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ABSTRACT

The ability of bacterial products to potently activate NF-xB has made this 

transcription factor one of the most widely studied in the immune response. A greater 

understanding of the mechanisms and signal transduction pathways that lead to the 

activation of NF-xB are crucial for our understanding of host-pathogen interactions 

The aim of this study was to investigate how two bacterial products; Internalin B 

(InlB) from Listeria monocytogenes, and Lipopolysaccharide (LPS) from gram- 

negative bacteria, activate NF-xB.

Initial studies in the murine macrophage-like cell line, J774, indicated that InlB was a 

potent activator of NF-xB, a result that was further demonstrated in the murine 

macrophage cell lines RAW 264, P388Di and the human epithelial cell line Hep2. 

The expression of InlB in Listeria innocua enhanced its ability to activate NF-xB, 

while deletion of InlB from wild-type L. monocytogenes marginally decreased its 

effect on NF-xB. The effect of InlB was found to correlate with the rapid degradation 

of Ix B a ,  and a sustained degradation in IxBf3. InlB found to increase the expression 

of the pro-inflammatory cytokines IL-6, IL-8 and T N F a. The use of anti-InIB 

antibodies and shorter domains of InlB demonstrated that InlB-mediated activation of 

NF-xB was dependent upon the N-terminal 213-amino acid leucine-rich repeat (LRR) 

domain of InlB, a domain which has previously been shown to be responsible for 

InlB-mediated L. monocytogenes invasion and PI-3 kinase activation. Furthermore, 

the highly homologous protein Internalin A (InlA) and the InlA-LRR domain, failed 

to activate NF-xB.
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T he PI-3 k inase inhibitors L Y 294002  and W ortm annin  inhibited N F -x B  activation by 

InlB. InlB was also found to activate the small G -pro te in  Ras. Inhibition of Ras with 

the farnesyltransferase inhibitor M anucyc in  A inhibited N F -x B  activation and the 

recru itm ent of  the p85 subunit  o f  PI-3 kinase, im ply ing  that Ras is required for PI-3 

k inase  activation. InlB also ac tivated  the PI-3 k inase d ow nstream  effector, A kt as 

a ssessed  by the increased phosphory la tion  of Akt on Serine 473. T ransfec tion  of 

H ep2  cells with dom inant negative  Ras N 17  or dom inan t negative A kt inhibited the 

induction of  a reporter gene  linked to the IL-8 prom oter  by InlB. Furtherm ore , the 

Ras inhibitor M anum ycin  A, the PI-3 inhibitor LY 294002 , and a recently  described 

Akt inhibitor, all blocked the induction of IL-8 by InlB, as assessed  by ELISA. T hese  

s tud ies  implied that a pa thw ay  involving Ras, PI-3 k inase and A kt is activa ted  by 

InlB, which cu lm inates in N F -x B  activation.

In the final part of this study, the m ore ex tensively  s tudied  bacterial p roduct LPS was 

exam ined . In particular, w hether  an ex trace llu lar  serine protease was required  for 

L P S  action was assessed. LPS rapidly activated a throm bin-like  protease in THP-1 

m onocy tes .  The serpin A nti th rom bin  III (ATIII), and the th rom bin  inhibitor Hirudin, 

both inhibited N F -xB  activation by L PS and Lipid A. Inhibition was only observed  

w hen  cells were  pre-treated  with ATIII for no m ore  than 5 m inutes. T h rom bin  was 

not though t to be responsible  for the effect seen here, as th rom bin  failed to activate 

N F -x B , or potentiate sub-optim al levels o f  LPS in this system . ATIII and H irudin  

w ere  also able to inhibit L PS -induced  N F -x B  activation in cells stably transfected  

w ith the putative receptor for T oll-L ike  R ecep to r  (TLR) 4. T hese  studies suggest  that 

L PS m ay  drive production o f  a l igand for T L R 4  via a serine protease, in an analogous 

m an n e r  to the activation of Toll by fungal pathogens.
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In conclusion, this study has provided the novel observation that an important protein 

from L. monocytogenes, InlB, activates NF-xB via a pathway involving Ras, PI-3 

kinase and Akt, and that NF-xB activation by LPS may involve the activation of an 

extracellular serine protease.
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Chapter One 

General Introduction



C h a p te r  1 

1. In tro d u c tio n .

1.1 In n a te  Im m u n ity  a n d  In f la m m atio n

Immunity is a state of protection from infectious diseases that is comprised of non-specific 

and specific components. The specific component of immunity, termed adaptive immunity is 

mediated by clonally distributed T and B lymphocytes and is characterised by the specificity 

of its action and memory. Defense against microorganisms is mediated by the early reactions 

of innate immunity and the later responses of adaptive immunity (75, 92, 169). Innate 

immunity can be seen to comprise four types of defensive barriers; anatomic, physiologic, 

phagocytic and inflammatory (Table 1.1). It is a set of disease resistance mechanisms that 

are not specific to a particular pathogen. However, it has become increasingly evident that 

innate immunity has a considerable specificity and is capable of discriminating between self 

and pathogens. Additionally, the activation of the innate immune response can be a 

prerequisite for the triggering of adaptive immunity.

One of the most effective components of innate immunity is phagocytosis. Phagocytosis 

involves the engulfment and destruction of pathogens and particulate matter by the cells of 

the mononuclear phagocyte system. The ce ll’s plasma m em brane expands around the 

microbe or particulate matter to form large vesicles called phagosomes. The cells that 

comprise this system are the blood monocytes, neutrophils and m acrophage m ononuclear 

cells. M onocytes and macrophages are called professional phagocytes in the sense that their 

primary role is phagocytosis. These cells comprise the first line of internal defense against 

invading microbes and particulate matter, responding immediately, and until recently.

1



Type Mechanism

Anatomic barriers
Skin Mechanical Barrier retards entry of microbes. 

Acidic environment (pH 3-5) retards bacterial 
growth.

Mucous membranes Normal flora compete with microbes for 
attatchment sites and nutrients.
Mucus entraps foreign microorganisms. 
Cilia propel microbes out of body.

Physiologic barriers
Temperature Normal body temperature inhibits growth of 

some pathogens.
Fever response inhibits growth of some 
pathogens.

Low pH Acidity o f stomach contents kills most ingested 
microorganisms.

Chemical mediators Lysomzyme cleaves bacterial walls.
Interferons induce antiviral state in uninfected 
cells.
Complement lyses microorganisms or facilitate 
phagocytosis.

Phagocytotic/endocytotic barriers Various cells internalise (endocytes) and break 
down foreign macro molecules.
Specialised cells (monocytes, neutrophils and 
macrophages) internalise (phagocytose), kill, 
and digest whole microorganisms.

Inflammatory barriers Tissue damage and infection induce leakage of 
vascular fluid, containing serum proteins with 
antibacterial proteins and antibacterial activty, 
and recruit phagocytotic cells into the infected 
area.

Table 1.1 Summary of the Innate Immune System.
(adapted from Kuby, Immunology, 4‘̂  Ed. 2000)



thought to respond without specificity. M acrophages ingest and digest whole bacteria and 

even dead and injured cells (figure 1.1). During phagocytosis, macrophages release powerful 

chemical molecules, including cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), 

Tum or necrosis fac to r-a  (TNF) and chemokines such as interleukin-8 (IL-8). These 

monokines activate many non-specific protective effects through the inflammatory response.

M onokines released from macrophages induce a group of reactions that lead to inflammation. 

The inflammatory response is initiated whenever phagocytosis alone is inadequate to prevent 

infection or when tissues are injured. The Roman physician Celsus described the four 

principal signs of inflammation approximately 2000 years ago. The symptoms that 

accompanied short-term or acute inflammation are redness, swelling, heat and pain. Two 

hundred years later, another physician Galen, added a fifth symptom: loss of function.

Inflammation collectively involves a series of vascular events that serve as defense 

mechanisms. This includes (i) clotting, (ii) increased blood flow, (iii) increased capillary 

permeability, and (iv) enhanced influx of phagocytic cells. A t the site of infection, the 

clotting m echanism in the blood is activated, pathogens are trapped in the clots, the infection 

becomes localised, and at the same time, immune cells (primarily phagocytes) move to the 

site in response to chemical signals.

1.2 Nuclear Factor-xB.

The transcription factor Nuclear Factor-xB (NF-xB) plays an important role in the regulation 

of a number of genes involved in the proinflammatory and immune responses, including
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Figure 1.1 Phagocytosis of Microorganism

Cells o f the mononuclear phagocyte system arc attracted to the site of 

infection by the factors released by pathogens, damaged host cells, and 

blood components: ( i ) the phagosomes engulf the pathogens using 

pseudopodia, (2) the pathogen is ingested and internalised as 

membrane-bound organelles (phagosomes) within the phagoc>le, (3) 

phagosomes fiise with lysosomes containing hydrolytic enzymes, (4) 

pathogen is digested by toxic substances (i) oxygen-dependents 

products formed by reactive oxygen metaobolites and (ii) oxygen- 

independent reactants, such as proteases, iactoferrin. and phosphoiipase 

A2, and (5) release o f digested products from the cell. Adapted from  

Kuby 4"‘ ED, 2000.



many that transcribe cytokines, adhesion molecules, acute phase proteins and cell surface 

receptors. NF-xB was initially described in B-lymphocytes, but is now recognised as a 

ubiquitously expressed transcription factor found in a wide range of cell types and tissues. 

Upon stimulation by an activator, NF-xB binds specifically to a decameric xB motif 5 ’- 

GGGACTTTCC-3’ originally described in the immunoglobulin kappa light chain enhancer, 

but now found in a wide range of genes (reviewed in (14)).

The NF-xB family is stimulated by an extensive and ever growing array of activators, 

emphasizing the importance of the transcriptional response of NF-xB in innate immunity 

(201). The ever-increasing list of agents capable of activating NF-xB grows regularly, but 

includes interleukins and growth factors, mitogens, viruses, microorganisms and their 

products (including lipopolysaccaride (LPS), lipotechoic acid (LTA) and peptidoglycans). 

Biochemical and genetic analysis has increased our knowledge of the factors and proteins 

involved in the many convergent signals that initiate NF-xB activation. NF-xB and proteins 

involved with its regulation are highly conserved from Drosophila to humans, though 

noticeably absent in yeast and C. elegans (197).

The multitude of genes regulated by NF-xB increases as rapidly as those stimuli found to 

elicit the activation, reflecting the importance NF-xB in the host response. The genes 

regulated by NF-xB have been found to be crucial in all areas of host defense, including both 

immune and inflammatory responses. NF-xB targeted gene transcription includes cytokines 

and interleukins, cell adhesion molecules and receptors, and both pro- and anti-apoptotic 

molecules (57, 201). NF-xB also regulates the expression of different NF-xB subunits,
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inhibitors of NF-xB  (IxB), and factors that are able to stimulate N F-xB itself. This positive 

and negative feedback loop within NF-xB  transcription facilitates the transient nature of the 

NF-xB  response, thus averting a chronic inflammation response process. Table 1.2 gives a 

summ arised list of NF-xB regulated genes.

1.3 Rel/NF-xB and IxB proteins

NF-xB is sequestered in the cytoplasm of unstimulated cells comprising a transcriptionally 

active dimer bound to the inhibitory protein IxB (90, 166, 167, 228). Cloning of the NF-xB 

family members has revealed five distinct subunits of NF-xB, which share a 300 amino acid 

region of high homology encompassing an amino terminal DNA binding domain and the Rel 

homology domain (RHD). The RHD provides the dimerisation interface for N F-xB subunits 

and is so called due to its high degree of homology with the viral oncogene v-Rel (247). The 

NF-xB  family members shown in figure 1.2 can be divided into two subgroups: the first 

comprising p50 (91, 126) and p52 (32, 187), which are synthesised as the precursor protein 

p l0 5  and plOO respectively; and the second containing p65 (also termed RelA) (189, 229), 

RelB (232) and cRel (the proto-oncogene) (281). Both p l0 5  and plOO require proteolytic 

processing to generate their DNA binding forms (p50 and p52) (202). The second group, 

RelA, RelB and cRel, do not require processing and possess transactivation domains in their 

carboxy terminal domains that are responsible for the transcriptional activating potential of 

N FxB  and are essential for mediating interactions with the basal transcription apparatus (238, 

239). W hile the most common form of N FxB  is the p50/p65 heterodimer, the subunits freely 

homo- and hetero-dimerise with the exception of RelB, which will only efficiently form 

dimers with p50 and p52.
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Interleukins and growth factors:

Cytokine and cell adhesion;

Apoptosis-related:

Immune modulatory:

Others:

IL-1, IL-2, IL-6, IL-8, TNFa, G-CSF, M-CSF, GM 

CSF, IFN-p, MGSA/gor-a

IL2Ra, I-selectin, ICAM-1, VCAM-1, MadCam-1, 
BLRl receptors

A20, A l,  XIAP, c-IAPl, C-IAP2, Fas, TRAFl, 

TRAF2

MHX-1, and -II, TCR-a and -(3, Ig-x, TAP-1, LMP2, 

IRF-1, IgE

Complement factors B, C2,C4, iNOS, C0X 2, tissue 
factor, PAI-1, IxBa, NF-xBl, NF-xB2, NnSOD, 
ferritin (H), p53, MMP-1, MMP-9, HIV-1, wtl, 
mdrlb, mtsl, PTX3, a l-A T S-2 , c-myb laminin B2, 
cyclin D1

Table 1.2 Genes regulated by NF-xB.

{reproduced from de Martin, et al, Mutation Research, 1999)
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u p o n  stimulation with potent activators of NF-xB, such as the cytokines interleukin-1 (IL-1) 

or Tum or necrosis factor (TNF), complex signalling pathways are initiated which culminate 

in the activation of the large molecular weight, serine specific IxB kinase (IKK) complex that 

rapidly phosphorylates IxB. This targets the inhibitor protein for ubiquitination and 

subsequent degradation (15, 115, 119). As with the N F-xB  protein family, there are several 

isoforms of IxB protein (including Ix B a ,  IxB(3 and IxBe ) that bind with varying affinities to 

a variety of NF-xB complexes, thus conferring different regulation on NF-xB translocation in 

a tissue specific manner. Ix B a  was the first identified member and also the most widely 

studied isoform of the IxB family. This 37kDa protein has high homology between species 

(ie. human, chicken, mouse, rat and pig) and contains 3 distinct structural domains, a 70 

am ino acid region, a 205 amino acid internal domain comprising 6 or more ankyrin repeats, 

and a 42 amino acid C-terminal region rich in proline, glutamic acid, serine and threonine 

(commonly called a PEST region) (247).

In all members of the IxB family, two serine residues (Ser^^, Ser^^) are crucial as important 

sites of phosphorylation by IKKs, and one tyrosine residue (Tyr'*^) also undergoes 

phosphorylation (202, 236). Biochemical and structural analysis has also shown that Ix B a  

has multiple interactions with individual N F-xB  complexes concealing the D N A localization 

domain(46, 47). Ix B a ,  [3 and 8 have been demonstrated to preferentially target p65 and cRel 

containing complexes, masking their nuclear localisation sequence and thus preventing 

nuclear translocation. I x B a  becomes inducibly phosphorylated on serines and Ser^^, which 

targets it for ubiquitination at lysine residues Lys21 and Lys^^ and subsequent proteolytic



degradation (202, 236). Both IxBf3 and 8 have similarly located serine residues (Ser'^ and 

Ser^^ for IxBf3) and are thought to be regulated in a similar fashion. The selective targeting of 

particular IxB proteins by various stimuli increases the means by which N F-xB activation is 

regulated. For example, IL-1, TNF, LPS and the phorbol ester PM A target Ix B a ,  whereas 

IxBf3 is only responsive to IL-1 and LPS. In addition the ability of the p50 and p52 precursor 

proteins p l0 5  and plOO to inhibit nuclear translocation of NF-xB by means of their ankyrin 

repeat domains prior to their proteolytic processing demonstrates the complex and varied 

m eans by which this pathway is regulated.

IxB binds the nuclear localization sequence of NF-xB  dimers, sterically hindering their 

function causing cytoplasmic retention of NF-xB. The subsequent degradation of IxB 

generates a free and active N F-xB dimer, permitting the NF-xB complex to translocate to the 

nucleus where it binds to its conserved site on target genes (197). I x B a  also contains a 

nuclear export sequence which allows newly synthesized I x B a  to enter the nucleus and 

extract N F-xB from the DNA, subsequently exporting the once again sterically hindered 

complex back into the cytoplasm (233).

1.4 Posttranslational Modification of IxB

Posttranslational protein modifications are a powerful means of modulating protein function,

activity or localization after their synthesis. It has already been described how the 

modification of IxB by phosphorylation and ubiquitination leads to its degradation by the 

26S proteasome. This important step in N F-xB activation is controlled by ubiquitin, a small, 

76 amino acid protein, which is covalently linked to proteins. Ubiquitin is first activated by

6



an ubiquitin-activating enzyme E l ;  followed by the transfer to an ubiquitin-conjugating 

enzyme E2, which catalyses an isopeptide bond formation between ubiquitin and the target 

protein (131, 183). This third step is sometimes achieved with the assistance of a third 

enzyme, E3. The E3 enzymes are considered largely responsible for substrate specificity. 

The most widely studied m echanism of multi-ubiquitination of proteins is the targeting of the 

substrate protein for degradation by the 26S proteasome complex (271). However, as will be 

seen later in this introduction, ubiquitin is also involved in m echanisms other than 

degradation by the proteasome. It has been suggested that the level of ubiquitination may 

determine the fate of the modified protein. In the last few years, several proteins have been 

described as similar to ubiquitin. These proteins fall into two classes. The first class, termed 

‘ubiquitin-like m odifiers’ (UBLs) function as modifiers in a m anner analogous to that of 

ubiquitin. The second class are designated ‘ubiquitin-domain proteins’ (UDPs) (131, 183).

A m em ber of the UBL modifiers termed SU M O (also known as sentrin, GM P-1, U B L l and 

P lC l) ,  is the acronym for small ubiquitin-like modifier (96, 131, 183). This highly 

evolutionary-conserved protein, consisting of 3 family members in humans (SUM O 1,2 and 

3), is only 18% homologous to ubiquitin (96), but nuclear magnetic resonance determination 

and secondary structure predictions shown a comm on three-dimensional structure that is 

characterised by a tightly packed globular fold with (3-sheets wrapped around one a -he l ix  

(23). SUM O also has a short amino-terminal extension absent in ubiquitin. Several studies 

have shown an important role for SU M O in IxB and NF-xB  activation. As previously 

described, phosphorylation of Ser^^ and Ser^^ of IxB triggers multiubiquitination of Ix B a  on 

Lys^' and Lys^^ by E l ,  theUbc4/Ubc5 E2 family members and E3. However, two groups



found that Ubc9, the E2-like SUMO-1 conjugating enzyme, can associate with constituents 

of NF-xB or with IxB proteins (63, 266). It was determined though that Ubc9 was not 

involved in I x B a  ubiquitination as Ubc9 was shown to conjugate SUMO-1, but not ubiquitin 

(63). Further analysis of this event showed that a relatively small amount of SUMO-1 is 

conjugated to Ix B a  in a number of cell types and that these complexes are resistant to T N F a -  

induced degradation (61). SUMO-1 appears to conjugate to Lys^’, which ‘b locks’ the 

ubiquitination site, although Ser^^ and Ser^^ phosphorylation is not required for this event to 

occur. Phosphorylation of these amino acids may also inhibit SUMO-1 conjugation. This 

specificity was further enhanced by the purification of a SUMO-1 specific E l  enzyme (62). 

This antagonistic action of SUMO-1 suggests that SUMO-1 creates a pool of Ix B a  protected 

from proteasome destruction, suggesting that SUMO-1 conjugation may be a m echanism for 

controlling the levels of critical signalling proteins within the cytosol, or a general response 

to genotoxic insult (96).

1.5 The IKK protein family

The enzymes which catalyze the ubiquititation of phosphorylated IxBs are constitutively 

active, thereby suggesting that the actual phosphorylation of IxB dictates the fate of IxB and 

as such NF-xB translocation.

A high molecular weight multi-protein complex termed the signalsome with IxB kinase 

activity was isolated from TNF-treated HeLa cells. Purification of this 900kDa multiprotein 

complex identified two proteins of 85 and 87kDa that demonstrated IxB kinase activity (56, 

176). Microsequencing demonstrated that active IKK is a com plex consisting of the initial
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formation of IK K a  (IKKl) and IKK(3 (IKK2) as a heterodimer, followed by the subsequent 

addition of either a dimer or trimer of IKKy (also known as N EM O  or IK K A P l)  proteins. 

IK K a  and IKK(3 have similar primary structures with a 52% overall homology, containing 

N-terminal kinase domains, leucine zippers and helix-loop-helix motifs in the C-terminus. 

The degree of homology between the IKKs suggests that the two kinases may have 

functionally redundant roles in the cell. Only by generation of IK K a  and (5 deficient mice 

have any differences between the two become evident. Briefly, IK K a ’̂ ' mice have been 

found to die within 4 hours after birth and show severe developmental defects consistent with 

a role for IK K a  in regulating epidermal differentiation. In addition studies on these mice 

showed that IK K a  was not essential for IKK complex activation by pro-inflammatory stimuli 

(105, 259). In contrast, IKK [3 deficient mice are embryonic lethal as a result of massive liver 

apoptosis, exhibiting a phenotype identical to that of p65 knockout mice (26, 147, 148, 263). 

They also demonstrate very little NF-kB activation in response to IL-1 or TNF, indicating 

that IKK [3 is predominantly responsible for regulating IKK complex activation in response 

to IL-1. It has been found that IK K a  and IKK(3 act as the catalytic subunits of the kinase 

complex. While IKKy has no identifiable catalytic domain, it is primarily composed of a 

leucine zipper inserted in helix-loop-helix motifs acting as the regulatory subunit (119). 

Figure 1.3 gives a schematic representation of the IKK complex. Interestingly, while IK K a  

and IKK(3 exhibit identical activation kinetics, substrate specificity and phosphorylation 

exclusively on serines, activation is totally dependent on the presence of IKKy and the 

subsequent phosphorylation of its serine and threonine. Currently, however, only the
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location of the phosphorylated serines of IKK(3 have been biochemically mapped, but it 

would be assumed that the equivelant sites of IK K a are also phosphorylated.

Recent studies have shown the IKK complex to be the coordinator of NF-xB function and 

specificity of action in a tissue and cell specific manner (115). Almost all of the convergent 

signals that culminate in the activation and nuclear translocation of NF-xB are mediated by 

the IKK complex phosphorylating IxB, initiating the subsequent ubiquitin-dependant 

degradation. A recent report by Beraud et al (28) however has suggested that PI-3 kinase 

through interaction of its SH2 domain with phosphorylated Tyr42 of IxBa, could ‘pull’ IxB a 

away from complexed NF-xB and thus allow translocation. This tyrosine residue however is 

not universally conserved amongst IxB proteins, and, as such may not be a ubiquitous 

response, but tissue or stimulus specific.

Besides its association with IKK(3 and IKK7, IK K a has also been isolated in two-hybrid 

screens with the MAP kinase kinase kinase M EK Kl, which lies on the Jun N-terminal kinase 

(JNK) pathway (120, 142), and NF-xB inducing kinase (NIK) (220). NIK has been 

suggested as a potent activator of IKKs, thus acting as an upstream kinase for IKKs, but 

occurring downstream of adaptor proteins such as TRAF6 , in the case of IL-1 signalling. 

However, recent experiments have cast doubt on this theory and debate still ensues over the 

actual function and activity of NIK in the NF-xB signalling cascade. Two recent papers 

however, suggest a role for NIK in NF-xB activation, albeit in a very specific manner. 

Previously, overexpression of NIK led to enhanced IKK complex kinase activity (282), and 

caused activation of NF-xB (158, 251). Kinase inactive NIK inhibited ligand stimulated NF-

10



xB, and recent studies with alymphoplasia mice {aly/aly), which express a point mutation of 

NIK, suggested that NIK may function in a cell- or receptor-specific manner in NF-xB 

activation. This led Yin and co-workers (286) to generate N1K“̂‘ mice to further explore a 

role for NIK in NF-xB activation. The mice, while appearing normal, displayed abnormal 

lymphorganogenesis similar to that observed in aly/aly mice and mice lacking the 

Lymphotoxin [3 receptor (LTf3R). Furthermore, NIK'^' mice treated with IL-1 and TNF 

displayed no difference in NF-xB activation when compared to wild type mice, but the 

transcriptional action of NF-xB complex activated by LT[3R is severely compromised in 

N I K m i c e .  Therefore, NIK acts in a receptor-specific manner; its function restricted to 

promoting transactivation of LT(3R activated NF-xB. A further demonstration of the specific 

nature of NIK action has recently been suggested. It has previously been shown that NIK is 

required for ubiquitin-dependent processing of NF-xB2 (283), but not required for induction 

of NF-xB binding activity. Senftleben et al (242) recently demonstrated that the

phosphorylation and subsequent processing of the NF-xB2 precursor (p i00) requires 

phosphorylation and activation of the IK K a subunit, which is not required for NF-xB 

activation. Their conclusion suggested that NIK may be acting upstream of IKKa, as NIK is 

not involved in NF-xB DNA binding activity (286), but does inhibit NF-xB2 processing 

(283, 285). Therefore, these papers may suggest that while NIK is not involved in directing 

NF-xB DNA binding activity, it does have a role to play in receptor-specific responses to 

LT(3R activation. This activation may induce the phosphorylation of the pro-inflammatory 

inactive IK K a subunit of the IKK complex, thereby leading to ubiquitin-dependent 

processing of NF-xB2, regulating epidermal differentiation.
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The IKK complex has been shown to be the point of convergence for the multitude of 

signalling cascades that initiate IxB phosphorylation, degradation, and eventual NF-xB 

translocation. The upstream activators of this complex are therefore of important interest to 

researchers. Overexpression of a range of protein kinases in wild type or dominant negative 

forms has affected IKK function. These include Protein kinase (P K C y  (136), the 

previously mentioned NIK and M E K K l,  and also, other members of the M APK kinase 

kinase family M EKK2, M EKK3 (288), C 0T /T P L 2  (151) and T A K l (188, 234). Other 

protein signalling complexes have also been implicated in activating or inhibiting IKK 

function. Studies have reported that phosphoinositide-3 kinase (PI-3 kinase) induced 

activation of Protein kinase B (PKB/Akt) is involved in the activation of IKK (28, 199, 227). 

One report suggests that Akt and NIK are needed for TNF induced activation, and another 

describes Akt transiently associating with IKK, thus inducing activation in platelet-derived- 

growth-factor signalling. Figure 1.4 summarises the signals, which converge on the IKK 

complex.

1.6 DNA-bindingofNF-xB

As a result of phosphorylation and subsequent ubiquitin-mediated degradation of IxB, NF- 

xB is released, allowing translocation to the nucleus where it binds to its consensus sequence 

upstream of target genes. Although the consensus sequence 5 ’G G G R N N Y Y C C 3’ (where R 

is a purine, Y a pyrimidine and N any base) has been shown to preferentially bind p50/p65 

heterodimers, there is a certain degree of selectivity among the different NF-xB subunits for 

various xB elements (reviewed in (208)). This ensures that promoters or enhancers 

containing variant xB  elements have the potential to be regulated by specific N F-xB
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complexes. In addition to regulating the type of complexes that bind the kB sequences 

upstream of target genes, NF-xB activity is also controlled once it is bound to its cognate 

D N A  sequence. This level of regulation can be as a result of controlling the interaction of 

N F-xB  subunits with other transcription factors or by regulating the transactivating ability of 

the p65 subunit of NF-xB by phosphorylation or interaction with the basal transcription 

machinery.

1.7 Activation of IKK by IL-1

The most widely studied activation pathways to IKK activation have been those involving 

the pro-inflammatory cytokines, IL-1 and TNF. Figure 1.5 summarises the currently known 

components of the IL-1 signalling pathway.

IL-1 binds to the Type I IL-1 Receptor ( IL - lR l) ,  which in conjunction with the IL-1 receptor 

accessory protein (IL-lAP), triggers signal transduction. An adaptor protein M yD88 (108) is 

then recruited to the receptor complex within the cytoplasm (197, 228).

M yD88 is a 35kDa protein containing two functional domains: an N-terminal death domain 

and a C-terminal Toll/IL-IR (TIR) domain. The crucial role for M yD88 in cytokine signal 

transduction was illustrated by the abrogation of IL-1- or IL-18-mediated activation of NF- 

xB in MyD88'^" mice.

Immunoprecipitation studies have shown that in IL-1 signalling, M yD88 co-precipitates with 

IL - lR l ,  the IL-lR-accessory protein and the IL-lR-associated  kinase (IRAK). This complex
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of signalling molecules however is ligand dependent and not found associated in un

stimulated cells. The association of M yD88 and IRAK through interaction of their respective 

death domains allows the autophosphorylation of IRAK through an as yet unknown 

mechanism. An IRAK homolog IRAK2, that lacks kinase activity, also interacts with the 

M yD88/IRAK complex through its death domain. The phosphorylation of IRAK appears to 

allow the disengagement of the IRAKs from the death domain of M yD88, and facilitate the 

subsequent recruitment of TRAF6 to the complex (reviewed in (197)).

TRAF6 belongs to a family of proteins first described as participants in TN F signalling (40). 

Characteristics of the family include a C-terminal region of homology known as the TR A F 

domain, which facilitates TRAF protein oligomerization and interaction with other signalling 

proteins. TRAF6 however is unique amongst the TR A F protein family in that it is the only 

protein member that does not directly interact with the receptor complex (41).

How TRAF6 propagates the signal however, is unknown, but immunoprecipitation 

experiments have shown interaction with the previously described M E K K l (21) and NIK 

(251). However, a recent report by W ang et al has suggested a novel role for ubiquitin in 

mediating TRAF6 signal transduction (275). They found that oligomerisation of TRAF6, in 

the presence or absence of signalling from the IL -IR  complex, triggers its ubiquitination 

through the action of TRAF6-regulated IKK activator 1 (TRIK A l) consisting of the dimeric 

ubiquitin-conjugating enzyme complex U b c l3 -U e v lA .  This is an example of ubiquitination 

not targeting a protein for proteosomal degradation, but promoting signal transduction. The 

mechanism for this unusual function may reside in the specific m anner in which TRAF6
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ubiquitination occurs (78). In TRAF6, the ubiquitin chain polymerises via the Lys^^ amino 

acid, in contrast to the degradation ubiquitination signal, which is linked via the Lys"** amino 

acid position. The unique structural and functional assymetrics of the complex may ensure 

its survival and determine its unique phenotype. Wang et al were also able to demonstrate 

the purification of TRIKA2, which was found to comprise T A K l, TABl and TAB2. It was 

found that ubiquitinated TRAF6 directly activates T A K l, although this activation mechanism 

is unknown, which recruits TAB2 from the cell membrane to the cytoplasm. TA K l is then 

able to activate IKK through an as yet unknown mechanism. Figure 1.5 gives a schematic 

representation of the IL-1 induced signalling cascade.

1.8 Bacterial Activation of NF-xB.

Apart from cytokines such as IL-1, bacterial products are extensively studied NF-xB 

activators. Pathogenic bacteria such as Shigella flexneri and heat killed Staphylococcus 

aureus, along with bacterial products such as LPS, LTA, and pneumococcal cell walls (39, 

68, 254), have all been shown to activate NF-xB.

