fusion. 

Examining the fluorescent micrographs demonstrated that emodin treatment of B. 

pseudomallei-infected RAW 264.7 cells fail to form MNGCs. Having shown that B. 

thailandensis responds in a similar manner to emodin treatment, bright field microscopy 

was set up to record a live image every two minutes to examine what was occurring 

during the infection process.  

When uninfected RAW 264.7 cells are recorded over a 12 hr period (Figure 4.15 and 

video 1 “uninfected” supplementary material) it is observed that in general the cells do 

not move around extensively nor do the spontaneously fuse. Cell division occurs 

throughout the time as cell numbers increase; however, un-stimulated RAW 264.7 cells 

appear to do little out of the ordinary. This growth and small amount of crawling about 

continues until about 6 hours into the B. thailandensis-infected RAW 264.7 cells when 

suddenly nucleation sites of cell fusion can be observed (Figure 4.16 and video 2 

“untreated infection” supplementary material). This fusion continues to build with 

multiple large sites of cell fusion occurring. Bacteria can be seen swarming within the 

cells and flicking between cells on actin tails. Furthermore, the RAW 264.7 are more 

active in their movement with cells deliberately moving towards fused cell masses 

presumably following chemoattractant gradients. By 12 hours there is a very large 

MNGC containing hundreds of nuclei and swarming with B. thailandensis. As the 

MNGC suddenly dies huge numbers of bacteria are liberated. When emodin is added to 

the infection at 25 μg mL
-1

 the RAW 264.7 cells appear like the uninfected assay for a 

considerably longer period. It is not until 12 hours that the beginnings of MNGC 

nucleation are observed (middle bottom of screen – Figure 4.17 and Video 3 “25 μg mL
-

1
 emodin” supplementary material). From that point on it takes another 12 hours for the 

forming MNGCs to resemble that of the untreated infection. Effectively, the addition of 

25 μg mL
-1

 has slowed the infection to such an extent that it has doubled the 

development time of MNGCs. Finally if stills or video are examined of an assay with 50 

μg mL
-1

 emodin (Figure 4.18 and video 4 “50 μg mL
-1

 emodin” supplementary 

material), then it can be seen that even after 72 hours there is still no observable 

MNGCs that have formed. The RAW 264.7 cells show no sign of fusion and motility is 
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low though some are showing so altered morphology possibly due to either the long 

time in media or the culture conditions during microscopy.  

4.3.6 A specific NF-ĸB inhibitor blocks B. pseudomallei-induced RAW 264.7 cell 

fusion. 

Showing that NF-κB expression was being interrupted when the B. pseudomallei 

infection was treated with emodin, a specific NF-κB was employed to examine the 

similarities of a specific NF-ĸB inhibitor compared to the emodin inhibition. Knowing 

that the general model of infection involves the activation of NF-ĸB and intracellular 

pathogens often produce products to interrupt this activation, a NF-ĸB inhibitor was 

applied to the B. pseudomallei infection in RAW 264.7 cells (Figure 4.18). Treatment 

with a specific NF-ĸB inhibitor leads to a small (not statistically significant) reduction 

in the formation of MNGCs. When one examines the average number of cells that are 

fusing in these MNGCs it can be observed that it is reduced by two-thirds, suggesting 

that while this inhibition of NF-ĸB is not preventing the formation of MNGCs, it is 

preventing the recruitment of large numbers of RAW 264.7 cells from fusing, possibly 

through a reduction in chemoattractant expression. 

 

A. B.  

Figure 4.19 Inhibition of NF-ĸB affects MNGC formation. (A) The average B. pseudomallei-induced 

MNGCs present per field of view in infected RAW 264.7 cells ± NF-ĸB inhibitor (5 μM). (B) The 

average number of nuclei present in B. pseudomallei-induced MNGCs per field of view in infected RAW 

264.7 cells ± NF-ĸB inhibitor. On addition of NF-ĸB inhibitor there is a small observable change in the 

average number of MNGCs present per field of view (A). The number of cells fusing in these MNGCs is 

significantly reduced however, with a reduction of approximately 60% compared to RAW 264.7 cells that 

remain untreated (B). Data represents the average of 3 individual experiments ± the standard error of the 

mean. (Significance (*) is p<0.05) 
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To continue the elucidation of the MNGCs importance in the infection process, the 

number of intracellular bacteria were enumerated after treatment with a specific NF-ĸB 

inhibitor for the 12 hour infection assay. When examining the affect of adding NF-ĸB 

inhibitor at 1 hour p.i. for the 12 hour assay, it can be observed that the number of 

intracellular B. pseudomallei are reduced by 95% with little intracellular replication 

occurring. Likewise, if the infection is continued for a further 12 hours it allows a 

recovery of the infection and the intracellular bacterial numbers increase to around 70% 

of the untreated infection. If the inhibition of NF-ĸB is continued by adding fresh NF-

ĸB inhibitor at 12 hours p.i. the infection remains at only 30% of the untreated assay at 

12 hours p.i. showing that bacterial replication is occurring but has been significantly 

slowed.  

 

 

Figure 4.20 The blocking of host cell NF-ĸB prevents intracellular replication of B. pseudomallei. 

RAW 264.7 cells were infected with B. pseudomallei. At 1 hour pi. specific NF-ĸB inhibitor was added 

and the assay was continued until 12 hours pi. (or 24 hours as appropriate). At this time the untreated 

infection (08 wt) and 12 hour (12 hrs) treated assay were stopped and the 24 hour assays (24 hrs and 24 

hrs (1&12hrs PI)) were treated again with fresh NF-ĸB inhibitor. On completion of assays, the cells 

were lysed, diluted and quantities were plated onto agar plates to enumerate the number of intracellular 

bacteria. There is a significant decrease in the intracellular replication of B. pseudomallei when host NF-

ĸB is inhibited. Inhibition at 1 hour pi. (12 hrs) leads to a 95% reduction in intracellular bacteria. If the 

assay is continued for 24 hours (24 hrs) then a significant recovery occurs and there is only a 32% 

reduction in the number of intracellular bacteria. If the level of NF-κB inhibitor is maintained by 

replenishing at 12 hours pi. (24 hrs (1&12hrs PI)) then there is a small recovery in bacterial numbers but 

they remain well under half of what the 24 hour infection is. Data represents the average of 3 individual 

experiments ± the standard error of the mean. (Significance (*) is p<0.05, (**) is p<0.01)         
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Examining giemsa-stained micrographs of the NF-ĸB inhibited treated RAW 264.7 cells 

clearly shows the difference occurring in MNGC formation. Treatment at 1 hour p.i. 

with NF-ĸB inhibitor (5 μM) leads to small, round multinucleated cells with few nuclei 

(Figure 4.20). When this assay is allowed to continue to 24 hours p.i. the increasing 

development of MNGCs can be observed (Figure 4.21), however, the MNGCs still 

remain rounded and contain tightly packed nuclei and are not spread as observed in 

untreated MNGCs infected with B. pseudomallei (Figure 4.10). If the 24 hour assay is 

interrupted with fresh NF-ĸB inhibitor (at 12 hours p.i.) then MNGC formation remains 

inhibited with only incremental advances over the 12 hour infection (Figure 4.21 C and 

A).  

 A. B.  

                                C.  

Figure 4.21 Representative micrographs of NF-κB inhibition of B. pseudomallei-induced MNGC 

formation. RAW 264.7 cells were infected with B. pseudomallei and at 1 hour pi. NF-ĸB inhibitor was 

added (5 μM). The assays were allowed to continue for 12 or 24 hours as appropriate with additional NF-

ĸB inhibitor being added as required by the assay. (A) 12 hour assay with the addition of NF-ĸB inhibitor 

at 1 hr pi. (B) 24 hour assay with the addition of NF-ĸB inhibitor at 1 hour pi. (C) 24 hour assay with the 

addition of NF-ĸB inhibitor added at 1 and 12 hours pi. The addition of a specific NF-ĸB inhibitor leads 

to a reduction in the size of MNGCs after 12 hrs infection (arrows - A). When the assay is allowed to 

continue for 24 hours (B) the effect of the NF-ĸB inhibitor appears to diminish and the formation of 

MNGCs increases (arrows). If the addition of NF-B inhibitor is repeated at 12 hours pi. the formation of 

MNGCs continues to be diminished (arrows - C).    

100µM 

100µM 100µM 
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If the cytokine expression of B. pseudomallei-infected RAW 264.7 cells treated with a 

NF-ĸB inhibitor is examined (Figure 4.22) it is again the significant reduction in SDF-

1a and eotaxin that stand out. The major cytokines which are usually associated with 

cell  

 

 

 

Figure 4.22 Chemoattractant expression of B. pseudomallei-infected RAW 264.7 cells treated with 

NF-κB inhibitor II. When B. pseudomallei-infected RAW 264.7 cells were treated with  5 μM NF-ĸB 

inhibitor there is little observable change in chemoattractant expression although the master regulator IL-

1a is significantly reduced confirming NF-ĸB inhibition. The untreated infection displays a high 

expression of SDF-1a and moderate (though significant) levels of eotaxin, where as the inhibited infection 

is expressing significant amounts of eotaxin-2.  Data represents fold induction of protein over the 

uninfected control RAW 264.7 cells. (Significance (*) is p<0.05, (**) isp<0.01)  

  

 

0 

5000 

10000 

15000 

20000 

25000 

IL-1a TNFa MCP-1 MIP-1a MIP-1g MIP-2 

Uninfected 

B. ps untreat 

NF-kB inhib 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

Eotaxin Eotaxin-2 SDF-1a 

** 

** * * 

A
vg fo

ld
 in

d
u

ctio
n

 o
ver u

n
in

fected
 R

A
W

 

2
6

4
.7

 cells 

A
vg fo

ld
 in

d
u

ctio
n

 o
ver u

n
in

fected
 

R
A

W
 2

6
4

.7
 cells 



Chapter 4: NF-ĸB regulation of B. pseudomallei infection: 

 

 

140 

 

fusion (MCP-1, MIP-1α, MIP-1γ and MIP-2) remain unchanged when treated with NF-

ĸB inhibitor. IL-1α is significantly reduced (10 fold reduction) as one would expect 

with NF-ĸB inhibition, however, SDF-1a was reduced 7.5 fold and eotaxin reduced by 

13 fold. Countering this eotaxin-2 is increased 32 fold in expression after NF-ĸB 

treatment.  Compared to emodin (Figure 4.7) the main similarity is the SDF-1a (reduced 

by 20 fold) as the other cytokines that have not altered to the same degree on MNGC 

inhibition.    

 

4.3.7 Treatment with emodin inhibits the intracellular growth of B. pseudomallei 

though not L. monocytogenes or Salmonella spp. 

 As previously described the binding of pathogen antigens to the host cells TLRs or 

NLRs initiates signalling through the NF-κB and MAPK cascades. Bacterial pathogens 

counter this by releasing effector proteins (predominantly through TTSS) that interfere 

with the activation of these host signalling pathways (Shames et al., 2009). Another 

mechanism utilized by pathogenic bacteria is for an intracellular existence once in the 

host. For an intracellular pathogen, entering a host cell would initially appear to be a 

safe haven, discreetly hidden from circulating immune cells and antibodies. 

Unfortunately, this intracellular location contains a whole raft of killing mechanisms 

designed to stop these infiltrating bacteria, including mechanisms such as vacuole 

acidification and phagosome-lysosome fusion.  

A number of bacterial species have been identified as intracellular specialists and hence 

have developed mechanisms to avoid these intracellular immune responses including M. 

tuberculosis (Gollnick et al., 2007) and Legionella bacteria (Samrakandi et al., 2002). A 

small number of bacterial pathogens lyse the vacuolar membrane after they have been 

internalized. This releases them directly into the cytosol where they continue the 

infection process. L. monocytogenes, Shigella spp and Rickettsia all produce 

phospholipases that break down the vacuolar membrane. Once free of the vacuole 

further bacterial proteins recruit the actin polymerization machinery, creating an actin 

comet tail behind the bacteria, propelling the bacteria through the cytosol and into the 

next cell – allowing the bacteria to continuously avoid the extracellular environment 

(Finlay and Cossart, 1997).  
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A member of the internalin family of proteins from L. monocytogenes (InlC) is secreted 

after intracellular invasion which then directly interacts with IKKα (Gouin et al., 2010). 

This protein appears to be expressed late in the infection process (L. monocytogenes 

with mutated forms can enter host cells and proliferate) to disrupt tight junctions and 

promote cell to cell spread during the infection (see (Gouin et al., 2010)). InlC is highly 

induced inside host cells and acts to dampen the immune response by targeting the NF-

κB pathway (Gouin et al., 2010).  