This evolutionarily-inherited defense is found in most multicellular organisms and is 

characterised by the induction of a pro-inflammatory response by the host cells upon 

pathogen identification based upon pattern recognition receptors (PRRs) (168, 171). The 

pro-inflammatory response causes the synthesis of cytokines, which in turn causes the 

synthesis of mediators such as cell lipid derived prostanoids, and endothelial cell adhesion 

molecules. These events all involve NF-xB activators. The consequences of the synthesis of 

these mediators when produced in excess are marked by a decrease in heart function, a
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lowering of blood pressure, and the blocking of vasculature of the major organs with 

leukocytes. The PRRs recognize conserved molecular motifs that are shared by a wide range 

of microorganisms, thus allowing the innate immune system to respond to the microbe and a 

defense response.

For several decades, research has concentrated on identifying the class of proteins involved 

in the PRR response. In the last few years’ reports have demonstrated that the Toll family of 

receptors play a crucial role in Drosophila and mammalian host response (reviewed in (168, 

170, 194, 196)) as discussed below.

1.9 Listeria monocytogenes

Much of the work on bacteria and NF-xB has focused on LPS from E. coli or heat-killed 

bacteria. Recently however, the effect of the intracellular bacterium Listeria monocytogenes 

has been studied.

L. monocytogenes is a gram positive, motile, food borne, pathogen, which can be fatal to the 

host. During the course of infection, it is capable of infecting both professional and non

professional phagocytic cells (50, 67). The ability of L. monocytogenes to replicate, and the 

subsequent infection of other cells from within macrophages and monocytes (156, 157), is an 

essential facility of this bacterium that ensures the successful infection of the host (73, 74). 

Indeed, if L. monocytogenes were unable to replicate within macrophages, it would be 

rapidly destroyed and subsequently eliminated by the host.
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1.10 Cellular invasion by L. monocytogenes.

Entry into the host is generally through the gut following ingestion of L. monocytogenes, 

internalising through the M-cells and Peyers patches, or by direct infection of the epithelial 

lining. Subsequent infection is found in the regional lymph nodes, where L. monocytogenes 

gains access to the blood stream where it is transported to the liver and spleen (74). Upon 

reaching these organs, the bacterium is phagocytosed by resident macrophages. In the liver, 

the Kupffer cells kill the majority of bacteria, however a very small population of bacteria 

survive and invade the hepatocytes where they rapidly replicate. The replication of bacteria 

within the hepatocytes is critical in establishing a ‘successful’ infection (50).

Once the bacterium has been internalised into cells, it is able to rapidly replicate within the 

cytosol and, coating itself in actin filaments, spread cell-to-cell thus avoiding the immune 

response extracellularly (137, 267). This invasion process can be divided into two steps: 

attachment to the cell membrane, and subsequent internalisation (Figure 1.6).

Once L. monocytogenes has been incorporated into a membrane vacuole within professional 

phagocytes, the bacterium lyses the vacuolar compartment using two secreted proteins, 

listeriolysin O (LLO) and an inositol-specific phospholipase C (PLC) (52). The bacterium 

then begins to coat itself in actin filaments to form an actin tail utilising the product of the 

bacterial protein Act A, which propels movement through the cytosol and subsequently cell- 

to-cell (Fig. 1.6) (49-51). This ability oi L. monocytogenes to utilise host cell proteins to 

effect cell motility and avoidance of host defence mechanisms such as circulating antibodies
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Figure 1.6 The successive steps of L. monocytogenes infection.



and complement, explains earlier observations that only T-cell immunity is effective in 

defence against Z-. monocytogenes (72, 74, 214).

1.11 M ediators of L. monocytogenes invasion.

Two proteins of the Internalin family, Internalin A (InlA) and Intemalin B (InlB) have been 

found to be crucial in mediating L. monocytogenes cell invasion. Increasing evidence 

suggests that InlA and InlB both mediate invasion of different cell types (50). InlA is an 800 

amino acid protein consisting of 15 highly conserved leucine rich repeats (LRR) containing 

22 amino acids, 2 repeats consisting of 70 amino acids and a third of 49 amino acids. The 

carboxy terminal contains the LPXTG motif, which is found in more that 50% of bacterial 

surface proteins and is linked through a peptidoglycan linkage to the bacterial cell membrane 

(83, 84). The receptor for InlA is E-Cadherin (174) and monoclonal antibodies against the 

N-terminal LRR of InlA have been found to be the most effective in inhibiting L. 

monocytogene- InlA mediated internalization (173). The non-invasive bacteria Listeria 

innocua became able to invade Caco-2 cells when InlA was expressed upon its surface (83) 

and invasiveness was conferred upon latex beads when coated with recombinant InlA (140). 

Recently, the use of transgenic mice allowed the demonstration of the importance of InlA- 

mediated crossing of the gut-barrier, inducing the primary invasion of the host after ingestion 

(141). In contrast to human E-cadherin, mouse and rat E-cadherins are not receptors for InlA 

due to a point mutation at the 16*'̂  amino acid; hE-cadherin Pro'^-^Glu m/rE-cadherin (139). 

Therefore mouse and rat models, while successfully used to study T cell response to 

intravenous infection with L. monocytogenes, are inappropriate for studying InlA function in 

vivo, as oral infections are not reproducibly lethal due to the low bacterial translocation of
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the intestinal barrier. In contrast to this, transgenic mice that express hE-cadherin solely in 

enterocytes were rendered highly susceptible to oral infection with L. monocytogenes, 

however, InlA mutant L. monocytogenes induced zero mortality with the same dose as wild 

type.

1.12 Internalin B (InlB)

InlB is a 630 amino acid protein consisting of 8 LRR each comprising 22 amino acids with a 

high degree of homology to InlA, an inter-region (-IR) containing 2 repeats of approximately 

70 amino acids, and a 232 amino acid carboxy terminal region of tandem repeats each 

comprising 80 amino acids, each beginning with a GW motif. InlB is loosely attached to the 

bacterial surface via this 232 amino acid C-terminal region, which partly releases InlB, such 

that InlB is found in culture supernatants of wild type L. monocytogenes (35, 65). Purified 

InlB from these cultured supernatants confers invasiveness upon inactive latex beads and also 

a AlnlB mutant strain (38). InlB induces phagocytosis through activation of 

phosphoinositide (PI)-3 kinase within host cells, leading to increased levels of 

phosphoinositide second messagers (113, 114). PI-3 kinase is involved in many signalling 

events, including those affecting actin polymerization. Activation occurs through InlB- 

stimulated tyrosine phosphorylation of adaptor proteins implicated in membrane localization 

of PI-3 kinase (114). Furthermore, inhibitor studies have shown that InlB-mediated invasion 

of cells by L. monocytogenes, requires the activation of PI-3 kinase, tyrosine phosphorylation 

and actin polymerization (113, 265). These cell activities were shown to illicited by the N- 

terminal 213 amino acids comprising the LRR domain of the mature protein (37). The 

crystal structure of this LRR domain of InlB suggests an elongated, curved surface
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containing clusters of residues that are likely to form a bacterial-mammalian complex where 

the unique binding pattern of calcium suggests a crucial role for this ion in InlB mediated 

binding (161, 162). The receptor for InlB was first reported to be gC lq-R , the receptor of the 

globular head of the complement component C lq  (36). However, Shen et al (244) recently 

demonstrated that c-Met, the mammalian receptor for Hepatocyte growth factor (HGF) or 

‘scatter factor’, as a second receptor for InlB.

Further members of the Internalin family have been described (InlC-InlH) (66, 152, 218) 

which are transcribed by the pleiotropic activator prfA, along with two recently described, 

smaller, soluble members of the family (InlE-InlF) (76) which are not transcribed in L. 

monocytogenes, but L. ivanovii. InlB has been found to be the most strikingly different from 

other family members in both structure and characteristics (66).

1.13 A ctivation of NF-xB by L. monocytogenes.

Modulation of the host cell functions by L. monocytogenes can occur at six different stages 

during the infection process: (i) through secreted bacterial substances prior to bacteria-cell 

contact, (ii) upon adhesion, (iii) during the invasion process, (iv) from inside the phagocytic 

vacuole, (v) from free bacteria within the cytosol, and (vi) during the process of cell-cell 

spread (134).

Hauf et al (94) demonstrated that L. monocytogenes is capable of activating NF-xB in a 

biphasic manner proceeding invasion of the macrophage-like cell P388D,. This effect was a 

rapid transient activation mediated by Lipotechoic acid (LTA), involving IxB a degradation 

followed by a second more persistent phase characterised by IxB(3 degradation. This latent
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activation appeared to involve virulence genes including Act A, PC-PLC and PI-PLC, 

although a direct effect of their products w'as not demonstrated. Infection of bone marrow 

derived macrophages (BMM) with L. monocytogenes has also been shown to upregulate the 

cytokines IL -la ,  IL-lf3 and TNFa, after initial infection (60, 132, 133). This classical pro- 

inflammatory response was also found to be unaffected by cytoskeletal inhibitors which 

permit bacterial adhesion, but not invasion. This suggests that a transmembrane surface 

molecule of mammalian cells is able to interact with a bacterial ligand and Initiate a pro- 

inflammatory response.

The pore forming activity of Listeriolysin O (LLO) mediates another signalling event that 

occurs upon treatment of cells with L. monocytogenes. p42/p44 MAP kinase activation was 

originally thought to be triggered by bacterial adhesion (265), but further studies 

demonstrated this activity mediated without bacterial contact with the target cells (264, 279). 

LLO was also found to be a potent activator of NF-xB (123), however the signalling pathway 

that leads to NF-xB activation has not been elucidated. Figure 1.7 describes some of the 

cytosolic signalling events mediated by L. monocytogenes.

1.14 Bacterial Activation of NF-xB by LPS.

As previously mentioned bacteria such as Shigella flexneri and heat killed Staphylococcus 

aureus, and now L. monocytogenes (94) have all been shown to activate NF-xB, as have 

multiple bacterial products.

Perhaps the most widely studied activator of NF-xB and progenitor of the pro-inflammatory 

response leading to sepsis is LPS. LPS Is the principal component of the outer membrane of
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gram-negative bacteria. Monocytes orchestrate the innate immune response to LPS by 

expressing a variety of inflammatory cytokines that include IL-1, TNF and IL-6. However, 

over-reaction to the presence of LPS can lead to sepsis, septic shock, or systemic 

inflammatory response syndrome. Presently, there are only limited treatments available for 

septic shock, which are mainly confined to supportive measures (reviewed in (1, 110, 169, 

170). It is currently estimated that more than 100,000 deaths occur in the United States alone 

of septic shock or systemic inflammatory syndrome. Studies therefore on the molecular basis 

and mechanistic induction of this response have caused LPS to be one of the most widely 

studied initiators of the innate immune response.

The potential role of non-protein outer member constituents of gram-negative bacteria were 

recognised many decades ago as potent mediators of this response. The complete chemical 

structure and synthesis of the biologically active moiety of LPS, Lipid A, was determined 

more than twenty years ago. Figure 1.8 gives a schematic representation of the molecular 

structure of LPS. Studies on the molecular basis of LPS recognition by the innate immune 

system have proved elusive over many decades of research.

As mentioned above, the evolutionarily inherited defense to microbe infection is found in 

most multicellular organisms and is characterised by the induction of a pro-inflammatory 

response by the host cells upon pathogen identification based upon pattern recognition 

receptors (PRRs) (169, 171).

For several decades, research has concentrated on identifying the PRRs. Most recently, Toll- 

Like Receptors (TLRs) have emerged as important PRRs.
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1.15 Toll receptors in Innate Immunity

In Drosophila  embryos, the Toll protein, upon binding of its ligand Spaetzle (182), controls 

dorsal-ventral patterning and activates the transcription factor Dorsal. Spaetzle is a cysteine- 

knot polypeptide that is proteolytically cleaved following a cascade of zymogens (encoded 

by the genes gastrulation defective, snake and easier), in the Drosophila  embryonic system 

(figure 1.9) (27). Spaetzle is structurally related to the mammalian Nerve growth factor 

(179). Toll also has a role in host defense in the adult fly. Here, Toll activation induces the 

synthesis and secretion by the fat body (the Drosophila  equivalent of the vertebrate liver) of 

a battery of small cationic polypeptides. Induction of the fat body occurs in response to 

immune challenge and the peptides induced have potent antimicrobial activities directed 

against either fungal pathogens (drosomycin, metchnikowin) or bacteria (diptericin, 

drosomycin, cecropin, attacin, defensin) (102, 103, 124). The genes encoding these peptides 

have in their upstream regions nucleotide sequence motifs similar to mammalian NF-xB- 

binding sites (221). Signalling through Toll parallels the signalling pathway induced by the 

IL-1 in mammalian cells. The IL-1 signalling pathway to NF-xB and its inhibitor IxB, are 

homologous to Dorsal and its inhibitor Cactus respectively (27). Recent studies provide 

evidence for an IKK complex in flies (155, 231). Further studies have shown that the Toll 

family of proteins utilise a homologous signalling cascade to that described earlier regarding 

IL-1 signal transduction. This is Illustrated in figure 1.10. Importantly, the cytoplasmic 

domain of Toll is homologous to the cytoplasmic domain of IL-1 (85) and is therefore termed 

the Toll/IL-1 Receptor (TIR) domain.
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Genetic experiments suggest that the zymogens of the embryonic system are largely 

redundant for the immune response (144). However, immune challenge is rapidly followed 

by the cleavage of Spaetzle. Furthermore, loss-of-function mutants of a serine protease 

inhibitor Spn43Ac, exhibit constitutive cleavage of Spaetzle, inducing the constitutive 

expression of drosomycin in the absence of an immune challenge. These results suggest 

therefore, that Toll is not a bona fide  receptor for microbial ligands. It has been suggested 

that microbial antigens and damaged cell particles interact with recognition receptors 

upstream of Toll and activate zymogens in the hemolymph (or the extracellular matrix of 

immune-responsive cells), inducing Spaetzle cleavage to its active ligand form. Spaetzle can 

form homodimers (10, 59), and may induce the dimerisation of Toll upon ligand binding, 

although no direct interaction has been shown between the two proteins.

1.16 Toll-like receptors in mammalian Innate Immunity

Evolutionary conservation in innate immunity led Janeway and colleagues to search for 

mammalian Toll-related proteins. They successfully described the first human homolog of 

Drosophila Toll, initially termed human Toll, but subsequently re-named Toll-like receptor 

(TLR)-4 (172). The involvement of TLR4 in innate immunity was further supported as 

constitutively active TLR4 activated NF-xB-dependent genes such as IL-1, IL-6 and IL-8 

(172). Furthermore, it was also shown that constitutively active TLR4 induced members of 

the B7 family of proteins, which are required for the activation of naive T cell by antigen- 

presenting cells. Rock et al (223) then highlighted the general structural features of the TLR 

family, including the presence of leucine-rich repeats in the extracellular domain, and the 

Toll-homology domain found in the cytoplasmic domain of all members of the family. This
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description of additional family members led to the definition of the IL-lR/Toll-like receptor 

(TLR) superfamily, based on the homologous cytosolic TIR domain (reviewed in (33, 194, 

195)). Presently, the family consists of 10 members of the mammalian TLR family, several 

members of the plant family, and 9 members of the Drosophila Toll family. Figure 1.11 

illustrates the members of the Toll families \n Drosophila and humans.

The combinations of ex vivo studies and knockout mice, or cells derived from these mice, 

have been widely used to determine the microbial product specificities of various TLRs 

(reviewed in (4, 5)). These studies have shown that (i) TLR2 is activated primarily by 

peptidoglycan (PGN) and lipoproteins (260), (ii) TLR4 is predominately activated by LPS 

and LTA (209, 211, 260), (iii) TLR6 recognises macrophage-activating lipopeptide-2 kDa 

(MALP-2) from mycobacteria in conjunction with TLR2 (261), and (iv) TLR9 is required for 

the response to unmethylated bacterial CpG DNA (98). Cells derived from knockout mice 

demonstrated that TLR2 knockout macrophages respond normally to LPS, but are 

unresponsive to PGN; TLR4 knockouts do not respond to LPS, but respond to PGN; TLR6 

knockout mice are unresponsive to MALP-2, but can discriminate between N-terminal 

lipoylated structures of MALP-2 from mycobacteria and lipopeptides derived from other 

bacteria; and macrophages from TLR9 knockout mice are unresponsive to unmethylated 

CpG DNA, but respond normally to LPS (98, 209, 260, 262) Figure 1.12 summarises some 

of the known activators of mammalian TLRs.

As expected from proteins involved in the primary innate immune detection and response, 

TLRs are widely expressed in the cell types involved in the first line of defense such as
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macrophages, monocytes, neutrophils, gut and lung-derived epithelial cells, and dermal 

endothelial cells (24, 43, 77, 184, 273). TLRs are probably most widely expressed on 

Dendritic cells which express a large array of TLRs (99). The role of dendritic cells is to 

recognise microorganisms and activate the adaptive immune system, which would concur 

with the important role TLRs have in the recognition of microbes and microbial products. 

Importantly, TLRs are expressed on T and B lymphocytes (180, 190), are present on the 

plasma membrane and are recruited to phagosomes upon exposure of the cells to 

microorgamisms (200, 270). Only TLR9 however, is not widely expressed, and appears to 

be only expressed on intracytoplasmic vesicles, which would underline its role in sensing 

unmethylated CpG DNA within cells (98).

Thus TLR receptors and their subsequent activation of NF-xB may represent the most 

ancient form of host defense to microorganisms found in plants, insects and mammals.

1.17 TLR4 recognises LPS

LPS had long been known to bind LPS-binding protein (LBP), an 80kDa plasma protein, and 

to CD14, a 55kDa protein with a glycosylphophatidylinostiol (GPI) anchor (269). However, 

as CD 14 has no transmembrane domain, it was apparent there was another component of the 

signalling complex missing. It had been known for several decades that certain strains of 

mice were resistant to LPS and that this resistance was the consequence of a genetic defect. 

Two studies demonstrated that the genetic defect in two mice that are hyporesponsive or non- 

responsive to LPS was linked to TLR4 (209, 216). The co-dominant LpsD  allele of the 

C3H/HeJ strain was a result of a mis-sense mutation in the third exon of TLR4; this mutation

712was predicted to result in a Pro ^ H i s  substitution. M onocytes transfected with this mutant
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introduced into wild type TLR4, converted it to a dominant negative phenotype, inhibiting 

LPS-dependent responses (270) (Underhill 1999). C57Bl/10ScCr mice, that are also 

resistant to LPS, were shown to be homozygous for a null mutation of TLR4 (209, 216). 

Taken together, these findings suggested the first direct link between TLR4 and the 

physiological responses to LPS.

However, expression of TLR4 on Human embryonic kidney (HEK) 293 cells did not confer 

LPS-responsiveness, suggesting that an additional molecule was required for LPS activation 

of NF-xB via TLR4. This molecule was subsequently identified as the 25kDa secreted 

accessory molecule MD2 (3, 246). Transfection of cells with either TLR4 or MD2 alone did 

not confer responsiveness to LPS, but co-transfection of TLR4 with MD2 demonstrated that 

physical association of both proteins was required for full responsiveness. Interestingly, 

MD2 can also associate with TLR2, thereby conferring responsiveness to LPS and Lipid A 

(69, 70). This finding could suggest that association with accessory molecules such as MD2 

could enable TLRs to respond to a wider range of microbial stimulants.

It is still unknown nonetheless, if TLR4 binds directly to LPS in mammalian cells, or if 

TLR4 responds to a ligand generated by microbial-induced proteolytic activation, as 

described for Toll in Drosophila. Two recent reports have suggested that LPS binds to the 

TLR4/M D2 signalling complex (54, 272), primarily through interaction with MD2. 

However, it has been suggested that while LPS may be in close proximity to the TLR4/MD2 

signalling complex, complementation studies conclude that the complete LPS signalling 

complex may comprise of at least one additional gene product (240).
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Further complexity has recently been added to the signalling pathway initiated by TLR4 

activation after stimulation with LPS by several recent studies. LPS stimulated cells derived 

from MyD88-deficient mice, were still found to activate NF-xB  and JNK, although delayed, 

as was maturation of dendritic cells (121). M yD88 acts as an adapter protein involved in 

TLR2, TLR4 and TLR9 signalling (185, 280). Therefore, this suggested that an additional 

adapter is required for a subset of LPS-inducible, TLR4-dependent signals. M yD88-adapter 

Like (Mal)/TIR-adapter protein (TIRAP) have recently been described as this additional 

adapter. Fitzgerald et al (79) demonstrated that activation of N F-xB by Mai requires IRAK2, 

but not IRAK, whereas M yD 88 requires both IRAKs. Mai associated with IRAK2 via its 

TIR domain and dominant negative Mai inhibited LPS-induced NF-xB activation, but had no 

effect upon NF-xB activation induced by IL-1 and T N F a . Mai was also shown to directly 

interact with TLR4. Simultaneously, Horng et al (104) demonstrated M al/TIRAP acting as 

an adapter for LPS-induced activation of NF-xB via TLR4, also demonstrating M al/TIRAP 

involvement in LPS-mediated activation of the interferon-regulated double-stranded RNA 

activated protein kinase PKR. As TLR 4 appears to be the only TLR to signal as a 

homodimer, and is the only TLR to utilise the specific adapter M al/TIRAP, where the others 

signal via MyD88 exclusively, the detection and signalling of LPS in mammals appears far 

more complex than originally thought. Figure 1.13 illustrates the signalling complex and 

adapter molecules that regulate LPS-mediated signalling pathways.
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Figure 1.13 LPS recognition complex on Phagocytes.

LPS is bound by LPS-binding protein (LBP), this complex is then recognised by 

CD 14 on the macrophage surface. MD2 then appears able to recongise LPS or the 

LPS/LBP/CD14 complex and bring this into close proximity of TLR4, to from a 

signalling complex. TLR4 signals through the adaptor molecule MyD88 and the 

serine kinase IRAK. The activation mechanism of TLR4 is currently unknown and 

could be either direct or indirect. Both CD 14 and TLR4 contain Leucine rich 

repeats which may facilitate protein-protein interaction. MD2 is a secreted protein 

that is required for TLR4-mediated signalling.



1.18 Aims

The primary aim of this study is to investigate NF-xB activation as a signal for two microbial 

products, InlB from L. monocytogenes, and LPS. The specific aims are as follows:

1. The initial aim of this study is to investigate whether InlB has a role in NF-xB activation 

by L. monocytogenes, as InlB appears not only as a surface bound ligand, but is released into 

the cellular supernatant. InlB may therefore be another bacterial product, (such as LPS and 

LTA), capable of activating NF-xB. Secondly, InlB has been shown to activate 

Phosphoinosltide-3 kinase (PI-3 kinase) in cells (113, 114), and a role for PI-3 kinase in NF- 

xB activation has been proposed (28, 199, 219).

2. To characterize the signalling pathway activated by InlB, thereby assisting in the 

determination of the mammalian receptor for InlB

3. To examine the recognition of LPS by the innate immune system. TLR4 has been 

demonstrated to act as the transmembrane signalling receptor for LPS (209), in conjunction 

with MD2 (246). Given the evolutionary homology between the Drosophila and human 

innate immune systems. I wished to determine if the activation of NF-xB via TLR4 would 

be susceptible to serpin inhibition, in an analogous fashion to Spaetzle inhibition by Spn43Ac 

in Drosophila.

This study identifies InlB as an activator of NF-xB and has mapped the signalling pathway 

induced. Secondly, the inhibitory effect of the serpin. Antithrombin III, on NF-xB activation 

by LPS suggests that a serine protease may be required to generate a ligand for TLR4.
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Chapter 2 

2.1 Materials

The murine m acrophage-like cell line J774 w as kindly provided by K ingston M ills  

(National U niversity o f Ireland, M aynooth) and was grown in 10% heat inactivated Fetal 

C alf Serum (FCS) (Poole, Sigm a, UK) in RPMI 1640 (Poole, Sigm a, UK) which was 

supplem ented with 2 mM  L-G lutam ine (H yclone, U K ), 5% CO 2 . The human epithelial 

cell line H ep2 was a kind gift from Pascale Cossart (Institut Pastuer, Paris, France) and 

w as grown in 10% FCS, D M EM  (G ibco, U K ), 2m M  L-G lutam ine at 10% CO 2 . The 

human m onocyte cell line THP-1 and the murine m acrophage cell line R A W  264 were 

purchased from European C ollection  o f C ell Cultures (ECACC). The stably transfected  

cell line HEK 293-T L R 4 w as a kind gift from Prof. D ouglas G olenbock (Boston M edical 

Centre, Boston, M A , U S A ). M anum ycin A, Calphostin C, G eldanam ycin, and 

Tyrophostin A G 490 (Calbiochem , U K ), L Y 294002  (Poole, Sigm a, U K ), and lL -6 -  

H ydroxym ethyl-c/z/ro-inositol 2 -[(R )-2-0-M eth yl-3 -0-octad ecy lcarb on ate] (A lexis  

B iochem icals, UK) w ere all d isso lved  in dim ethyl su lfoxide. The 22 base pair 

oligonucleotide containing the consensus sequence for N F -xB  (5 ’- 

A G T T G A G G G G A C TTTC C C A G G C -3’) was purchased from Prom ega (M adison, WI, 

U .S.A ) as was the T4 polynucleotide kinase kit. [y-32P]-labelled ATP w as purchased  

from Am ersham  (N ycom ed A m ersham  pic, Am ersham  Place, Buckingham shire, U K ). 

Poly(dl.dC ) w as supplied by Pharmacia (Uppsala, Sw eden). The transfection reagant 

SuperFect w as purchased from Q uigen (Crawley, UK) as w ere the M idi- and M axi

plasm id purification kits. The D uoSet human IL-8 ELISA developm ent system  w as 

purchased from R& D System s (M N, U SA ).
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Vectors pPL-IL-8-pLuc and pTK-rLuc were kind gifts from Dr E. Kiss-Toth (University 

of Sheffield, UK). The expression vectors encoding dominant negative Ras N17 

(described previously, (31)), empty vector RSV, and the expression vector encoding 

amino acids 1-149 of human c-Rafl in pGex-KG ie. Glutathione-S-transferase (GST)-Ras 

binding domain (RBD), were kind gifts of Dr Doreen Cantrell (Imperial Cancer Research 

Fund, London, UK). The expression vector encoding dominant negative Akt was donated 

by Dr Stephan Ward (Bath University, UK).

The a - Ix B a  monoclonal antibody was a kind gift from Prof. Ron Hay (St Andrews 

University, UK). Phospho-Akt, phospho-p38, Akt, and p38 antibodies were obtained 

from New England Biolabs (Beverly, MA, USA). Anti-pan Ras antibody was purchased 

from Oncogene Research Products (Cambridge. MA). Polyclonal antiserum against rat 

p85a, and monoclonal antibodies against phosphotryrosine (Tyr(P)) (clone 4G10) used 

for immunoprecipitation, were purchased from Upstate Biotechnology (Lake Placid, NY). 

Purified mouse IgG, goat anti-mouse and anti-rabbit IgG peroxidase conjugates were 

purchased from Sigma (Poole, UK) or New England Biolabs (Beverly, MA, USA). The 

recombinant domains of InlB and the monoclonal antibodies raised against these domains 

were purified as described (35) and were a kind gift from Pascale Cossart (Institut 

Pastuer, Paris, France).
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A ll other reagents used, including glutathione-agarose beads (affinity purification of 

G ST -fusion  proteins), and protein A -sepharose (for im m unoprecipitations), were of 

m olecular b iology or Analr grade and w ere purchased from Sigm a (Poole, UK ).

2.2 Cell Culture

The murine m acrophage-like cell line J774 w as grow n in 10% heat inactivated Fetal Calf 

Serum (PCS) (Poole, Sigm a, UK) in RPM I 1640 (Poole, Sigm a, UK) which was 

supplem ented with 2 mM L-G lutam ine (H yclone, U K ), 5% CO 2 . C ells w ere passaged  

every 2-3 days by physical agitation. C ells were seeded at a density o f 5.10"* cells/m l for 

experim ents unless otherw ise stated.

The human epeithelial ce ll line H ep2, w as grown in 10% FCS (Poole, Sigm a, UK ), 

D u lb ecco ’s M odified Essential M edium (DM EM ) (G ibco, UK), supplem ented with 2m M  

L-G lutam ine and incubated at 5% CO 2 . C ells were passaged every 2-3 days, ce lls  were 

rem oved from plasticware by incubated o f ce lls  with Trypsin/EDTA solution, and seeded  

at 1x10^ cells/m l.

THP-1 ce lls  were maintained in RPM I 1640 (Poole, Sigm a, U K ), supplem ented with 10% 

Fetal Calf Serum (Poole, Sigm a, UK ) and 2 mM L-G lutam ine (G ibco, U K ), and 

incubated at 5% C O 2 . Cells were passaged every 2-3 days, ensuring that cell density did 

not exceed  1x10^ ce lls /m l as THP-1 ce lls  are known to differentiate into m acrophages at 

this concentration. Stably transfected HEK 293-T L R 4 w ere m aintained in RPM I 1640,
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10% FCS, 2mM L-Glutamine, and incubated at 5% CO 2 supplemented with selection 

antibiotic 25fig/ml puromycin. Cells were passaged every 2-3 days, removal from 

plasticware achieved by physical agitation, and seeded at 1x10^ cells/ml for experiments.

In all cases, cell viability was determined by Trypan blue dye exclusion assay, which is 

excluded from healthy cells, however, non-viable cells are permeable to the dye. Cells 

were counted using a hemocytometer and viewed with an inverted light microscope.

2.3 Bacterial strains, growth conditions and bacterial stimulation.

L. monocytogenes and L. innocua were both grown in brain-heart infusion (BHI) at 37“C. 

For L. innocua strains containing pAT28 derivatives, erythromycin was added to a final 

concentration of 5|ag/ml. The strains used are described in Table 2.1.

For bacterial stimulation of J774 cells with bacterial cultures, 1ml of expotential-phase 

cultures (OD6oo=0.8-1.0) of strains L. monocytogenes and L. innocua were washed three 

times with PBS, pelleted and resuspended in 1ml of PBS. Bacteria were added to 

mammalian cells ('1x10'^ cells total) to give an Multiplicity of Infection (MOI) of either 

20:1 {L. monocytogenes) or 50:1 {L. innocua) and incubated for a further 60 minutes, 

after which cells underwent nuclear extract preparation for NF-xB analysis.

2.4 Purification o f InlB.

The construction of a bacterial strain encoding full-length InlB containing N-terminal 

6xHis tag termed BUG 1348, has previously been described (35). BUG 1348 was grown
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Bacterial Strain Genotype/properties Reference

BUG600 L. monocytogenes'. Wild Type, serotype l/2a Mackness (1962)

BUG1047 L. monocytogenes: EGDAInlB Dramsi et al. (1995)

BUG994 L.innocua: pAT28 (vector) Dramsi et al. (1995)

BUG1533 L.innocua: (InlB) Jonquieres (1999)

Table 2.1 Listeria bacterial strains used.



at 37°C in LB broth  con ta in ing  kan am y c in  (30|ag/ml), w ith  shak ing  until early  log-phase  

(O Deoo'0 .8-1.0) and express ion  of In lB - 6 xH is  induced  by addition  of Im M  isopropyl-b- 

D -th iogalac topyranoside  (IPTG). A fte r  3 hours induction, bac teria  w ere  harvested  by 

centrifugation , resuspended  in co lum n  b ind ing  buffer  (5m M  Im idizole,  5 0 0 m M  N aCl and 

5 0 m M  H epes (pH 7.4)) and  d isrup ted  with  a F rench  Press. D ebris  w as rem oved  by 

cen tr ifugation  and protein w as ba tch  m ixed  with m etal affinity  m atrix  (N i-A T A , Quigen, 

U SA ) overnight. A ffin ity  m atrix  w as  poured  into ch ro m otography  co lum n  and 

ex tensive ly  w ash ed  with  4 0 m M  im idizole , 5 0 0 m M  N aC l and  5 0 m M  H ep es  (pH 7.4). 

In lB - 6 xH is  was e lu ted  from  N i-A T A  co lum n  by addition  o f  lOmls o f  6 0 m M  im idizole, 

5 0 0 m M  N aC l and 50 m M  H epes  (pH 7.4), 1ml fractions co llec ted  and ana lysed  for 

protein  elu tion using  a spec tro tom ete r  (OD254). F urther elu tions w ere  carried  out using 

10ml of lOOmM and 2 0 0 m M  im idizo le  added  to 5 0 0 m M  N aCl, 50 m M  H epes  (pH 7.4) 

respectively , and fur ther 1ml fractions co llec ted  and analysed . F igure  2.1 illustrates the 

e lu tion  profile for In lB - 6 xHis, and the fractions pooled  for further purifica tion  show n. 

P oo led  fractions w ere  d ilu ted  to '2 0 0 m M  NaCl with 5 0 m M  H epes, pH 7.4, and loaded 

onto  a H iT rap  SP ca tion exch an g e  co lu m n  (Parm acia,  U ppsala ,  Sw eden). P ro tein  was 

e lu ted  by NaCl concen tra tion  grad ien t (0.2-1 M N aC l),  and fractions co llec ted  accord ing  

to peak  detection  by spec trophorm etic  read ings (OD254). C ollec ted  fractions w ere  

ana lysed  for purity  by S D S -P A G E  and  su b seq u en t  C o m m a ss ie  b lue  p ro te in  staining. 

F igure  2.1 A dem onstra tes  the O D 2 5 4  e lu tion  profile, co llec ted  fractions illustrated, w hile  

figure 2 . IB  dem onstra te s  the purity of InlB at each  purifica tion  step. In lB - 6 His w as 

concen tra ted  to des ired  vo lum e using cen tr ip rep  50  dev ices  (A m icon, U S A ),  and then
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stored in 500mM NaCI, 50mM Hepes pH 7.4 at -80°C. Protein concentration was 

determined by Bradford method (34).

2.5 Activation Assays and Nuclear Extract Preparation.

5
Murine macrophage-like cells J774 were seeded at 1x10 cells/ml in 6 well plates (3 ml

volume), 48 hours prior to stimulation and incubated at 37^C, 5% CO2. InlB was diluted 

in 35 mM Tris, 75 mM NaCl, 1 mM EDTA, pH 7.5. Relevant concentrations of proteins

were added to cells and incubated for 1 hour at 37°C.

Nuclear extracts were prepared using a modified version of the method of Osborn et al 

(198). Stimulation was terminated by aspiration of media from cells and replacement 

with 1 ml of ice-cold hypotonic buffer (10 mMHepes buffer, pH 7.9, containing 1.5 mM 

MgCl2, 10 mM KCl, 0.5 mM dithiothreitol and 0.5 mM phenylmethylsufonyl fluoride

(PMSF)), cells scraped and centrifuged (5 minutes, 13,200rpm, 4^C). The subsequent 

cell pellet was lysed in 0.1% Igepal CA-630 in hypotonic buffer and held on ice for 10

minutes. Centrifugation (10 minutes, 13,200 rpm, 4^C) led to a cell debris pellet from 

which nuclear associated proteins were extracted by addition of 20 mM Hepes, pH 7.9, 

containing 420 mM NaCl, 1.5M MgCl2, 0.2 mM EDTA, 25% glycerol, and 0.5mM 

PMSF and maintained on ice for 20 minutes. After centrifugation (10 minutes, 13,200

rpm. 4°C), the supernatant was removed and mixed with lOmM Hepes, pH 7.9, 

containing 50 mM KCl, 0.2M EDTA, 20% glycerol, 0.5 mM dithiothreitol and 0.5 mM

35



PM SF. Protein concentrations were determined using the method of Bradford (Bradford, 

1970) and extracts stored at -20^C .

2.6 Labelling of oligonucleotides for Electrophoretic mobility shift assay.

5* end-labelling of the 22 base pair oligonucleotide containing the NF-xB consensus 

sequence was based on the method of Sambrook et al (235).

The reaction mixture containing lOpmol of NF-xB DNA, SOpmol (ISO^Ci) [y-^^P] ATP, 

20U T4 polynucleotide kinase and 5^1 of lOx kinase buffer (lOOmM M gCl2 , 50mM DTT, 

Im M  spermidine, 500mM Tris-HCl, pH 7.5) was made up to 50(al with H2 O and 

incubated at 37°C for 10 minutes. The reaction was terminated with 2(j.l of 0.5M EDTA. 

50|^1 of a phenol phenolxhloroform solution (1 part TE-saturated phenol plus 1 part 

chloroform:isoamyl alcohol (24:1 ratio)) was added to extract the DNA. After vortexing 

for 1 minute, the solution was centrifuged at 13,000g for 2 minutes. The resulting top 

aqueous layer was transferred to a fresh tube, 2^1 of 5M NaCl added, vortexed and 100^1 

of ethanol added. This was incubated at -30°C for 30 minutes to effect ethanol 

precipitation of DNA. After centrifugation (13,000g, 5 minutes), the supernatant was 

carefully removed and discarded. The pellet was air dried at 37oC, and resuspended in 

50(.il TE buffer (ImM  EDTA, lOmM Tris-HCl, pH 8). Ij^l of this solution was counted 

in 5ml scintillant fluid, and the stock solution subsequently diluted to 10,000cpm/^il 

immediately before use in the electrophoretic mobility shift assay.
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2.7 Electrophoretic Mobility Shift Assay (EMSA).

N uclear extracts (4 |ag) were incubated with 10,000 cpm  of a 22-base pair D N A fragm ent 

oligonucleotide containing the N FxB consensus sequence that had previously been 

labeled with [y-^^P]ATP (10 m Ci/m m ol) by T4 polynucleotide kinase. Incubations were 

perform ed for 30 m inutes at room tem perature, in the presence of 2 |ag poly(dl.dC) as 

nonspecific com petitor and 10 mM Tris-H C l, pH 7.5, containing 100 m M  NaCl, 1 mM 

ED TA , 5 mM  dithiothreitol, 4%  glycerol, and 100 |ag/ml nuclease free bovine serum  

album in. For com petition studies, unlabeled w ild type or m utant N FxB  oligonucleotides 

were added to the binding reaction 30 m inutes prior to addition of the radiolablled probe. 

In experim ents involving antisera to N F-xB  subunits, 0.5 |al of specific antibodies to p50, 

p65, and c-Rel w ere incubated with nuclear extracts for 20 m inutes on ice prior to the 

binding reaction. All incubation m ixtures were subjected to electrophoresis on native 5% 

(w/v) polyacrylam ide gels (Table 2.2), which were subsequently  dried and 

autoradiographed using Kodak X -O M A T diagnostic film at - 7 0 ”C in an autoradiography 

cassette with intensifying screens.

2.8 Immunoblotting of Proteins (Western Blot)

2.8.1 Preparation and running of SDS-PAGE gels.

Sam ples were resolved by electrophoresis using Sodium  Dodecyl Sulphate 

polyacrylam ide gels (SDS-PA GE). Table 2.2 show s the volum es of gel com ponents 

required to prepare the various percentage gels m entioned in experim ental descriptions, 

how ever, as and exam ple, a 10% resolving gel was prepared using 5.3m l of 30% 

bisacrylam ide solution (Protogel), 6.7ml 1.5M Tris, 0.05%  w/v SDS (ph 8.8), 0.035m l
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Component Volume/Amount added

40% Acrylamide/bisacrylamide (29:1) 3.125ml

lOx TBE (0.89M Tris, 20nM EDTA) 2.5ml

H 2 0 19.4ml

IM  DTT 5^1

N ,N ,N ’,N ’-Tetramethylethylenediamine (TEMED) 15^1

Ammonium persulphate 0.05g

Table 2.2 Composition of native polyacrylamide gel used for EMSA.



10% ammonium persulphate, and 0.0125ml of TEMED, made up to 16ml with 

autoclaved water. The stacking gel consists of 1.6ml 30% Protogel, 2.5ml 0.5M Tris, 

0.05% w/v SDS (ph 6.8), 0.035ml ammonium persulphate and 0.0125ml TEMED, made 

up to 10ml with autoclaved water. Samples were electrophorised at constant voltage 

(150V). The components of the SDS-PAGE gels used is given in table 2.3.

2.8.2 Transfer of proteins to membrane

The resolved proteins were transferred to either nitrocellulose or polyvinylidene difluoride 

(PVDF) using a wet transfer system with all components soaked beforehand in transfer 

buffer (25mM Tris-HCl (pH 8.0), 0.2M glycine, 20% methanol). Briefly, the gel was placed 

on a layer of filter paper and sponge and overlaid with nitrocellulose paper. A second piece 

of filter paper was placed on top followed by the second sponge. The entire assembly was 

placed in a cassette and an electric current of 150mA was applied for 60 minutes.

2.8.3 Detection of protein of interest

The membrane was incubated in blocking solution (PBS containing 5% w/v non-fat milk 

powder) overnight at A°C. The membrane was then washed twice (5 minutes per wash) 

with TBS containing 0.5% (v/v) Tween-20 (TBS-T) and incubated with an antibody 

against the protein of interest (diluted appropriately in 5% non-fat dried milk in TBS-T) 

for 1 hour at room temperature. Following 3 washes with TBS-T (2x 5 minutes, Ix  15 

minutes) the membrane was incubated with an anti-mouse IgG peroxidase or anti-rabbit 

IgG peroxidase conjugate as appropriate (1:1000 dilution prepared in TBS-T containing 

1% non-fat dried milk powder) for 1 hour, room temperature. The membrane was
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Stacking Gel 5% Gel

A cry lam ide /b isacry lam ide  (37.5:1) 800|^1

500m M  Tris, pH =6.8 , 0 .4%  w/v SD S 1.25ml

H 2 O 2.85m l

N ,N ,N ’,N ’-T e tram ethy le thy lened iam ine  (TEM ED) 12.5^1

10%  w/v A m m o n iu m  persu lphate 30^1

Running Gel 7 % 10% 1 5 %

30%  A cry lam ide /b isacry lam ide  (37.5:1) 3.8ml 2.7ml 8.0m l

1.5M Tris, pH =8.8 , 0 .4%  w/v SD S 4.0m l 4.0m l 4 .0m l

H 2 O 8.2m l 6.3m l 4 .0m l

N ,N ,N ’,N ’-T e tram ethy le thy lened iam ine  (TEM ED) 12.5^1 12.5|al 12.5^1

10% w/v A m m o n iu m  persu lphate 30[il 30^1 30^1

Table 2.3 Composition of stacking and resolving SDS-PAGE gels.



subsequently washed twice with TBS-T (5 minutes each) and once with TBS (5 minutes). 

Blots were developed by enhanced chemiluminescence (ECL) according to manufacturers 

instructions (Amersham).

2.9 IxB Immunoblot Analysis.

5
Murine macrophage-like cells J774 were seeded at 1x10 cells/ml in 6 well plates (3 ml

volume), 48 hours prior to stimulation and incubated at 37°C, 5% C02-  InIB (100 ng/ml) 

was added and stimulation was terminated at relevant time points by aspiration of 

reaction media and subsequent addition of 1 ml ice cold PBS. After aspiration of PBS 

from the cells, 200 [al of ice-cold RIPA buffer (1% Igepal CA-630, 0.5% deoxycholate, 

0.1% sodium dodecyl sulphate in PBS, containing lOmg PMSF, 7 jj,g aprotinin and 1 mM 

sodium vanandate) was added. Plates were shaken on ice for 15 minutes and cell scraped 

to ensure lysis. Following further disruption of cells by passage through a 21-guage 

needle (10 strokes), a further 0.1 mg/ml PMSF was added to the samples, which were 

incubated for 45 minutes. Samples were then centrifuged for 20 minutes at 13,200 rpm at

4°C, and the supernatant was removed from the cell debris and assayed for protein by 

Bradford method (34). Equal amounts of protein (4|ag) were mixed with 5x sample 

buffer (5ml glycerol, 10ml 10% SDS, lOmg bromophenol blue, 6.25ml IM  Tris (pH 6.8) 

and 28.75ml autoclaved water; 20|j.l/ml of (3-mercaptoethanol was added fresh), resolved 

by SDS-PAGE and transferred to nitrocellulose.
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2.10 Protein Concentration Determination.

Protein  determ ina tion  w as carried  out as desc ribed  by  B radford  (34). Briefly , sam ples  

w ere  dilu ted  1:5 (nuclear extract sam ples)  or  1:10 (cell lysis sam ples) in au toclaved  

water, to g ive a final v o lum e of 20^1. 200^1 o f  B radford  reagan t (0 .01%  w /v  C oom ass ie  

Brilliant B lue G -250, 4 .7 %  v/v ethanol,  8 .5 %  v/v o r thophosphoric  acid) w as added  to 

each  sam ple  and  incubated  for a fur ther 5 m inutes.  P la tes w ere  read at ODsvonm and 

correc ted  at O D 405nm using  a D yna tech  M R 5 0 0 0  plate reader. Protein  concen tra tions  w ere  

de term ined  using a s tandard  curve  construc ted  using B S A  the concen tra tion  range o f  0- 

20|ag/20|^l. A typical s tandard  curve is show n  in figure 2.2.

2.11 TNF and IL-6 Gene Expression Analysis.

5
J7 7 4  cells w ere  seeded  at 5x10  cells /m l in 24 well plates (1 ml vo lum e), 24  hours prior 

to s t im ulation , and incubated  at 3 7 °C ,  5%  C 0 2 -  Cells w ere  s t im ula ted  with  100 ng/ml 

and 1 j-tg/ml of InlB, in triplicate, and incubated  fo r a fu r ther 24 hours. S uperna tan t was 

asp ira ted  and  cen tr ifuged  (1600 rpm , 5 m inutes) to rem o v e  any de tached  cells, sam ples

w ere  stored ( - 7 0 ^ 0  or ana lysed. Protein  concen tra tions  w ere  de term ined  as described  by 

L oscher  et al (154).

2.12 p85 recruitment assay.

Cells w ere  seeded  at 7x10'' ce lls /m l in 100m m  culture  d ishes  48  hours prior to s t im ulation  

with  InlB (500ng/m l). Inhibitors w ere  p re - incubated  with  ce lls  for ind icated  tim es w here  

necessary . A fte r  s tim ulation , cells w ere  w ash ed  with cold  PBS, lysed in 1ml of ice-cold  

im m unoprec ip ita tion  buffer  (50m M  N aCl, 50 m M  Tris (pH 8.0), 1% N P  40, Im M  E D T A ,
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Figure 2.2 Bradford standard curve relating to protein 

concentration to absorbance at 570nm.

Absorbance was measured five minutes following addition of 

Bradford reagant to concentrations of Bovine Serum Albumin 

(BSA) in the range 0.1-20|ag/ml.



I m M  pheny lm ethy lsu lfony l f luoride (PM SF), 3 m M  so d iu m  vanadate , 5|^g/ml each  of 

leupep tin , pepstatin  and  aproptin in) for 10 m inu tes ,  cell sc raped  and centr ifuged  at 

13 ,200g , 10 m inutes  4°C, to  rem o v e  nuclei and cell debris .  C leared  lysates w ere  assayed  

fo r  pro te in  as B radford  (34), and p re -c lea red  with  30(^1 of protein  A -sepharose  beads, 

(5 0 %  slurry equilib ra ted  in lysis buffer) (Poole, S igm a, U K ) for 30 m inu tes  at 4°C. T he 

b ea d s  w ere  pelleted  at 2500g, 3 m inutes ,  4°C  and  the lysates rem oved. L ysates  w ere  

in cu b a ted  w ith  ro tation for 60 m inu tes  at 4 ‘’C, w ith  an ti-phospho ty ros ine  an tibody 4 G 1 0  

(U BI, U SA ) at 1.0 |ag/mg o f  total pro te in  for each  sam ple .  P ro tein  A -sepharose  beads 

(30jal o f  5 0 %  slurry in lysis buffer) is added  and incubated  w ith  rotation for a fur ther 120 

m inu tes ,  4°C. T he beads  w ere  pelle ted  at 2500g, 3 m inu tes ,  the lysate rem o v ed  and the 

beads w a sh e d  a further 3 tim es at 4"C, with  lysis w ash  buffer  (0 .2%  N P  40, 5 0 m M  NaCl, 

5 0 m M  T ris  (pH 8.0), Im M  E D T A , Im M  PM SF , 3 m M  so d iu m  vanadate , 5jag/ml each  of 

leupeptin ,  pepsta tin  and aproptinin). B eads  w ere  re su sp en d ed  in S D S -P A G E  sam ple  

(60m M  Tris, pH 6.8, 2 5 %  glycerol, 2 %  SD S, 14 .4m M  2-m ercap toe thano l  , 0 .1%  

b ro m o p h en o l  blue) buffer, bo iled  for 5 m inutes ,  cen tr ifuged  at 2500g for 3 m inutes  to 

rem ove  the beads, then undergone  e lec trophores is  (7% S D S -P A G E ).  P ro te ins  were 

transferred  to nitrocellu lose, probed  w ith  a n t i -p 8 5 a  polyclonal antibody, de tec ted  with  

rabbit im m u n o g lo b u l in  G and  v isualised  with  ch em ilu m in escen ce  sys tem  (A m ersham , 

UK).

2.13 Akt immunoblot analysis

J774  ce l ls  w ere  cu ltu red  at 5xl0'^/ml in 6 well p lates (3ml) for 48 hours  prior to 

s t im u la t ion  in 0 .5%  ECS, R P M I 1640. M ed ia  w as rep laced  with  serum -free  m edia, 2
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hours prior to stimulation with 500ng/ml InlB, for the indicated stimulation times. Cells 

were aspirated, washed with ice cold PBS, and lysed with 100[jl of SDS-PAGE sample 

buffer. The lysate was sonciated, boiled for 5 minutes, and centrifuged for 10 minutes, 

13,200g, to remove nuclei and cell debris. Proteins were seperated by electrophoresis 

(SDS-PAGE, 10%), transferred to nitrocellulose and immunoblotted with antibodies 

against Phospho-Akt(ser473) antibody (New England Biolabs, USA). Secondary 

antibody rabbit immunoglobulin G was applied and detected by chemiluminescence 

according to manufacturers recommendations (Pierce, USA). Nitrocellulose membranes 

were stripped of previous antibodies (washed 3 time with 50mM glycine, pH 2.0), and re

probed with Akt antibody (New England Biolabs, USA) to determine protein loading.

2.14 Ras activation assay

2.14.1 Purification of fusion proteins

500ml of L-broth containing ampicillin (LB-Amp) was innoculated with a 5ml overnight 

culture which had been inoculated with BL21 strain of E.coli transformed with the GST- 

C-Raf-1 RBD (residues 1-149) fusion protein to be purified and grown overnight at 37°C 

in an orbital incubator. The following day 50ml of the culture was added to 500ml of LB- 

Amp and incubated for 1 hour at 37°C after which time the fusion protein was induced by 

the addition of IPTG (lOOjaM) to the culture. Following incubation of the culture for three 

hours the bacteria were pelleted by centrifugation (15 minutes, 4000xg). The pellet was 

resuspended in 1/50*’’ the original culture volume with ice-cold lysis buffer (20mM Tris, 

lOOmM NaCI, Im M  EDTA, pH 8.0, 0.5% NP40, Img/ml lysozyme, lO^g/ml PMSF, 

30(^l/ml aprotonin and 10|ag/ml sodium orthovanadate). The bacteria were lysed by
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sonication on ice and the debris pelleted by centrifugation (10,000xg, 5 minutes, 4°C). 

The supernatant was added to 1ml of glutathione-S-agarose beads (70% mixture in lysis 

buffer) and incubated with rotation at 4“C for 30 minutes. The beads were washed three 

times with lysis buffer and the GST-fusion protein coupled to the beads stored at 4°C as 

50% slurry in lysis buffer.

2.14.2 Ras activation assay

J774 cells were cultured at 5x10^ in 100mm (lOmls) culture dishes for 24 hours in 10% 

FCS/RPM I 1640, then a further 24 hours in serum-free RPMI 1640, prior to InIB 

stimulation (500ng/ml). Cells were washed with ice-cold PBS, and lysates extracted with 

Ras lysis buffer (50mM Hepes, pH 7.4, lOmM NaF, lOmM iodoacetamide, 75mM  NaCI, 

1% NP-40, lOmM MgCIa, Im M  PMSF, Im M  sodium vanadate, Im g/m l [5-glycerol 

phosphate) for 20 minutes on ice. Equal protein amounts were incubated for 2 hours at 

4°C with C-Raf-1 R E D  (residues 1-149) pre-coupled to glutathione agarose beads (50% 

slurry). Only activated Ras-GTP will bind to beads, so that activated protein can be 

pelleted with beads by centrifugation 2500g, 3 minutes, 4°C. Beads were boiled in SDS- 

PA G E sample buffer for 5 minutes and separated on 15% SDS-PAGE. Proteins were 

transferred to nitrocellulose, and immunoblotted with Ras antibody, anti-mouse IgG 

peroxidase conjugated antibody, and visualised by chemiluminescence. Equal protein 

loading was also determined by staining transferred PA G E  gel with Com m assie Blue 

stain.
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2.15 Transient Transfections

2.15.1 Preparation of competent cells for transformation

W orking aseptically, 1ml of an overnight 2ml culture oiE .coli D H 5a was added to 50ml 

of L-broth and grown at 37°C in an orbital incubator (200rpm) until OD 500 reached 0.6. 

Cells were centrifuged at 6000xg at 4°C for 10 minutes and then resuspended in 500|j.I 

ice-cold lOOmM CaCl2 - Cells were left on ice for 20 minutes.

2.15.2 Plasmid transformation

0.1 |ag of plasmid DNA was added to lOOjal of competent cells and left on ice for 15 

minutes. The cells were then heat-shocked for 2 minutes at 43°C and cooled on ice for 2 

minutes. Cells were transferred to warm L-broth and incubated at 37‘’C for 1 hour. lOOf l̂ 

aliquots were plated out onto L-agar containing L-Ampicillin and grown 16-18 hours at 

37"C. Transformed cells were then single colony purified and used to purify plasmids for 

transfection.

2.15.3 Plasmid purification procedure

Plasmids were purified using QIAGEN Midi- or M axi-prep Plasmid purification protocol 

based on a modified alkaline lysis procedure. Volumes for Maxi kits are given in 

brackets. 25ml (lOOml) of L-broth (amp) was inoculated with a single colony from single 

purification step above. Cells were grown to a density of ODgoo 1-1.5 (1x10^ cells) at 

37°C in an orbital shaker (approximately 16 hours of growth). Cells were harvested by 

centrifugation at 6000xg for 10 minutes at 4°C. Pellets were resuspended in 4ml (10ml) 

chilled resuspension buffer (50mM Tris-HCL, pH 8 ; lOmM EDTA; lOOjag/ml RNaseA).
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C ells  w ere ly sed  for 5 m inutes in 4m l (10m l) ly s is  buffer (200m M  N aO H , 1% S D S ) at 

room  tem perature and the reaction  stop p ed  u sin g  4m l (10m l) neutralisation  buffer (3M  

p otassiu m  acetate, pH 5 .5 ) , incubating the c e lls  at 4 “C for 15 m inutes. T o  avo id  lo ca lised  

p otassiu m  d o d ecy l su lfa te  precip itation , the so lu tio n  w as m ix ed  th orough ly  im m ed iate ly  

after the addition o f  neutralisation  buffer by inverting the tube severa l tim es. T he sam p le  

w a s then cen trifu ged  at 2 0 ,0 0 0 x g  for 4 5  m in u tes at 4°C . T he supernatant w as rem oved  

im m ed ia te ly  and app lied  to a Q IA G E N  co lu m n , w h ich  had b een  equilibrated  w ith  4m l 

(10m l) equ ilibration  buffer (750m M  N aC l; 5 0m M  M O P S , pH 7; 15%  ethanol). T he  

co lu m n  w a s w ash ed  .3 tim es w ith  4m l (10m l) w a sh  buffer (IM  N aC l; 50m M  M O P S, pH  

7; 15% ethanol) and the bound p lasm id  elu ted  u sin g  2 .5 m l (15m l) e lu tion  buffer (1 .25M  

N aC l; 50m M  T ris-H C l, pH 8.5; 15%  eth an ol), p assed  tw ic e  through the co lu m n  in the 

c a se  o f  the M id i-prep  kit. T he D N A  w a s precip itated  u sin g  0 .7  v o lu m es o f  room  

tem perature isopropanol and co lle c te d  by cen trifu gation  for 3 0  m in u tes at 1 2 ,0 0 0 x g . T he  

pellet w as w ash ed  tw ice  w ith  70%  ethanol and the D N A  resu sp en d ed  in a su itab le  vo lu m e  

o f  sterile  H 2O (approx. 300^1 for M idi and 1m l for M axi-prep). T he con cen tration  and 

purity o f  the D N A  w a s determ ined  on a 0 .8%  agarose ge l sta in ed  u sin g  eth id ium  brom ide.

2.15.4 Transient transfections.

H ep2 c e lls  (1.5-2x10"*) w ere seed ed  into 9 6  w e ll tissu e  cu lture p lates 2 4  hours prior to 

transfection . T ran sfection s w ere  preform ed w ith  SuperF ect (Q u igen , U K ) accord in g  to  

m anufacturers instructions; each  w e ll rece iv in g  5 0 0 n g  o f  pP L -IL -8 (w h ich  co m p rises  the 

IL-8 prom oter lin k ed  to lu c iferase , w h ich  requires N F -x B  for its activation) (D ow er  

paper), lOOng o f  pT K -rL uc for n orm alization  o f  tran sfection  e ff ic ie n c y , indicated
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amounts o f either dominant negative Akt or Ras N 17 for relevant experim ents, and pRSV  

em pty vector was used to maintain constant amounts o f D N A  dose. After transfection (3 

hours incubation) ce lls  w ere w ashed and 100m l o f fresh m edium added. C ells were 

transfected in triplicate for each sam ple. Tw enty-fours hours later, ce lls  w ere both pre

treated, and then stim ulated with 500ng/m l o f InlB. S ix  hours fo llow in g  stim ulation, cells  

w ere washed with PBS and measured for luciferase activity Norm alised IL-8-promoter 

driven activity is the ratio o f firefly to R enilla  luciferase activity.

2.16 Determination of IL-8-luciferase reporter gene activity

C ells transfected with IL -8-luciferase were stim ulated with InlB for indicated time. C ells 

w ere centrifuged (1200xg) for 5 m inutes at room temperature and washed once with PBS. 

After removal o f PBS ce lls  w ere lysed using the appropriate amount (50^x1 for 96 w ell 

plates) o f a 1:5 dilution o f passive lysis buffer (Promega) in water according to 

manufacturer’s instructions and incubated at room temperature with vigorous shaking. 

F ollow ing centrifugation o f plates for 10 m inutes (2500xg) at room temperature, 50%  of  

the supernatant was used to determ ine luciferase activity and an equivalent amount 

retained for T K -R enilla-luciferase activity. Luciferase activity w as assayed by the 

addition o f 40p,l o f luciferase assay m ix (20m M  tricine, 1.07m M  

(M gC 0 3 )4M g(0 H )2.5 H2 0 , 2 .67m M  M gS 0 4 , O .lm M  E D T A , 33.3m M  DTT, 270m M  

coenzym e A, 470m M  luciferin, 530m M  ATP) to the sam ple and lum inesence read using  

M ediators PHL lum inom eter. L um inesence readings w ere corrected for TK -R enilla- 

luciferase activity and expressed as fold increase over unstim ulated control values.
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2.17 IL-8 ELISA

2.17.1 Preparation of samples

Cells were seeded at a density of 4x10"* cells/ml in a 96 well plate, then pre-treated or un

treated with inhibitors for 1 minute, followed by stimulation with LPS for 6 hours. The 

cells were centrifuged at 250g and 100^1 of supernatants removed for IL-8 determination.

2.17.2 IL-8 ELISA protocol

A 96 well microtitre plate is coated with 100|j,l/well of mouse anti-human IL-8 antibody 

(4jag/ml in PBS) and incubated overnight at room temperature. The antibody solution is 

aspirated and wells washed 3 times with PBS containing 0.05% v/v Tw een 20 (wash 

buffer). Plates had all excess moisture removed by pounding dry on paper towelling as a 

final step. The microtitre plate was blocked by incubating each well (300fil) with 1% w/v 

BSA, 5% w/v surcrose in PBS, pH 7.4, for 2 hours. Decant the block buffer and wash 

plate 3 times with wash buffer and pounded dry. IL-8 standards (in the range 1- 

2000pg/ml) and cell culture supernatant samples were added at 100^1 and incubated for 1 

hour at room temperature. Decant the standards and samples and wash plate 3 times with 

wash buffer and pound dry. Biotynilated goat anti-human IL-8 antibody was diluted to 

20ng/ml in PBS and 100^,1 added per well, then incubated for 1 hour at room 

termperature. Decant detection antibody and wash plate 3 times with wash buffer and 

pound dry. Add 100|al of streptavidin conjugated to horseradish-peroxidase (1:200 

dilution diluted in PBS) to each well and incubate for 20 minutes in the dark at room 

temperature. Decant the contents of the plate and wash 3 times with wash buffer then 

pound dry. 100^1 of freshly prepared substrate solution (10ml 0.1 IM  sodium acetate
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pH5.5, \61\i\ tetramethylbenzidin (TMB) (6 mg/ml in DMSO) and 10^1 of 3% v/v 

hydrogen peroxide) is added to each well and incubated for 2 0  minutes in the dark at 

room temperature. Adding 50^1 of 2M H 2S04 stops the development of the reaction, 

and the optical density of each well read at OD405, with a reference wavelength OD570 to 

correct for optical imperfections in the plate, using a Dynatech MR5000 plate reader. A 

standard curve was constructed relating to IL - 8  concentration to absorbance at 405nm, 

and was used to determine the IL - 8  concentration in unknown samples. A typical 

standard curve is shown in figure 2.3.

2.18 Protease Assay.

THP-1 cells (7.5xlO"*/ml) were resuspended in freshly prepared RPMI 1640 (phenol-red 

free) containing 2% PCS in 96 well plates. Cells were stimulated with lOjag/ml of LPS 

for 3 minutes. 30^1 samples were removed and diluted into 170|^1 of Chromozym TH 

(1.25mg/ml) dissolved in Phenol-red free RPMI 1640, 2mM L-Glutamine. Chromozym 

TH is a tosyl-glycyl-prolyl-arginine-4 nitranilide acetate compound, a substrate that is 

cleaved by serine proteases (specifically members of the ‘throm bin-like’ proteases) into 

residual peptide and free 4-nitroaniline, which is measured at 405nm. Absorbance 

readings were taken at the indicated time points. Results are displayed as arbitrary 

absorbance units, displayed as increase in absorbance units in regard to time zero, per 

time point.

2.19 Statistical Analysis

Statistical significance was determined using the Students t-test for unpaired data.
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Figure 2.3 IL-8 Standard curve relating to IL-8 concentration to 

absorbance at 405nm.

A standard curve was constructed as described in the methods section 

and was used to determine IL-8 concentrations from unknown samples. 

A representative standard curve is shown.



Chapter Three

Characterisation of InlB-mediated NF-xB activation.