 

 

Figure 4.23 Differences in intracellular replication of B. pseudomallei, L. monocytogenes and 

Salmonella spp. when treated with emodin. RAW 264.7 cells were plated into dishes and infected with 

B. pseudomallei, L. monocytogenes and a Salmonella spp. 1 hour pi. emodin (40 µg mL
-1

) was added as 

appropriate (with the first sample being collected to count initial bacterial inoculums) and the assays 

continued until 12 hours pi. All three bacteria species can be observed to replicate effectively in the 

cytoplasm in untreated assays. The addition of emodin has little affect on the intracellular replication of 

Listeria or Salmonella, however, the Burkholderia infection is severely impaired and does not progress 

far beyond the initial inoculum. Data represents the average of three separate experiments ± the Standard 

Error of the Mean.  (Significance (**) is p<0.01).    
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Moreover, Salmonella has the ability to disrupt ubiquitination in the NF-κB pathway by 

the use of the TTSS effector SseL (Shames et al., 2009). This protein interrupts the 

pathway downstream of IKKα/β and prevents translocation of the RelA component into 

the nucleus of the host. Mice infected with a ΔsseL mutant produce a significantly 

greater cytokine response than does infection with the wt Salmonella (Shames et al., 

2009).  The TTSS effector SseL (putative virulence factor possessing deubiquitinase 

activity). Expression leads to a decrease in NF-κB activation downstream of IκBα 

kinases and impairs IκBα ubiquitination and degradation but not IκBα phosphorylation. 

Disruption of SseL decreases IκBα and increases NF-κB consequently modulating the 

host inflammatory response (Le Negrate et al., 2008).  

Following the discovery that emodin blocks Burkholderia intracellular replication and 

MNGC formation of the RAW 264.7 cells an experiment was performed to compare the 

effect of emodin treatment on other intracellular pathogens. It is known that bacteria 

including L. monocytogenes and Salmonella spp survive and replicate intracellularly by 

exporting bacterial products – for example via TTSS – to inhibit or impede the 

activation of NF-ĸB and subsequently immune responses (see chapter 1). It appears that 

Burkholderia requires NF-ĸB activation for intracellular functioning and ultimately host 

MNGC formation.  

When any of these three experimental models (B. pseudomallei, L. monocytogenes and 

Salmonella) are added to RAW 264.7 cells there is a significant and exponential 

expansion of bacterial numbers until 12 hours p.i. (Figure 4.23). Whilst B. pseudomallei 

contains the least average intracellular bacteria initially (20x10
3
 CFU versus 67 x10

3
 

and 150 x10
3
 for L. monocytogenes and Salmonella respectively), the intracellular 

replication for Burkholderia is far greater than the Listeria or Salmonella (under the 

same conditions) with an average of 660 x10
3
, 1250 x10

3
 and 763 x10

3
 CFU recovered 

from each assay (a 33x increase, 18x increase and 5x increase respectively). When a 

inhibitory amount of emodin (40 μg mL
-1

) is added at 1 hour p.i. then a clear difference 

occurs in the assays. Whilst Listeria and Salmonella replicate with little change 

compared to the untreated assay (average of 1007 x10
3
 CFU and 887 x10

3
 CFU 

respectively), B. pseudomallei only manages an average of 45 x10
3
 CFU recovered at 

12 hours p.i.; emodin treated RAW 264.7 cells contain only 6.8% of the B. 

pseudomallei compared to the untreated assay at 12 hours p.i., whereas emodin treated 
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L. monocytogenes has an average of 81% of the intracellular CFUs contained in the 

untreated assay and the emodin treated Salmonella spp assays had an average of 116% 

of the intracellular CFUs compared to that recovered from the untreated assay. 

This clearly demonstrates that the intracellular requirements for replication and 

infection progression differ substantially between B. pseudomallei and other 

intracellular pathogens that have well elucidated pathogenicity pathways. When the 

representative giemsa-stained micrographs are examined, the effect that emodin (40 

ug/mL) has upon B. pseudomallei infection is clear. In the untreated infection (Figure 

4.24 A) MNGCs have formed and bacteria are present within the RAW 264.7 cells 

(arrows – A) where in the emodin treated panel (Figure 4.24 B) MNGCs have failed to 

form and the  

 

A. B.  

C. D.  

Figure 4.24 Representative micrographs of emodin inhibition of intracellular growth. Micrographs 

of giemsa-stained cultures of B. pseudomallei 08 untreated infection (A) and emodin (40 µg mL
-1

) treated 

(B) RAW 264.7 cells and L. monocytogenes untreated (C) and emodin (40 µg mL
-1

) infected (D) RAW 

10 μM 10 μM 

20 μM 20 μM 
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264.7 cells. (A) MNGC formation after infection of RAW 264.7 cells infected with B. pseudomallei. 12 

hrs pi. Bacteria can be observed in groups in the cells (arrows). (B) Treatment with 40ug mL
-1

 of emodin 

prevents fusion of RAW 264.7 cells into MNGCs (only one small MNGC visible – arrow) and no groups 

of bacteria are observable. (C) L. monocytogenes fails to cause fusion of RAW 264.7 cells after 12 hrs pi. 

though it replicates efficiently and fills the cell cytoplasm with bacteria (arrows). On addition of emodin 

(D) the bacteria can be observed replicating and surviving intracellularly (arrow).  

 

bacterial numbers are low. In contrast when cells infected with L. monocytogenes are 

examined, both the untreated (Figure 4.24 C) and emodin (40 ug mL
-1

) treated (Figure 

4.24 D) are full of bacteria throughout the cytoplasm though it should be noted that L. 

monocytogenes has failed to drive MNGC fusion. 

Whilst B. pseudomallei-infected RAW 264.7 cells are clearly inhibited by treatment 

with emodin, the L. monocytogenes infection shows no such inhibition. Examination of 

the cytokine responses (Figure 4.25) show that the there is little difference in the 

expression of chemoattractants by the host cells infected by the two bacterial species. 

There is no difference between MCP-1 and MIP-1γ expression and although there is a 

statistically significant difference between the expression of MIP-1α and MIP-2, the L. 

monocytogenes infection is still producing large quantities of these chemokines. This 

strongly suggests that B. pseudomallei-induced fusion is reliant on more than just the 

induced chemoattractants to form MNGCs. There is a significant difference in 

expression of a number of interleukins IL-1 (50 fold), IL-2 (44 fold), IL-4 (166 fold), 

IL-9 (9 fold), and IL-13 (6.5 fold). This observation though may simply be a reflection 

of the differing pathogenicity mechanisms that are employed by the two organisms and 

the host cells inflammatory response to these.   Interestingly, the expression of 

lymphotactin (12 fold down), SDF-1a (7 fold down) and the expression of eotaxin-2 

(turned off in the untreated B. pseudomallei infection) in the Listeria-infected RAW 

264.7 cells mimics what is recorded for the emodin-treated B. pseudomallei and once 

again places the spot light on the importance of these few chemokines on B. 

pseudomallei-induced cell fusion.           

4.4 Conclusions  

Work presented here has begun to elucidate the intricate relationship between the 

formation of MNGCs during the infection process of B. pseudomallei.  This chapter has 

presented data that suggests that the fusion of MNGCs is vitally important in the 

pathogenicity process and that disruption may be a target for therapeutics. Moreover,
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Figure 4.25 Comparison of cytokine 

expression from B. pseudomallei-infected 

cells v L. monocytogenes-infected cells. 

Whilst there is limited difference between the 

chemoattractants expressed by infected  cells 

(MCP-1, MIP-1 and RANTES) between  L. 

mono and B. pseudo, there is significant 

differences in the interleukin expression (IL-

1, 2, 4, 9, 10, 13) . Further, the expression of 

eotaxins and SDF-1a are similar in L. 

monocytogenes- infected cells (an organism 

that does not drive cell fusion) to that of NF-

ĸB inhibited B. pseudomallei-infected cells.  

Data represents fold induction of protein over 

the uninfected control RAW 264.7 cells. 

(Significance (*) is p<0.05, (**) is p<0.01)  
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the role that NF-ĸB and JNK signalling plays in this infection process has been explored and 

data has been put forth that suggests that the activation of NF-ĸB is vital to the intracellular 

replication of B. pseudomallei, potentially suggesting that the mechanisms of B. pseudomallei 

intracellular survival and replication may be quite different to other studied intracellular 

bacteria.  Finally, I have presented a cheap and naturally occurring drug – emodin – that 

potentially may be of assistance in the treatment or prevention of systemic melioidosis. 

Emodin has been shown to have potent anti-B. pseudomallei effects in vitro and  may be a 

useful assistant in treating this disease.    
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5.1 Introduction 

Protein secretion is an essential cellular function required in all organisms. Secretion 

systems in bacteria not only fulfill basic cellular functions but also allow for pathogenic 

interaction with their hosts. In Gram-negative bacteria the outer membrane places 

constraints for uptake and secretion of solutes and polypeptides. To overcome this 

Gram-negative bacteria have devised a whole host of systems to circumvent these 

structural problem and allow efficient transport through the protective outer membrane 

(Stathopoulus et al, 2000). There are a number of protein secretion systems that have 

been identified in Gram-negative pathogenic bacteria (Henderson et al., 2004). The 

importance of these secreted proteins is revealed when one realizes that the majority of 

these systems are virulence factors (Remaut et al., 2004). A clearer understanding of 

these key secretion mechanisms is critical for tackling the disease mechanisms used by 

these bacteria and the development of potential treatments or vaccines.  

As observed, possessing two membranes requires Gram-negative bacteria to have 

specific specialized secretion systems. These systems can consist of simple structures 

containing 3 subunits to complex multimeric systems of 20 components or more (see 

Figure 5.1):   

Type I – A simple system consisting of 3 proteins subunits; ATP-binding cassette 

(ABC), membrane fusion protein (MFP) and outer membrane protein (OMP). Form a 

contiguous channel through the inner and outer membranes. A classical example is the 

E. coli HylA haemolysin (Nicaud et al., 1986). 

Type II – Is typified by the Klebsiella pullanase lipoprotein (Pugsly & Reyss, 1990). It 

utilizes the Sec system (Driessen et al., 2008) for initiating transport and then passes 

through a multi-meric complex of secretion proteins – consisting of 10-15 inner and 

outer membrane proteins.  

Type III – A complex system, homologous to the bacterial flagella basal body. 20 + 

proteins assemble into a molecular syringe which inject proteins into eukaryotic host 

cells or plants. Yop secretion in Yersinia being the model system (Michiels, 1992).      
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Type IV – Another complex system, though this secretion system has homology to 

conjugation mechanisms in bacteria. H. pylori utilize Type IV secretion to insert CagA 

into the host and disrupt NFAT (Backert et al., 2008).  

Type V – An auto-transporter system that involves the Sec sequence for activation. 

Proteins form a -barrel with the c-terminus inserted into the outer membrane. The 

secretory sequence or polypeptide passes through the -barrel and is often cleaved. B. 

pseudomallei bpaAB is an example of one type of Type V secretion system (Brown et 

al., 2004).  

Type VI – A relatively newly identified system that lacks an N-terminal signal sequence 

(and does not enter the sec pathway). A common system in Gram-negative bacteria and 

has been determined to be a virulence determinant in B. mallei (Schell et al., 2007) and 

now in B. pseudomallei (Burtnick et al., 2011). 

5.1.1 Type V secretion systems and Two-partner Secretion Systems 

The type V secretion pathway includes the auto-transporter proteins, the two-partner 

secretion (TPS) system, the oligomeric coiled-coil adhesion (Oca) system and the Vc or 

AT-2 family of proteins (Desvaux et al., 2004). Auto-transporters throughout all 

organisms are the most common form of protein secretion in nature. Within bacteria, 

proteobacteria have had more than 700 type V systems identified making it the largest 

protein secretion pathway in Gram-negative bacteria (Gerlach et al., 2007). Auto-

transporters and TPS are almost ubiquitous systems achieve their goal of translocating 

large polypeptides into the extracellular space through a simple channel system. TPS 

systems form a distinct branch of the type V secretion pathway (referred to as Vb 

(Desvaux et al., 2004) though it shares similarities with the related auto-transporter 

pathway (Va) (Jacob-Dubuisson et al., 2001). The TPS system consists of two proteins 

– the secreted TpsA and the outer membrane protein TpsB that in general tend to be 

found in one operon (Henderson et al., 2004).  

 

  

   



Chapter 5: Burkholderia pseudomallei surface proteins regulate host responses 

 

150 

 

 

 

 

 

Figure 5.1 Proteins involved in the translocation of bacterial proteins. Representative schematic of 

the type I, II, III and IV protein secretion systems. The major structural proteins of each system are shown 

in relation to how they are or theorized to be positioned in the cell membranes of Gram-negative bacteria. 