Introduction.

Two surface proteins of Listeria, internalin (InlA) and InlB, are crucial in mediating cell 

invasion by L. monocytogenes (50, 65, 113). InlA is an 800 amino acid protein consisting 

of 15 highly conserved 22 amino acid leucine rich repeats (LRRs), an inter-repeat region 

(IR), and a second repeat region consisting of 2 repeats of 70 amino acids and a third of 

49 amino acids (B repeats). The receptor for InlA is E-cadherin, a transmembrane protein 

normally involved in cell-cell adhesion (138, 174).

InlB is a 630 amino acid protein consisting of 8 LRRs, each comprising 22 amino acids 

with a high degree of homology to InlA LRRs, and a 232 amino acid carboxyl terminal 

region beginning with a series of GW repeats. InlB is loosely attached to the bacterial 

surface via the so-called GW repeats, and is found in culture supernatants of wild type L. 

monocytogenes (35, 65). InlB has also been shown to activate phosphoinositide-3 kinase 

(PI-3 kinase) in Vero cells causing a rapid and transient increase in the lipid products of 

the PI 3-kinase p85-pll0 , tyrosine phosphorylation of the mammalian adaptor proteins 

G abl, Cbl, and She, and association of these proteins with p85 (113, 114). The receptor 

for InlB has recently been identified as c-Met (244). At the outset of this project, the 

receptor was unknown, one of the inspirations for this work was that a TLR may be a 

receptor for InlB, possibly interacting with InlB via a homotypic LRR-LRR interaction.

The first aim of this investigation was to test whether the Listeria invasion proteins, InlA 

and InlB have a role in NF-xB activation.
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To examine if InlB is able to mediate NF-xB activation, this study will rely on two 

techniques, which directly relate to assaying NF-xB activation, based on the known 

effects of stimuli on IxB and NF-xB. Firstly, un-treated or stimulated cells can be lysed, 

and their nuclear proteins extracted. By incubating these proteins with a radiolabled xB- 

specific oligonucleotide, followed by separation by polyacrylamide gel electrophoresis, it 

is possible to assay for stimuli-induced nuclear translocation of NF-xB. Secondly, 

immunoblotting for IxB a allows the degradation of Ix B a  to be measured.

Initially, this study will begin by assessing the ability of two strains of Listeria to induce 

NF-xB nuclear translocation. Wild typeL. monocytogenes (EGD) contains, besides both 

Internalin proteins, several known inducers of NF-xB including LTA and LLO. This 

wild type strain will be compared to a strain of L. monocytogenes containing an in-frame 

deletion of InB termed EGDAInlB. This mutant L. monocytogenes strain has previously 

been used to show the requirement of InlB expression for/,, monocytogenes invasion of 

hepatocytes (65). The effect of InlB on NF-xB can be further assessed by the use of the 

L. innocua strain. This bacterial strain does not express InlB or LLO. This strain will be 

stably transformed with a plasmid expressing InlB and will be tested for stimulatory 

effect on NF-xB induced by InlB. A final approach will be to test the ability of 

recombinant purified InlB to stimulate NF-xB. Shorter, truncated recombinant proteins 

of InlB will also be tested and monoclonal antibodies raised against the respective 

truncated proteins, will be used for inhibitory studies. The use of these bacterial strains, 

recombinant proteins and antibodies will enable the comprehensive characterisation of the 

effect of InlB on NF-xB.
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3.2 Results

3.2.1 InlB contributes to Listeria-induced activation of NF-xB.

I first tested two species of Listeria to determine whether InlB was contributing to the 

activation of NF-xB by L. monocytogenes. EGDAInIB, which does not express the InlB 

protein, and wild type EGD L. monocytogenes, were used to stimulate J774 cells for 60 

minutes, at a multiplicity of infection (MOI) of 20:1 bacteria to eukaryotic cells. NF-xB 

activation was analysed using the Electrophoretic Mobility Shift Assay (EMSA), which is 

described in Materials and Methods. As shown in figure 3.2.1, while both strains of EGD 

bacteria are able to potently activate NF-xB, there is a discernable difference in the 

intensity of activation between EGD and the mutant EGDAInIB (compare lane 4 to 5). 

The high level of NF-xB activation induced by EGDAInIB is likely to be due to two 

previously described potent activators of NF-xB produced by Listeria, LTA and LLO. 

Therefore, the difference in overall NF-xB activation induced by both EGD and 

EGDAInIB is slight.

I next tested the avirulent species Listeria innocua, which does not express either InlB or 

LLO, but still contains LTA, and a transformed strain of L. innocua (InlB), which 

expresses surface associated InlB. i l l  A cells were stimulated for 60 minutes with both 

strains, at an MOI of 50:1 bacteria to eurkaryotic cells. As illustrated in figure 3.2.1, 

L. innocua (InlB) clearly activates NF-xB at a higher intensity than that of L. innocua 

alone (compare lane 6 to 7). Finally, treatment of J774 cells with purified recombinant 

InlB at lOOng/ml (lane 2) for 60 minutes also activated NF-xB.
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Figure 3.2.1 InlB participates in NF-xB activation by L. monocytogenes 

111 A cells were seeded at 5x10"* cells/ml in six well plates, 48 hours to prior stimulation 

with bacteria. Cells were stimulated with wild type EGD strain(lane 4) and EGADInlB 

strain (lane 5) at a MOI of 20:1, bacteria to eukaryotic cells. L.innocua strains (lanes 6 

and 7) were used at MOI of 50:1. Nuclear extracts were assayed by EMSA (see 

Materials and Methods) for their ability to activate NF-xB. Lanes 2 and 3 demonstrate 

the effect of treatment of cells for 60 minutes with recombinant InlB (lane 2) at 

lOOng/ml, and TNF-a (lane 3) at 20ng/ml. NF-xB-DNA complexes are shown in each 

case, with unbound DNA also shown in the lower panel. Results shown are 

representative of four independent experiments.



These results therefore clearly indicate that InlB can activate NF-xB, either alone or when 

expressed in L. monocytogenes or L. innocua.

3.2.2 Characterisation of NF-xB activation by InlB.

I further investigated the effects of purified recombinant InlB on NF-xB activation. 

Firstly, cells were tested with a range of concentrations of InlB for 60 minutes. As can be 

seen in figure 3.2.2, activation of NF-xB was initially observed at 5 ng/ml InlB (lane 3), 

reaching a maximal response at 50ng/ml InlB (lane 5). Therefore it was decided to use 

lOOng/ml of InlB for further stimulations. There is some variation in the strength of the 

response as a result of differences in the basal activation of NF-xB, which varies between 

experiments. Various efforts to decrease this high basal activation such as serum starving 

and cell density did not lead to consistently lower basal levels. In spite of the varying 

basal levels, InlB activated NF-xB in all experiments.

Next, cells were stimulated with lOOng/ml of InlB over a broad time range. As shown in 

figure 3.2.3, InlB-mediated NF-xB activation was initially observed at 30 minutes post

stimulation, peaking at 60-120 minutes after stimulation, with activation persisting for at 

least 4 hours after stimulation. From this data it was determined that a concentration of 

lOOng/ml InlB, together with a 60 minute stimulation time would be used for further 

experiments.

The subunit composition of the activated complex was next examined. The activated 

complex consisted of p50 and p65, as both subunits were supershifted upon incubation of
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F igure 3.2,2 InlB  activates NF-xB in a  dose-dependent m anner

J774 cells were seeded at IxlOVml in 6 well dishes 48 hours prior, such that 

final concentration of cells was ~ 3xl0^/well. Cells were subsequently 

stimulated with the indicated concentrations of InlB, increasing from 1 ng/ml to 

500ng/ml (lanes 2-7) for 60 minutes. Nuclear extracts were assayed for their 

ability to stimulate NF-xB activation by EMSA when compared to non

stimulated cells (lane 1). NF-xB-DNA complexes are shown in each case. 

Results shown are representative of 3 experiments.



InlB (lOOng/ml) - + + + + + + +
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Figure 3.2.3 Time dependent activation of NF-xB by InlB

J774 cells were seeded at IxlO^/ml in 6 well dishes 48 hours prior to stimulation 

with lOOng/ml of InlB for indicated time ranging from 5 minutes to 8 hours 

(lanes 2-7). Nuclear extracts were assayed by EMSA for NF-xB activation . NF- 

xB-DNA complexes are shown in each case. Results shown are representative of 

3 experiments.



nuclear extracts from InlB-treated cells, with the relevant anti-p50 (lane 2) and anti-p65 

(lane 3) antibodies. The anti-c-rel antibody (lane 4) had no effect (Figure 3.2.4A). The 

antibodies used were not directly comparable in terms of titre or avidity; therefore the 

result is qualitative rather than quantitative.

The specificity of the binding of NF-xB to its radiolablled xB consensus sequence was 

verified by pre-incubation of nuclear extracts prepared from InlB-treated cells with an 

oligonucleotide containing unlabeled wild-type xB  sequence. Binding was inhibited 

(compare lanes 2 and 1 in Figure 3.2.4B), but remained unaffected by pre-incubation with 

an oligonucleotide containing a mutant xB sequence (compare lane 4 and 5 with lanel in 

Figure 3.2.4B).

Taken together, these results indicate that InlB is a potent activator of N F-xB and that the 

activated complex contains p50 and p65 subunits.

3.2.3 NF-xB activation in different cell types by InlB.

InlB was next tested for its ability to activate N F-xB in a broad range of cell types. Table 

3.1 describes the types of cells tested for InlB responsiveness. It was determined that the 

murine m acrophage cell line P388Di, the mouse m acrophage cell line RA W  264, and the 

human epithelial cell line Hep2 were the only cells tested that were responsive to InlB. 

As shown in figure 3.2.5, RA W  264 cells, P388Di cells and Hep2 cells were all less 

responsive to InlB than J774 cells, however, requiring up to lOOOng/ml of InlB to induce 

NF-xB activation, as compared to only lOOng/ml of InlB required for N F-xB activation in

53



A.

InlB (lOOng/ml) + + + +
Antibody " a-p50 a-p65 a-c-rel

Supershift
NF-xB/Antibody
Complex

Lane; 1 2 3 4

B.

Cone, (fmol ') 180 18 180 18
InlB (lOOng/ml) + -1- -1- -1- -1-

W/T xB cons - + + - -

Mut. xB cons - - - + -1-

NF-xB—►

Lane: 1 2 3 4 5

Figure 3.2.4 Specificity of InlB-mediated NF-xB activation

A. The composition of the NF-xB complex was determined by incubating pre-stimulated 

nuclear extracts (2^g/sample) from InlB treated cells, with antibodies against the indicated 

members of the Rel family (lanes 2-4), and compared to the non-incubated extracts (lane 1). 

Samples were then assayed for NF-xB by EMSA. Supershifted complexes corresponding to 

p50 (lane 2) and p65 (lane 3) indicated p50 and p65 subunits are present in InlB-mediated NF- 

xB activation. B. Nuclear extracts (2(ag/sample) samples were incubated with wild-type 

(W/T) (lanes 2 and 3) or mutant (Mut) (lanes 4 and 5) non-radiolabled xB-consensus 

oligonucleotide, as indicated, at 18 and 180 fmol/ml. Samples were than assayed for NF-xB 

bv EMSA. NF-xB-DNA complexes are shown in each case.
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Figure 3.2.5 N F-xB activation by InlB  in o ther cell types

Cells were seeded at 5 x l0 ‘̂ /ml in 6 well dishes, 48 hours prior to stimulation 

with indicated concentrations of InlB. Lanes 1, 4 and 7 correspond to non

stimulated (NS) cells for each cell line. NF-xB-DNA complexes are shown in 

each case. Results are representative of 2 experiments for each cell type 

indicated.



Cell Name Origin Cell Type InlB responsive

J774 Mouse Macrophage-like Yes

P388D, Mouse Macrophage Yes

Hep2 Human Epithelial Yes

RAW 264 Mouse Macrophage Yes

Vero Monkey Fibroblast-like No

HeLa Human Epithelial No

LoVo Human Epithelial No

ECV 304 Human Endothelial No

Hep G2 Human Epithelial No

EL4.N0B-1 Mouse Lymphoblast No

CaCo-2 Human Epithelial No

U937 Human Lymphoblast No

THP-1 Human Monocyte No

Jurkat Human Lymphoblast No

HEK 293 Human Epithelial No

Table 3.1. Cell Lines tested for InlB-mediated NF-xB activation.



J774 cells. The human epithelial cell lines HeLa, LoVo, Hep G2, and CaCo-2 were all 

found to be non-responsive to InlB, as was also found with the monkey fibroblast-like 

cells Vero, human endothelial ECV 304 cells, the lymphoblast cell lines mouse 

EL4.N0B-1, human U937 and Jurkatt, and human monocyte THP-1 cells. These results 

suggest cell type specificity in the effect of InIB on NF-xB activation. Subsequently, 

J774 cells were used for all future stimulation studies with InIB unless otherwise stated.

3.2.4 InIB induces degradation of IxB a and IxB(3.

The phosphorylation and subsequent degradation of IxB is an integral event allowing the 

translocation of NF-xB to the nucleus. Therefore I next determined if InIB could induce 

the degradation of IxB.

Treatment of J774 cells with InIB caused the degradation of both Ix B a  and IxB(3 as 

illustrated in figure 3.2.6. The degradation of IxBa, commenced within 5 minutes of InIB 

stimulation (compare lane 3 to 1), reaching maximal degradation between 60-120 minutes 

post-stimulation (lanes 4 and 5), and returning to basal levels after 480 minutes. In 

contrast, IxBf3 degradation, began within 30-60 minutes post-stimulation (compare lanes 

3-4 to 1), and persisted for up to 480 minutes after InIB stimulation.

3.2.5 InlB-mediated NF-xB Activation is not LPS dependent.

Since the recombinant InIB was prepared from E. coli, it was possible, though unlikely 

given the purification protocol used, that the effect of InIB activation was caused by 

contamination of sample with LPS. To examine this, InIB was incubated with the LPS
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Figure 3.2.6 The effect of InlB on the degradation of I'nBa and IxBp 

J774 cells were seeded at 1x10^ cells/m l in six well plates, 48 hours prior to 

stim ulation with lOOng/ml of InlB for indicated tim e periods. Cells were lysed and 

assayed for Ix B a  and IxB(3 by W estern B lot analysis. Only one band was detected at 

37kD a, corresponding to each IxB. A sim ilar result was obtained in a further 

experim ent.



neutralising agent polymyxin B (255). As shown in Fig. 3.2.7, polymyxin B at 

concentrations of up to 10 ^g/ml had no effect on the InlB response (lanes 3-8). 

Furthermore, LPS at a concentration of lOOng/ml was required to observe an activation of 

NF-xB in J774 cells comparable to that of InlB (lane 9). Polymyxin B at l^ g /m l  blunted 

this effect (lane 10).

3.2.6 NF-xB activation is caused by the N-terminal LRR region of InlB.

To further understand the stimulatory effect of InlB on N F-xB activation, truncated forms 

of InlB were used to stimulate J774 cells. Figure 3.2.8A illustrates a schematic diagram 

of the different domains of InlB used in this study. As can be seen in figure 3.2.SB, the 

LRR domain activated NF-xB almost as effectively as full-length InlB (compare lane 3 

and 2). Interestingly, the C-terminal domain had some activity, although it was much less 

effective than either full-length or LRR domain InlB (compare lane 4 to 2). These results 

are shown for the response of lOOng/ml of each protein, which corresponds to 1.4nM 

InlB, 3.3nM of InlB-LRR, and 3.75nM of C-terminal InlB. Equimolar concentrations of 

each protein were also tested, and there was no difference in their ability to activate NF- 

xB as compared to that achieved by lOOng/ml of each protein (results not shown).

Further evidence for a role of the LRR region was obtained using a series of anti-InlB 

monoclonal antibodies, as shown in figure 3.2.9. Figure 3.2.9A gives a schematic 

representation of the regions of InlB against which the antibodies were raised against. 

The monoclonal antibody D23.1, which recognises the LRR domain responsible for 

invasiveness of InlB into Vero cells (37), blocked the effect of InlB (compare lanes 3 to
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Figure 3.2.7 LPS contamination is unlikely to be responsible for the 

activation of NF-xB by InlB

J774 cells were seeded at IxlO^/ml in 6 well dishes for 48 hours. Cells were then 

left un-treated (lane 1) or treated with polymyxin B (10|^g/ml, lane 2), InlB 

(lOOng/ml, lane 3), InlB (lOOng/ml) pre-incubated with polymyxin B for 30 

minutes (lanes 4-8), LPS (lOOng/ml, lane 9) or LPS pre-incubated for 30 minutes 

with Img/ml polymyxin B (lane 10), and incubated for 60 minutes. Nuclear 

extracts were assayed for NF-xB activation by EMSA. N F-xB -D N A  complexes 

are shown in each case. A similar result was obtained from a further experiment.
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Figure 3.2.8 Domains of InlB responsible for InlB-mediated NF-kB 

activation

A. Schematic diagram representing the different constructs o f InlB used for 

stimulation o f J774 cells. Wild-type InlB and truncations (InlB-LRR and C- 

terminal) o f InlB are indicated by numbers corresponding to amino acid 

positions relative to wild-type InlB. B. J774 cells were seeded at 5x1 O'* 

cells/ml in 6 well plates, 48 hours prior to stimulation with lOOng/ml o f 

either wild-type InlB (lane 2), InlB-LRR (lane 3) or C-terminal InlB (lane 4) 

for 60 minutes. Nuclear extracts were assayed for NF-kB activation by 

EMSA. NF-kB-DNA complexes are shown in each case. A similar result 

was obtained from a further experiment.
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Figure 3.2.9 The LRR of InlB is responsible for InlB-mediated NF-kB 

activation

A. Schematic diagram indicating regions o f InlB recognised by antibodies. Lines 

represent truncated recombinant proteins used to raise antibodies. B. J774 cells 

were seeded at 5x1 O'* cells/ml,48 hours prior to stimulation. InlB (25ng/ml) was 

pre-incubated for 60 minutes at 4®C, with 1 ^g/ml o f indicated antibodies. The 

antibodies were D23.1 (anti-InlB-LRR, lane 3), B4.6 (anti-InlB-LRR, lane 4), 3.3 

(anti-InlB-LRR-IR, lane 5), and H15.1 (anti-InlB-C-terminal, lane 6). Cells were 

stimulated with InlB-antibody mix for 60 minutes and nuclear extracts assayed for 

NF-kB activation by EMSA. NF-kB-DNA complexes are shown in each case. A 

similar result was obtained from a further experiment.
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2). The antibody B4.6, which recognises another part of the LRR domain of InlB, but is 

unable to inhibit invasion of Vero cells, had no effect on stimulation, as were antibodies 

to the inter-repeat region and the C-terminal domain of InlB (lanes 4-6). Interestingly, the 

antibody directed against the LRR and/or inter-region of InlB, mAb 3.3, which has been 

found to inhibit InlB mediated invasion of Vero cells (37), had no effect upon NFxB 

activation (lane 3).

Taken together these results suggest that the LRR domain, which is also required for 

InlB-induced internalisation, is also responsible for NF-xB  activation by InlB.

3.2.7 InIA does no t ac tivate  N F-xB .

As the LRR domain of InlB is highly similar to that of InIA, both the native InIA, and the 

shorter LRR domain of InIA, were tested for their ability to activate NF-xB. Figure 

3.2. lOA gives a schematic representation of the domains of both InIA and InlB with their 

respective amino acid numbers used in this study. As shown in figure 3 .2 .lOB, both the 

InIA and InlA-LRR proteins were unable to induce activation of NF-xB, as compared to 

the activation achieved by InlB and InlB-LRR (compare lanes 4-5 to 2-3). The molar 

concentrations tested were L16nM  InIA and 2.1nM InlA-LRR. Again, stimulation of 

J774 cells with equimolar amounts of InIA, InlA-LRR, as compared to InlB and InlB- 

LRR, had no effect on NF-xB  activation intensity (data not shown).

These results suggest therefore, that the InlB-LRR domain specifically mediates the 

activation of N F-xB by InlB.
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Figure 3.2.10 Neither InlA or LRR-InlA induces activation of NF-kB

A. Schematic diagram representing the constructs o f InlA and InlB used 

for stimulation o f J774 cells. B. J774 cells were seeded at 5x10'' cells/ml 

in 6 well plates 48 hours prior to stimulation. Proteins (lOOng/ml) 

corresponding to InlB (lane 2), InlB-LRR (lane 3), InlA (lane 4), and 

InlA-LRR (lane 5) were assayed for their ability to activate NF-kB by 

EMSA as compared to unstimulated cells (lane 1). NF-kB-DNA 

complexes are shown in each case. A similar result was obtained from a 

further experiment.



3.2.8 InlB induces the expression of TNFa and IL-6 in J774 cells.

Finally, whether InlB could induce expression of NF-xB-regulated genes was examined. 

The expression of both T N Fa and IL-6, was therefore determined. J774 cells stimulated 

for 24 hours with InlB were shown to increase both T N F a and IL-6 protein levels in a 

dose-responsive manner over untreated cells (Figure 3.2.11).
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Figure 3.2.11 Effect of InlB Stimulation upon xB-dependent gene 

expression

J774 cells (1x10^ cells/ml) were seeded in 24 well plates 24 hours prior to 

stimulation. Cells were stimulated with either lOOng/ml or l|^g/ml of InlB 

and incubated for a further 24 hours. Control data are unstimulated cells. 

Supernatants were removed, centrifuged (5 minutes at 13,200 rpm) to remove 

detatched cells, and assayed for IL-6 and T N F-a as described in Materials 

and Methods. Results are shown as cytokines (pg/ml) and are expressed as 

means aS.D. (n=3). Data indicate significant differences (*P=0.05,

**P=0.007) when compared to control values.



3.3 Discussion.

In this chapter, I have demonstrated that the invasion protein InlB from L. monocytogenes 

activates NF-xB in the murine macrophage-like cell line J774, causing the expression of 

two cytokines T N F-a and IL-6, which are part of a pro-inflammatory response. The 

effect is sustained, and involves the transient degradation of IxB a and the sustained 

degradation of IxB(3. The LRR domain of InlB mediates this activation, a region recently 

shown to be required for internalisation in epithelial cells and activation of PI-3 kinase 

(37).

Infection of bone marrow derived macrophages with L. monocytogenes has previously 

been shown to upregulate cytokines IL la , 1L-1[3 and TN F-a, after initial infection (60). 

This classical pro-inflammatory response was found to be unaffected by cytoskeletal 

inhibitors which prevent bacterial invasion, but not adhesion. These results suggested 

that secreted or surface molecules of mammalian cells are able to interact with a bacterial 

ligand and initiate a pro-inflammatory response. Given that InlA and InlB are cell surface 

proteins, and may also be found in culture supernatants, we felt they may be excellent 

candidates for activation of NF-xB, and thus contribute to, or promote the pro- 

inflammatory response previously observed in macrophages, as has been observed by 

other soluble bacterial products such as LPS and LTA (13, 94). Our results show that this 

is the case for InlB.

Initially I was able to demonstrate the contribution of InlB toL. monocytogenes activation 

of NF-xB, by the use of two strains of Listeria. Wild type L. monocytogenes, termed

58



EGD, contains components which have previously been shown to mediate NF-xB 

activation. Hauf et al (94) demonstrated that a phenol-extracted, purified fraction of 

LTA from L. monocytogenes, termed LTAII, rapidly activates NF-xB via IxB a  

degradation in the mouse macrophage cell line P388Di^ whereas the LTAI fraction had 

no effect. Further analysis determined that LTAII contained a glycolipid anchor 

substituted with a phosphatidyl residue that is absent in LTAI. A second sustained 

activation mediated by IkB[3 degradation also seemed to occur and required the 

expression of the PrfA-dependent listerial phospholipases PI-PLC and PC-PLC. Indeed, 

Hauf et al found that mutant forms of L. monocytogenes, which lack these PrfA- 

dependent phospholipases, and the non-invasive Z,. innocua, did not induce this sustained 

activation of NF-xB. The phospholipase mutants still probably express a full length InlB 

which also could contribute to the activation of NF-xB.

Another report demonstrated that LLO also induced NF-xB activation in endothelial cells 

and stimulated cell adhesion molecule expression (123). This finding further 

demonstrated that L. monocytogenes expresses several factors that are potent NF-xB 

activators, and in many checkpoints of the infection process, may use different 

components to trigger similar signalling events.

i l l 4 cells stimulated with the EGD strain strongly induced NF-xB activation. However, 

J774 cells stimulated with a mutant strain of EGD that has an in-frame deletion of InlB, 

termed InlBAEGD (65), demonstrated a marginally lower level of NF-xB activation when 

compared to that mediated by EGD alone. Indeed, this result is in contrast to the findings
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of Hauf et al (95) who also used an in-frame deletion InlB mutant EGD strain in their 

study, but found this mutant had no effect on the ability of L. monocytogenes to activate 

NF-xB in P388D] cells. The Hauf study however, used an MOI of 50:1 bacteria to 

eukaryotic cells, as compared to an MOI of 20:1 in my study. The higher concentrations 

of NF-xB activators present in both strains of EGD at an MOI of 50:1, such as LLO and 

LTAII, could have ‘m asked’ the decrease of NF-xB activation induced by InlB. Also, it 

was later found that InlB is buried within the peptidoglycan layer (118) of L. 

monocytogenes. If soluble InlB is required for NF-xB activation, or only a small 

percentage of InlB is present on the bacterial surface, it is possible that this form of InlB 

was not present in the Hauf et al experiments. It is also possible, that InlB expression or 

activity was very low in their bacterial cultures.

To further probe the role of InlB in Listeria-med'iaiQd NF-xB activation, I used a second 

strain of Listeria to probe this effect. L. innocua is a non-invasive strain of Listeria, that 

does not express Internalins or LLO. Using a MOI of 50:1 bacteria to eukaryotic cells, L. 

innocua was able to clearly activate NF-xB. However, this activation was lower in 

potency when compared to that induced by EGD. This activation would presumably be 

due to factors such as LTAII and phospholipases. However, J774 cells stimulated with L. 

innocua stably transformed with a plasmid expressing InlB, increased NF-xB activation 

above levels observed for L. innocua alone. Therefore, the removal of NF-xB activators 

such as LLO, enabled the stimulatory effect of InlB to be noticeable in this assay. This 

result, in conjunction with the decrease in NF-xB activation observed with the InlBAEGD
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bacterial strain, therefore suggested a role for InlB in the activation of NF-xB by L.

monocytogenes.

The availability of purified recombinant InlB allowed further study of this effect, free 

from the interference of the NF-kB activators present in L. monocytogenes. Incubation of 

J774 cells with recombinant InlB demonstrated a potent NF-xB stimulatory effect 

mediated by InlB, achieving a maximal activation response at 50ng/ml. InlB-mediated 

NF-xB activation occurred within 30 minutes of stimulation and persisted for up to 4 

hours. It was further found that InlB induced the transient degradation of the NF-xB 

inhibitory protein Ix B a  within 30-120 minutes, and the further sustained degradation of 

IxBf3 from 60 minutes up to 4 hours.

It was possible that as InlB was prepared from E. coli, purified InlB could be 

contaminated with trace amounts of LPS. As LPS is a known potent activator of NF-xB 

in macrophages, it was necessary to determine if LPS was responsible for the effect seen 

here. Polymyxin B, a polycationic cyclic peptide, is known to neutralize most of its 

activities (255). Pre-incubation of InlB with polymyxin B however, was found to have 

no effect upon InlB-induced NF-xB activation. LPS-mediated NF-xB activation 

however, was inhibited by polymyxin B. This further supported the suggestion that InlB 

was responsible for the NF-xB activation observed in this study.

Using a combination of shorter domains of InlB, and monoclonal antibodies directed 

against some of these regions, I was able to demonstrate that the LRR domain mediates
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activation of NF-xB. This region activated NF-xB at concentrations comparable to native 

InlB, and activation was inhibited by an antibody raised against a region of LRR involved 

in InlB-mediated invasion of Vero cells, but was unaffected by an antibody raised against 

another LRR motif of InlB that is unable to inhibit invasion. Taken together, these results 

indicate that the LRR motif of InlB involved in invasion (37) is critical for NF-xB 

activation. Interestingly however, the antibody 3.3, which is also raised against the LRR- 

and/or IR region of InlB and is able to inhibit InlB-induced invasiveness of Vero cells, 

was unable to inhibit InlB-mediated N F-xB activation in J774 cells. As these antibodies 

have not been epitope-mapped, and therefore the exact regions of recognition are 

unknown, it is difficult to draw direct comparisons between the ability of the antibodies 

D23.1 and 3.3 in their inhibitory effects upon InlB function. However, the discrepancy 

between the ability of antibody 3.3 to inhibit InlB-mediated invasiveness, but not NF-xB 

activation, may suggest that different regions of InlB within the LRR and/or IR domains 

are able to induce a different response from cells, or that InlB-induced invasiveness may 

require a more specific ligand-receptor interaction in Vero cells, than that required to 

induce NF-xB activation in J774 macrophages.

InlA shares with InlB a similar LRR region (67), as do the other members of the 

internalin family (66). Yet my investigation has shown that native InlA, and its LRR 

region, was unable to activate N F-xB in J774 macrophages. Thus the activation was 

specific for the LRR of InlB. The difference in the LRR domains of InlA and InlB are 

sufficient to allow both proteins to bind different receptors. InlA binding its receptor, E- 

cadherin, has previously been shown to require the LRR region of InlA (173, 174).
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However, it has been found that E-cadherin does not bind InlB. The results presented 

here are thus in perfect agreement with the fact that E-cadherin is absent in J774 

macrophages. The first receptor described for InlB, g C lq -R  (36), is one of the receptors 

for the complement protein C lq .  It does not contain a transmembrane region or 

glycosylphosphatidylinositol (GPI) linkage sequence (86-88). This would suggest that 

gC lq -R  is acting as a co-receptor for a transmembrane signalling protein capable of 

initiating signal transduction. A possible candidate has been recently described by Shen 

et al (244) who demonstrated that c-Met, the tyrosine kinase receptor for Hepatocyte 

Growth Factor (HGF), or ‘scatter-factor’, can bind InlB. Similar to InlB, H G F has been 

shown to activate PI-3 kinase and InlB can induce epithelial cell scattering. Both InlB 

(160) and H G F (237) also activate the transcription factor NF-xB.

c-Met is expressed in many cell types. In this study, InlB did not activate NF-xB in all of 

the cells tested. One of the cells that were unresponsive, Vero, express’ c-M et and 

respond to InlB in terms of PI-3 kinase activation. Why these cells do not respond in 

terms of NF-xB is therefore unclear. One explanation may be that c-M et may induce 

different responses in different cells. This is further discussed in chapter 4. H G F was 

initially described as a growth factor for both liver cells, and epithelial cells (178, 186, 

230), an epithelial morphogen (181), an effector of epithelial m ovement and cell-cell 

interactions (89, 256, 278), an inhibitor of tumor growth (245), and as a chemoattractant 

for motorneurons (71). The ability of c-Met, the single receptor for HGF, to induce 

motility stimulation, proliferation, morphogenesis and tumor inhibition, suggests that the 

signal transduction pathway initiated by HGF, utilises several signalling mediators to
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induce its effect, and that these mediators are cell specific (257). Upon ligand binding, c- 

Met undergoes autophosphorylation of two critical tyrosines within a so-called ‘multi

docking site’, at positions T yrl349 and T yrl356 (29, 268). Both phosphotyrosines recruit 

key adaptor proteins to the multi-docking site, including Grb2, G abl, SHC, PI-3 kinase 

and PLC7, which act downstream of c-M et (reviewed in (29, 257). Several studies have 

established that motility responses induced by HGF, requires activation of PI-3 kinase, 

thereby activating the Ras-Rac/Rho pathway, whereas growth responses requires 

activation of the Ras-mitogen-activated protein (MAP) kinase pathway via recruitment of 

the G rb2-S0S adapter complex. From these studies, it can be concluded that HGF/c-Met 

coupling induces recruitment of either PI-3 kinase or Ras-driven intracellular signalling 

pathways, leading to either mitogenesis, scattering or morphogenesis. It has been 

suggested that most cells types respond to HGF by developing a mixed phenotype, and 

that the induction of any particular phenotype requires the involvement of specific  

intracellular mediators that are either particular to, or highly abundant in that particular 

cell line (257). Therefore, it has been suggested that PI-3 kinase and Grb2, via Ras, seem  

to provide a signalling pathway ‘platform’, which alone does not induce a specific  

response. Downstream of these effectors, intracellular signalling mediators are recruited, 

activated, and induce further signalling effectors, which leads to the explicit signal that is 

specific for that phenotopic response.

Making the assumption that InIB is inducing the same ligand-induced 

autophosphorlyation of c-M et within the multi-docking site, it could be suggested  

therefore, that the specificity of InlB-mediated NF-xB activation in J774, P388D i, Hep2
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and RAW  264 cell lines, could be due to the involvement of specific intracellular 

mediators unique to, and/or expressed at a higher concentration, to the other cell types 

used in this study, which did not induce the same response. Although InlB may activate 

PI-3 kinase in Vero, this may not be sufficient to activate NF-xB. This effect will be 

further examined in chapter 4, however, the effect could be similar to that observed for 

Akt activation of the IKK complex after stimulation by TN F (199). Ozes et al have found 

that Akt-dependent activation of the IKK complex is dependent upon the amount of Akt 

present in the cells, the activity of Akt and maybe the presence or increased expression of 

mediators that induce Akt activation of the IKK complex. As Akt is a well-known 

downstream effector of PI-3 kinase, a similar effect could be responsible for what I have 

observed here.

W hat are the downstream consequences of NF-xB activation in infected cells? As NF-xB 

has been implicated in many aspects of the pro-inflammatory response to bacterial 

invasion (11, 12, 14), it is possible that the InlB-mediated N F-xB activation observed 

mainly represents a host defence response to the bacterium. Another possibility however 

is that NF-xB activation may be beneficial to the bacterium. PI-3 kinase can also 

generate an anti-apoptotic signal via protein kinase B/Akt (165). If PI-3 kinase and NF- 

xB activation are linked, NF-xB activation could be another anti-apoptotic signal 

activated by PI-3 kinase in response to InlB. Interestingly, PI-3 kinase has been shown to 

have a role in NF-xB activation by the cytokine IL-1 (219, 249). Since previous studies 

(37, 113, 114) have implicated InlB in activation of PI-3 kinase, this observation, and our 

present results lead us to speculate that PI-3 kinase may be a component of the activation
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pathway that leads to NF-kB activation



of NF-xB by InlB. The role of PI-3 kinase in the pathway to NF-xB is controversial 

however, as discussed in the next chapter. InlB was also found to increase IL-6 and TNF 

production, implying that NF-xB is participating in a pro-inflammatory response.

In conclusion, the results of this study so far indicate that InlB is not only involved in L. 

monocytogenes invasion. It also appears that InlB activates NF-xB. Thus, NF-xB 

activation during Listeria infection seems to be mediated by a series of components 

including LTA, phospholipids, LLO and InlB.
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Chapter Four

InlB activates NF-xB via PI-3 kinase, Ras and Akt.



Chapter 4.

4.1 Introduction

In the previous chapter, the ability of the invasion protein InlB from L. monocytogenes to 

activate the pro-inflammatory transcription factor NF-xB was described. The first 

receptor described for InlB, gClq-R, is one of the receptors for the complement protein 

C lq  (36). It does not contain a transmembrane region or glycosylphosphatidylinositol 

(GPI) linkage sequence (88). This would suggest that gClq-R  is acting as a co-receptor 

for a transmembrane signalling protein capable of initiating signal transduction, as the 

finding that InlB activates a cytoplasmic transcription factor, combined with Ireton et al’s 

description of PI-3 kinase activation by InlB (113, 114) suggested a transmembrane 

signalling cascade.

Therefore, there was considerable interest in continuing the search for this signalling 

receptor, and the aim of this study was to further examine the signalling pathway initiated 

by InlB, resulting in NF-xB activation, as the first step in identifying the receptor. As 

mentioned in the previous chapter, during this research, Shen et al (244), demonstrated 

that c-Met, the tyrosine kinase receptor for Hepatocyte Growth Factor (HOF), or ‘scatter- 

factor’, can bind InlB. Similar to InlB, HGF has been shown to activate PI-3 kinase and 

InlB can induce epithelial cell scattering. Both InlB and HGF (237) also activate the 

transcription factor NF-xB.

InlB has previously been shown to activate PI-3 kinase and induce the recruitment of the 

adapter proteins Gab-1, Grb-2 and She (114). HGF has also been found to induce
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activation of PI-3 kinase, requiring recruitment of several key adapter proteins including 

Gab-1 and Grb-2, mediating critical cellular regulation pathways such as proliferation or 

morphogensis (212, 213, 222). As it appears that InlB is utilising a mammalian growth 

factor receptor to initiate cellular invasion of the host, understanding the signalling 

pathway induced by this interaction, and the mediators involved, could suggest critical 

insights into subcellular processes mediated by InlB binding c-Met. These events could 

have important consequences for both bacterium and host.

In this chapter I have investigated the signalling pathway activated by InlB leading to NF- 

xB activation. I have that that a pathway involving Ras, PI-3 kinase, and Akt is involved, 

correlating well with previous studies of HGF, further strengthening the role of c-M et as 

the mammalian receptor for InlB.
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4.2 Results 

4.2.1 PI-3 kinase is involved in InlB-mediated NF-xB activation.

I first investigated the effect of the PI-3 kinase inhibitors, LY294002 and Wortmannin, on 

InlB-mediated N F-xB activation. J774 cells were pre-treated with a range of 

concentrations of both compounds for 20 minutes prior to stimulation with lOOng/ml of 

InlB, for 60 minutes. As shown in figure 4.2.1, both LY294002 (lanes 3-6) and 

W ortmannin (lanes 7-10) were able to decrease InlB-mediated NF-xB activation in a 

dose-dependent manner. Figure 4.2.2 illustrates that the PI-3 kinase inhibitor LY294002 

(50jaM) also inhibited the induction of Ix B a  degradation by InlB (compare lanes 6 and 7 

to lanes 3 and 4). Taken together, these results suggest that PI-3 kinase is involved in the 

signalling pathway activated by InlB, which leads to activation of NF-xB.

4.2.2 InlB-induces the recruitment o f the PI-3 kinase subunit, p85.

I next assessed for PI-3 kinase activation in response to InlB, by assaying p85 recruitment 

to phosphotyrosine following InlB activation. As shown in figure 4.2.3, InlB induced the 

rapid recruitment of the p85 subunit of PI-3 kinase to a complex containing tyrosine- 

phosphorylated proteins in J774 cells. For this, cell lysates prepared from InlB stimulated 

J774 cell were immunoprecipitated with an anti-phosphotyrosine antibody, then blotted 

with anti-p85 polyclonal antibody as described in Braun et al (37). Recruitment was 

observed 1 minute post-stimulation (lane 2), reaching a maximum between 5 and 15 

minutes (lanes 3-4), and began declining at 30 minutes (lane 5). InlB has previously been 

shown to stimulate p85 recruitment in Vero cells after one minute, decreasing rapidly
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Figure 4.2.1 Effect of PI-3 kinase inhibitors on InlB-mediated NF-xB  

activation

J774 cells were seeded at 5x10"* cells/m l in 6 well plates, 48 hours prior to 

treatm ent. Cells were pretreated for 20 m inutes with a concentration range of 50- 

l^ M  LY 294002 (lanes 3-6), or lOO-lOnM of W ortm annin (lanes 7-10). Cells 

were then stim ulated with InlB (lOOng/ml) for 60 m inutes. N uclear extracts were 

assayed for NF-xB activation by EM SA. N F-xB -D N A  com plexes are show n in 

each case. Results shown are representative of 3 experim ents.
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Figure 4.2.2 The PI-3 kinase Inhibitor LY294002 blocks InlB- 

induced IxBa degradation

J774 cells were seeded at 1x10^ cells/ml in six well plates, then 

incubated for a further 48 hours. Cells were un-treated or pre-treated 

for 20 minutes with 50|aM LY294002, then stimulated with 

SOOng/ml InlB for a further indicated times. Cells were lysed and 

assayed for IxB a and IxB[3 by Western Blot analysis. Only one 

band was detected at 37kDa, corresponding to each respective IxB. 

Results shown are representative of 3 experiments.
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Figure 4.2.3 InlB -mediated p85 recruitment

J774 (lane 1-5) and Vero (lane 6 and 7) cells were seeded at 7xl0 '’/ml in 

100mm dishes 48 hours prior to stimulation with InlB. Cells were 

stimulated for indicated times with 500ng/ml of purified InlB. Lysates 

were centrifuged to remove cell debris, and supernatants probed with a -  

phosphotryosine antibody 4G10, then immunoprecipitated with a 50% 

slurry, Protein-A Sepharose. Beads were pelleted, boiled and separated on 

10% SDS-PAGE gels. Gels were transferred to nitrocellulose membranes 

and immunoblotted with polyclonal a-p85 antibody. No other bands were 

detected. Results shown are representative of 3 experiments.



thereafter (37, 114). Vero cells were therefore used as a positive control, a sample from 

cells treated for 1 minute with InlB being shown (lane 7).

Interestingly, when J774 cells are treated with LY294002, prior to stimulation with InlB, 

the inhibitor was found to repress the degree of p85 recruitment (Fig. 4.2.4). LY294002 

is known to act as an inhibitor of the p i  10 catalytic subunit of PI-3 kinase, which 

covalently binds to the subunit, rendering it catalytically inactive (274). The basis for the 

inhibition observed here is unclear, but suggests that p85 recruitment depends on p i  10 

catalytic activity.

The PI-3 kinase involvement in NF-xB-dependent transcriptional activity induced by InlB 

was next investigated. The PI-3 kinase inhibitor LY294002 was used at a range of 

concentrations previously shown to inhibit InlB-mediated N F-xB activation (figure 

4.2.1), to determine if the induction of a reporter gene, luciferase, under the control of the 

IL-8 promoter (which is NF-xB dependent), could be inhibited. These experiments were 

carried out in the cell line Hep2, since it was found that J774 cells could not be 

transfected to a high enough efficiency (not shown). Previously in this report, it has been 

shown that Hep2 cells are responsive to InlB in terms of N F-xB activation. InlB induced 

a 2-2.5-fold increase in luciferase activity. This was the m axim um  response achieved in 

these cells. As shown in figure 4.2.5 LY294002 inhibited this response, with 100|j,M 

having a significant effect.
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InlB (500ng/ml) + + + + + +

LY294002 (50|^M - - - + + + +
Time (mins) 0 1 5 15 0 1 5 15

p85 -83kDa

Lane: 1 2 3 4 5 6 7 8

Figure 4.2.4 LY294002 inhibits InlB mediated p85 recruitment

J774 cells were cultured 48 hours prior to treatment at 7x10“* cells/ml in 

100mm culture dishes. Relevant samples were pre-treated for 20 

minutes with 50|j.M LY294002 in DMSO, cells were stimulated with 

InlB (500ng/ml) for indicated times, lysed and cell debris removed by 

centrifugation. Supernatants were probed with a-phosphotryosine 

antibody 4G10, then immunoprecipitated with a 50% slurry, Protein-A 

Sepharose. Beads were pelleted, boiled and separated on 10% SDS- 

PAGE gels. Gels were transferred to nitrocellulose membranes and 

immunoblotted with polyclonal a-p85 antibody. No other bands were 

detected. A similar result was obtained in a further experiment.



Figure 4.2.5 The PI-3 kinase inhibitor LY294002 blocks induction of 

an NF-xB-linked reporter gene by IniB

Hep2 cells (1.5-2.0x10“*) were transfected with reporter plasmids for IL-8 

luciferase and TK-renilla-luciferase for 24 hours, pre-treated with the 

indicated concentration of LY294002, then unstimulated (open boxes) or 

stimulated with InlB (500ng/ml) (closed boxes). Luciferase activity was 

assayed for each sample. Readings are normalised for each sample relative 

to constitutively expressed TK-renilla-luciferase and plotted as fold 

stimulation. Results are means and ±S.D. for triplicate determinations. A 

similar result was obtained in a further experiment. Data indicate 

significant differences (*P=0.023) when compared to control values.



To further investigate the ability of InlB to induce NF-xB-dependent transcriptional 

activity, I next assayed the ability of InlB to induce IL-8 protein expression by ELISA. 

Once again, these experiments were carried out in Hep2 cells, J774 cells do not express 

IL-8 (not shown). As can be seen in figure 4.2.6, InlB induced a significant increase in 

IL-8 expression. LY294002 inhibited the expression of IL-8 in a dose-dependent manner, 

with 50j.iM and lOO^M both reducing expression to basal concentrations.

These results indicate that PI-3 kinase is involved in the activation of N F-xB by InlB, at a 

point upstream of Ix B a  degradation.

4.2.3 InlB induces phosphorylation of Akt.

PK B/Akt is a critical downstream target of PI-3 kinase (64, 80, 252) that has been shown 

to transiently associate with, and activate, the IxB kinase complex leading to NF-xB 

activation (199, 227). To determine if InlB was able to activate Akt was next determined. 

As shown in figure 4.2.7, InlB induced phosphorylation of Akt as assessed by 

immunoblotting whole cell lysates with a phospho-specific antibody that recognizes Akt 

only when phosphorylated on Ser473. Initially these experiments were unsuccessful due 

to fetal calf serum inducing increased basal phosphorylation of Akt. However, method 

developm ent allowed beneficial completion of these experiments. Accordingly, increased 

phosphorylation was observed within 15 minutes (lane 3), and was optimal 30 minutes 

post-stimulation (lane 4), returning to basal phosphorylation levels at 45 minutes (lane 5). 

Pre-treatment of the cells with the PI-3 kinase inhibitor LY294002, as shown in figure 

4.2.8, blocked the effect (compare lane 3 to land  2).
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LY294002 (̂ iM)

Figure 4.2.6. The PI-3 kinase inhibitor LY294002 blocks InlB- 

mediated IL-8 protein expression

1x1 O'* Hep2 cells were seeded in 96 well plates 24 hours prior to treatment 

with the indicated concentrations of LY294002 and stimulated with InlB 

(500ng/ml), then incubated for a further 24 hours. Cell supernantants 

were removed and assayed for IL-8 by ELISA. IL-8 concentrations are 

calculated by comparison to a standard curve of IL-8 concentrations and 

plotted as pg/ml. DMSO vehicle in NS had no effect. Results are means 

and ±S.D. for triplicate determinations. A similar result was obtained in a 

further experiment.



InlB (500ng/ml) + + + +
Time (mins) 0 5 15 30 45

Akt-P — ►

Akt

Lane: 1

62.5kDa

62.5k.Da

Figure 4.2.7. InlB-induced phosphorylation of Akt

7x10^ J774 cells were grown in serum free media, 48 hours prior to 

stimulation with 500ng/ml InlB for indicated incubation times. Cells 

were lysed with Laemelli sample buffer, cell debris removed by 

centrifugation, then supernatants separated by 10% SDS-PAGE. 

Samples were transferred to nitrocellulose, then immunoblotted with 

anti-phospho-Akt antibody (Ser 473). Membranes were stripped and 

further probed with anti-Akt antibody to determine equal protein 

loading for each sample. Results shown are representative of 3 

experiments.



InlB (500ng/ml) + - +

LY294002 (SO^iM) - - + +

Time (mins) 0 30 0 30

Akt-P- -62.5kDa

Akt
* -62.5kDa

Lane:

Figure 4.2.8. LY294002 inhibits InlB-induced Akt phosphorylation

J774 cells (7xlO"*/ml ini00m m  dishes) were grown for 48 hours in serum 

free medium, treated or not-treated with 50 |aM LY294002 (lane 3) for 20 

minutes prior to InlB (500ng/ml) stimulation. Cells were lysed, cell debris 

removed by centrifugation, then supernatants separated by 10% SDS-PAGE. 

Samples were transferred to nitrocellulose, then immunoblotted with anti- 

phospho-Akt antibody (Ser 473). Membranes were stripped and further 

probed with anti-Akt antibody to determine equal protein loading for each 

sample. Similar results were obtained from a further experiment.



To further examine a role for Akt in InlB-mediated signal transduction resulting in NF- 

xB  activation, the effect of a plasmid encoding a dominant negative mutant of Akt on 

expression of the IL-8 promoter was tested. Again these transfection experiments were 

conducted in Hep2 cells due to their increased capacity for transient transfection as 

compared to J774 cells. As can be seen in figure 4.2.9, transient transfection of the 

dom inant negative mutant inhibited the response induced by InlB, in a dose-dependent 

manner, with 50-1 OOng of plasmid reducing the effect. This result indicates that Akt 

activation is required for N F-xB  activation by InlB.

To further investigate Akt involvement in InlB-mediated NF-xB transcriptional 

activation, the effect of the recently described Akt inhibitor lL-6-Hydroxymethyl-c/z/ro- 

inositol 2-[(R)-2-0-M ethyl-3-0-octadecylcarbonate  (106, 107) on InlB-mediated IL-8 

gene expression was assayed by ELISA. As shown in figure 4.2.10, InlB induced a 

significant increase in IL-8 protein expression. Akt inhibitor inhibited the expression of 

IL-8 in a dose-dependent manner, with 10(aM and 20|^M both having an inhibitory effect, 

reducing expression by up to 50%.

Taken together, these results suggest that Akt is Involved in InlB-mediated NF-xB 

activation.
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Figure 4.2.10, The Akt inhibitor blocks InlB-mediated IL-8 protein 

expression

1x10'* Hep2 cells were seeded in 96 well plates 24 hours prior to treatm ent 

with the indicated concentrations of A kt Inhibitor and stim ulated with 

InlB (500ng/ml), then incubated for a further 24 hours. Cell 

supernantants were rem oved and assayed for IL-8 by ELISA. IL-8 

concentrations are calculated by com parison to a standard curve of IL-8 

concentrations and plotted as pg/ml. DM SO vehicle in NS had no effect. 

Results are m eans ±S.D. for triplicate determ inations. A sim ilar result 

was obtained in a further experim ent. Data indicate significant differences 

(*P=0.004, **P=0.005) when com pared to control values.



4.2.4 Testing o f signalling inhibitors for abrogation of InlB-mediated NF-xB  

activation.

As can be seen in figure 4.2.11 A, the highly specific Protein icinase C inhibitor 

Calphostin C, had no effect upon InlB-mediated NF-xB activation, as did either the p60‘̂ ' 

and Raf-1 complex inhibitor Geldanamycin (Fig. 4.2.1 IB); or Tyrophostin AG490 

(Fig. 4.2.11C), which is a potent inhibitor of Epidermal Growth Factor (EGF) receptor 

kinase autophosphorylation and also JAK2.

4.2.5 Inhibitors of the small G-protein Ras block InlB mediated NF-xB activation.

The low molecular weight G protein Ras is an important regulator of PI-3 kinase, which 

has also been shown to play a role in NF-xB activation (31, 159). I therefore next 

investigated a role for Ras using the farnesyltransferase inhibitor M anumycin A (93), 

which impedes Ras activity. As can be seen in Figure 4 .2 .12A, M anumycin A inhibits 

InlB-mediated activation of NF-xB, in a dose dependent manner.

M anumycin A also prevented InlB-induced degradation of I x B a  as shown in figure 

4 .2 .12B. InlB induced Ix B a  degradation from 15 minutes, most of the I x B a  being 

degraded by 60 minutes. M anumycin A inhibited this response (compare lanes 8-10 to 

lane 3-5).
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A. Calphostin C (m-M) 1 5

NF-xB.

B.
Geldanam ycin (laM) - 2 8

NF-xB.

c.
Tyrphostin (i^M) 5 15

NF-xB.

Lane; 1 2 3 4

Figure 4.2.11. Effect of Signalling pathway inhibitors

J774 cells were cultured at 5x1 O'* cells/m l for 48 hours prior to stim ulation. 

Cells were un-treated or pre-treated with indicated concentrations of 

inhibitors (lanes 3 and 4) for 45 m inutes, then stim ulated with InlB 

(lOOng/ml) (lanes 2-4) or left untreated (lane 1), for a further 60 m inutes. 

Nuclear extracts were assayed for N F-xB  activation by EM SA. N F-xB -D N A  

com plexes are shown in each case.



A.
InlB (500ng/ml) + + + -1-

Manumycin A (|aM) - - 2 5 10

NF-xB-

Lane; 1

B.

InlB (500ng/ml) + + + -1- -t- + -1- + +

Manumycin A (5fxM) - - - -1- -I- -1- -1- -1-

Time (mims) 0 5 15 30 60 0 5 15 30 60

IxB a - — - -
Lane: 1 2 3 4 5 6 7 8 9 10

-47.5kD a

-32.5kDa

Figure 4.2.12. InlB-mediated NF-xB activation involves Ras

A. 5x1 O'* cells/ml J774 cells were grown for 48 hours, pretreated for 60 

min with Manumycin A (2-10|aM) (lane 3-5), and stimulated with 

200ng/ml InlB for 60 min. Nuclear extracts were assayed for NF-xB 

activation by EMSA. NF-xB-DNA complexes are shown in each case. 

Inhibition shown is representative of 3 experiments. B. 5 x l0 '‘/ml J774 

cells were grown for 48 hours, pretreated with Manumycin A (lane 6-10) 

or media as control for 60 min and stimulated with 500 ng/ml InlB for 60 

min. Equal amounts of protein from cell lysates were separated on 10% 

SDS-PAGE, transferred to nitrocellulose and immunoblotted with 

monoclonal antibody against IxB a. Only one band was detected at 

37kDa. A similar result was obtained in a further experiment.



4.2.5 InlB induces the activation of Ras.

M anumycin A is not a specific Ras inhibitor, but a more generic inhibitor of 

farnesyltransferase transferase reactions. Therefore it was necessary to attempt to 

implicate Ras activity in InlB signal transduction by assaying for Ras activation.

Ras activation can be assayed by immunoprecipitating the active form of Ras (ie. GTP- 

bound Ras) from cell lysates using an affinity matrix containing the Ras-binding domain 

of Raf, which only recognises GTP-bound Ras. Samples separated by SD S-PAG E are 

immunoblotted with an anti-pan-Ras antibody to show activated Ras. As can be seen in 

figure 4.2.13, InlB induced activation of Ras in a time-dependent manner. Maximal 

activation was detected after 1 minute of stimulation (lane 2), and the response continued 

until 5 minutes post-stimulation (lane 4). The effect was transient, returning to basal 

activation levels 15 minutes post-stimulation (lane 5).

The involvement of Ras in acting as a mediator of InlB-induced signalling, leading to NF- 

xB activation, was tested by the effect of a plasmid encoding a dominant negative mutant 

Ras N17 (31), on activation of the IL-8 promoter induced by InlB. Again, Hep2 cells 

were used for these experiments. Transfection of Hep2 cells with lOng and 50ng of 

plasmid encoding Ras N17, inhibited InlB-induced expression of IL-8 luciferase reporter 

gene, with 50ng of plasmid achieving a maximal inhibition (Figure 4.2.14).

To further illustrate Ras involvement in InlB-mediated N F-xB gene transcription activity, 

the ability of M anumycin A to inhibit InlB-induced IL-8 protein expression was assayed
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InlB 500ng/ml + + + +

Tim e (mins) 0 1 2.5 5 15

R as-G T P .

GST-RBD -

Lane: 1 2 3 4 5

Figure 4.2.13 InlB induces activation of the small G-protein Ras

5x10'’J774 cells were grown for 24 hours and serum  starved for 24 

hours prior to stim ulation with 500 ng/ml InlB in serum -free m edia 

for the indicated tim e course (lane 2-5). A ctivated Ras present in cell 

lysates was im m unoprecipitated, as described in M aterials and 

M ethods. Proteins were separated on 15 % SD S-PAG E, transferred 

to nitrocellulose and im m unoblotted with anti-pan Ras antibody. 

Results shown are representative of 3 experim ents. Low er band 

shows GST-RBD  and confirm s equal protein loading as assayed by 

Com m assie blue staining of the proteins rem aining on the SDS- 

PAGE after transfer.

25kDa

16kDa
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Figure 4.2.14. Dominant negative Ras inhibits induction of an NF-xB- 

linked reporter gene by InlB

Hep2 cells (1.5-2x10"') were transiently transfected with IL-8-luciferase 

(500ng), TK-Renilla-luciferase, and indicated amounts of Ras N17 for 24 

hours prior to stimulation with InlB (500ng/ml, 6 hours)(closed boxes), or 

untreated (open boxes). Cell Extracts were analysed for luciferase activity. 

Readings are normalised for each sample relative to constitutively 

expressed TK-renilla-luciferase and plotted as fold stimulation. Results are 

means and ±S.D. for triplicate determinations. A similar result was 

obtained in a further experiment. Data indicate significant differences 

(*P=0.050) when compared to control values.



by ELISA. As shown in figure 4.2.15, M anumycin A inhibited IL-8 induction in a dose 

dependent manner, 50nM and lOOnM being the most effective inhibitory doses, 

decreasing expression to basal levels. Higher concentrations of M anumycin A (l-5|aM) 

appeared to have a toxic effect on Hep2 cells after 24 hours incubation leading to cell 

death (data not shown).

These results imply that Ras is involved in mediating N F-xB activation via InlB.

4.2.6 InlB-induced activation of Ras occurs upstream of PI-3 kinase.

W e next wished to determine the relationship between Ras and PI-3 kinase in InlB- 

mediated signalling. Ras is known to act as both an upstream and also, downstream 

mediator of PI-3 kinase signalling, in both a cell-type and stimulus-specific manner. 

Therefore, to determine the relationship in regard to signalling regulation by either Ras or 

PI-3 kinase, the PI-3 kinase LY294002 and the Ras inhibitor M anumycin A were used to 

probe the respective mediators of InlB-induced effects.

J774 cells were pre-treated with LY294002 for 20 minutes, stimulated with 500ng/ml of 

InlB, and Ras activation determined. As can be seen in figure 4.2.16, LY294002 had no 

effect on InlB-induced Ras activation (compare lanes 2 and 4) in regard to non-stimulated 

cells (lanes 1 and 2 respectively). Similar to non-treated cells, Ras activation occurred at 

2.5 minutes stimulation, which was also evident in LY294002 treated cells.

I next determined if the Ras inhibitor M anumycin A could block recruitment of p85. 

J774 cells were pre-treated with 5^M  M anum ycin A for 60 minutes, stimulated with
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Figure 4.2.15. The Ras inhibitor Manumycin A bloclts InlB-mediated 

IL-8 protein expression

IxlO"^ Hep2 cells were seeded in 96 well plates 24 hours prior to treatm ent 

with the indicated concentrations of M anum ycin A and stim ulated with 

InlB (500ng/ml), then incubated for a further 24 hours. Cell 

supernantants were rem oved and assayed for IL-8 by ELISA. IL-8 

concentrations are calculated by com parison to a standard curve of IL-8 

concentrations and plotted as pg/ml. DM SO vehicle in NS had no effect. 

Results are m eans and ±S.D. for triplicate determ inations. A sim ilar 

result was obtained in a further experim ent.



InlB (500ng/ml) - -1- - -1-

LY294002 (50|aM) - - -1- -1-
Time (mins) 0 2.5 0 2.5

25kDa

16kDa

Lane: 1 2  3 4

Figure 4.2.16. InlB-induced activation of Ras occurs upstream of PI-3 

kinase

J774 (5x10^) cells were grown for 24 hours in 10 % FCS/RPMI, serum 

starved for 24 hours, treated for twenty minutes with serum free media 

containing 50 (iM LY294002 (lane 3 and 4), or untreated (lane 1 and 2) 

prior to InlB stimulation (500 ng/ml). Activated Ras present in cell lysates 

was immunoprecipitated, as described in Materials and Methods. Proteins 

were separated on 15 % SDS-PAGE, transferred to nitrocellulose and 

immunoblotted with anti-pan Ras antibody. Similar results were obtained 

in a further experiment. Lower band shows GST-RBD and confirms 

equal protein loading as assayed by Commassie blue staining of the 

proteins remaining on the SDS-PAGE after transfer.



InlB (500ng/ml) - -1- -1- -1- + -1- + -1-

M anum ycin A (5|j.M) - - - + -1- -f- +
Tim e (mins) 0 1 5 15 0 1 5 15

p85
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Figure 4.2.17. InlB-mediated recruitment of p85 requires Ras

7x10'* J774 cells were grown for 48 hours, treated with M anum ycin A 

(lane 5-8) for 60 m inutes prior to stim ulation with 500ng/m l InlB. 

Lysates were centrifuged to rem ove cell debris, and supernatants probed 

with a-phosphotryosine antibody 4G10, then im m unoprecipitated with 

a 50%  slurry, Protein-A  Sepharose. Beads were pelleted, boiled and 

separated on 10% SD S-PA G E gels. Gels were transferred to 

nitrocellulose m em branes and im m unoblotted with polyclonal a -p85  

antibody. No other bands were detected. Results show n are 

representative of 3 experim ents.



500ng/ml of InlB, then analysed for p85 recruitment. Figure 4.2.17 illustrates that 

M anumycin A was able to totally abrogate the recruitment of p85 to the InlB-mediated 

phosphorylated complex (compare lanes 6 and 7, to lanes 2 and 3). This implies that Ras 

activation occurs upstream of PI-3 kinase in InlB-induced signalling, a conclusion 

supported by the earlier finding that the timing of Ras activation by InlB precedes 

recruitment of p85 to the signalling complex.
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4.3 Discussion

In the previous chapter it had been established that InlB was able to induce the activation 

of NF-xB. Activation was mediated by the InlB-induced degradation of IxB a and IxB(3, 

which led to the expression of cytokines whose promoters are controlled by NF-xB. The 

aim of this chapter was to establish the signal transduction pathway induced by InlB 

binding its transmembrane receptor, which culminates in IxB degradation and subsequent 

NF-xB translocation to the nucleus. InlB had previously been shown to activate PI-3 

kinase (37, 113, 114), a response required for internalisation of L. monocytogenes (113). 

Here, we have shown that the activation of PI-3 kinase occurs downstream of Ras 

activation, and that Akt is activated following PI-3 kinase. These findings are the first 

demonstration of a bacterial protein utilising Ras, PI-3 kinase and Akt as signalling 

mediators that result in NF-xB activation and suggests that PI-3 kinase-mediated 

internalisation may require Ras.

During the course of this research, Shen et al (244) demonstrated that c-Met, the 

heterodimeric receptor for HGF was the mammalian transmembrane receptor for InlB. 

The first reported receptor for InlB was gC lq-R  (36), a protein that binds the complement 

protein C lq . This protein lacks a transmembrane domain and also lacks an identifiable 

cytoplasmic region. Its role in InlB signal transduction remains presently unclear, 

although it is possible that it Interacts with c-Met. The identification of c-M et as a 

receptor for InlB provides a molecular explanation for previously reported InlB signals. 