EM, extracellular milieu; OM, outer membrane; Peri, periplasm; IM, inner membrane. Image taken from 

Henderson et al., 2004.   

 

 

TpsA and TpsB proteins are synthesized with an N-terminal signal sequence and are 

translocated across the periplasmic space via the Sec-system to the outer membrane. For 

translocation to occur the TpsA polypeptide must interact with specific sequences in the  
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Figure 5.2 A general model of the TpsA TpsB interaction. (A) TpsB β-barrel inserts into the OM to 

form a channel. The N-terminal TPS domain (green) of TpsA binds to the TpsB. (B) Secretion of the 

TpsA proceeds from the N to C terminus. TPS domain begins to fold at the cell surface. (C) The TPS 

domain nucleates secretion and folding of the rest of TpsA at the cell surface. Only secretion through the 

outer membrane is depicted. Image adapted from Thanassi et al., (2005).  

 

 

TpsB transporter – which has formed -helix folds in the membrane to act as a channel  

(Guedin et al., 2000).  This is opposed to the related auto-transporter pathway which has 

the two components of the secretory system synthesized as a single polypeptide that 

folds onto itself forming a channel and then proteolysis cleavage occurs to free the 

secretory component (Klemm et al., 2006). TpsA passes through the formed pore from 

the N-terminus to the C-terminus. TpsA interacts with TpsB at the periplasmic face. As 

the TpsA protein passes through the channel folding of the polypeptide is commenced at 

the extracellular cell surface. The TPS domain, a large conserved domain at the N-

terminal end essential for secretion and release, nucleates folding (Clantin et al., 2004). 

A B 

C 
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Once passed through the channel the TpsA may remain associated with the cell surface 

or released into the extracellular medium (Coutte et al., 2003) (see Figure 5.2).    

 

The secreted proteins from this system play essential roles in pathogenesis (amongst 

other things) often acting as an adhesions (Buscher et al., 2006) or haemolysins (Hertle 

et al., 2005), though they can have functions as diverse as the ability to regulate host 

actin and apoptosis (Henderson et al., 2004). Whilst the type V pathway was first 

described in N. gonorrhoeae (Pohlner et al., 1987) the most commonly described and 

characterized TPS systems have been in H. influenzae (HMW1/2), B. pertussis FHA 

adhesins and the S. marcescens ShlA cytolysis (Noel et al., 1994).  

5.1.2 The B. pseudomallei two partner secretion system bpaAB     

A number of the secretion systems described above have been identified in B. 

pseudomallei (Shalom et al., 2007) (Rainbow et al., 2002) (Winstanley et al., 1999). 

Furthermore, B. pseudomallei possess multiple independent TTSS systems tasked with 

differing virulence objectives (Rainbow et al., 2002). Recently, Brown and colleagues 

(2004) identified a TPS system in B. pseudomallei that was not present in B. 

thailandensis. This TPS system is two adjacent genes bpaA and bpaB (designated 

bpaAB) located within a putative genomic island whose products possess a number of 

sequence characteristics similar to that of known TPSs (Brown et al., 2004). This 

includes the presence of a secretion domain in the BpaA protein. BpaA is a very large 

protein (approximately 530 kDa) containing at least three repeat regions of around 800 

aa each (Brown et al., 2004).  

Brown and colleagues deleted the bpaA gene from B. pseudomallei to make a B. 

pseudomallei 08 bpaA strain and bpaB was disrupted by the insertion of a tetracycline 

cassette to form B. pseudomallei 08 bpaB. At the time of discovery, although 

resembling a number of known bacterial adhesins (Buscher et al., 2006) no role for 

virulence or otherwise could be identified by either in vivo animal models or in vitro 

cell culture models for these two bacterial mutants.  
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Figure 5.3 Scale diaGram of bpaAB. DiaGram of the adjacent bpaA and bpaB genes demonstrating the 

large size of the bpaA gene.  

 

5.2 Aims of Chapter  

This chapter will present work describing a phenotype for the bpaA and bpaB B. 

pseudomallei mutants. It will aim to describe how the TPS system genes are activated 

when the bacteria are in the presence of macrophage-like cells or primary macrophages 

derived from host blood. Further, this chapter will aim to present data suggesting that 

this TPS system regulates the expression of numerous cytokines within the host and 

ultimately regulates a major transcription factor NFAT, a protein intimately involved in 

immune system response and regulation.         

 

 

   

16,296 bp 2330 bp 
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5.3 Results and Discussion 

 

5.3.1 The TPS system bpaAB is expressed in contact with macrophage-like cells. 

 

TPS systems have been shown to play a vital role in bacterial virulence in a variety of 

situations.  Whilst all these TPS systems share a common organization, the functional, 

secreted exoprotein component has been demonstrated to generally fall into two 

different categories. These proteins often act as adhesins (in the case of E. coli EtpA 

(Roy and Rai, 2008) B. pertussis FHA (Urisu et al., 1986) or H. influenza HMW 1 & 2 

(Noel et al., 1994) and therefore allow for colonization and infection or they can act as a 

directly acting agent such as the haemolytic or cytolytic effects of S. marcescens ShlA 

(Schiebel et al., 1989) or P. mirabilis HpmA (Toth and Emody, 2000). Previously, 

Brown and colleagues (2004) identified the BpaA TPS exoprotein in B. pseudomallei. 

They failed to discover a role for this protein, determining that this TPS system did not 

play a role in adherence to epithelial cells in culture nor did it play a role in in vivo 

virulence. An alternative approach was to examine whether expression would occur in 

more specific tissue sites. This has been observed in S. enterica serovar Typhimurium 

where its zirTS TPS system was found to express specifically in the small intestine and 

not in systemic sites (Gal-Mor et al., 2008). 

Macrophages play a key role in the infection process of B. pseudomallei (reviewed in 

Chapter 1) and so these cells were infected to observe whether this host induces 

expression of the bpaAB operon. Infecting RAW 264.7 macrophage–like cells for 12 

hours (sufficient time for MNGC formation to occur) induced the expression of the 

bpaAB genes. The gene expression levels of the TPS system bpaAB was measured in B. 

pseudomallei 08 wt and ΔbpaA mutant when the bacteria were cultured in either LB 

broth or within RAW 264.7 cells. Whilst the gene operon appears not to be active 

continuously, both genes (bpaA and bpaB) fail to be expressed in regular growth (LB 

broth); it appears that bpaA is highly expressed in contact with the macrophage-like 

cells in the B. pseudomallei 08 wt infection (Figure 5.4). Acting as a control the, ΔbpaA 

mutant displays no expression of the bpaA, confirming that the gene had indeed been 

removed from the genome. The associated channel forming gene, bpaB, similarly 

displayed no expression when measured in normal growth (LB broth growth). When the 
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B. pseudomallei were allowed to grow in macrophage-like cells this gene was similarly 

expressed in both the 08 wt strain and the ΔbpaA mutant strain, demonstrating that 

while the ΔbpaA mutant has the bpaA gene knocked out the bpaB gene is functioning.        

 

A.  

B.  

Figure 5.4 The two-partner secretion system bpaAB is expressed in contact with macrophages. B. 

pseudomallei 08 or ΔbpaA was grown in either LB broth for 14 hours or in RAW 264.7 cells for 12 

hours. The expression of bpaAB TPS system genes were measured in 08 wt and ΔbpaA mutant strains by 

qPCR (A) The bpaA TPS system gene is significantly expressed by the 08 wt B. pseudomallei when the 

bacteria was grown in RAW 264.7 macrophages (08 cells) compared to 08 wt bacteria grown in LB broth 

(08 broth). The ΔbpaA mutant fails to express the bpaA gene in either LB broth (ΔbpaA broth) or in 

macrophages (ΔbpaA cells). (B) The bpaB TPS system gene is significantly expressed in both wt 08 

bacteria (08 cells) and the ΔbpaA mutant (ΔbpaA cells) when the B. pseudomallei bacteria is grown in 

macrophage-like cells. Both the 08 wt and the ΔbpaA mutant fail to express the bpaB gene when they are 

grown only in LB broth. Data is expressed as the average fold induction of gene expression per copy of 

16s RNA of three independent experiments ± the standard error of the mean. (Significance (**) is p<0.01)  

  

1 

10 

100 

1000 

08 broth 08 cells ΔbpaA broth ΔbpaA cells 

1 

10 

100 

1000 

10000 

100000 

08 broth 08 cells ΔbpaA broth ΔbpaA cells 

** 

** 
** 

A
vg fo

ld
 in

d
u

ctio
n

 o
f 

b
p

a
A

 versu
s 1

6
s  

A
vg fo

ld
 in

d
u

ctio
n

 o
f 

b
p

a
B

 versu
s 1

6
s  



Chapter 5: Burkholderia pseudomallei surface proteins regulate host responses 

 

156 

 

5.3.2 Removal of bpaA does not affect MNGC formation. 

Having found that bpaAB is expressed when B. pseudomallei is in contact with 

macrophage-like cells (not the only secretion system to do so as a type VI system is 

similarly expressed in contact with macrophages (Shalom et al., 2007))  a phenotype 

still needed to be determined. It has been previously determined that the bsa/TTSS and 

associated effector proteins are essential for intracellular functioning. Deleting the 

effector protein BipD leads not only to a decrease in MNGC formation (Suparak et al., 

2005) but impairment in B. pseudomallei escaping from the host vacuoles and general 

survival. TTSS effector proteins such as BsaQ (Muangsombut et al., 2008) have been 

shown to be partly responsible for this phenomenon. Likewise, the sigma factor RpoS 

has been found to lead to a reduction of survival and MNGC formation. In other 

bacteria TPS systems have been found to play a similar role in intracellular functioning 

and survival. The hrpAB TPS system in N. meningitidis is not involved in colonization, 

adhesion or invasion (unlike many other TPS systems) but is essential for intracellular 

survival and escape from infected cells (Tala et al., 2008).     

Examining the MNGCs formed by both the wt 08 and ΔbpaA mutant B. pseudomallei 

lead to the determination that the expression of bpaA does not have any influence on the 

number or size of MNGCs formed when infecting RAW 264.7 cells (Figure 5.5). When 

both the 08 wt and the bpaA mutant strains were added to a culture of RAW 264.7 cells 

the ΔbpaA mutant was able to form MNGCs at a rate comparable to that of the 08 wt. 

Thus, in an average field of view there was no difference between the numbers of 

MNGCs formed by either strain. Likewise, there was no significant difference in the 

number of RAW 264.7 cells that were fusing to form these MNGCs. An average field of 

view contained a similar number of nuclei in the MNGCs regardless of whether they 

were infected with the 08 wt strain or the ΔbpaA mutant.  Likewise, on examination of 

photomicrographs of MNGC cultures there was no discernable difference between the 

wt 08 infection and that of the ΔbpaA mutant. RAW 264.7 cells were infected with the 

wt 08 or bpaA mutant and the infections were allowed to continue for 12 hours pi. On 

completion the cultures were either stained with giemsa to examine cytoplasmic volume 

and the number of nuclei present in the MNGCs or the cells were labeled with 

appropriate antibodies to examine the spread of the bacteria and their ability to produce 

actin tails.  These cells demonstrated that the infection of either strain (wt 08 or mutant) 

equally formed giant cells with many nuclei (yellow arrows, Figure 5.6 A &  
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A. B  

Figure 5.5 The 08 wt bacteria and the ΔbpaA mutant display a similar ability to form MNGCs. 

RAW 264.7 cells were infected with B. pseudomallei 08 wt or ΔbpaA 08 and allowed to form MNGCs. 

12 hours pi. assays were stopped, fixed in methanol and stained with giemsa for cell counts. (A) The 

average number of MNGCs per field of view in RAW 264.7 cells infected with 08 wt or ΔbpaA mutant 

bacteria. RAW 264.7 cells when infected with 08 wt bacteria or ΔbpaA mutant bacteria fuse into MNGCs 

in similar quantities. (B) The average number of nuclei present in the MNGCs per field of view in 

infected RAW 264.7 cells. The MNGCs formed by the infection of RAW 264.7 cells by 08 and ΔbpaA 

bacteria contain a similar amount of nuclei. Data was collected for a minimum of three repeat 

experiments and is displayed as the average MNGCs or nuclei per field of view ± Standard Error of the 

Mean.  

 

 

C) with approximately equal quantities of cytoplasm (arrows, Figure 5.6 B & D). 

Likewise, there has been no impairment to the ability of the bacteria to escape the 

phagocytic cell vacuole, multiply or move around the cell cytoskeleton. As described 

the TTSS has been found to play a role in the regulating this escape, however, it has 

been demonstrated that a polar expressed protein on the bacteria, BimA (Stevens et al., 

2005), is essential for the bacteria to move about the cell by nucleation of cellular actin. 

It is clear that the bacteria have had no impairment to this function in the RAW 264.7 

cells infected with the ΔbpaA mutant, large collections of bacteria are visible (white 

arrows, Figure 5.6 A & C) as are actin tails (red arrows, Figure 5.6 A & C). 
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A. B.  

C. D.   

Figure 5.6 Representative micrographs of immunofluorescent labelled and giemsa stained MNGCs 

infected with B. pseudomallei 08 or ΔbpaA mutant. RAW 264.7 cells were infected with B. 

pseudomallei 08 (A & B) or ΔbpaA 08 (C & D). At 12 hours pi. the assay was halted and cells were fixed 

in methanol (for giemsa staining B & D) or formaldehyde for antibody labeling (A & C. Blue (yellow 

arrow) - nuclei; Green (white arrow) – bacteria; Red (red arrow) – actin; White - tubulin).  MNGCs fused 

by B. pseudomallei 08 wt or ΔbpaA, ΔbpaB mutants have similar morphology and numbers of bacteria 

present within the MNGCs (A & C). There is little difference in the number of MNGCs present in a field 

of view nor in size between bacterial samples (B & D).  

 

5.3.3 Removal of TPS β-barrel forming bpaB affects MNGC formation. 

As shown, the removal of the TPS secreted protein bpaA fails to have any effect on the 

formation of MNGCs. Impeding the expression of the β-barrel forming bpaB gene 

however, sees a significant decrease in the formation of MNGCs in RAW 264.7 cells. 

This effect comes about both in a decrease of overall numbers of MNGCs (Figure 5.7A) 
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and in the number of cells fusing (Figure 5.7B). Disruption of bpaB presumably leads to 

the prevention of secretion of BpaA and may lead to alteration in the bacterial cell 

surface. Alternatively, this may represent an affect similar to that seen for efflux pump 

knockouts in P. aeruginosa where disruption of one surface porin (efflux pump) is 

replaced by up-regulation of a separate group  

 

A. B.   

Figure 5.7 RAW 264.7 cells infected with bpaB fail to form MNGCs as well as the 08 wt. (A) RAW 

264.7 cells when infected with 08 wt bacteria fuse into MNGCs at a significantly greater level than that of 

bpaB mutant bacteria infected MNGCs. (B) Average number of nuclei present in the MNGCs per field of 

view in infected RAW 264.7 cells. The MNGCs formed by the infection of RAW 264.7 cells by 08 

bacteria have a significantly greater number of nuclei present within the MNGCs. The bpaB mutant 

bacteria contain only about a third of the nuclei as the wt. Data was collected for a minimum of three 

repeat experiments and is displayed as the average MNGCs or nuclei per field of view ± Standard Error 

of the Mean. RAW 264.7 (Significance (*) is p<0.05)   

 

 

of porins (Li et al., 2000).  A number of possibilities to explain this could be occurring. 

The first and possibly simplest answer is that there is a build-up of bpaA protein that 

occurs within the cytoplasm of the bacteria when it comes into contact with RAW 264.7 

cells. This collection of un-secreted protein may interfere with normal functioning and 

so the bacteria are essentially “sick” and unable to drive fusion as usual. The second 

possibility is that the build-up of bpaA in the bacteria alters the expression of other 

surface proteins that directly/indirectly alter surface proteins that effect the development 

of MNGCs. Another possibility may be that another unknown secretion product may 

use the bpaB pathway for exit to the extracellular space and the third possibility is that 
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the change in surface pores formed by BpaB is replaced by another protein and again 

causes interactions to alter with the host. Alternatively, this may be part of a feedback 

loop that signals to other virulence factors in the B. pseudomallei membrane.        

 

A.  B.  

Figure 5.8 The B. pseudomallei bpaB mutant displays a decreased ability to drive RAW 264.7 cells 

to form MNGCs. RAW 264.7 cells were infected with B. pseudomallei 08 bpaB::Tc. At 12 hours pi. the 

assay was halted and cells were fixed in methanol (for giemsa staining B) or formaldehyde for antibody 

labeling (A. Blue - nuclei; Green – bacteria; Red – actin; White - tubulin). Representative micrographs of 

RAW 264.7 cells infected with bpaB bacteria. (A) Confocal image of antibody labeled cells 

demonstrating the smaller MNGCs with fewer nuclei present in bpaB infected cells (yellow arrow). 

Smaller MNGCs are still full of bacteria (white arrow) and form actin tails (red arrow). (B) Giemsa 

stained RAW 264.7 cells demonstrating overview of fewer macrophages being drawn in to form MNGCs  

 

 

5.3.4 The bpaAB TPS regulates cytokine gene expression in host cells. 

On infection with a pathogen the host immune response releases a concerted immune 

response in an attempt to overcome this invasion. This pro-inflammatory response can 

be induced by a number of agents including bacteria and their endotoxins and is often 

instigated by IL-1, TNF-α and IFN- γ (Lauw et al., 2000). This response is designed to 

elicit a response including T-lymphocytes, NK cells and macrophages.  

 

In an infection with B. pseudomallei a similar expression of cytokines is experienced. It 

has been shown in vitro that the early response to infection is similarly regulated by 

100 μM 20 μM 
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IFN-γ and TNF-α (Ulett et al., 2000). Similarly, murine infection models display a rapid 

induction of IFN-γ and TNF-α as well as IL-1β and IL-6 (Ulett et al., 2000). 

Interestingly, BALB/c mice (which are extremely susceptible to B. pseudomallei 

infection) have a greater cytokine response than the relatively resistant C57BL/6 mice 

(Ulett et al., 2000) and are believed to be unable to prevent rapid systemic infection due 

to the increased expression of the chemokines MCP-1 and RANTES (Barnes et al., 

2001). This response has been observed in human patients infected with B. 

pseudomallei, who on infection display a rapid IFN-γ response induced by the 

endogenous regulation of IL-18, -12 and -15 (Lauw et al., 1999).  

 

NFAT has been shown to be critical for the formation of osteoclasts and is describes as 

a master transcription factor of OC formation. RANKL (receptor activator of NF-ĸB 

ligand) induces osteoclastogenesis in conjunction with M-CSF and possibly other co-

factors. RANKL activates the c-Fos pathways through auto-amplification of NFAT via 

the calcium dependant pathways of calcineurin and calmodulin (see review 

(Takayanagi, 2007)).  

Likewise, NFAT has been shown to be critical in the development of chronic viral 

infections. In chronic infections of lymphocytic choriomeningitis virus and HIV there is 

a severe impairment to cytokine production due to the mis-regulation of NFAT 

(Agnellini et al., 2007). Similarly, NFAT plays a critical role in SV40 infection where a 

decrease in the amount of NFAT leads to a decrease in the in vitro infection of SV40 in 

cells (Manley et al., 2008). The link between bacterial infection and NFAT regulation 

has not been explored as well as viral infections. Whilst parts of the cytokine induction 

pathway can be activated by bacterial antigens (flagellin are recognized by TLR-5 and 

subsequently activate MAPK and NF-ĸB pathways, though this fails to activate NFAT; 

Okugawa et al., 2006), there are relatively few examples of specific NFAT activation by 

bacteria. Pasteurella multocida has been shown to activate NFAT through the C-

terminus of a toxin it produces (Aminova et al., 2008) and S. pneumoniae activates 

NFAT via pneumolysin (Koga et al., 2008). Furthermore, P. gingavalis can induce cell 

hypertrophy and apoptosis through the up regulation of NFAT (Lee and Lorenzo, 2006). 

These cellular effects can be blocked by the use of CsA (a calcineurin inhibitor) hence 

demonstrating direct activation of the pathway.   
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A.                                                                                  

B.  

C.  

Figure 5.9 BMM cells from C57BL/6 mice display differences in gene expression during infection  

with B. pseudomallei bpa mutants. Fold Induction (over uninfected) of chemokines and NFAT 

transcription factor from B. pseudomallei 08 wt or ΔbpaA infected BMM derived macrophages. (A) The 

wt infection in BMMs leads to an  induction of chemokines and NFAT transcription factor demonstrating 

the significant induction of CCL12 (MCP-5) and RANTES and the induction of NFAT. (B) Fold 

Induction (over uninfected) of cytokines in ΔbpaA infected BMM derived macrophages. Similar to the 08 

wt infection, the ΔbpaA infection induced significant amounts of RANTES and lower levels of CCL9 

(MIP-1γ) and CCL12 (MCP-5). Interestingly, the ΔbpaA infected cells suppressed the expression of 

NFAT below that of the uninfected cells. (C) The fold induction of 08 infection compared to the mutant 

demonstrates the significant amounts of RNA expression of MCP-1, CCL-12 (MCP-5) and NFAT that is 

occurring in the wt infected cells compared to the ΔbpaA mutant. Data is expressed as the mean ± 

Standard Error of the Mean.  
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By far the most comprehensive studied bacterial interaction with NFAT is that with H. 

pylori and the CagA protein. CagA is a T4SS virulence factor which when working in 

association with the CagL adhesion protein binds and activates multiple signaling 

factors in the host (Backert et al., 2008). CagA activates the NFAT pathway and 

similarly to P. gingavalis, its effects can be halted by blocking the up-stream effectors 

with CsA (Yokoyama et al., 2005). Interestingly, the CagA/H. pylori interaction with 

the host demonstrates the extreme of NFAT regulation as this combination can lead to 

severe gastric outcomes. Strains of H. pylori that carry the cagA gene augment the risk 

of sever pathological disease. In a gerbil model all infected rodents developed gastritis, 

however, inflammation was significantly attenuated in animals with cagA(-) (Franco et 

al., 2008). That is, when no CagA present no gastric cancer developed. Whilst this is an 

extreme example of NFAT regulation there is no known correlation between B. 

pseudomallei and cancer.            

Whilst overall patterns of cytokine expression have been thoroughly characterized, 

regulation of specific cytokine responses in response to specific secretion systems have 

not been studied to anywhere the same degree. A change in cytokine response due to 

variations in virulence of strains has been proposed to explain observations that DCs 

can have differing responses to M. tuberculosis infection (Rajashree et al., 2008). 

Likewise, there have been studies showing that P. aeruginosa secretes a protease 

(LepA) through a TPS system that activates the NF-κB pathway, consequently 

activating the cytokine IL-8 (Kida et al., 2008). A similar observation has been made for 

S. pneumoniae, where it has been observed that it can induce a range of cytokines 

through a TPS system (Klein et al., 2006). B. pseudomallei, likewise, has been 

demonstrated to regulate some host responses with its TTSS. Burtnick and colleagues 

(2008) have recently showed that the chemoattractant RANTES increased with 

knocking out of the TTSS. Similarly IL-8 is regulated via the NF-κB and MAPK 

pathways by the bsa/TTSS (Hii et al., 2008).  

When BMM derived macrophages or RAW 264.7 macrophage-like cells are examined 

for gene expression of cytokines regarded as key to giant cell formation (Huang et al., 

2006) it can be noted that both the 08 wt and TPS mutant (ΔbpaA) induce these 

chemokines. In the murine primary cells the 08 wt strain induces a greater amount of 
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gene expression in all four chemokines, MCP-1, CCL9 (MIP-1γ), CCL12 (MCP-5) and 

RANTES (Figure 5.10 A-C).  When comparing the 08 infection to the bpaA expression 

(Figure 5.10 C) the CCL12 is considerably up-regulated over the mutant infected 

sample and is over 100 fold higher than the uninfected BMM-derived cells, whilst the 

MCP-1 and RANTES chemokine genes have small degrees of up-regulation (C).  

 

 

    A.   

    C.  

Figure 5.10 Expression of key MNGC chemokine genes and transcription factor by RAW 264.7 

cells infected with B. pseudomallei 08 and ΔbpaAB mutants. RAW 264.7 cells were infected with B. 

pseudomallei 08wt or ΔbpaA. At 12 hours p.i. the assay was halted and RNA was collected, converted to 

cDNA and qPCR was performed for the expression of key chemokines MCP-1(A), CCL9 (MIP-1γ, B), 

RANTES (C) and the transcription factor NFAT (D). Both bpaAB mutants express equal amounts of 

MCP-1 (A), however, RAW 264.7 cells infected with these mutants display gene expression significantly 

less than the 08 wt for MIP-1γ (B) and RANTES (C). Likewise the expression of NFAT is greatly 

reduced in the bpaAB mutant infected RAW 264.7 cells (D). Data is expressed as the average number of 

copies of the gene of interest per copy of 18s RNA from three independent experiments ± the standard 

error of the mean. (Significance (*) is p<0.05, (**) is p<0.01)      
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In the cell-line model (infected RAW 264.7 cells) the trends of gene expression are 

slightly different (n.b. – the bpaB mutant has been added to these infections to examine 

effect of TPS pore disruption) as CCL9 and RANTES genes are both up-regulated in the 

08 wt infection whilst MCP-1 remains at a similar expression level across all three 

strains. Essentially the MCP-1 and CCL9 expression patterns are reversed between the 

two cell models. 