These signals include recruitment of Gab-1 and Cbl to InlB-induced phosphotyrosines. 

The binding of HGF to c-M et triggers dimerisation and auto-phosphorylation of the
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receptor, instigating recruitment of adaptor proteins to the receptor, thereby initiating 

several different signalling pathways, including recruitment of Gab-1, Cbl, p85 and Gab- 

2, the last signal leading to Ras activation reviewed in (29, 257). HGF also activates NF- 

xB, although its signalling pathway is yet to be determined (237). The research 

presented here that InlB activates NF-xB, via Ras and Akt, add two further common 

signals to the list mediated by InlB and HGF, further strengthening the role of c-M et in 

InlB signal transduction. The finding that PI-3 kinase activation by InlB requires Ras, 

concurs with other studies on growth factor signalling, where, although p85 can be 

recruited directly to growth factor receptors, initiating specific cellular mechanisms, 

activation of PI-3 kinase can also involve upstream Ras.

In describing the involvement of PI-3 kinase in mediating InlB-induced NF-xB 

activation, I used the PI-3 kinase inhibitors W ortmannin and LY294002. W ortmannin is 

a fungal metabolite that denionslrates a high specificity for PI-3 kinase compared to other 

lipid kinases, especially when used at low concentrations. W ortmannin binds covalently 

to the p i  10 catalytic subunit of PI-3 kinase, thereby inhibiting the subsequent signalling 

pathway following PI-3 kinase activation (203, 204). However, W ortmannin is also 

known to be unstable in medium, and I found that results could be inconsistent using this 

inhibitor. For this reason, I predominately used the second PI-3 kinase inhibitor, 

LY294002. LY294002 is a chemically synthesised substrate of a previously known PI-3 

kinase inhibitor, Quercetin, which are both competitive inhibitors of the ATP-binding site 

of PI-3 kinase (274). LY294002 however, also inhibits the catalytic subunit of DNA- 

activated protein kinase. However, LY294002 was found to be a more specific inhibitor
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of Pl-3 kinase than quercetin, as it had no effect on PI-4 kinase, EG F receptor kinase, 

M A P kinase, Protein kinase C, S6 kinase, c-Src, PD GF receptor-mediated tyrosine 

phosphorylation, and several ATP-requiring enzymes at 50[iM.

Since W ortmannin and LY294002 my not be absolutely specific for PI-3 kinase however, 

the next alternative was to demonstrate direct recruitment of the p85 adapter subunit of 

PI-3 kinase to InlB-mediated tyrosine phosphorylation. This technique has previously 

been successfully used to demonstrate InlB-induced recruitment of p85 to 

phosphotyrosines in the Green Monkey Kidney cell line Vero (37). Interestingly, while 

both my study, and the numerous studies by the Cossart laboratory have clearly 

established that InlB activates PI-3 kinase in Vero cells, I have never been able to 

demonstrate InlB-mediated NF-xB activation in that cell type. Therefore, there is a clear 

difference in the downstream cellular response to PI-3 kinase activation in both Vero and 

J774 cells. In the previous chapter I remarked on the broad range of responses that HGF 

could induce upon binding and subsequent autophosphorylation of the ‘m ulti-docking’ 

site within the [5-chain of c-Met. It was suggested that this ligand-induced 

autophosphorylation mediated the recruitment of key adapter proteins, which further 

recruited signalling mediators such as PI-3 kinase and Ras. These two key signalling 

transducers then provided a signalling ‘platform ’ to intracellular signalling pathways thus 

inducing specific intracellular mediators that are either highly abundant, or particularly 

expressed, in that particular cell line. I would suggest that this phenomenon might 

explain the results here. It appears that there could be a signalling mediator expressed in 

J774, P338D], RAW  264 and Hep2 cells line that is either unique to, or more highly
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ibundant in, these  cell lines in com p ar iso n  to V ero  and the o ther cell lines that 

lem onstra ted  no In lB -m ed ia ted  N F -x B  activation.

^ \ - 3  k inase is recru ited  to p hospho ty ros ines  via the SH 2 do m ain  of the p85 subunit.  This 

recruitment allev ia tes  the inhibitory  effect upon  the ca ta ly tic  p i  10 subun it  induced  by 

p85, thus a llow ing  full ac tiva tion  of PI-3 k inase  (53). T he  dem onstra t ion  of the p i  10 

inhibitor L Y 2 9 4 0 0 2  b lock ing  recru itm ent o f  p85 to phospho tyros ines  suggests  a m ore  

com plex re la tionship  b e tw een  p i  10 and p85. It has prev iously  been  show n  that the sm all 

G -Protein R as can interact w ith  the cata ly tic  p i  10 subun it  o f  PI-3 k inase  directly , in a 

G T P-dependen t m an n er  (128, 225, 226). This  interaction  occurs  th rough the effec to r 

region of Ras, and there is ev idence  that R as  can stim ula te  PI-3 k inase  activity , w h ich  is 

required for op tim al ac tiva tion  in response  to g row th  factors. T here  is a lso  the possib ility  

that R as-G T P  and  the ty rosine  phosphopro te in  interactions with p 8 5 / p l l 0  synerg ise  to 

give full ac tivation o f  PI-3 kinase. As I have  show n a role for ac tiva ted  Ras acting 

upstream  of PI-3 k inase  in m edia ting  In lB -induced  N F -x B  activation , and since  InlB is 

the ligand for a g row th  factor receptor,  I w ould  sugges t that  the effect desc r ibed  above  is 

responsible  for the ability  o f  L Y 2 9 4 0 0 2  to inhibit the recru itm ent of p85 to 

phosphotyrosines  as the p i  10 subun it  w as  unab le  to be recruited  initially to m em b ran e  

bound R as-G T P. This  effect w ould  further support  the f ind ing  that Ras acts ups tream  of 

PI-3 k inase  as L Y 2 9 4 0 0 2  had no effect upon  Ras ac tiva tion , bu t the R as inhibitor 

M anum ycin  A b locked  p85 recru itm ent to phosphorty ros ines .  This  w ould  sugges t  that 

Ras recruits PI-3 k inase  initially via the p i  10 subunit  to the m em brane ;  this then allows
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the p85 subunit to interact with phosphotyrosines on the c-Met [3 chain. This complex 

interaction may be required to achieve maximal activation of PI-3 kinase in this system.

A critical requirement of Ras activation is its association with the inner face of the plasma 

membrane. The C-terminus is essential for this interaction and a conserved Cysteine 

(C ys l 8 6 ) within the motif CAAX is required to initiate posttranslational modification. 

The cysteine is first modified by a C 15 polyisoprenyl (farnesyl) moiety attatched to it. 

The three C-terminal amino acids are proteolytically cleaved and the newly farnesylated 

Ras C-terminus is carboxymethylated leading to a more hydrophobic protein with a 

higher affinity for the plasma membrane (reviewed in (42)). Inhibition of farnesylation 

with Manumycin A (205), a metabolite from Streptomycies parvulus, a protein 

farnesyltransferase inhibitor, revealed the requirement of Ras in mediating InlB-induced 

degradation of IxB a and the subsequent activation of NF-xB. As previously mentioned, 

this inhibitor was also used to indicate that Ras acts upsteam of PI-3 kinase, and also 

inhibited InlB-induced NF-xB-dependent gene transcription of the chemokine IL-8 . 

Interestingly, while concentrations such as l-5|j,M of Manumycin A were required to 

observe inhibition of InlB-mediated NF-xB activation by EMSA, these concentrations 

appeared to be toxic to Hep2 cells which were incubated with the inhibitor for 24 hours in 

the IL - 8  ELISA (data not shown). Inhibition was still achieved however, at much lower 

concentrations. The reason for this toxic effect is unclear, however, while Manumycin A 

may have no toxic affect in the relatively short incubation time of 2 hours for EMSA 

analysis, the 24-hour incubation period could effect other intracellular process’ within 

Hep2 that results in apoptosis. To further support the role for Ras in transducing InlB-
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m ediated NF-xB activation, transient transfection of Hep2 cells with dominant negative 

Ras N17 inhibited InlB-induced NF-xB-dependent luciferase-reporter gene transcription. 

Ras N17 has a point mutation of Thr’  ̂ to A sn ’  ̂ (31) rendering Ras constitutively bound in 

its Ras-GDP form, the G-protein exchange factors (GEFs) unable to activate Ras to its 

Ras-GTP form, thereby blocking Ras signalling.

In addition to the role of Ras and PI-3 kinase, the downstream effector of PI-3 kinase, Akt, 

was found to act as a downstream effector in the pathway, following PI-3 kinase activation. 

This effect was initially observed by immunoblotting of whole cell lysates with antibodies 

specific for phosphorylated Akt. These findings were further supported by the ability of the 

Akt inhibitor lL-6-Hydroxymethyl-c/z/ro-inositol 2 -[(R)-2-0-M ethy l-3 -0-  

octadecylcarbonate] (106, 107), to block InlB-mediated NF-xB-dependent IL-8 protein 

expression as assayed by ELISA. This chemically synthesised compound acts as a 

substrate for Akt, and interacts in a complementary fashion with the positively charged 

pocket formed by the (31-f32 and f33-(34 loops of the PH domain of Akt (106, 107). The 

axial hydromethyl group in lL-6-Hydroxymethyl-c/z/ro-inositol 2 -[(R )-2-0-M ethy l-3 -0-  

octadecylcarbonate] is anchored through the hydrogen bonds with Arg25 of Akt. This 

specificity of binding accounts for the high selectivity of this compound to Akt, rather than 

the p i  10 subunit of PI-3 kinase, which has been found for several other members of this 

substrate family.

Further evidence for the involvment of Akt in InlB-mediated NF-xB activation was 

demonstrated by the use of a dominant negative mutant of Akt, which is kinase dead, and
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its ability to inhibit InlB-induced NF-xB-dependent luciferase-reporter gene transcription. 

Kinase dead Akt is unable to induce signal transduction by the downstream 

phosphoryalation of target proteins. Two studies have shown the downstream target of 

Akt that leads to Ix B a  degradation and subsequent N F-xB activation is the IKK 

signalsome. Rom ashkova and Makarov (227) showed that platelet-derived growth factor 

(PDGF), caused activation of NF-xB via the IKK signalsome. By the use of dominant 

negative proteins, they showed a direct association between Akt and one of the IKK 

subunits, IKK(3. In contrast, Ozes et al (199) showed that T N F a  activates NF-xB via 

Akt, but their Akt associates with, and phosphorylates another IKK subunit, IK K a. 

Transfection of cells with a mutant of IK K a  which could not be phosphorylated, 

demonstrated the inhibition of TN Fa-m edia ted  Ik B a  degradation and the subsequent 

nuclear translocation of NF-xB. The inability of the kinase dead mutant of Akt to 

m ediate InlB-induced activation of NF-xB would suggest that this pathway is responsible 

for the effect observed here.

Controversy however, has ensued over A k t’s ability to act as a direct upstream effector of 

IKK. Others propose that Akt only promotes transactivation by NF-xB, thus mediating 

gene transcription. Several studies have shown direct involvement of Akt in 

transactivation of NF-xB, but failed to observe A k t’s involvment in signal transduction 

leading to NF-xB nuclear translocation. Indeed, one group trying to replicate the findings 

of Ozes et al (199), failed to observe the phosphorylation of IK K a  by T N F a ,  and 

suggested that the effect they observed was Akt-mediated phosphorylation of the nuclear 

bound p65 subunit of NF-xB, or transactivation (58). Ozes et al retorted that this study
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only examined one cell line, HeLa, a cell line whose properties are known to vary greatly 

amongst different laboratories, and that their further studies upon several cell lines found 

that the amount of Akt, the extent to which it is activated by T N F a ,  and its effects on the 

IK K a  subunit are cell-type specific.

Our data would suggest that Akt is having an effect upon IKK, as inhibition of Ras and 

PI-3 kinase by specific inhibitors blocked Ix B a  degradation. The kinase dead Akt also 

b locked NF-xB-driven gene transcription, further supporting Akt signal transduction 

inducing NF-xB  activation. However, the possibly of InlB-inducing transactivation of 

NF-xB  via Akt cannot be discounted.

In this study, the use of transiently transfected Hep2 cells allowed the evaluation of 

dom inant negative mutants of Ras and Akt, in conjunction with LY294002, to further 

dissect the InlB-induced signalling pathway. A problem encounted with this technique 

however, was the low degree of stimulation achieved by InlB in these cells, at best 

achieving only 2-2.5-fold stimulation over non-stimulated cells, longer stimulation times 

have only a marginal effect in increasing stimulation (data not shown). This low 

stimulation meant that the effect of the inhibitors (namely LY294002, DN Akt and DN 

Ras N17) was difficult to evaluate, although the results were consistent. It is difficult to 

explain why gene expression was so low in Hep2, as InlB does mediate NF-xB  activation 

in these cells. EM SA data indicated that NF-xB activation by InlB required 500ng/ml, 

approximately 10-fold lower than the activation induced in J774 cells, however, increased 

amounts of InlB failed to increase fold stimulation, and increased stimulation times of 24
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hours had a minimal effect. The difference in the ability of InlB to activate NF-xB in 

J774 cells in comparison to Hep2, could in part be due to the level of expression of a 

signalling mediator between c-Met and IKK. This theory has already been touched on 

earlier, where different cells may express different concentrations of specific signalling 

mediators that may be required to transduce the signal. Indeed, as Ozes et al pointed out, 

the amount of Akt, the extent to which it is activated, and its effects on IKK, are cell-type 

specific. As I have shown a role for Akt in mediating the effect reported here, this could 

well be responsible for the low NF-xB-dependent luciferase reporter stimulation observed 

in H ep2 cells. The obvious way to overcome this problem would be to use cells known to 

respond potently to InlB, such as J774 cells. However, J774 cells being macrophage-like, 

are extremely difficult to transfect, their transfection efficiency too low to allow 

meaningful results to be achieved (data not shown).

Considerable interest however, has centred on the anti-apoptotic effects of Akt. 

Numerous substrates have been reported in recent years. Different studies have shown 

that HGF/c-M et signalling triggers either anti-apoptotic (16, 237) or pro-apoptotic (8, 48) 

signals in different cell lines, and that their m echanisms are not fully understood. It has 

been suggested this duplicity of action could be due to the expression, or availability of 

co-receptors or downstream regulators, both of which may determine the phenotype 

presented by the cell. Reports have now demonstrated that HGF/c-M et exerts its anti- 

apoptotic actions via the PI-3 kinase/Akt pathway (153, 287), while recently Xiao et al 

(284) demonstrated the anti-apoptotic properties of the c-M et signalling pathway required 

the activation of both the M APK pathway via Ras, and PI-3 kinase/Akt. Akt is able to
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exert its anti-apoptotic effects in a variety of ways, including the already described 

phosphorylation of IK K , which leads to NF-xB activation. NF-xB activation has been 

shown to be anti-apoptotic in TNF-induced cell death (25, 276) and also via the induction 

of genes encoding anti-apoptotic proteins such as lAPs (135). The ability o f activated 

A kt to induce phosphorylation or sequestering of proteins of the Forkhead and Bcl-2 

families, causes the retention of these proteins in the cytoplasm, thereby preventing pro- 

apoptotic transcription events or mitochondrial death signals (reviewed in (55, 81, 164)). 

Another notable substrate of Akt is Caspase 9. Akt-induced phosphorylation o f caspase 9 

decreases apoptosis by directly inhibiting the apoptotic protease activity o f caspase 9.

In conclusion, these results identify Ras and Akt as novel signals activated by InlB, which 

are required for NF-xB activation, with Ras acting upstream of PI-3 kinase. These results 

correlate well with the discovery of Met as the mammalian receptor for InlB, further 

illustrating the ability of a pathogcnic bacterium to subjugate mammalian cellular proteins 

to allow successful invasion and subsequent survival in the host. Figure 4.3.1 

schematically illustrates the signal transduction pathway initiated by InlB binding to c- 

Met. How InlB induces this effect in phagocytotic cells warrants further investigation, 

and the discovery of InlB as the first bacterial product to activate NF-xB via Akt could 

suggests a novel role for InlB promoting an anti-apoptotic response from these cells. 

These effects could have a significant consequence on the bacterium’s ability to 

successfully survive and replicate in host mammalian cells, or conversely, represent the 

host cells innate immune response to bacterial infection.
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Figure 4.3.1 Schematic representation of InlB-mediated signalling 

pathway that leads to NF-kB activation



Chapter Five

The serine protease inhibitors Antithrombin III and 

Hirudin inhibit LPS-induced activation of NF-xB.



Chapter 5 

5.1 Introduction

In chapter 3 and 4 I described data on a bacterial component, InlB from L. 

monocytogenes, which I found was an activator of NF-xB. In this chapter, I have 

investigated another much more widely characterised bacterial activator of NF-xB, 

Lipopolysaccharide (LPS). LPS is a powerful activator of the innate arm of the 

immune system.

Vertebrates have developed a sophisticated immune system to defend themselves 

against microbial infection, involving both innate and adaptive components. The 

adaptive immune system has been widely researched for several decades, recently 

however attention has turned to the innate immune response due to recent discoveries 

regarding the innate immune components of the fruit fly Drosophila melagonaster. 

In Drosophila, the Toll family of proteins mediates the immune response (reviewed 

in (109, 112, 144)). Toll-like receptors (TLR) have been found to occur in humans, 

where 10 have been found. Similar to Drosophila, all of these TLRs possess a 

Toll/IL l Receptor (TIR) cytoplasmic domain, which is responsible for signal 

transduction via a highly homologous signalling pathway shared by both Drosophila 

and mammals (2, 111). TLRs and Toll both activate Rel family transcription factors, 

which are involved in host defense gene expression (27).

The role of Toll in Drosophila is to initiate a host response to fungal pathogens. 

Mammalian TLRs were therefore felt to be receptors for pathogen-derived products.
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A crucial discovery in the innate immune response of mammals was the finding that 

TLR4 (209, 216) was the long sought for putative receptor for LPS, from gram- 

negative bacteria. Further studies have now found several other pathogens that act as 

agonists for several of the mammalian TLRs: TLR2 responds to Peptidoglycan and 

Lipotechoic acid (150, 241, 260), TLRS responds io L. monocytogenes flagellin (97), 

TLR6 responds to macrophage-activating lipopeptide-2kDa (MALP-2) in 

conjunction with TLR2 (261), and TLR9 responds to bacterial CpG-DNA (98). 

Because of this wide range of responses to pathogen-derived products, the TLR 

family have been identified as pattern recognition receptors which sense pathogen 

associated molecular patterns (PAMPs).

Despite the high degree of homology between the Drosophila and mammalian Toll 

responses, there is the suggestion of a difference between them. In Drosophila, an 

extracellular protease cascade generates a proteolytically cleaved peptide, Spaetzle, 

the putative ligand for Toll, in response to fungi (145, 182). This cascade is inhibited 

by the serpin, Spn43Ac (146). In mammals, LPS is described as the putative ligand 

for TLR4. Whilst no direct evidence has been presented showing direct interaction 

between TLR4 and LPS, several genetic and complementation studies suggest that 

this is the case in mammals (210). It has been established for some time that both 

LPS-binding protein (LBP) and CD 14 act as co-receptors for LPS . A recent report 

demonstrated direct binding interaction between LPS and another protein MD2, 

independent of either LBP or CD 14 (272). This data further supported an earlier 

study using cross-linking studies that demonstrated a close proximity of LPS to the

88



MD2 and TLR4 signalling complex (54). However, antibodies directed against 

TLR4, previously shown to inhibit TLR4-dependent LPS stimulation, were unable to 

inhibit LPS cross-linking to the MD2/TLR4 complex, suggesting that there is an 

additional component involved in the signalling response.

Due to the high degree of similarity between Drosophila and mammalian Toll 

immune responses, and the suggestion that all components of the TLR4 signalling 

complex have yet to be elucidated, the aim of this study was to investigate whether 

the LPS response in humans could also be sensitive to inhibition by a serpin. I have 

found that the serpin Antithrombin III (ATIII) and the thrombin inhibitor Hirudin 

were able to inhibit NF-xB activation induced by both LPS and Lipid A, the active 

moiety of LPS, in the human monocyte cell line THP-L ATIII may therefore be 

acting in a similar way to Spn43Ac in the fly, possibly inhibiting a serine protease 

involved in LPS action cxtracclluiary.
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5.2 Results

5.2.1 Characterisation of LPS-mediated NF-xB activation in THP-1 Cells.

LPS is a known potent activator of NF-xB in monocyte and macrophage cell lines. 

To characterise this response in THP-1 cells, the ability of LPS to induce NF-xB over 

a concentration range was tested.

Firstly, THP-1 cells were stimulated with a range of concentrations (l-500ng/ml) of 

LPS and NF-xB assayed by EMSA. As can be seen in figure 5.2.1 A, LPS activated 

NF-xB in a dose dependent manner, activation initially observed at 5ng/ml (lane 5), 

achieving a maximal response at 100-500ng/ml (compare lanes 6 and 7 with lane 1). 

To further support this finding, whole cell lysates prepared from THP-1 cells 

stimulated with the same concentration range of LPS, indicated a similar dose 

dependent LPS-induced degradation of IxB a , another means of assaying for NF-xB 

activation (Fig. 5 .2 .IB). From these results, it was concluded that the optimal dose 

of LPS to be used in further studies to ensure sufficient activation of N F-xB was 

lOOng/ml.

Next, THP-1 cells were treated over a range of stimulation times to determine the 

incubation time necessary to achieve optimal LPS-mediated N F-xB activation. Cells 

were treated with lOOng/ml of LPS for times ranging from 5 minutes to 2 hours post

stimulation. As illustrated in figure 5.2.2A, LPS activated N F-xB in a time 

dependent manner, initial activation observed 15 minutes post-stimulation (lane 3) 

achieving a maximal response between 60-120 minutes post-stimulation (lanes 5 and
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LPS (ng/ml) 0 1 5 10 50 100 500

Lane: 1 2 3 4 5 6 7

Figure 5.2.1 Dose dependent activation of NF-xB by LPS

A. The human monocytic cell line THP-1 were resuspended in serum free 

RPMl 1640 at IxlO^/ml in 24 well plates. Cells were stimulated with the 

indicated concentrations of LPS, increasing from 1 ng/ml to 500ng/ml (lanes 2- 

7). Nuclear extracts were assayed for NF-xB activation by EMSA. NF-xB- 

DNA complexes are shown in each case. A similar result was obtained in a 

further experiment. B. THP-1 cells were treated as above for NF-xB, assessed 

for IxB a levels by western blotting as described in Materials and Methods and 

seperated by 10% SDS-PAGE, transferred to nitrocellulose, and immuno- 

blotted with monoclonal a - Ix B a  antibody. Only one band was detected at 

37kDa. A similar result was obtained in a further experiment. Different 

extracts were used for EMSA and western blots.



LPS (500ng/ml) -1- -1- + + -1-
Time (mins) 0 5 15 30 60 120

Lane: 1 2 3 4 5 6

Figure 5.2.2 Time dependent activation of NF-xB by LPS

A. The human monocytic cell line THP-1 were resuspended in serum free RPMI 

1640 at IxlO^/ml in 24 well plates. Cell were then stimulated with LPS 

(500ng/ml) for indicated times ranging from 5-120 minutes (lanes 2-7). Nuclear 

extracts were assayed for NF-xB activation by EMSA. NF-xB-DNA complexes 

are shown in each case. A similar result was obtained in a further experiment. B. 

THP-1 cells were treated as above for NF-xB, assessed for IxB a levels by 

western blotting as described in Materials and Methods and seperated by 10% 

SDS-PAGE, transferred to nitrocellulose, and immuno-blotted with monoclonal 

a - Ix B a  antibody. Only one band was detected at 37kDa. A similar result was 

obtained in a further experiment. Different extracts were used for EMSA and 

western blots.



6), when compared to non-stimulated cells (lane 1). O nce again, these findings were 

further supported by western blot analysis of cytoplasmic extracts, which indicate 

that LPS-induced Ix B a  degradation occurred over a similar time course as that 

observed for NF-xB activation determined by EM SA. Figure 5.2.2B shows that 

I x B a  degradation induced by LPS was initially observed after 15 minutes (lane 3), 

maximal degradation occurring 30-60 minutes post-stimulation (lanes 4-5). These 

results concur well with the EM SA data, the slight time differences consistent with 

IxB degradation occurring upstream of NF-xB translocation to the nucleus.

Taken together, these results suggest that optimal activation of NF-xB  induced by 

LPS is observed when cells are stimulated with lOOng/ml of LPS for 60 minutes. 

These parameters were used in all further experiments regarding LPS.

5.2.2 Characterisation of Lipid A-mediated NF-xB activation in THP-1 Cells.

Lipid A, the active moiety of LPS (217), was next examined for its ability to activate 

N F-xB in THP-1 cells. As Lipid A is a synthetic compound, it does not contain 

lipoproteins or other contaminants that have previously been shown to induce NF-xB 

activation (100). Once again, THP-1 cells were stimulated with range of Lipid A 

concentrations and analysed for NF-xB activation by EMSA. As can be seen in 

figure 5.2.3A, Lipid A-activated NF-xB in a dose dependent manner, activation 

initially observed at 500ng/ml (lane 4), reaching maximal activation at 2-5^ig/ml 

(compare lanes 6 and 7 to lane 1), as compared to non-stimulated cells. To further 

support this finding, Ix B a  degradation western blot analysis (Fig. 5.2.3B) indicate
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Lipid A (^g/ml) 0 0.05 0.1 0.5 1 2 5

■47.5kDa

Lane: 1 2 3 4 5 6 7

Figure 5.2.3 Dose dependent activation of NF-xB by Lipid A

A. The human monocytic cell line THP-1 were resuspended in serum free 

RPMI 1640 at IxlO^/ml in 24 well plates. Cells were stimulated with the 

indicated concentrations of Lipid A, increasing from 50 ng/ml to 5 fag/ml 

(lanes 2-7). Nuclear extracts were assayed for NF-xB activation by EMSA. 

NF-xB-DNA complexes are shown in each case. A similar result was obtained 

in a further experiment. B. THP-1 cells were treated as above for NF-xB, 

assessed for IxB a levels by western blotting as described in Materials and 

Methods and seperated by 10% SDS-PAGE, transferred to nitrocellulose, and 

immuno-blotted with monoclonal a -Ix B a  antibody. Only one band was 

detected at 37kDa. A similar result was obtained in a further experiment. 

Different extracts were used for EMSA and western blots.



that initial degradation of IxBa is observed at lOOng/ml of Lipid A (lane 3), 

however, maximal degradation is not achieved until cells are stimulated with 2- 

5|ag/ml (lanes 6 and 7), as compared to un-stimulated cells (lane 1).

THP-1 cells were next stimulated with 2^g/ml of Lipid A over a series of stimulation 

times, to determine the time dependence of Lipid A-mediated NF-xB activation. 

Figure 5.2.4A illustrates that Lipid A activates NF-xB in a time dependent manner, 

activation first observed 30 minutes post-stimulation (lane 4), reaching maximal 

activation 60 minutes post-stimulation (lane 5), then beginning to return to basal 

levels after 2 hours stimulation (lane 6), when compared to non-stimulated cells (lane 

1). Figure 5.2.4B indicates the induction of IxBa degradation by Lipid A concurs 

with the NF-xB activation data, degradation being evident 15 minutes post

stimulation (lane 5) and continuing up to 2 hours (lane 6).

These results suggest that optimal NF-xB activation is achieved by stimulating THP- 

1 cells with 2^g/ml of Lipid A for 60 minutes. The time dependent data concurs well 

with the results observed for LPS-mediated NF-xB activation, which was expected.

5.2.3 Antithrombin III inhibits LPS- and Lipid A-mediated NF-xB activation.

As the aim of this study was to determine if a serpin could inhibit activation of 

mammalian cells by LPS, the ability of Antithrombin III, a plasma inhibitor of 

thrombin (22) was next examined for its ability to inhibit LPS-mediated NF-xB
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Lipid A (2|ag/ml) - -1- -1- + -1- -t-
Time (mins) 0 5 15 30 60 120

■47.5kDa

32.5kDa

Lane: 1 2 3 4 5 6

Figure 5.2.4 Time dependent activation of NF-xB by Lipid A

A. The human monocytic cell line THP-1 were resuspended in serum free RPMI 

1640 at IxlOVml in 24 well plates. Cells were then stimulated with Lipid A (2 

|j.g/ml) for indicated times, ranging from 5-120 minutes (lanes 2-7). Nuclear 

extracts were assayed for NF-xB activation by EMSA. NF-xB-DNA complexes 

are shown in each case. A similar result was obtained in a further experiment. B. 

THP-1 cells were treated as above for NF-xB, assessed for Ix B a  levels by 

western blotting as described in Materials and Methods and seperated by 10% 

SDS-PAGE, transferred to nitrocellulose, and immuno-blotted with monoclonal 

a - Ix B a  antibody. Only one band was detected at 37kDa. A similar result was 

obtained in a further experiment. Different extracts were used for EMSA and 

western blots.



activation. ATIII has previously been shown to inhibit LPS-induced expression of 

IL-6, an NF-xB dependent gene (253).

Firstly, as a control, ATIII alone was tested for effects on NF-xB. As can be seen in 

figure 5.2.5, ATIII was unable to induce activation of N F-xB as determined by 

EM SA  over a variety of concentrations, ranging from 500ng-20|j,g/ml (lanes 2-6), 

however, lOOng/ml of LPS strongly activated NF-xB (lane 7), when compared to 

non-stimulated cells (lane 1).

Next, the ability of ATIII to inhibit LPS-mediated N F-xB activation was 

investigated. Cells were pre-treated over a range of times with lO^g/ml of ATIII, 

then stimulated with lOOng/ml of LPS for 60 minutes. As shown in figure 5.2.6, 

ATIII was effective in reducing LPS-mediated N F-xB activation if the cells were 

pre-treated with ATIII for no more than 1-5 minutes (compare lanes 4 and 5 with 

lane 2) when compared to LPS-stimulated cells. Simultaneous addition of ATIII had 

no effect on LPS-mediated NF-xB activation (lane 3), while longer pre-treatment 

times (15 and 30 minutes) (lanes 6 and 7) also were found to be ineffective in 

reducing NF-xB activation. This result suggests that the pre-treatment time with 

ATIII was critical in mediating the inhibitory effect seen here. This may be due to 

endogenous serine protease activity of the cells, which is inactivating ATIII. The 

inability of co-incubation to have an effect is this assay suggests that the activation of 

the protease by LPS proceeds more quickly than the inhibitory effect of ATIII.
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ATIII (ng/ml) 0 0.5 1 5 10 20 LPS
lOOng/ml

NF-xB —►

Lane: 1 2 3 4 5 6 7

Figure 5.2.5 The serpin ATIII does not activate NF-xB

THP-1 cells were resuspended in serum free RPMI 1640 at IxlO^/ml in 24 well 

plates. Cells were then stimulated with the indicated concentrations of ATIII, 

increasing from 50ng/ml to 20^xg/ml (lanes 2-6). NF-xB activation is 

compared to control LPS (lOOng/ml) stimulation (lane 7). Nuclear extracts 

were assayed for NF-xB activation by EMSA. NF-xB-DNA complexes are 

shown in each case.