In both models the NFAT transcription factor is up-regulated by the wt 08 infection – as 

seen in Boddey and colleagues (2007) and the bpaAB mutants show a failure to induct 

NFAT. The bpaA infected primary macrophages in fact demonstrate repression of 

NFAT below that of the resting uninfected cells – demonstrating a potential complete 

shutdown of the NFAT in these infected cells.    

Whilst this gene expression is important it fails to convey the significance of the actual 

secretion of protein level cytokines into the media that would regulate the cells 

surrounding those that are infected.   

 

5.3.5 Infected RAW 264.7 secrete different chemokine/growth factor proteins with 

infection of 08 wt or ΔbpaA B. pseudomallei.  

Having observed a difference in cytokine gene expression of primary BMM derived 

macrophages and RAW 264.7 cells infected with B. pseudomallei 08 wt and the ΔbpaA 

mutant, cytokine comparisons were performed to observe whether the differences 

observed in gene expression were maintained at the protein level. Whilst intimate 

interaction of pathogens and hosts is important in the immune response, equal 

importance can be placed on the genetic makeup as Gobert and colleagues found that 

during E. coli infection of epithelial cells, host secretion of IL-8 and CCL-20 was 

occurring due to the genetic background (the presence of a TTSS) of the pathogen and 

not due to intimate adhesion (Gobert et al., 2008). 
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The interaction of B. pseudomallei with phagocytic cells is known to be critical in the 

pathogenesis of B. pseudomallei as an invasion mutant (AJ1D8) has been shown to 

retain its lethality (Wiersinga et al., 2008) and for this reason the host response of RAW 

264.7 cells was examined to begin to elucidate the importance that the bpaAB TPS may 

play in these interactions. The way various hosts respond to B. pseudomallei infections 

are all ready known to vary (Ulett et al., 2005) and furthermore it has been 

demonstrated that mutations of proteins can lead to host response changes: small 

mutations to the tyrosine phosphorylation motif region of H. pylori CagA can lead to 

significant differences in IL-8 secretion (Argent et al., 2008). To examine these host 

responses RAW 264.7 cells were infected for 12 hours with either 08 wt or ΔbpaA 

mutant B. pseudomallei. After infection the cell media was removed and ELISAs were 

performed to measure the amount of cytokine response induced in these infected cells.  

The initiation of innate immune responses usually begins with the release of IL-1β, 

IFN-γ and TNF-α driven through the activation of the NF-ĸB transcription factor. In 

these infected cells both strains can be seen to express small amounts of these critical 

cytokines IL-β and IFN-γ and considerable amounts of TNF-α (Figure 5.11). 

Furthermore, the 08 infection causes a significantly greater release of TNF-α – about 

30% greater release of the cytokine into the cell media. TNF-α is critical to the initiation 

of immune responses as it has a greater global effect than IFN-γ and is a major factor in 

allowing a host to clear an infection such as L. monocytogenes (Murao et al., 2000) and 

is critical in recruiting neutrophils and eosinophils in vivo (Balkwill et al., 1989). The 

overall levels of IL-1β expression by both strains are considerably lower though there is 

still a significantly greater expression by the ΔbpaA infection (Figure 5.11) and may 

explain the difference in KC expression (Figure 5.15) between the two infections. 

Although it appears to have little effect on MIP-2 expression (Figure 5.12) (New and 

Wong, 2003). The levels of IFN-γ expressed in the cell media remains similar between 

the two infection models. While the levels of these two cytokines is considerably lower 

than that of TNF-α, they are present in sufficient amounts for activation of downstream 

cytokines with IFN-γ regulating CXCL16 (Figure 5.12- and potentially T cells in an in 

vivo situation), and working in conjunction with IL-12 (Figure 5.13) to suppress the 

expression of eotaxin (Figure 5.12). Alternatively, the ΔbpaA infected cells express 

lower levels of IL-12 and consequently a significantly greater amount of eotaxin. 
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Finally, the high levels of TNF-α also begin regulation of cytokines and most critically 

in MNGC formation MCP-1 (Figure 5.12) (Kim et al., 2006).   

MCP-1 is critical in regulating infiltration of monocytes in an in vivo situation (Daly 

and Rollins, 2003) and is expressed on the initiation of infections of M. pneumoniae 

along with MIP-1α  

   

 

Figure 5.11 Expression of key pro-inflammatory cytokines in infected RAW 264.7 cells. RAW 264.7 

cells were infected with B. pseudomallei 08 or ΔbpaA mutant and the assay was allowed to run for 12 

hours. On completion the supernatant was collected and cytokine arrays were performed to analyze key 

cytokine secretion. It can be observed that both infection models secrete substantial amounts of TNF-α 

into the cell media, though the 08 wt strain expresses significantly more. Neither strain causes RAW 

264.7 cells to secrete large amounts of IL-1β (ΔbpaA infected cells secreting a small but significant 

amount more), or IFN-γ. Data represents fold induction of protein over the uninfected control RAW 264.7 

cells. (Significance (*) is p<0.05)   

 

(Figure 5.12) (Ablikim et al., 2008). There is no difference between the amount of 

MCP-1 being secreted into the cell media between the strains tested and may explain the 

lack of difference between MNGC formations (see 5.2.2). Furthermore, there is strong 

expression of the MIP-1 and MIP -2 cytokines (Figure 5.12), again with no difference 

between the between the 08 wt and ΔbpaA mutant infections. The remaining 

chemokines display mixed levels of expression between the two strains. The eotaxins 

(Figure 5.12) are significantly up-regulated by the ΔbpaA mutant infection (as discussed 

previously). Alternatively, the 08 wt infection displays a greater induction of 
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lymphotactin and SDF1a, chemokines regulated through IFN-γ (Chiu et al., 2003) and 

TNF-α (Han et al., 2001) respectively. Moreover, infection of the RAW 264.7 cells by 

B. pseudomallei induces a large range of interleukins (Figure 5.13) although there are  

 

 

    

 

Figure 5.12 Expression of key chemokines in infected RAW 264.7 cells. RAW 264.7 cells were 

infected with B. pseudomallei 08 or ΔbpaA mutant and the assay was allowed to run for 12 hours. On 

completion the supernatant was collected and cytokine arrays were performed to analyze key cytokine 

secretion. RAW 264.7 cells infected with either 08 wt or the ΔbpaA mutant strains express similar levels 

of the chemotactic proteins MCP-1, MIP-a, MIP-g and MIP-2 and the IFN-γ regulated CXCL16. Further, 

the IL-4 induced Eotaxin and Eotaxin-2 are both significantly expressed by the ΔbpaA mutant infected 
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cells. The ΔbpaA infected cells are deficient for the expression of MCP-5 and RANTES. Data represents 

fold induction of protein over the uninfected control RAW 264.7 cells. (Significance (*) is p<0.05)  

 

 

significant differences between the expression of these cytokines being induced and 

secreted into the cell media by the 08 and ΔbpaA infections.  

The ΔbpaA infected RAW 264.7 cells appear to (though not strictly adhere to) a release 

or increase in anti-inflammatory cytokines IL-4 (a suppressor of Th1 responses and 

promotes the induction of Th2 cells), IL-5, IL-10 and eotaxins (Figure 5.12 and 5.13) 

whilst the 08 wt infection appears to up-regulate the pro-inflammatory cytokines TNF-

α, IL12 subunits and would potentially lead to a Th1 response and activated 

macrophages. This is further enhanced by the absence of IL-4 (Figure 5.13) induction 

that would normally suppress Th1 induction in the 08 wt infected RAW 264.7 cells. 

Other pro-inflammatory cytokines IL-2, IL-3 are equally expressed by both sets of 

infected cells. There are exceptions though with the ΔbpaA infection expressing a 

number of pro-inflammatory cytokines including GM-CSF (Figure 5.14) and KC 

(Figure 5.15). This mixture of Th1/Th2 induction has been noted previously in infected 

mice (Ulett et al., 2000) where they experienced an absence of IL-12 expression and up-

regulation of IL-4. A similar cytokine expression pattern has been observed in. H. pylori 

infections (Goll et al., 2007). Both sets of infections produce a considerable amount of 

IL-6 in the cell media, a cytokine that activates B-cells, increases Th2 induction and 

suppresses Th1 signaling (Diehl et al., 2002) and is a predictor of mortality when 

detected at concentration in plasma in vivo (Friedland et al., 1992). Further, the 08 wt 

infection secretes a significantly greater amount of RANTES (three times the amount, 

Figure 5.12) compared to the ΔbpaA infected cells. This observation along with the 

similarity in MCP-1 expression and the greater induction of MIP-1γ (CCL9), and MCP-

5 (CCL12) mirrors the observations made for the qPCR measurements of cytokine gene 

expression (see 5.2.4).    

The induction of growth factor cytokines is mixed between the two strains. 

Interestingly, ΔbpaA expresses increased levels of the Th1 associated GM-CSF, though 
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Figure 5.13 Expression of Interleukins in infected RAW 264.7 cells. RAW 264.7 

cells were infected with B. pseudomallei 08 or ΔbpaA mutant and the assay was 

allowed to run for 12 hours. On completion the supernatant was collected and cytokine 

arrays were performed to analyze key cytokine secretion. The ΔbpaA mutant infected 

RAW 264.7 cells are in general expressing anti-inflammatory cytokines significantly 

higher than that of the 08 wt infection (IL-4, -5, -9, -10) though not IL-6. Further, they 

are expressing lower amounts of the pro-inflammatory cytokines of IL-12. Data 

represents fold induction of protein over the uninfected control RAW 264.7 cells. 

(Significance (*) is p<0.05, (**) is p<0.01)  
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Figure 5.14 Expression of growth factor cytokines in infected RAW 264.7 cells. RAW 264.7 cells were infected with B. pseudomallei 08 or ΔbpaA mutant and the 

assay was allowed to run for 12 hours. On completion the supernatant was collected and cytokine arrays were performed to analyze key cytokine secretion. Infected 

RAW 264.7 cells secrete growth factors well above the uninfected cells. The ΔbpaA infected RAW 264.7 cells are deficient in their expression of SCF, sTNF R1/2 and 

VEGF. Alternatively, the ΔbpaA infected RAW 264.7 cells over-express GM-CSF, IGFBP-5/6 compared to the 08 wt infected cells. The neutrophil survival and 

proliferation cytokine GCSF is significantly over-expressed by the ΔbpaA mutant infected RAW 264.7 cells. RAW 264.7 cells were infected with either B. 

pseudomallei 08 wt or ΔbpaA strains for 12 hrs. Supernatants were collected and ELISAs were performed to compare key cytokine expression. Data represents fold 

induction of protein over the uninfected control RAW 264.7 cells. (Significance (*) is p<0.05). 
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Figure 5.15 Comparative levels of secreted cytokine expression between B. pseudomallei 08 and 

ΔbpaA infected RAW 264.7 cells. RAW 264.7 cells were infected with B. pseudomallei 08 or ΔbpaA 

mutant and the assay was allowed to run for 12 hours. On completion the supernatant was collected and 

cytokine arrays were performed to analyze key cytokine secretion.B. pseudomallei 08 infected RAW 

264.7 cells show an increase in the expression of various chemoattractants and growth factors including 

TPO, TARC and TIMP-1.  Alternatively, the ΔbpaA mutant infected RAW 264.7 cells secrete increasesd 

levels of glycoproteins such as CD40 and Fas Ligand and chemoattractants KC, TECK and Axl. Data 

represents fold induction of protein over the uninfected control RAW 264.7 cells. (Significance (*) is 

p<0.05, (**) p<0.01) 

 

not a significant amount (as well as GCSF and IGFBP-5, Figure 5.14), whilst IGFBP-6 

is expressed at a similar level. The 08 infected cells secrete greater amounts of sTNFR I 

and II (following greater secretion of TNF-α, Figure 5.14). Moreover, the 08 wt infected 

cells express the growth factor VEGF into the cell media while the ΔbpaA mutant 

infected cells do not. The final comparison (Figure 5.15) depicts a number of other 

secreted cytokines. The 08 wt infected RAW 264.7 cells are up-regulating the 

expression and secretion of TPO, VCAM-1, PF-4, P-selectin, TARC, TCA-3 and TIMP. 

Meanwhile the ΔbpaA mutant infected cells up-regulate the CD30L, CD40, Fas ligand, 

KC, leptons, L-selectin, TECK, BLC and Fractalkine.  

 

5.3.6 Expression of osteoclast/giant cell markers is reduced in RAW 264.7 cells 

infected with bpaAB mutants. 

Previously, Boddey and colleagues (2007) demonstrated that the genes expressed by B. 

pseudomallei in MNGC formation from RAW 264.7 cells are identical to those 

expressed on mature osteoclasts. Osteoclasts (a specialized form of MNGC) express a 

key set of chemokines (MCP-1, MIP-1 (CCL9), MCP-5 (CCL12) and RANTES) and 

cell markers that identify them. These markers, CTR (calcitonin), CTSK (cathepsin K) 

and TRAP (tartrate- resistant acid phosphatase) (Day et al., 2004) are all expressed in 

mature bone resorbing osteoclasts.  

In usual osteoclast formation, the TNF super-family member RANKL binds the 

RANK/TRAF6 complex and activates NF-ĸB and NFAT (via the MAPK network). 

This initiates a chemokine cascade (TNFα induces MCP-1 secretion), leading to 

monocyte accumulation and fusion of viable osteoclasts expressing the CTR, CTSK and 

TRAP markers (Lee et al., 1995). 
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When RAW 264.7 cells were infected with B. pseudomallei 08 wt it was observed that 

the resultant giant cells expressed these markers (Figure 5.16 A-C) and the appropriate 

chemokines involved in osteoclast formation (see Sections 5.2.4, 5.2.5). Alternatively, 

examining the host response to the ΔbpaA infection demonstrated that these markers, 

although expressed were significantly reduced compared to the wt (Figure 5.16) The 

CTSK gene was reduced about 10 fold, the TRAP gene expression down approximately 

a 100 fold and the CTR gene reduced by nearly 1000 fold (Figure 5.16). The bpaB 

mutant infected cells expressed these genes at an amount slightly above that of the 

ΔbpaA mutant though significantly below the level of the 08 wt infection.          

 

       A. B.  

              C.  

Figure 5.16 Expression of osteoclast/giant cell genes by B. pseudomallei 08 wt or ΔbpaAB infected 

RAW 264.7 cells. RAW 264.7 cells were infected with B. pseudomallei 08 wt or ΔbpaA mutant. At 12 

hours pi. the cells were lysed and RNA collected, converted to cDNA and qPCR was performed. 

Osteoclasts and giant cells express a series of genes that have been identified in the MNGCs formed by B. 

pseudomallei infected RAW 264.7 cells. The CTR (calcitonin receptor-A), CTSK (cathepsin K-B) and 

TRAP (tartrate resistant acid phosphatase-C) are all significantly down-regulated in the B. pseudomallei 
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ΔbpaA mutant infected RAW 264.7 cells and to a lesser extent by RAW 264.7 cells infected with bpaB 

mutant. Data is expressed as the mean expression of the gene ± Standard Error of the Mean  per copy of 

18S mRNA. (Significance (*) is p<0.05, (**) is p<0.01) 

 

   

5.3.7 Complementation of BpaB restores some MNGC formation. 

Ideally this study would have constructed a bpaA complemented B. pseudomallei to 

examine whether the reintroducing the TPS system BpaA would restore the cytokine 

profile to that of the 08 wt infection. Unfortunately the size of bpaA (see Figure 5.4) 

made this idea unfeasible in the projects time frame.     

An alternative strategy was to complement the bpaB mutant and examine whether this 

restored function in the host cells. The complementation construct was generated by 

PCR amplifying the bpaB sequence and upstream DNA utilizing the oligonucleotide 

primer pair bpaB F_HindIII & bpaB_R_NsiI. The resultant PCR product was cloned 

into a pUC18T-mini-Tn7T+Tp, and the construct was conjugated into B. pseudomallei 

ΔbpaB to give B. pseudomallei ΔbpaB::bpaB. 

 

         A. B.  

Figure 5.17 Complementation of bpaB increases the amount of MNGC formation. RAW 264.7 cells 

were infected with B. pseudomallei 08 bpaB::Tc or complemented bpaB::bpaB and allowed to form 

MNGCs. 12 hours pi. assays were stopped, fixed in methanol and stained with giemsa for cell counts. The 

average number of MNGCs per field of view increases on re-introduction of the bpaB gene into the bpaB 

mutant. The use a Tn7 plasmid to repair the ΔbpaAB two-partner secretion system increases the average 

number of MNGCs forming (A). The average number of nuclei present in MNGCs increases on re-

introduction of the bpaB gene into the bpaB mutant (B). Not only does the average number of MNGCs 

increase with insertion of TN7:bpaB into the genome, but the average number of nuclei within these 
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MNGCs increases by approximately 40%.  Data was collected for a minimum of three repeat experiments 

and is displayed as the average MNGCs or nuclei per field of view ± Standard Error of the Mean.  

 

 

 We have observed that disruption of the β-barrel forming bpaB gene causes a reduction 

in the formation of MNGCs and disruption of cytokine gene expression in infected 

RAW 264.7 cells. The disruption to these processes may involve the upsetting of cell 

functioning through loss of the TPS system or may simply be due to the reduced 

“fitness” of the bacteria that can occur on insertion of an antibiotic cassette (see 5.1.2 or 

Brown et al., 2004). The insertion of the bpaB gene into the genome resulted in a degree 

of recovery of MNGC formation in infected RAW 264.7 cells (Figure 5.17). Although 

this recovery was not completely to the level of the 08 wt infection, a recovery of 

approximately 40% was recorded.  This reduction in achieving the full complementation 

compared to the wt infection may be in part due to reduction in expression of the β–

barrel due to the insertion of the complemented gene placed in the genome rather than 

in a high copy number plasmid. Further, assembly of the β–barrel TPS system may not 

occur as efficiently with the two transcribing genes removed from alongside each other. 

Finally the complemented bacteria still carry the antibiotic cassette in their genome 

which may be impeding their full growth and functioning (Lee et al., 2007). 

 

5.3.8 Other B. pseudomallei strains display difference in interactions with host 

cells. 

There have been limited studies (Ulett et al., 2002) comparing the host cytokine 

responses to various strains of B. pseudomallei and the studies that have occurred have 

concentrated on examining the differences between different hosts (Ulett et al., 2000). 

Related organisms such as B. cepacia complex have been compared and found to 

produce similar levels of IL-8 from the host though different levels of adherence, 

invasion and cytotoxicity were recorded (Moura et al., 2008).    

Having observed the difference between the cytokine gene expression and regulation of 

host cytokines by the 08 wt B. pseudomallei and its bpaAB mutants another wt strain of 

B. pseudomallei (the original sequenced strain K96243 (K9) (Holden et al., 2004)) was 

added to 
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 A. B.  

Figure 5.18 Representative micrographs of bpaB mutant and complemented bpaB infected RAW 

264.7 cells. RAW 264.7 cells were infected with B. pseudomallei 08 bpaB::Tc or complemented 

bpaB::bpaB. At 12 hours pi. the assay was halted and cells were fixed in methanol for giemsa staining. 

Representative micrographs of RAW 264.7 cells infected with ΔbpaB::Tc bacteria (A) or complemented 

bpaB::bpaB and (B). Larger and more numerous MNGC formation can be seen in the comp bpaB::Tc 

culture (yellow arrows). 

RAW 264.7 cells to examine differences in MNGC formation and cytokine expression. 

This K9 strain lacks the TPS secretion system within the putative GI (Brown et al., 

2004) (like the 08 ΔbpaA mutant) and its ability to regulate NFAT remains unknown. 

Other differences between these strains have yet to be thoroughly investigated.  

RAW 264.7 cells infected with B. pseudomallei K9 form MNGCs at approximately the 

same rate and incorporate approximately an equal number of individual macrophage 

cells compared to that of the 08 strain used in most of these experiments (Figure 5.19) 

where the average number of MNGCs and nuclei per MNGC was little different 

between the two wt strains. Furthermore, examination of images of MNGCs formed by 

K9 infected RAW 264.7 cells appear similar to the 08 infected cells (Figure 5.19 C).   

Examining the major cytokines/chemokines in comparison to both the 08 wt strain and 

the ΔbpaA mutant demonstrates that RAW 264.7 cells infected with B. pseudomallei K9 

significantly up-regulated a number of these cytokines. The K9 strain caused the host 

cells to express these cytokines in a pattern distinct to the two comparative bacterial 

100 μM 100 μM 
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strains. Whilst the 08 wt and ΔbpaA strains express low levels of IL-β and IFN-γ these 

two important cytokines that begin the induction of immune responses are absent in the 

K9 infection, though the TNF-α response is greatly increased, doubling the fold 

induction of the RAW 264.7 cells infected with B. pseudomallei 08 (Figure 5.20). 

Furthermore, the important pro-inflammatory (and key to osteoclast formation (Kim et 

al., 2006)) chemokine MCP-1 is expressed at the same level as that of the 08 strains. 

Many of the key chemokines for giant cell formation or inflammation are expressed or 

secreted well above levels seen for the 08 (or its mutant) infections (Figure 5.21).  

 

A. B.

  C.  

Figure 5.19 The B. pseudomallei K9 strain displays similar ability to the 08 strain to form MNGCs. 

RAW 264.7 cells were infected with either B. pseudomallei 08 or K9 strains. 12 hours pi. the assays were 

stopped, fixed with methanol and stained with giemsa. Representative images were captured and cell 

counts performed.  RAW 264.7 cells infected with B. pseudomallei K9 strain convert individual 

macrophage cells into MNGCs to a similar degree per field of view (A) and with a similar average 

number of nuclei per MNGC (B) as occurs in the 08 wt control infections. A representative micrograph of 

giemsa stained RAW 264.7 cells infected with B. pseudomallei K9 (C) demonstrating the ability of the 

strain to form MNGCs from the RAW 264.7 cells Data was collected for a minimum of three repeat 
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experiments and is displayed as the average MNGCs or nuclei per field of view ± Standard Error of the 

Mean.  

 

 Examining the chemokine response (Figure 5.21 -5.22) demonstrates a similar change 

in expression. The MIP(x) family of chemokines are significantly up-regulated by the 

K9 B. pseudomallei infected RAW 264.7 cells (Except for the MIP-3s which happen to 

be down regulated in their expression when RAW 264.7 cells are infected with the K9 

strain, (Figure 5.22)).  

 

      

Figure 5.20 Expression of key pro-inflammatory cytokines in infected RAW 264.7 cells. RAW 264.7 

cells were infected with B. pseudomallei 08 or ΔbpaA mutant or K9 and the assays was allowed to run for 

12 hours. On completion the supernatant was collected and cytokine arrays were performed to analyze 

key cytokine secretion. RAW 264.7 cells infected with the K9 strain of B. pseudomallei expresses 

significant amounts of TNFα cytokine whereas the cells express almost no IFN-γ or IL-1β compared to 

RAW 264.7 cells infected with the 08 strain or a mutant unable to activate the NFAT transcription factor 

(ΔbpaA). Data represents fold induction of protein over the uninfected control RAW 264.7 cells. 

(Significance (*) is p<0.05)  
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Figure 5.21 Expression of chemokines in infected RAW 264.7 cells. RAW 264.7 cells were infected 

with B. pseudomallei 08 or ΔbpaA mutant or K9 and the assays was allowed to run for 12 hours. On 

completion the supernatant was collected and cytokine arrays were performed to analyze key cytokine 

secretion. RAW 264.7 cells infected with the K9 strain of B. pseudomallei expresses significantly greater 

amounts of the chemokines MIP-1a(CCL3), MIP-1g (CCL9) and MIP-2 (CXCL1). No difference was 

measured in the amount of MCP-1 (CCL2) expressed by all 3 strains. Data represents fold induction of 

protein over the uninfected control RAW 264.7 cells. (Significance (*) is p<0.05)  

 

 

 

Other cytokines show a mixed response to the K9 infection. Interestingly, the K9 

infection does not appear to divide into a pro-inflammatory or anti-inflammatory 

response with a number of cytokines being significantly up-regulated over the 08 based 

infections: pro-inflammatory – GM-CSF, TNF-α, IL-12p40/p70 and the anti-

inflammatory – IL-4, IL-6. Other cytokines such as Eotaxin-2 (another anti-

inflammatory marker is greatly up-regulated by K9 infected cells, being expressed more 

than 11,000 fold greater than that of the almost non-expressing 08 infection – Figure 

5.22-5.23).   
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Figure 5.22 Comparative levels of cytokine/chemokines expression between B. pseudomallei 08, ΔbpaA and K9 infected cell. RAW 264.7 cells were infected 

with B. pseudomallei 08 or ΔbpaA mutant or K9 and the assays was allowed to run for 12 hours. On completion the supernatant was collected and cytokine arrays were 

performed to analyze key cytokine secretion. B. pseudomallei K9 infected RAW 264.7 cells show an enormous increase in the expression of the Eosinophil attractant 

Eotaxin-2.  Similarly, Lymphotactin displays a moderate (though not significant) increase in expression. Alternatively, the infected RAW 264.7 cells demonstrated a 

decreased expression of chemoattractants CXCL16, Eotaxin, MIG, MIP-3a, MIP-3b, RANTES and SDF-1a.  Data represents fold induction of protein over the 

uninfected control RAW 264.7 cells. (Significance (*) is p<0.05, (**) is p<0.01) 
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Figure 5.23 Comparative levels of cytokine expression between B. pseudomallei 08, ΔbpaA and K9 infected cells. RAW 264.7 cells were infected with B. 

pseudomallei 08 or ΔbpaA mutant or K9 and the assays was allowed to run for 12 hours. On completion the supernatant was collected and cytokine arrays were 

performed to analyze key cytokine secretion. The K9 infected cells display significant expression of the pro-inflammatory IL-1a, the potentially pro-inflammatory 

cytokine IL-6 and the macrophage stimulating cytokines TNFa, IL-12, GM-CSF (normally associated with a Th1 response).  The substantially elevated GCSF levels 

may imply neutrophil participation in an in vivo host. Elevated levels of the anti-inflammatory IL-4 were also observed in both the K9 and ΔbpaA mutant. Data 

represents fold induction of protein over the uninfected control RAW 264.7 cells. (Significance (*) is p<0.05, (**) is p<0.01) 
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5.4 Conclusions 

What is not known about these observed responses is what is being regulated by the host as a 

normal immune responses and what is being regulated or manipulated by B. pseudomallei – 

altering the host to create a niche either for long term survival or short term replication. 