LPS (lOOng/ml) - -1- -t- -t- -1- -t- -1-

ATIII (lOng/m l) - -1- -1- -1- -1- -1- -t-

Pre-treat, (mins) - 0 1 5 15 30

Lane: 1 2 3 4 5 6 7

Figure 5.2.6 Pre-treatment of THP-1 cells with ATIII inhibits NF-xB  

activation by LPS

THP-1 cells (lx lO '’/ml) were resuspended in serum  free RPM I 1640 in a 24 

well plate, non-treated or pre-treated with 10[j.g/ml of A TIII (lanes 3-7) for 

indicated times. Cells were then stim ulated with lOOng/ml of LPS and 

incubated for a further 60 m inutes. N uclear extracts were assayed for NF- 

xB activation by EM SA. N F-xB -D N A  com plexes are show n in each case. 

Inhibition shown is representative of 3 experim ents.



Using a pre-treatment time of one minute optimised above, cells were pre-treated 

with a range of concentrations of ATIII, then stimulated with LPS. As can be seen in 

figure 5.2.7A, while ATIII was able to inhibit LPS-mediated NF-xB activation over a 

broad concentration range of 0.5-20ju,g/ml (lanes 3 to 7), optimal inhibition was 

achieved with 10|ag/ml when compared to activation achieved by LPS alone 

(compare lane 6 with lane 2).

To further examine the effect, ATIII was also tested for its ability to inhibit Lipid A- 

mediated NF-xB activation. Figure 5.2.7B clearly illustrates the ability of ATIII to 

almost totally abolish Lipid A-induced NF-xB activation over the same concentration 

range as that observed for LPS (compare lanes 3-7 with lane 2).

5.2.4 ATIII inhibition is specific for LPS-mediated NF-xB activation.

As protease inhibitors are known to inhibit cytoplasmic proteasomal activities, which 

are critical in transducing signalling events, it was important to determine the 

specificity of the ATIII effects in respect to LPS. Therefore, the effect of ATIII on 

two other NF-xB activators, IL-1 and T N F -a  (15), were tested. These two cytokines 

have previously been shown to activate NF-xB, and in the case of IL-1, induce a 

similar signalling pathway as that required for transducing LPS-induced nuclear 

translocation of N F-xB via TLR4. As shown in figure 5.2.8, an optimal dose of 

ATIII was unable to inhibit NF-xB activation induced by either IL-1 (lane 2 and 3) or 

T N F -a  (lane 4 and 5). This result would suggest that the inhibitory effect of ATIII is

94



A.

ATIII (i^g/ml) - 0.5 1 5 10 20

LPS (lOOng/ml) - -1- -h -1- -1- -1- +

Lane: 1 2 3 4 5 6 7

B.

ATIII (ng/ml) - - 0.5 1 5 10 20

Lipid A (2|ag/ml) - -i- -i- -1- 4- + - 1-

NF-xB —►

Lane: 1 2  3 4 5 6 7

Figure 5.2.7 ATIII inhibits both LPS- and Lipid A-mediated 

NF-xB activation

THP-1 cells (IxlO^/ml) were resuspended in serum -free m edia, and 

pre-treated with 0.5-20|ag/ml ATIII (lane 3-7) for one minute.

Cells were stim ulated with either lOOng/ml LPS (A) or 2|j.g/ml 

Lipid A (5) and incubated for a further 60 m inutes. N uclear extracts 

were assayed for NF-xB activation by EM SA . N F-xB -D N A  

com plexes are shown in each case. Inhibition shown is 

representative of 3 experiments.



IL-1 (Ing/ml) - + + - -

TNF (5ng/ml) - - - + +

ATIII (lOug/ml) - - + - +
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Figure 5.2.8 ATIII does not inhibit NF->cB activation by IL-1 or 

TN Fa

THP-1 cells (IxlO^/ml) were resuspended in serum free RPMI 1640 in 

24 well plates, then non-treated or pre-treated with 10p.g/ml of ATIII 

(lanes 3-7) for one minute. Cells were then stimulated with T N F a  

(5ng/ml) or IL-1 (Ing/ml), then incubated for a further 60 minutes. 

Nuclear extracts were assayed for NF-xB activation by EMSA. NF- 

xB-DN A complexes are shown in each case. A similar result was 

obtained in a further experiment.



not affecting common signalling events leading to N F-xB activation within the 

cytosol.

Next, the requirement of the serpin activity of ATIII was examined. Cells were pre

treated for one minute with an optimal dose of ATIII or an inactive latent form of 

ATIII (L-ATIII), the inhibitory loop of which is inserted into the A-beta sheet and is 

thus inaccessible to proteases (277). Figure 5.2.9A demonstrates that L-ATIII at 

10|ag/ml (lane 4) had no inhibitory effect upon LPS-mediated NF-xB  activation (lane 

2) as compared to the inhibitory effect achieved by the equivalent amount of native 

ATIII (lane 3). Higher concentrations of L-ATIII also had no effect (Fig. 5.2.9B).

Taken together, these results suggest that the inhibitory effect of ATIII observed here 

is specific for LPS-mediated NF-xB activation, and that the inhibitory effect of ATIII 

requires its serpin activity.

5.2.5 Heparin does not potentiate the ATIII inhibitory effect.

In plasma, ATIII binds the glycoprotein heparin, thereby increasing the ability of 

ATIII to inhibit thrombin protease activity up to 1000 times (44, 117). W hether 

Heparin increases the inhibitory effect of ATIII observed here was next studied. A 

sub-inhibitory amount of ATIII was pre-incubated with an equivalent amount of 

Heparin for 60 minutes, then incubated with THP-1 cells prior to stimulation with 

LPS. Figure 5.2.10 demonstrates that Heparin was unable to promote inhibition of
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LPS (lOOng/ml) + -1- -1-
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LPS (lOOng/ml) - + + + + + + +
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NF-xB H  M  M M i i
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Figure 5.2.9 The effect of ATIII requires its serpin activity

A. THP-1 cells (1x10^ cell/ml) were resusupended in serum free RPMI, and 

un-treated or pre-treated with lOjag/ml of ATIII (lane 3) or L-ATIII (lane 4) 

for one minute. Cells were then stimulated with LPS (lOOng/ml) and 

incubated for a further 60 minutes. Nuclear extracts were assayed for NF-xB 

activation by EMSA. NF-xB-DNA complexes are shown in each case. 

Inhibition shown is representative of 3 experiments. B. THP-1 cells (1x10^ 

cell/ml) were resusupended in serum free RPMI, and un-treated or pre

treated with indicated amounts of L-ATIII (lanes 3-8) for 1 minute. Cells 

were then stimulated with lOOng/ml of LPS, and incubated for a further 60 

minutes. Nuclear extracts were assayed for NF-xB activation by EMSA. 

NF-xB-DNA complexes are shown in each case. A similar result was 

obtained in a further experiment.



LPS (lOOng/ml) -1- -1- -t- -1- -

ATIII (O .l^g/m l) - lO ^g + -1- -1-
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Figure 5.2.10 Heparin does not increase the ability of ATIII to inhibit 

LPS-mediated NF-xB activation

ATIII (0.1 |J.g/ml) was pre-incubated with Heparin (0.1 [j,g/ml) for 60 

minutes. Cells (THP-1) were resuspended at 1x10^ cells/m l in serum  free 

RPMI and either un-treated or pre-treated with A TIII/H eparin com plex for 1 

minute (lane 4-5). Cells (lane 3) were also pre-treated for 1 m inute with 

ATIII at 10|ag/ml. Cells were then stim ulated with LPS (lOOng/ml) (lane 2-5) 

for 60 m inutes. Nuclear extracts were assayed for N F-xB  activation by 

EM SA. N F-xB -D N A  com plexes are show n in each case. A sim ilar result 

was obtained in a further experiment.



ATIIl on NF-xB activation by LPS (compare lane 4 with lane 2), where-as lO^g/ml 

of ATIII was able to abrogate LPS-induced activation (lane 3) as noted before.

5.2.6 The thrombin inhibitor Hirudin blocks LPS-mediated NF-xB activation.

As ATIII is known to act as an inhibitor of several proteases, the thrombin-specific 

inhibitor Hirudin (163) was next tested for its ability to inhibit LPS-mediated NF-xB 

activation. As shown in figure 5.2.11 A, Hirudin inhibited LPS-induced NF-xB 

activation in a dose dependent manner over a concentration range of l-20U /m l 

(compare lanes 4-7 with lane 2), with a maximal effect obtained using lOU/ml of 

Hirudin (lane 6). Additionally, Hirudin was able to inhibit Lipid A-mediated NF-xB 

activation as potently as that observed for LPS (compare lanes 3-7 with lane 2), 

however, it appears that Hirudin was effective over a broader concentration range as 

compared with LPS, inhibiting Lipid A at the lower concentration of 0.5U/ml 

(compare lane 3 of A with lane 3 of B) (figure 5.2.1 IB).

5.2.7 Thrombin does not activate NF-xB in THP-1 cells.

Thrombin has previously been shown to activate N F-xB (7). Therefore it was of 

interest to determine if thrombin was responsible for the effect observed here. 

However, as can be seen in figure 5.2.12, thrombin failed to induce the activation of 

NF-xB over a broad concentration range (50-1000^g/ml), and one that exceeds the 

amounts of LPS used to stimulate THP-1 cells in this study (5-500ng/ml) (compare 

lane 2 with lanes 3-6). Also, it has previously been reported that thrombin is able to 

potentiate NF-xB activation at sub-optimal LPS concentrations (101). However, as
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Hirudin (U/ml) 0.5 1 5 10 20
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Lane: 1 2 3 4 5 6 7

B.
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Lipid A (2|^g/ml) - -1- -1- -1- -t- -1- -t-
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Lane: 1 2 3 4 5 6 7

Figure 5.2.11 The thrombin inhibitor Hirudin blocks both LPS- 

and Lipid A-mediated NF-xB activation

THP-1 cells (lxlO '’/ml) were resuspended in serum-free media, and 

pre-treated with 0.5-20 U/ml Hirudin (lane 3-7) for one minute. 

Cells were stimulated with either lOOng/ml LPS (A) or 2|ag/ml 

Lipid A {B) and incubated for a further 60 minutes. Nuclear extracts 

were assayed for NF-xB activation by EMSA. NF-xB-DNA 

complexes are shown in each case. Inhibition shown is 

representative of 3 experiments.
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LPS (lOOng/ml) - + - - - -

NF-xB —►

Lane: 1 2 3 4 5 6

Figure 5.2.12 Thrombin does not activate NF-xB in THP-1 cells

THP-1 cells (1x10^ cell/m l) were resuspended in serum  free RPM I and 

stim ulated with a range of concentrations of Throm bin (50-1000ng/ml) 

(lanes 3-6) and incubated for a further 60 m inutes. Lane 2 was also 

stim ulated with lOOng/ml of LPS as a positive control. N uclear extracts 

were assayed for NF-xB activation by EM SA . N F-xB -D N A  com plexes 

are shown in each case. A sim ilar result was obtained in a further 

experiment.



shown in figure 5.2.13, it was found that thrombin failed to potentiate sub-inducible 

levels of LPS (lOng/ml) pre-incubated with a range of concentrations of thrombin 

(lO-lOOO^g/ml) (compare lanes 4-5 with lane 3). Activation achieved by lOOng/ml 

of LPS (lane 2) is included for comparison.

From this data it can be concluded that thrombin may not responsible for the effect 

seen here, and that activation of NF-xB by LPS requires the activation of a protease 

that is inhibited by ATIII and Hirudin.

5.2.8 LPS-induced phosphorylation of p38.

Another signalling pathway initiated by LPS is that which induces the 

phosphorylation of p38 MAP kinases (45, 130). For that reason, it was felt that this 

could be another assay for determining the inhibitory effects of ATIII within a 

pathway in d ep en d en t of NF-kB activation. Initially, LPS was examined for its 

ability to induce phosphorylation of p38 in order to determine optimal assay 

conditions. As can be seen in figure 5.2.14, THP-1 cells stimulated with LPS was 

optimal at 30-45 minutes post-stimulation (lanes 6 and 7).

The ability of ATIII and Hirudin to inhibit this effect was next examined. Figure 

5.2.15 illustrates that ATIII pre-treatment inhibited LPS-induced p38 

phosphorylation partially at 10[ig/ml as compared to LPS (lane 2); Hirudin also had 

an inhibitory effect, whilst L-ATIII had a minimal effect.
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Figure 5.2.13 T hrom bin  does not poten tiate  L PS-m ediated  NF-xB 

activation

LPS (lOng/ml) was pre-incubated with a range of Thrombin concentrations 

(10-1000|j,g/ml) for 60 minutes. THP-1 cells (IxlO^/ml) were resuspended 

in serum free RPMI 1640 in 24 well plates. Cells were then stimulated with 

LPS (lOOng/ml, lane 2; 50ng/ml, lane 3) or the LPS/thrombin mixtures 

(lanes 4-6) indicated for 60 minutes. Nuclear extracts were assayed for NF- 

xB activation by EMSA. NF-xB-DNA complexes are shown in each case. A 

similar result was obtained in a further experiment.
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Figure 5.2.14 Time-dependent activation o f p38 by LPS

THP-1 cells were resuspended at 3x10^ cells/ml in serum free media 

and stimulated with LPS (500ng/ml) for indicated times. Cells were 

lysed, centrifuged and and supernatants assessed for p38 levels by 

western blotting as described in Materials and Methods and separated 

by 10% SDS-PAGE, transferred to nitrocellulose, and immuno-blotted 

with polyclonal phospho-p38 antibody. Only one band was detected at 

38kDa, corresponding to each respective phospho-p38. Membranes 

were stripped and further probed with anti-p38 antibody to determine 

equal protein loading for each sample. Only one band was detected at 

38kDa, corresponding to each respective p38. A similar result was 

obtained in a further experiment.
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Figure 5.2.15 ATIII and Hirudin inhibit LPS-induced p38 

phosphorylation

THP-1 cells (3x10* cells/ml) in serum free media were pre-treated with 

indicated proteins for 1 minute. Cells were then stimulated with 

500ng/ml of LPS and incubated for a further 30 minutes. Cells were 

lysed, centrifuged, and assayed for Phospho-p38 levels by western 

blotting as described in Materials and Methods and seperated by 10% 

SDS-PAGE, transferred to nitrocellulose, and immuno-blotted with 

Phospho-p38 antibody. Membranes were stripped and further probed with 

anti-p38 antibody to determine equal protein loading for each sample. 

Only one band was detected at 38kDa, corresponding to each respective 

form of p38. A similar result was obtained in a further experiment.



This result, provided further evidence that ATIII inhibition of LPS signalling.

5.2.9 LPS induces activation of a Thrombin-like protease.

As activation of Toll in Drosophila requires the activation of an extracellular serine 

protease cascade (145), the ability of LPS to induce the rapid activation of a protease 

in mammalian cells was next determined. THP-1 cells were therefore treated with 

LPS and protease activity monitored using a substrate that is specifically cleaved by 

thrombin-like proteases. As shown in figure 5.2.16, while THP-1 cells demonstrate 

considerable basal protease activity in non-stimulated cells, there is an increase in 

protease activity observed with 7.5 minutes post-stimulation. This protease activity 

was significantly enhanced above non-stimulated basal activity between 15-30 

minutes (p=0.016 and 0.021 respectively) post LPS treatment. After 60 minutes 

however, no difference was observed between untreated and stimulated cells.

This result suggests that LPS can induce a thrombin-like protease activity over basal 

protease activity, in a time dependent manner, and further supports the earlier 

suggestions of basal cellular protease activity inactivating ATIII in a time dependent 

manner.

ATIII and Hirudin were examined for their ability to inhibit this LPS-induced 

increase in thrombin-like protease activity: however, their inhibitory effect was 

inconsistent (data not shown). This may have been because of the small increase in 

protease activity observed.
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Figure 5.2.16 LPS-induces Thrombin-like protease activity

THP-1 cells (7.5xl0"‘/ml) were resuspended in freshly prepared RPMI 1640 

(phenol-red free) containing Chromozym TH in 96 well plates. Cells were than 

stimulated with lOpig/ml of LPS. 30|j,l of cell suspension is removed and diluted 

into 170^1 of RPMI 1640 (phenol-red free) containing Chromozym TH solution 

in 96 well plates. Samples are spectrometrically assayed at relevant time points. 

Results are shown as absorbance units per individual sample and are expressed 

as means ± S.D. (n=3). NS= not stimulated. Chromozym TH data represents 

substrate degradation in cell-free media. Data indicate significant differences 

(*P=0.016 and **P=0.021) when compared w ith non-stimulated control values. 

Results shown are representative of 4 experiments.



5.2.10 ATIII and Hirudin inhibit LPS-mediated NF-jtB activation via TLR4.

Previous studies have determined that LPS activates N F-xB via TLR 4 and its co

receptors CD14 and MD2 (reviewed in (1, 2, 192, 193). Further studies have also 

shown that contaminants of commercial LPS preparations are able to activate NF-xB 

via TLR2 (100). Therefore it was important to establish that the ability of A T lll  and 

Hirudin to inhibit LPS-mediated activation of NF-xB  was specific for a LPS-TLR4 

response, and not inhibiting contaminants signalling via TLR2.

Therefore, the ability of LPS to stimulate NF-xB in HEK 293 cells stably transfected 

with TLR4 was next examined. Parental HEK 293 cells do not respond to LPS and 

do not express TLR2. Cells were stimulated with a range of concentrations of LPS, 

and assayed for its ability to induce translocation of NF-xB  by EMSA. As can be 

seen in figure 5.2.17, activation of NF-xB was initially observed at 50ng/ml LPS 

(lane 2), reaching a maximal response at 200ng/ml (lane 4) of LPS, as compared to 

non-stimulated cells (lane 1). From this result, it was determined to use 200ng/ml of 

LPS for further stimulations.

The cells were pre-treated with ATIII, L-ATIII and Hirudin, and then stimulated with 

LPS. As shown in figure 5.2.18, ATIII was able to inhibit LPS-mediated NF-xB 

activation at lO^g/ml (compare lane 3 with lane 2). Hirudin at lOU/ml was also able 

to reduce this effect (compare lane 5 with lane2), however, NF-xB  activation was 

unaffected by L-ATIII (lO^^g/ml) (compare lane 4 with lane 2).
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Figure 5.2.17 Dose dependent effects of LPS on NF-xB 

activation of HEK 293 cells stably transfected with TRL4

THP-1 cells were resuspended in serum free RPM l 1640 at 

IxlO^/ml in 24 well plate. Cells were subsequently stimulated 

with the indicated concentrations of LPS, increasing from 50ng/ml 

to lOOOng/ml (lanes 2-6). Nuclear extracts were assayed for NF- 

xB activation by EMSA. NF-xB-DNA complexes are shown in 

each case. A similar result was obtained in a further experiment.



ATIII (^xg/ml) - 10 - -

L-ATIII (ng/ml) - - 10 -

Hirudin (U/ml) - - - 10

LPS (200ng/ml) + + + +

Lane: 1 2 3 4 5

Figure 5.2.18 ATIII and Hirudin Inhibit LPS-induced NF-xB  

activation via TLR4

Stably transfected HEK 293-TLR4 cells (5x l0 ‘̂ /ml) were seeded 48 

hours prior to treatment. Cells were pre-treated for one minute with 

indicated serine protease inhibitor, then stimulated with 200fxg/ml 

LPS and incubated for a further 60 minutes. Nuclear extracts were 

assayed for NF-xB activation by EMSA. NF-xB-DNA complexes 

are shown in each case. Inhibition shown is representative of 3 

experiments.



This result would suggest that the effects of ATIII and Hirudin responsible for 

inhibiting LPS-mediated NF-xB activation are blocking LPS signalling acting via 

TLR4.
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5.3 Discussion

Structural features of the innate immune response are highly conserved throughout 

evolution. The high degree of homology between the Drosophila and mammalian 

Toll-Dorsal/IL-lR-NF-xB pathway has led to several discoveries in the field of 

mammalian innate immune response. Crucially, the discovery of the mammalian 

TLR family relied heavily upon genomic searching of the mammalian database for 

Toll homologs. In Drosophila, Toll responds to fungal pathogens (109-111). 

Genetic evidence suggests the activation of Toll occurs via the binding of microbial 

cell components to as yet undetermined pattern recognition receptors, which activate 

blood protease zymogens. This results in the proteolytically generated peptide 

Spaetzle (182), the putative ligand for Toll. Proteolytic processing of Spaetzle 

requires the activities of six preceding proteases (reviewed in (145)). Loss of 

function mutation of the serpin, Spc43Ac, leads to constitutive Spaetzle and Toll 

activation (145, 146, 182). Though mammalian TLR4 has been described as the 

putative receptor for LPS (209, 215, 216), no direct binding studies have been 

performed. Prompted by the high degree of similarity between Drosophila and 

mammalian innate immune response, and the inhibitory effect of the serpin Spc43Ac, 

the aim of this study was to investigate the effect of the serpin ATIII on LPS- 

mediated NF-xB activation in the human monocyte cell line THP-1. ATIII has 

previously been shown to protect baboons from LPS-induced septic shock (177), and 

a recent study found that ATIII could inhibit LPS-induced expression of Interleukin 

(IL)-6, an NF-xB-dependent gene (253).
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This study has demonstrated the ability of ATIII and Hirudin, a thrombin specific 

inhibitor (163), to specifically inhibit both LPS- and Lipid A (the active moiety of LPS 

(217)) -induced NF-xB activation in a dose dependent manner. Crucially, the ability of 

ATIII and Hirudin to inhibit LPS activation of NF-xB, was found to be time dependent, 

requiring short pre-incubation times for the inhibitory effect to be observed. Further 

research demonstrated the activation of a thrombin-like protease in THP-1 cells when 

stimulated with LPS. This activity was transient in nature and required above normal 

concentrations of LPS. Though the effect was subtle, this would be expected if LPS were 

activating a specific serine protease, generating a specific ligand. This assay also 

demonstrated a high basal activity of thrombin-like proteases, which may explain the 

need for short pre-treatment times necessary to observe the effect described here, as 

endogenous protease activity would quickly inactivate ATIII. Importantly, the effect of 

ATIII required its serpin activity, as a latent form of ATIII was unable to inhibit LPS- 

mediated NF-xB activation. Also, ATIII was found to have no effect upon NF-xB 

activation induced by the cytokines IL l and T N F a ,  of which IL l shares the same 

cytoplasmic signalling pathway as that initiated by LPS (33, 194, 195), further supporting 

the specificity of ATIIIs inhibitory effect seen here.

ATIII is a 58kDa glycoprotein that inhibits thrombin in two kinetically distinct steps; 

the formation of a weak initial complex, followed by rapid conversion to a stable 

complex (191). The inhibitory action of ATIII occurs upon recognition and cleavage 

of the Arg^^^-Ser^^"* bond in an exposed loop of ATIII, which induces a 

conformational change in ATIII resulting in the trapping of the enzyme either as a
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tetrahedral intermediate, or as an acyl-enzyme. The thrombin and ATIII complex is 

stable and resistant to hydrolysis. Although ATIII acts predominantly as a plasma 

inhibitor of thrombin, it also has potent effects on a variety of active serine proteases, 

including factors IXa, Xa, Xia, Xlla, and FVIIa bound to tissue factor. Hirudin 

however, is thought to act as a specific inhibitor of thrombin (30, 258). As both 

ATIII and hirudin are capable of inhibiting LPS activation of NF-xB, it would be 

reasonable to assume that the protease involved in the extracellular action of LPS 

which leads to NF-xB activation, could be thrombin. It is generally recognized that 

activation of coagulation is closely linked to immune and inflammatory responses. 

Thrombin is known to act as a potent proinflammatory agonist of endothelial cells, 

and also has receptor-mediated chemotactic and mitogenic activities for monocytes 

and macrophages (17-19). A unique family of tethered ligand-type receptors, termed 

PAR 1,3-4, mediates these biological activities of thrombin. The receptor is 

proteolytically cleaved by thrombin near the N-terminus region, resulting in a new N- 

terminus that serves as a tethered peptide ligand. Thrombin has previously been 

shown to activate NF-xB via P A R I, inducing the up-regulation of IL-8 and E- 

selectin in endothelial cells (7). At sites of inflammation, thrombin cleaves 

fibrinogen to yield fibrin monomers, stimulating local fibrin(ogen) deposits. 

Fibrin(ogen) has previously been reported to promote CD 1 lb /C D  18-dependent NF- 

xB activation and IL-1(3 expression by monocytes (207, 248). Furthermore, a recent 

study found that macrophages and monocytes stimulated with fibrinogen and LPS 

induced chemokine secretion. This induction required the expression of functional 

TLR4 (250) and did not require thrombin-mediated proteolysis of fibrinogen,
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although they have yet to formally demonstrate fibrinogen signalling directly through 

TLR4. Interestingly, under certain experimental conditions, full leukocyte response 

to LPS required the expression of both TLR4 and C D llb /C D 1 8  (206). Smiley et al 

(250) postulated that fibrinogen, Spaetzle, and coagulogen are functional 

homologues, each polymerizing upon activation of an upstream protease cascade.

The protease activity however, is unlikely to involve thrombin, as thrombin itself w^as 

unable to initiate NF-xB activation, nor as previously reported, could it potentiate 

sub-optimal concentrations of LPS to activate NF-xB, over a broad concentration 

range. Furthermore, in plasma, ATIII binds Heparin, thereby increasing its ability to 

inhibit thrombin by several hundred-fold over ATIII alone (44, 117). However, 

Heparin had no effect upon the ability of sub-inhibitory levels of ATIII to block LPS- 

mediated NF-xB in this study, suggesting that thrombin is not the substrate for ATIII 

in the effect reported here. It is possible that Hirudin is targeting another protease 

here, but there is the possibility that membrane bound thrombin could be responsible 

for the effect seen here, that the addition of free thrombin fails to mimic. 

Additionally, thrombin was commercially sourced, and the specific activities of 

commercial preparations are quite variable and their purity is not always satisfactory 

(243). Furthermore, commercial preparations often contain the autolytic derivatives 

of thrombin that do not cleave fibrinogen. Thrombin is also known to precipitate and 

absorb to glass and plastic surfaces at low concentrations and ionic strength, these 

effects remedied by addition of poly(ethylene glycol) or bovine serum albumin (243). 

As my experiments were carried out with a commercial thrombin preparation and
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also in serum free media, these effects could account for the inability of thrombin to 

induce NF-xB activation, or potentiate LPS stimulation.

A T ll l  and Hirudin were able to inhibit LPS-induced activation of NF-xB in HEK 293 

cells that were rendered LPS responsive by stably transfecting them with TLR4. 

This result suggests the possibility that the protease activated by LPS generates a 

ligand that is able to activate TLR4 specifically.

Though no explicit evidence has been shown supporting direct binding between LPS 

and TLR4, several studies have been published suggesting such an interaction via 

genetic and complementation studies (210). Lipid IVa, a partial struture of the active 

LPS moiety Lipid A, acts as an agonist of mouse TLR4, however, it acts as an 

antagonist in humans (149). Transfection of mouse m acrophages with human TLR4 

conferred an antagonist effect lo Lipid IVa, while hum an macrophages transfected 

with m ouse TLR4, detected Lipid IVa as an agonist. These findings suggest that 

T LR 4 alone is able to determine the response to Lipid IVa. A recent report however, 

suggests that M D2 is responsible for this species-specific pharmacology (122). 

Taxol, a plant derived anti-tumor agent, has been found to mimic many LPS-like 

activities, requiring TLR4 and M D 2 to induce N F-xB  activation in murine 

macrophages, but not on human LPS-responsive cells including macrophages (6, 

143). Kawasaki et al (122) recently demonstrated that this species-specific 

responsiveness was due to MD2. Taxol-induced signalling was mediated by 

m TLR 4-m M D 2 complex but not by hTLR4-hM D2, suggesting specific taxol
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ncognition within m TLR4-mM D2 that is absent in the human complex. Hum an and 

nouse TLR4 and M D2 share 69% and 66% homology respectively, the relatively 

l(w homology could account for the species-specificity seen for taxol recognition. 

Kawasaki et al further demonstrated that m M D 2 was important for mediating taxol 

signalling, but not hMD2. Although the structures of taxol and LPS are quite 

dfferent, these findings seem to suggest that the m ouse and hum an TLR4/M D 2 

signalling complex can identify distinct stimuli and respond to them accordingly.

Tvo recent studies have illustrated the close proximity of LPS to the TLR4/M D 2 

si|;nalling complex (54, 272). The first study crosslinked these components with 

radioiodinated LPS in transfected human HEK 293 cells. Though LPS was found to 

re.'ide within close proximity of the signal complex, anti-TLR4 antibodies that inhibit 

LFS-induced NF-xB dependent gene expression were unable to reduce radiolabeling 

of TLR4 and MD2. This study concluded that while LPS was indeed in close 

prcximity of TLR/MD2, additional steps were required for cell activation. The 

authors suggest that the antibody may interfere with receptor oligomerisation. 

Another possibility is that the antibody blocks the binding of an endogenous ligand. 

The second report found that M D2 was able to specifically bind LPS in the absence 

of either LBP or CD14, and in the case of CD14, actively compete out CD14 binding 

LPS. The functional effects of added M D 2 however had varied effects, mediating 

NF-xB activation in TLR4 transfected hamster CH O cells, yet in human U373 cells, 

and whole blood, M D2 inhibited LPS responses. Yet again, there is the suggestion 

that MD2 is responsible for the species-specific response, but also that proximity of
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TLR4 to MD2, either bound or soluble, may not be sufficient to induce NF-xB

activation.

The data presented here suggests that the additional step required for TLR4 activation 

could be the activation of a protease, which proteolytically generates a ligand. It is 

possible that LPS may be required to form a complex with CD14/MD2 and TLR4, 

and that this complex initiates or participates in the protease activity described, the 

resulting ligand acting in an analogous manner to that seen with Spaetzle and Toll in 

Drosophila.

In conclusion, I have shown that NF-xB activation induced by both LPS and Lipid A 

in the monocytic cell line THP-1, is sensitive to inhibition by the serpin ATIII. 

Furthermore, activation of NF-xB by LPS via TLR4-mediated signalling was also 

sensitive to serpin inhibition. These findings would suggest that extracellular activity 

by LPS in mammals is susceptible to inhibition of a serine protease, analogous to 

inhibition of pathogen activation of Toll in Drosophila by the serpin Spc43Ac. 

Interestingly, the ability of the thrombin-specific inhibitor Hirudin, to also abrogate 

this effect, suggested that thrombin could be the protease involved in mediating the 

LPS effect. LPS was also found to activate the proteolytic cleavage of a substrate by 

a thrombin-like protease, further supporting the involvement of the enzymes. 

However, free thrombin could not mimic, or potentiate activation of NF-xB in this 

system. It has been generally established in the past few years that the mammalian 

receptor complex for LPS detection and immune response signalling comprises
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CD 14, M D2 and TLR4. H ow ever, several recent studies have concluded that the 

com plete LPS receptor com plex is com prised of at least one additional protein. From 

the results presented here, I believe that the additional protein may com prise the 

proteolytically generated product of a throm bin-like serine protease.
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Chapter 6.

General Discussion and Future Perspectives

The recognition of infecting microbes followed by the induction of a pro-inflammatory 

response is essential for the survival of most multicellular organisms. NF-xB acts as the 

key modulatory transcription factor of the innate immune response, its activation a critical 

early indication of the presence of microbes within the host. Therefore, a greater 

understanding of the mechanisms and signal transduction pathways that lead to the 

activation of NF-xB are crucial for our understanding of host-pathogen interactions. The 

aim of this study was to investigate how two bacterial products, the invasive protein, 

InlB, from gram-positive L. monocytogenes and LPS from gram-negative bacteria, 

mediate activation of NF-xB.