Investigation of this would be critical to establishing the importance of the differences 

between the 08 wt and its bpaA TPS mutant.  Likewise, establishing why the cytokine 

expressions between 08 and K9 strains of B. pseudomallei are so altered. Although there is no 

bpaA  secretion system present in the K9 strain the cytokine expression is still different to 

that of the ko 08 mutant strain. Either the process of creating a ko has a greater effect on the 

membrane surface of the pathogen then believed; interaction with the host is radically altered 

and immune response consequently changed or there is many surface structures to be 

elucidated from B. pseudomallei strains that each change the host cytokine expression.  

Utilizing single cell-lines, while an excellent in vitro model, limits the ability to interpret 

these results to a wider focus. Whilst demonstrating differences between the wild-type and 

mutant the lack of interacting factors (other immune cells, epithelial cells etc) limits the 

ability to interpret the importance of these cytokine expressions. It has been observed that in 

infections of BALB/c mice significant amounts of IFN-γ was released (Koo and Gan, 2006). 

That appears not to have occurred in this study from either the 08 wt or ΔbpaA infected RAW 

264.7 cells. On closer examination of the study however, it is revealed that this IFN-γ release 

is occurring from NK cells and to a lesser extent T cells and Gr-1 intermediate cells 

(immature myeloid cells) (Koo and Gan, 2006). This interaction cannot occur in a single cell 

model in in vitro.   

It is critical to provide a balance when devising a study to make it complex enough to obtain 

meaningful results that can be inferred to be occurring in in vivo or clinically but not too 

complex to make interpretation difficult. Brown and colleagues have already demonstrated 

the difficulty of this when originally the bpaA mutant was found to have no lethality 

difference to the wt B. pseudomallei in animal models (Brown et al., 2004). This does not 

discount that bpaA is creating a difference in in vivo, though it may be too subtle to be 

observed over the usual LPS response of the animal or in fact the 08 wt and bpaA mutant 
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may arrive at the same end point – (e.g. subject death) – but have “travelled” completely 

different cytokine pathways to get there.  
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6.1 Discussion and Conclusions 

The role of host responses and biochemical pathways in the development of B. 

pseudomallei-induced MNGCs is a phenomenon that remains to be fully elucidated. 

This thesis presented data demonstrating the intricate interaction between B. 

pseudomallei and host responses during infection events. It has examined the 

importance of host signalling pathways in the development of B. pseudomallei-derived 

MNGCs, the importance of these MNGCs in the development of B. pseudomallei 

infection and finally the induction of altered host responses from pathogen changes.  

This project set out to examine how and why B. pseudomallei-derived MNGC 

formation occurs. Our original hypothesis believed that B. pseudomallei-induced giant 

cell formation would occur by similar mechanisms to that observed in the well 

characterized osteoclast cell model. Whilst the basic mechanics may be similar (the 

fusion of two membranes via SNARE proteins etc. - although this project did not 

examine this area of research) the mechanisms that drive these fusing cells to that point 

are clearly different. Reinforcing this comparison to osteoclasts, there are reports of 

bone complications identified in clinical melioidosis cases (Ng et al., 2006). Boddey 

and colleagues (2007) identified that the MNGCs formed by B. pseudomallei infection 

biochemically resembled osteoclasts, expressing the important markers (CTR, CTSK 

and TRAP). They put forward the idea that these giant cells could act like osteoclasts 

and damage bone during infection. The conundrum with this idea was that 

B.pseudomallei-infected macrophages that had fused appeared to be incapable of 

resorbing bone (Boddey et al., 2007) and the structure of these giant cells was random 

and lacking in a defined actin structure (critical to the ability for osteoclasts to resorb 

bone (Warshafsky et al., 1985)). 

This idea of similarity with other forms of giant cells is quickly questioned when one 

begins to examine the data in this thesis. I have established that the B. pseudomallei-

induced fusion can occur independent of NFAT functioning – an essential transcription 

factor in osteoclast formation. Although B. pseudomallei can induce NFAT expression 

(this study and Boddey et al., 2007) it appears not to be essential in the process of 

MNGC formation. Further, while the importance of the (supposed) osteoclast markers 

(CTR, CTSK and TRAP) have yet to be determined in B. pseudomallei infected giant 

cells, rather than being specifically osteoclast markers, these genes may simply be 
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expressed in fused cells. Why the bpaAB mutant infected cells have significantly 

reduced gene expression of these markers remains to be elucidated. Possibly the 

disruption of the bpaAB TPS system affects the expression of a bacterial agent that can 

effect these markers (even though the bpaA mutant is not deficient in its ability to 

produce MCP-1 and these markers are believed to be regulated by MCP-1 expression 

(Kim et al., 2006)) Alternatively, possibly the bpaAB TPS system itself may directly be 

involved in the development of these markers as BMM cells converted to osteoclasts 

with M-CSF alone do not express CTR, however, if the RANKL cytokine is included 

than the same cells are CTR positive (Granholm et al., 2008). It is possibly bpaA acts as 

a cell switch or inducer in these cells to give a similar phenotype.   This would lead to a 

number of future experiments to elucidate what is the link between bpaAB mutant-

infected cells and cytokine expression? Why do these mutants express lower amounts of 

the Osteoclast markers? An obvious direction is to look for homologs of osteoclasts 

activators – similar to RANKL etc. Further, cloning and expression of bpaAB genes and 

expressing them directly in host cells to examine the effect on these cells would 

potentially further this work. Alternatively, these genes could be inserted as a two-

partner secretion system into other strains of B. pseudomallei to examine the difference 

that this induces in the pathogen-host interaction. Unfortunately, any work manipulating 

bpaA will need to overcome the sheer size of the gene which whilst not making 

molecular manipulation impossible certainly makes it difficult.  

An alternative hypothesis is that the actual infection process induces osteoclast 

formation. Infectious diseases have been shown to activate osteoclasts and hence bone 

resorption. S. aureus has been found to activate osteoclasts that are TRAP positive and 

cause bone pits (Meghji et al., 1998). Similarly, viral infections can produce a similar 

outcome with canine distemper virus creating MNGCs that are CTR positive and cause 

resorption (Mee et al., 1995). Further, periodontal disease associated bacteria have been 

closely associated with bone resorption where the bacterial LPS can induce CTR, CTSK 

and TRAP positive cells leading to bone resorption. Interestingly, this process is slow 

and can take 15-20 days to occur versus the rapid 12 hour conversion of B. 

pseudomallei infected cells (Mormann et al., 2008).  

Whilst, this project failed to fully resolve the relationship between B. pseudomallei-

induced MNGCs and other giant cells (osteoclasts) it did elucidate the complex 

relationship between the host signalling pathways and B. pseudomallei infection and the 
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difficulties of interpreting in vitro data and transferring this to an in vivo situation; 

especially dealing with complex models such as the immune system. Further to attempt 

to elucidate what role the osteoclast genes are playing one probably needs to replicate 

some of the experiments that bone biologists utilize. Resorption assays to clarify once 

and for all if B. pseudomallei-induced giant cells can remodel bone and possible in vivo 

assays in mice to look specifically for bone damage during and post infection in both 

acute and chronic disease models. Further, future directions would include comparative 

time courses, elucidating if the gene expression occurs the same between the two 

models (B. pseudomallei-induced vs RANKL-induced MNGCs), just at a greatly 

accelerated rate in B. pseudomallei- induced MNGCs? Alternatively, it may elucidate 

whether the gene expression is simply a consequence of a giant cell forming and that it 

actually takes no part. At the same time gene arrays would allow further comparison 

between the two models.  

During bacterial infections cellular interactions occur through preserved structures – 

lipopolysaccharides, lipoproteins and peptidoglycans (Akira et al., 2000) and these 

structures are detected by host cell TLRs and PAMPs (Aderem et al., 2000). This 

interaction begins a cytokine cascade which is normally initiated by a set of key 

instigators – IL-1, TNF-α and IFN-γ (though IFN-γ is not always involved in the 

immune response). These response cascades are normally staggered or timed. A murine 

infection model with S. pneumoniae leads to an initial release of cytokines such as 

MCP-1, eotaxin, KC, IL-1 and IL-6. The expression of these is transient and they have 

dispersed after 48 hours. Moreover, the cytokines IL-4, M-CSF and TPO are only 

initiated after 48 hours. Meanwhile, a number of cytokines including, MIP-1γ, MCP-5, 

eotaxin-2 and IL-12 p40 are initiated at the beginning of the infection process and 

continue to remain secreted throughout the whole infection process (Klein et al., 2006). 

Clearly this staggered response is not occurring in the in vitro RAW 264.7 cell 

infections in this study. During infection of the macrophage cells with B. pseudomallei, 

rapid induction of cytokines occurs in the 12 hour infection period and this shows the 

potential difficulty in overlaying in vitro results to an in vivo disease model. The 

immune system works so effectively (mostly) by its complexity and its ability to draw 

on a wide variety of specialized cell types. Whilst the cytokines expressed in copious 

amounts (such as TNF-α, MCP-1 and the MIPs) may have “global” reach in organizing 

the immune response, the low induction of other cytokines (e.g. MIG) may be 
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representative of localized signalling to tissues or cells that would surround the infected 

tissue in vivo. It has been observed that cytokines are important mediators in both lung 

defense and inflammation (Kelley et al., 1990; Sagel et al., 2002) and it is important to 

keep in mind that their overall positive effect on the host tissue can be difficult to 

predict because of the complexity of both cellular tissue environments. With the 

differences in opinion in activation of TLR s by B. pseudomallei it would be wise to 

extend this study to see exactly what surface interaction is activating the cascading 

pathways.  

Chemokine receptors are essential to converting chemokine signalling into cellular 

responses. Receptors such as CCR1, CCR2 and CCR5 are all critical for the recruitment 

and migration of mononuclear cells in vivo (Reichel et al., 2006). The observation in 

this study regarding the absence of CCR2 expression on the RAW 264.7 cells and 

MNGCs has been observed in other cell systems; CCR2 is decreased on splenic 

monocytes and macrophages by nearly 50% in culture, independent of the antigen 

presented (Charo and Peters, 2003) . Further, although MCP-1 (a major CCR2 ligand) is 

critical in cell recruitment, there are further down-stream effects with mice deficient in 

CCR2 having a defect in IFN-  production (Charo and Peters, 2003). This may explain 

the distinct lack of IFN-  that is expressed by the untreated B. pseudomallei infection 

and why the inhibitor treatments in this study have not had an effect on IFN-  

expression. Mice deficient in CCR2 (or CCL2) are unable to recruit monocytes to sites 

of inflammation (Boring et al., 1997; Lu et al., 1998), fail to clear certain intracellular 

pathogens (Kurihara et al., 1997) and are protected from lung fibrosis (Moore et al., 

2001). Cells in vitro may not require or possess this response. RAW 264.7 cells display 

an active strong motility; however, the cellular requirements to achieve this may be 

significantly different to that of a whole body in vivo immune response. While this 

study observed a degree of CCR1 induction on the surface of the infected RAW 264.7 

cells, there was no CCR1 being internalized or recycled. Whilst CCR1 is critical to the 

formation of osteoclasts it appears to play a lesser role in other giant cell structures. The 

knocking out of CCR1 in mice (CCR1
-/-

) did not alter the size of lung granuloma 

suggesting that monocyte/macrophage recruitment to these fusing cells is by other 

receptors (Shang et al., 2000). Further, phagocytic macrophages do not express CCR1 

but have high levels of CCR5  (as seen in this study; Charo and Ransohoff, 2006). This 

suggests that CCR1 is not involved or alternatively plays a minor role in the formation 
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of these B. pseudomallei-induced giant cells. The knocking out of this receptor in the 

cell line would be a critical experiment to examine the importance of CCR1 and would 

determine the role that it does - or doesn’t- play. In establishing the importance of the 

rest of the cytokine/chemokines and their receptors it would be difficult as the sheer 

numbers of cytokines being expressed in such a short time frame. Increasing the time 

points of recording cytokine expression may elucidate the order in which many of these 

are expressed and whether they follow a conventional plan of expression of pro-

inflammatory first and then followed by expression of cytokines that suggest the 

development of more chronic disease states. Further, an alternate model of cell infection 

may be needed. As the RAW 264.7 infections are only viable for 12-16 hours, an 

alternate cell model may be needed; potentially J774 cells which appear not to fuse at 

the same rate as the RAW 264.7 cells do. Moreover, the entire model may need to be 

modified to resemble that closer to in vivo situation. Utilizing a matrix or 3D 

scaffolding may limit the amount of cell fusion, however, it may also resemble a closer 

model to in vivo. This would limit the ability of cells just to interact due to sitting next 

to each other, migration through the matrix/scaffold would be required, giving 

potentially a truer picture of what cytokines are truly involved in fusion and what ones 

are simply consequences of the general infection. Whilst MNGC formation has been 

demonstrated in vivo it may not be as significant as observed in vitro simply to greater 

difficulty in cell migration in vivo.   

The CCR5 receptor is critical in a number of cellular responses. By far the most noted 

function of CCR5 is that macrophage-tropic (M-tropic) strains of HIV use CCR5 (R5 

strains) as a principal entry co-receptor (Murphy et al., 2000; Yi et al., 1999), with the 

rate of HIV invasion into macrophages being dependent on the amount of CCR5 being 

expressed (Mueller and Strange, 2004). HIV strains such as 89.6 use CCR5 for cell-cell 

fusion (Berger, 1997; Hoffman and Doms, 1998). CCR5 is a co-factor for entry of R5 

tropic strains of HIV-1 and -2. Susceptible cells to these viruses can be protected by 

treatment with CCR5 ligands. This demonstrates that ligands such as RANTES induce 

rapid internalization of CCR5 which is then sent to recycling endosomes (Cocchi et al., 

1995; Signoret et al., 2000) preventing HIV from binding. The large induction of CCR5 

observed in this study suggests that this receptor is critical in the development of the B. 

pseudomallei infection. This receptor is vital in a number of infection states. A CCR5 

knockout has been found to have reduced efficiency in clearing L. monocytogenes 
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infection (Zhou et al., 1998) and the granuloma forming M. tuberculosis infection 

causes an increase in CCL3, CCL4 and CCL5 and CCR5 in lungs (Algood and Flynn, 

2004). Furthermore, the CCR5 receptor is up-regulated on lymphocytes when 

stimulated by M. tuberculosis (Juffermans et al., 2000) and conversely, CCR5 is down-

regulated by non-virulent strains of M. tuberculosis (Glatzel et al., 2002). Non-bacteria 

conditions also regulate CCR5 expression. Chronic helminth infections induce activated 

macrophages expressing increased CCR5 and decreased IL-12 with a Th2 bias 

(Rodriguez-Sosa et al., 2002). Furthermore, CCR5 is regulated by other environmental 

factors including oxidative stress - adding hydrogen peroxide increases the expression 

of CCR5 on human monocytes (Lehoux et al., 2003) and the addition of IL-10 increases 

CCR5 on human monocytes (Houle et al., 1999). Moreover, IL-10 induces a significant 

increase in CCR5 induction in macrophage-like HL-60 cells. This effect is affected by 

blocking MEK-1 activity suggesting that ERK1/2 regulates CCR5 expression (Makuta 

et al., 2003) though studies of simian immunodeficiency viruses that use the CCR5 

receptor for entry into cells (and on doing so stimulate early phosphorylation of MEK, 

ERK, p38 and JNK (Popik et al., 1998)) suggest this regulation may run the other way. 

Regulation of CCR5 and the MAPK pathways may be occurring for these B. 

pseudomallei infections, though the IL-10 component is unlikely to be occurring as the 

levels expressed by these infections are low and increases only with inhibition of 

ERK1/2.  

To examine the critical chemokine receptors one would want to begin with cells derived 

from knockout mice and eventually end with in vivo studies utilizing the knockout mice. 

CCR5 knockouts would allow one to examine the major chemokine receptor being up 

regulated during infection. This receptor is not only being highly expressed on the 

surface of infected RAW 264.7 cells but also internalized and potentially recycled. This 

suggests that it is fulfilling a function during infection. Likewise, knockouts effecting 

CCR2 may elucidate how much of a role MNGCs play in infection. Alternatively, a 

specific HIV CCR5 inhibitor such as Fuzeon from Roche or Maraviroc from Pfizer may 

shed further light on this CCR5 regulation and may confirm these observations. 

The next stage of these studies would be the need to adapt a lot of these findings into in 

vivo models. This would allow one to examine what is critical during infection and once 

again what is simply an in vitro observation. Isolating these cytokines one by one would 

allow for the observation of what is important and what is being expressed without real 
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consequence to the infection process, i.e. isolate one by one certain 

cytokines/chemokines and their pathways and furthermore, examine the consequences 

through the use of more knockouts, siRNA specific inhibitors.  

On binding of surface receptors directly (TLRs) or through cytokine induction (CCRx 

etc.) MAPKs are activated via dual tyrosine and threonine phosphorylation and are 

thought to be involved in various cellular responses (Zhang et al., 2005). Interaction of 

pathogenic bacteria to host cells is frequently associated with MAPK activation. MAPK 

activation is critical to osteoclast formation and fusion of macrophages with the over-

expression of dominant-negative forms of p38 MAPK up-stream kinases MKK3 and 

MKK6, blocking the RANKL-stimulated elevation of NFAT. This leads to a reduction 

in p38 activation that ultimately leads to a decrease in NFAT/c-Fos and abolition in 

osteoclast formation (Huang et al., 2006). These results here demonstrate that the 

MAPK pathways are critical to the formation of host MNGCs. As discussed, it appears 

that the MAPK constituents are working antagonistically to each other. The decreasing 

MNGC formation works in tandem to the p38 pathway that can potently increase 

MNGC formation. This work should be further elucidated to specific pathways by the 

additional of further specific kinase inhibitors. Targeting from the surface receptors and 

the g-coupled proteins all the way down to the transcription level, examining whether B. 

pseudomallei activates these pathways through a generalized route like many other 

infections or whether there is specific activation at a certain level in the biochemical 

pathways, suggesting specific activation possibly by a unknown B. pseudomallei 

protein?   

As described, binding of pathogen antigens to host cell TLRs initiates signalling 

through the NF-κB and MAPK cascades. Often bacterial pathogens counter this by 

releasing effector proteins (predominantly through TTSS) that interfere with the 

activation of these host signalling pathways (Shames et al., 2009). NF-κB has been 

shown to be critical in the resistance of the host to infection by pathogens. Mice 

deficient in different members of the NF-κB family have been shown to be susceptible 

to bacterial, parasitic and viral infections (See (Tato and Hunter, 2002)) demonstrating 

the importance of NF-κB in co-coordinating the immune response (Tato and Hunter, 

2002). The importance of NF-κB regulation raises potentially the most interesting 

finding of this study; that MNGC formation is potentially linked to intracellular 
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replication. I found that the B. pseudomallei infection stalls in RAW 264.7 cells when 

NF-κB is inhibited.  

B. pseudomallei can tightly control the activation of NF-κB (Sim et al., 2009) as it can 

suppress components of the immune system through the TTSS effector TssM (Tan et 

al., 2010). Utaisincharoen ( 2004;  2001) and  Hii (2008) further demonstrated that this 

NF-κB regulation  is considerable lower than the degree of activation by other Gram  -

ve bacteria (and moreover this regulation was so tightly controlled that B. pseudomallei 

could regulate the degree of NF-κB activation even if cells were activated with LPS or 

flagellin). It has been demonstrated that other pathogens are able to attenuate their 

virulence towards the host cells, that is, an all out attack on the host is not necessary the 

best way to obtain survival in the host (Shames et al., 2009) and this control by B. 

pseudomallei may allow it sufficient activation to infect the host but not so much as to 

kill it before replication and dissemination. Further, this level of regulation may be 

indicative of the importance of NF-κB to the B. pseudomallei infection process; even at 

low levels. B. pseudomallei activation of NF-κB through the MyD88 adaptor protein 

may be lower than the other Gram –ve bacteria, however, it is still required and this 

study suggests that abolition leads to suspension of growth in macrophages. This may 

be similar to the level of control observed in infections with C. pneumoniae which 

promotes its own survival by up regulating NF-κB in human monocytes and decreasing 

host cell death (Wahl et al., 2001). Furthermore, C. pneumoniae up regulates MCP-1 

production through NF-κB control to recruit other host cells (Molestina et al, 2000). 

Whilst this study has elucidated some exciting data, further experiments need to be 

performed to extend the NF-κB study to include more inhibitors or siRNA silencing. If 

these results confirm what has been observed here then the next step would be to begin 

in vivo studies to examine whether emodin has protective properties – probably in 

susceptible mice. This would distinguish whether NF-κB is only critical in isolated 

macrophage infection or is essential in all infection of the host.  

Whilst it would be nice to suggest this is a blanket observation, like a lot of scientific 

observations, this may be cell-line or tissue specific. It does however, raise the 

interesting question – is MNGC formation linked to intracellular replication in RAW 

264.7 cells or is intracellular replication linked to MNGC formation? Either way this 

phenomenon is starkly demonstrated in the experiment with Burkholderia, Listeria and 

Salmonella treated with emodin. Whilst Listeria and Salmonella are intracellular 
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bacteria that regularly modify or inhibit NF-κB functioning during their infection 

process (Salmonella has the ability to disrupt ubiquitination in the NF-κB pathway by 

the use of the TTSS effector SseL (Shames et al., 2009). This protein interrupts the 

pathway downstream of IKKα/β and prevents translocation of the RelA component into 

the nucleus of the host while it has been shown that a member of the internalin family of 

proteins from L. monocytogenes (InlC) is secreted after intracellular invasion which 

then directly interacts with IKKα (Gouin et al., 2010)) replicated just fine in the 

presence of emodin; Burkholderia was inhibited.  Finally leading to the question – is 

NF-κB required for only macrophage infection or all levels of infection? 

 

This project has shown that there are multiple ways to inhibit B. pseudomallei-induced 

fusion. Whilst, previously studies have shown that interfering with  B. pseudomallei 

pathogenic mechanisms can disrupt interactions with macrophages and potentially the 

formation of MNGCs – the Bsa2 mutant that can replicate in the host after long delays 

and will eventually form MNGCs (Burtnick et al., 2008) or the before mentioned TssM 

mutant – these are rather brutal ways to study the interaction as one can no longer know 

what other differences are made to the host- pathogen interaction. By targeting 

inhibition of the pathogen through the host it opens up avenues to (i) examine the 

interaction of functioning pathogenic mechanisms with the host and (ii) potentially 

opens new areas of exploitation for novel anti-bacterials.  

The inhibition of the signalling pathways through either specific inhibitors (ERK1/2 or 

JNK) or via more broad spectrum drug treatments – emodin – show that there are 

multiple ways to target this organism indirectly. Unfortunately, targeting signalling 

pathways can lead to serious side effects (Ciuffreda et al., 2009) however, the potential 

for emodin use is higher with less side effects noted  - no mutagenic potential seen in 

mammalian cells and no identification of a genotoxic potential for emodin (Heidemann 

et al., 1996). Furthermore, this study would strongly suggest that there is no single 

“fusogenic” molecule driving MNGC formation. It is possible, however, that the 

inhibitors used here impact on a common pathway yet to be elucidated. What remains 

though is that this study presents the idea that B. pseudomallei-induced MNGC 

formation is critical for at least some types of B. pseudomallei infection. How relevant 

that is in a live host will not be elucidated until controlled in vivo studies are completed. 

http://www.scopus.com/authid/detail.url?authorId=9237202500&eid=2-s2.0-70350416960
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