This is the first study to report the activation of NF-xB by InlB and the investigation of 

the signal transduction pathway involved, increases our understanding of host-pathogen 

interactions of Z,. monocytogenes and its host. On the other hand, the signal transduction 

pathway induced by LPS that leads to NF-xB activation in mammals, is one of the most 

Intensely studied transduction pathways of the immune system. However, it is only 

recently with the discovery of TLR4, in conjunction with MD2, as the signalling complex 

for LPS, has our attention once again focussed on the Intracellular mechanisms by which 

the host recognises gram-negative bacteria.

An Important feature of the InlB discovery relates to cell-type specificity. I have shown 

that InlB activates NF-xB in the macrophage cell lines P388D] and RAW 264, and the
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epithelial cell line Hep2. However, InlB failed to induce N F-xB activation in a variety of 

other cell lines, in several of these InlB has been shown to activate PI-3 kinase. The 

understanding of signal transduction pathways is extremely complex, and it has been 

widely found that the same stimuli can induce varied effects upon a wide range of cell 

types. This problem is well illustrated by the example of Delhase et al (58) attempting to 

replicate the demonstration that in TNF signalling, Akt induces the phosphorylation of the 

IKK signalsome, mediating activation of N F-xB (199). Their attempts to replicate this 

finding in HeLa cells were unsuccessful, yet the original researchers were able to 

demonstrate that the effect was cell specific and depended on the amount of Akt present 

in the cells, and the extent of its activation. In chapter 3 I discussed the differences in 

effect of InlB-mediated NF-xB activation in different cell lines and related this to the 

possible differences in the cells types, and the abundance and expression of particular 

signal transducters (257). The discovery that Akt is acting as a downstream transducer of 

the effect of InlB suggests the levels of Akt could be responsible for the differences in 

cell-specific response that was observed here.

A second aspect concerns the downstream effects of InlB-mediated N F-xB activation. 

InlB-induces a pro-inflammatory response as evidenced by the expression of IL-6, IL-8 

and TNF. NF-xB activation could also be part of an anti-apoptotic response, which 

involves Akt. N F-xB has been shown to be anti-apoptotic (25, 276), via induction of 

genes encoding anti-apoptotic proteins such as inhibitors of apoptosis (lAPs; IAP-1, lAP- 

2, and XIAP) (135) or the Bcl-2 family of anti-apoptotic proteins. Apart from NF-xB 

activation, the anti-apoptotic effect of Akt could be due to phosphorylation or
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sequestering of proteins of the Fori<head and Bcl-2 families, causing their retention in the 

cytoplasm, thereby preventing pro-apoptotic events (55). Also, Akt-induced 

phosphorylation of pro-apoptotic caspase-9 decreases apoptosis by inhibiting its protease 

activity. Therefore, this single regulatory molecule could exert its anti-apoptotic effects 

in a variety of ways.

One possibility is that Akt activation is preventing Anoikis- a type of apoptosis triggered 

by inadequate or inappropriate cell-matrix contacts. Many mammalian cell types are 

dependent on adhesion to the extracellular matrix for their continued survival. 

Detachment from the matrix induces programmed cell death. The integrin family of 

surface proteins mediates interaction of cells with the extracellular matrix (reviewed in 

(82)). Upon binding to matrix proteins, integrins transmit an ‘outside-in’ signal to the 

cells, thus triggering a large array of intracellular signals and rearrangement of the 

cytoskeletal matrix. Engagement of integrins with extracellular matrix proteins activates 

PI-3 kinase (125), thus providing a protective signal through Akt that blocks apoptosis. 

InlB, through interaction with its receptor c-Met, has been shown to induce membrane 

ruffling, cell scattering and the disruption of cell-cell junctions. InlA interacts with its 

receptor E-cadherin, a member of the integrin family that mediates formation of adherens 

junctions between epithelial cells, to promote L. monocytogenes invasion (174, 175). It 

has been proposed that InlB may promote access for InlA to E-cadherin in vivo. 

Therefore, InlB-induced cell detachment from the matrix, or InlA binding of E-cadherin, 

may trigger programmed cell death, or Anoikis. It has previously been shown however, 

that detached cells can be rescued from Anoikis by the stimulation of Ras, PI-3 kinase
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and Akt (127, 129, 224, 225). Thus PI-3 kinase and Akt play a critical role in sensing the 

adhesion status of the cell and promoting its survival. Therefore, InlB-mediated 

activation of Ras, PI-3 kinase and Akt, may act as a survival signal that compensates for 

InlB-induced cell disruption from the extracellular matrix, or InlA interaction with E- 

cadherin, which would lead to Anoikis. This would allow successful L. monocytogenes 

invasion of the host, and also ensure cellular survival to allow bacterial replication and 

further cell-cell invasion. This effect may explain the finding thatL. monocytogenes does 

not induce apoptosis in bone marrow-derived macrophages, but promotes a delayed 

necrosis mediated by LLO (20).

The data presented in this study correlates well with the previously known signal 

transduction pathways initiated by ligand binding of c-Met. Therefore our data further 

supports the earlier finding of Shen et al (244), of c-Met acting as the mammalian 

receptor for InIB, a demonstration of a bacterial product utilising a mammalian receptor, 

the downstream function of which may be beneficial to the bacterium. It remains to be 

determined if the InlB-mediated activation of NF-xB via c-Met, is a ‘by-product’ of Akt 

activation in a cell specific manner, or an example of the host pro-inflammatory response 

in reaction to bacterial invasion, or possibly both. These findings in regard to InlB- 

mediating cytosolic signalling raise many interesting points regarding bacterial invasion 

of cells, the host response, bacterial survival and subsequent replication.

While InlB activation of NF-xB via the subjugation of a mammalian growth factor 

receptor is an excellent example of bacterial adaptability, the demonstration that LPS-
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induced activation of NF-xB in monocytes is susceptible to serpin inhibition, further 

illustrates the evolutionary conservation of the innate immune response.

Studies have shown that TLR4 associates with M D 2 to form an active signalling complex 

(122), where the interaction of CD 14 and LPS induces the activation of NF-xB in 

response to gram-negative bacterial invasion. It has becom e increasingly evident though 

that there may be another component of this signalling complex that is yet to be 

elucidated. From the data presented in this study, I would suggest that other component 

might comprise a proteolytically generated product of a serine protease that is activated 

by LPS. I have shown that ATIII and Hirudin can inhibit LPS activation of NF-xB, and 

the serpin activity of ATIII was required to observe this effect. The identity of the serine 

protease involved is unknown. As Hirudin is a specific inhibitor of thrombin, it would be 

assumed that thrombin is the protease responsible for the effect. Thrombin has been 

shown induce a pro-inflammatory response in cells, and Fibrinogen, a thrombin substrate 

of the coagulation cascade, has recently been found to activate TLR4 (250). However, I 

was unable to show any thrombin involvement in LPS or thrombin-mediated activation of 

NF-xB. The experiments conducted here, however, may not mimic membrane-bound 

thrombin, which could be responsible for the effect.

The inhibitory effect of ATIII and Hirudin was further supported by the demonstration of 

LPS-induced activation of a thrombin-like serine protease. This response however was 

low, but consistent. It remains to be determined if a more sensitive assay could be used to 

enhance the increase of protease activity, or lower the concentration of LPS required, to
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observe an effect. This may also allow the inhibitory effect of ATIII and Hirudin upon 

LPS-induced protease activity to be determined.

It has been twelve years since the introduction of the concept of pattern recognition 

receptors (116). The description and characterisation of the TLR family as the 

mammalian receptors for microorganisms and microbial products has greatly increased 

our understanding of the innate immune system. Much of this work was informed by the 

evolutionary conservation of the innate immune system found in plants, insects and 

mammals. Activation of TLRs induces an immune response involving expression of anti

microbial effector molecules (116) as found in Drosophila, but also cytokines and co

activator molecules that activate the adaptive immune system. Significant progress has 

been made in understanding the specific roles of the Rel proteins in the antifungal and 

antibacterial immune response in Drosophila. However, specific responses of the 

mammalian Rel family members are yet to be fully understood. The specific target genes 

induced by TLR signalling in response to different microbial antigens also remain largely 

unknown. Different TLRs are already known to elicit different responses, with the recent 

discovery of the TLR4 adapter protein MyD88-adapter like (Mai) (79, 104), further 

illustrating the complexities of specific TLRs in mediating specific responses to 

individual microbial products. These findings suggest that the innate immune response 

has conserved evolutionary aspects and a hitherto unsuspected specificity.

In conclusion, this study reveals intricacy and complexity in the interaction between 

bacterial products, host receptors and signalling pathways. These findings increase our
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understanding of iiost-pathogen interactions and may provide targets for drug 

development against the virulent pathogenesis of listeriosis and septic shock.
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Summary

Listeria monocytogenes causes a pro-inflammatory 
response on adhesion to macrophages. Upregulation 
of inflammation genes involves the transcription fac
tor NF-kB. Several components of L. monocytogenes, 
including lipoteichoic acid (LTA), phospholipases 
and listeriolysin O (LLO), have since been shown to 
mediate NF-kB activation. Here, we report that puri
fied recombinant InIB, but not internalin (InIA), is a 
potent activator of NF-kB in the mouse macrophage
like cell line J774. Expression of InIB in Listeria innocua 
enhances its ability to activate NF-kB, while deletion of 
InIB from L. monocytogenes marginally decreases its 
effect on NF-kB, possibly because of the presence of 
NF-kB activators such as LTA and LLO. The effect cor
relates with the rapid degradation of Ik B u , a sustained 
degradation of IkB|} and increases In tumour necrosis 
factor alpha (TNF-«) and interleukin (IL) 6 production, 
two cytokines controlled by NF-kB. Using a series of 
anti-lnIB monoclonal antibodies and domains of InIB, 
NF-kB activation was shown to be dependent upon 
the N-terminal 213-amino-acid leucine-rich repeat 
(LRR) domain of InIB, recently demonstrated to be 
responsible for InlB-mediated L. monocytogenes 
invasion and phosphoinositide-3 (PI-3) kinase activa
tion. The effect of InIB was blocked by PI-3 kinase inhi
bitors, indicating the involvement of PI-3 kinase in this 
response. This report thus illustrates that InIB not 
only promotes invasion, but also contributes to the 
macrophage pro-inflammatory response.

Introduction

Listeria monocytogenes is a Gram-positive, food-borne 
pathogen, which infects both phagocytic and non-phagocytic
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cell types (DramsI et al., 1996; Cossart and Lecuit, 1998). 
Once the bacterium has been internalized into cells, it 
rapidly replicates within the cytosol. Concomitantly, it 
becomes coated with actin filaments, starts moving intra
cellular ly and spreads from cell to cell, thus avoiding circulat
ing antibodies or other extracellular bactericidal components 
(Ireton and Cossart, 1997). Immunity to this bacterium is 
T-cell mediated and appears to require pro-inflammatory 
cytokines, such as interleukin (IL) 1 and tumour necrosis 
factor alpha (TNF-a) (Unanue, 1997).

Two surface proteins of Listeria, internalin (InIA) and 
InIB, are crucial in mediating L. monocytogenes cell inva
sion (Ireton and Cossart, 1997; Cossart and Lecuit, 1998). 
InIA is an 800-amino-acid protein consisting of 15 highly 
conserved 22-amino-acid leucine-rich repeats (LRRs), 
an inter-repeat region (IR) and a second repeat region 
consisting of two repeats of 70 amino acids and a third 
of 49 amino acids (B repeats). The carboxyl-terminal part 
contains the LPXTG motif, which is found in more that 50% 
of Gram-positive surface proteins, and allows a covalent 
linkage to peptidoglycan (Navarre and Schneewind, 1994). 
The receptor for InIA is E-cadherin, a transmembrane pro
tein normally involved in cell-cell adhesion (Mengaud 
et al., 1996a; Lecuit et al., 1998).

InIB is a 630-amino-acid protein consisting of eight 
LRRs, each comprising 22 amino acids with a high degree 
of homology to InIA LRRs, an inter-repeat region (IR) simi
lar to that of InIA, one B-repeat containing 80 amino acid 
repeats and a 232-amino-acid carboxyl-terminal region 
beginning with the sequence GW. InIB is loosely attached 
to the bacterial surface via the so-called GW repeats and 
is found in culture supernatants of wild-type L. monocyto
genes {Drams\ et al., 1995; Braun et al., 1997). Purified, 
recombinant InIB confers invasiveness upon inert latex 
beads or non-invasive bacteria (Braun et al., 1998). InIB 
has also been shown to activate phosphoinositide-3 
kinase (PI-3 kinase) in Vero cells causing a rapid and tran
sient increase in the lipid products of the PI 3-kinase p85- 
p110, tyrosine phosphorylation of the mammalian adaptor 
proteins Gab1, Cbl and She and association of these pro
teins with p85 (Ireton et al., 1996; 1999). Recently, it has 
been reported that the 213-amino-acid LRR region of InIB 
is sufficient to promote InlB-mediated invasion, stimulation 
of PI-3 kinase and membrane ruffling (Braun etal., 1999).

A diverse range of bacterial species and products has 
been shown to be capable of triggering an inflammatory
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response in mammalian ceils (reviewed by Henderson 
e ta i, 1996). Macrophage, neutrophils, natural killer cells 
and '/S T lymphocytes are the host’s primary means of 
early detence aga\ns\ bacter\a\ '\rtecWon. Upor^ cor^\ac\ 
with bacteria, macrophages secrete cytokines and chemo- 
kines that stimulate natural killer cells and T lymphocytes, 
which in turn activate macrophages to become killers of 
bacterial invasion.

L  monocytogenes has been shown to initiate a pro- 
inflammatory response in macrophages (Kuhn and Goebel, 
1994; Demuth eta!., 1996). Further research has indicated 
that this pro-inflammatory response was initiated by the 
activation of the transcription factor NF-kB after adhesion 
of L. monocytogenes(Haui eta!., 1994; 1997). The eukar
yotic transcription factor NF-kB plays an important role in 
the regulation of a number of genes involved in inflamma
tion and immunity. Target genes include genes for cyto
kines, adhesion molecules, acute-phase proteins and cell 
surface receptors. In the cytoplasm of unstimulated 
cells, NF-kB is sequestered as a dimer bound to the inhi
bitory protein IkB (May and Ghosh, 1997; 1999; Baeuerle,
1998). There are several types of IkB, including IkBu, 
IkB|3 and kBe (Ghosh et a!., 1998). The currently known 
subunit members of the NF-kB family in mammals are 
p50, p65 (RelA), c-Rel, p52 and RelB (Liou and Baltimore,
1993). The major form of NF-kB found in resting cells is 
the heterodimer p50/p65 complexed to kBa. Upon stimu
lation with agents such as the cytokines IL-1 or TNF, IkB« 
is quickly phosphorylated by the kB-kinase complex 
(IKK), which targets the inhibitor protein for ubiquitination 
and subsequent degradation (Baeuerle and Henkel, 1994). 
There are two known IKKs, IKK-1 and 2 (DiDonato et a!., 
1997; Mercurio eta!., 1997; Zandi eta!., 1997), with IKK-2 
being important for NF-kB activation in immunity and 
inflammation. The degradation of Ik B  allows NF-kB to 
translocate to the nucleus and bind to promoter regions, 
allowing the transcription of genes under its control 
(O’Neill and Greene, 1998).

L. monocytogenes has already been demonstrated 
to activate NF-kB (Hauf et a!., 1997). As both TNF-ct 
and IL-1 expression are NF-kB dependent, the ability of 
L  monocytogenes to activate NF-kB could be part of the 
host response to the bacterium (Baeuerle and Henkel,
1994). Other bacteria, such as Shigella flexneri, heat-killed 
Staphylococcus aureus and pneumococcal cell walls, 
have also been shown to activate NF-kB (Busam et a!., 
1992; Dyer eta!., 1993; Spellerberg eta!., 1996). Bacterial 
products such as lipopolysaccaride (LPS), a surface com
ponent of Gram-negative bacteria, and lipoteichoic acid 
(LTA) from Gram-positive bacteria and, in particular, that 
of Listeria are potent activators of NF-kB (Baeuerle and 
Baichwal, 1997: Hauf ef a/., 1997). Listeriolysin O (LLO) 
from L. monocytogenes has also recently been shown to 
activate NF-kB potently (Kayal etal., 1999).

Given that PI-3 kinase has recently been shown to have 
a role in NF-kB activation (Reddy etal., 1997; Ozes etal., 
1999; Sizemore et a/., 1999) and as InlB activates Pl-3 
kinase (\reton et al., 1996; 1999; Braun etal., 1999), we 
tested whether InIB activates NF-kB.

We found that InIB activates NF-kB in the murine 
macrophage-like cell line J774. The effect is rapid and 
sustained, involving both IkB« and IkB(3 degradation. Acti
vation is mediated by the LRR region of InIB and involves 
PI-3 kinase.

Results

InIB contributes to Listena-induced NFkB activation

As InIB has been shown to be involved in PI-3 kinase acti
vation (Ireton etal., 1996; 1999; Braun etal., 1999), when 
deleted from or transformed into bacterial species, and 
given that PI-3 kinase has been shown to activate NF-kB 
(Reddy et a!., 1997; Ozes et al., 1999; Sizemore et al.,
1999), we wished to examine whether InIB could activate 
NF-kB.

We first tested two species of Listeria to determine 
whether InIB was contributing to the activation of NF-kB. 
A mutant strain of L. monocytogenes, EGDAInIB (Dramsi 
et al., 1995), which does not express the InIB protein, 
was used in conjunction with wild-type L. monocytogenes 
EGD (Mackaness, 1962). J774 cells were stimulated for 
60 min with a multiplicity of infection (MOI) of 20:1 bacteria 
to eukaryotic cells. NF-kB activation was analysed using 
the electrophoretic mobility shift assay (EMSA; see 
Experimental procedures). As shown in Fig. 1, both strains 
were able to potently activate NF-kB (compare lanes 3 and 
4 with lane 1). However, it was possible to discern a differ
ence in the intensity of activation between EGD and 
mutant EGDAInIB (compare lanes 3 and 4). Densitometric 
analysis indicated a 20% reduction in activation by EGD
AInIB over wild-type EGD.

NS TNF liQO L WR
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Fjg. 1, Effects of Listeria species on NF-kB activation. J774 
cells were seeded at 5 x1 0 “ ce llsm P ’ in six-well plates 48h 
before stimulation with bacteria. Cells were stimulated with 
L. monocytogenes strains (lanes 3 and 4) at a multiplicity of 
infection (MOI) of 20:1, bacteria to eukaryotic cell. L. innocua 
(lanes 5 and 6) strains were used at an MOI of 50:1. Positive 
control consists of stimulation with 20 ng m p ' TNF-a (lane 2) 
compared with non-stimulated (NS) cells (lane 1). Lane 7 shows 
the effect of SO O ngm r' InlB. NF-kB activation was assayed by 
EMSA as described in Experimental procedures. Results are 
representative of four independent experiments.
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To illustrate further the ability of InIB to activate NF-kB, 
the avirulent species Listeria innocua, which do not 
express either InIB or LLO, was used in conjunction with 
the L. innocua strain transformed with a plasmid expres
sing InlB. J774 cells stimulated for 60min at an MOI of 
50:1 clearly illustrate L. innocua (InlB) (Fig. 1, lane 6) 
stimulating NF-kB at a higher intensity than that of L. innocua 
alone (lane 5). Densitometric analysis confirmed that 
L. innocua (InlB) was able to stimulate NF-kB activation 
2.5-fold over that of L. innocua alone. Treatment of cells 
for 60 min with purified recombinant InlB (lane 7) also acti
vated NF-kB.

These results therefore clearly Indicate that InlB can 
activate NF-kB, either alone or when expressed in 
L  monocytogenes or L  innocua.

Characterization of NF-kB activation by InlB

We next investigated the effects of recombinant InlB and a 
series of InlB domains on NF-kB activation. A schematic 
diagram illustrates the different domains of InlB used in 
this study (Fig. 2A). Their purity was assessed by S D S - 
PAGE (Fig. 2A).

We first investigated whether purified recombinant InlB 
was capable of activating NF-kB. As shown in Fig. 2B, 
InlB-mediated NF-kB activation occurred over a prolonged 
time range, initially being observed at 5 min after stimula
tion, peaking at 1 -2  h after stimulation, with the activation 
persisting for at least 4 h after stimulation.

We next stimulated cells with a range of InlB concentra
tions. Activation was initially observed at 5 ng ml“  ̂ InlB, 
reaching a maximal response at 50ngmr̂  (Fig. 2C). A 
concentration of lOOngmr̂  InlB, together with a 60min 
stimulation, was used for further experiments.

Using these parameters, the ability of InlB to stimulate 
NF-kB activation was tested on other cell lines. We 
found that the murine macrophage cell line P388Di and 
the human epithelial cell line Hep2 were both responsive 
to InlB stimulation (Fig. 3). P388Di cells were less sensi
tive than J774 cells, however, requiring 1 |o,g ml~^ for an 
effect to be evident. The human epithelial cell lines, 
Hela, Hep G2, Caco-2 and LoVo, were all found to be unre
sponsive to InlB, as was found with the monkey fibroblast
like cells Vero and human endothelial cells ECV 304 (data 
not shown). The basis for these differences is being inves
tigated. Subsequently, J774 cells were used for all further 
stimulation studies with InlB.

We next examined the subunit composition of the acti
vated complex. The activated complex consisted of p50 
and p65, as both subunits were supershifted upon incubation 
of nuclear extracts with the relevant anti-p50 and anti-p65 
antibodies, while the anti-c-Rel antibody had no effect (Fig. 
4A). The antibodies used were not directly comparable in 
terms of titre or avidity, and the result is therefore qualitative.

/■  /
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Fig. 2. A. Schematic diagram representing the diflerent constructs 
of InlB and domains used for stimulation of J774. Wild-type InlB 
and analogues (InlB-LRR and C-termlnal) of InlB are indicated 
by numbers corresponding to amino acid positions relative to 
wild-type InlB.
B. Purity of analogues as determined by SDS-PAGE of 
recombinant proteins and stained with Coomassie blue. Sample 
concentrations were 2 ^.g of protein per lane.
B. Effects of recombinant InlB on NF-kB activation In J774 cells. 
Cells were seeded In six-well plates at a concentration of 1 x 10® 
cells m r '  2 days before stimulation, such that final concentrations 
of cells were —5x10® cellsm l“ \  Upon stimulation, cells were 
incubated at 37°C and then tested for NF-kB. Time course of 
InlB-mediated NF-kB activation. Ceils were stimulated for a range 
of times with lO O ngm r^ InlB between 0 and 2 4 h, and samples 
were taken and assayed for NF-kB activation.
C. The dose-dependent effects of InlB stimulation. Cells were 
stimulated for 60 min at 37°C with a range of concentrations of InlB, 
increasing from 1 ngm l^ ’ to SOOngmr' (lanes 2 -7 ), and assayed 
for their ability to stimulate NF-kB in comparison with unstimulated 
cells (lane 1). Protein-DNA complexes are shown in each case, 
with unbound DNA also shown in (B). Results shown are 
representative of three separate experiments.

The specificity of the binding of NF-kB to its radio
labelled kB consensus sequence was verified by preincu
bation of extracts with an oligonucleotide containing 
unlabelled wild-type kB sequence. Binding was inhibited 
(compare lanes 2 and 1 in Fig. 4B), but remained unaf
fected by preincubation with an oligonucleotide containing
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Fig. 3. Activation of P388Di cells and Hep2 with InlB. Both cell 
tines were seeded at 1 x IO ^ c e llsm p ' 48h  before stimulation 
with lO O ngm l"' and 1 InIB respectively. Lanes 1 and 4
correspond to non-stimulated (NS) cells for both cell lines.

a mutant kB sequence (compare lane 4 with lane 1 in 
Fig. 4B).

Taken together, these results indicate that InIB is a 
potent activator of NF-kB and that the activated complex 
contains p50 and p65 subunits. There is some variation 
in the strength of the response as a result of differences 
in the basal level of NF-kB, which varies somewhat 
between experiments. However, InIB gave a consistently 
strong activation of NF-kB.

PI-3 kinase is involved in InlB-mediated 
NF-kB activation

As PI-3 kinase activation by InIB has already been 
reported (Ireton et al., 1996; 1999; Braun et al., 1999), 
we next examined the effect of the PI-3 kinase inhibitors, 
LY294002 and wortmannin, on InlB-mediated NF-kB acti
vation. Cells were pretreated with a range of concentra
tions of both compounds for 20min, then stimulated with 
lOOngmr  ̂ InIB for 60min. Figure 5 indicates that both 
LY294002 (50-10 mM) and wortmannin (100-20 nM) 
were able to decrease InlB-mediated NF-kB activation in 
a dose-dependant response.

These results would suggest that the signalling pathway 
used here involves PI-3 kinase.

InIB induces degradation o f k B a  and IkBP

Treatment of J774 cells with InIB caused the degradation 
of both IkBcx and kB p, as shown in Fig. 6. The degradation 
of IkBo! was rapid, commencing within minutes of stimula
tion (lanes 2 and 3), peaking at 2 h and returning to normal 
levels after 4h. In contrast, kB p  degradation, which also 
began within minutes of stimulation (lane 4), persisted 
for up to 8 h after stimulation with InlB.

W 'r  nB cnns

im  i S

InlB-mediated NF-kB activation is not LPS dependent

As the recombinant InIB was prepared from Escherichia 
coli, it was possible, although unlikely given the purification 
protocol used, that the effect of InIB activation was caused 
by contamination of samples with LPS. To verify that this 
was not the case, InIB was incubated with the LPS- 
neutralizing agent polymyxin B (Srimal etal., 1996). Poly
myxin B at concentrations of up to 10 |xg m r^ was found to 
have no effect on the InIB response. Furthermore, LPS at 
concentrations of up to 1 (jLg m r^ were required to observe 
an activation of NF-kB in J774 cells similar to that of InlB. 
Polymyxin B at 1 (j,g m l'^ inhibited this effect (data not 
shown). From these results, it can be concluded that 
LPS was not a contaminant causing NF-kB activation.

Fig. 4. Specificity of NF-kB activation using supershift and 
competition assays (A and B).
A. The composition of the NF-kB complex was determined by 
incubating prestimulated samples (2(i,gsample“ ')  for 30m in at 4°C 
with antibodies against p50 (lane 2), p65 (lane 3) and c-Rel (lane 4) 
compared with a control (lane 1), which had not been incubated 
with antibody. Samples were then assayed for NF-kB using EMSA. 
Supershifted complexes can be seen in lanes 2 and 3, indicating 
the presence of p50 and p65 subunits respectively.
B. Nuclear extracts from InlB-treated cells (2 ^.gsample” ’ ) were 
preincubated for 30m in with wild-type or mutant non-radiolabelled 
KB-consensus oligonucleotide, as indicated, at the following 
concentrations: ISOfmol ’ (lane 2) and IS fm o r '' (lane 3).
Samples were then assayed for NF-kB by EMSA.

i  » 4- ^ V ♦.

« sa ^  I »
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Fig. 5. Effect of PI-3 kinase inhibitors on InlB-mediated NF-kB 
-activa tion . Cells were seeded at 1 xIO^ cells 48h before 
-trea tm ent. J774 cells were pretreated for 20m in with a 
-concentration range, 50 -1  (j,M, of LY294002 (lanes 3 -6 ) 
and 1 0 0 -1 0 nM wortmannin (lanes 7 -10 ). InIB (lO O ngm i^ ') was 
then used to stimulate the cells for 60min at 37°C, after which 
they were assayed for NF-kB activation by EMSA.
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Fig. 6. The effect of InIB on the degradation of k B a  and k B p .
J774 cells were seeded at 1x10^ cells m r'' in six-well plates 2 
days before treatment, stimulated with 100n gm l~ ' InIB for 
corresponding time periods, then assayed for IkBs in cytosolic 
tractions by W estern blot analysis (A and B). Only one band of 
37 kDa, corresponding to each Ik B, was detected. The results 
shown are representative of two experiments.

NF-kB activation is caused by the N-terminal LRR 
region of InIB

We next tested the different domains of InIB for their 
effects on NF-kB activation. As can be seen in Fig. 7A, 
the LRR region activated NF-kB almost as effectively as 
full-length InIB (compare lanes 3 and 2). Interestingly, 
the C-terminal domain had some activity, although it was 
much less effective than full-length InlB. The results 
shown are for lOOngmr^ each protein, which corre
sponds to 1.4nM InIB, 3.3 nM InlB-LRR and 3.75 nM 
InlB-C-terminal. Equimolar concentrations were also 
tested, and there was no difference from the results 
shown (data not shown).

Further evidence for a role of the LRR region was 
obtained using a series of anti-lnIB monoclonal antibodies 
(mAbs) as shown in Fig. 7B. The monoclonal antibody 
D23.1, which recognizes the LRR domain responsible for 
the invasiveness of InIB into Vero cells (Braun et al., 
1999), blocked the effect of InIB (compare lanes 3 and 
2). The antibody B4.6, which recognizes another part of 
the LRR domain of InIB, but is unable to inhibit invasion 
of Vero cells, had no effect on stimulation, as did anti
bodies to the LRR inter-repeat region and the C-terminal 
domain of InIB (lanes 4-6). Of note here, the antibody 
directed against the LRR and/or inter-repeat region of 
InIB, mAb 3.3, which has been found to inhibit InlB- 
mediated invasion of Vero cells (Braun et al., 1999), had 
no effect upon NF-kB activation (lane 3).

As the LRR region of InIB is highly similar to that of InIA, 
we tested both the native InIA and the shorter analogue 
InlA-LRR proteins for NF-kB activation. As shown in

A
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Fig. 7 . Domains of InIB responsible for N F-kB activation.
A. J774 cells were stimulated with lO O n g m r' InIB (lane 2), 
InlB-LHR (lane 3) and the InIB C-terminai region (lane 4) for 
eOmin as described in Experimental procedures (refer to Fig. 1 
for schematic diagram of domains) MS, non-stimulated cells (lane 1).
B. InIB (25n g m r^ ) was preincubated for 60 min with 1 m gm l'^  
antibodies directed against specific regions of InIB and then used to 
stimulate J774 cells. Antibodies correspond to D23.1, anti-lnlB-LRR 
(lane 3); B4.6, anti-lnlB-LRR (lane 4); 3.3, anti-lnlB-LRR-IR (lane 5); 
and H I 5.1, anti-C-terminal (lane 6). Control cells (lane 1) were 
incubated with a corresponding amount of 1 mg ml“ ’ D23.1 antibody.
C. Proteins (lO Ongm l"’ ) corresponding to InIB (lane 2), InlB-LRR 
(lane 3), InIA (lane 4) and InlA-LRR (lane 5) were assayed by EMSA as 
described previously. Control cells (lane 1) were unstimulated. 
Protein-DNA complexes corresponding to N F-kB are shown. These 
results are representative of three independent experiments.

Fig. 7C, both the InIA and the InlA-LRR were inactive in 
NF-kB activation, compared with full-length InIB and 
InlB-LRR.

The molar concentrations tested were 1.16 nM I nIA and 
2.1 nM InlA-LRR. Again, stimulation of cells using equimo
lar amounts of proteins had no effect upon activation inten
sity (data not shown).

Taken together, these results indicate that a region of 
the LRRs, which is required for InlB-mediated internaliza
tion, is also responsible for NF-kB activation.

InIB regulates NF-KB-dependent gene expression of 
TNF-a and IL-6 in J774 cells

Finally we examined whether InIB could induce the 
expression of NF-KB-regulated genes in J774 cells. We

© 2000 Blackwell Science Ltd, Cellular Microbiology, 2, 127-136
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tjiOn

J «!«

I

(n!& Sii)»ai«tiaK

Fig. 8. Effect of InIB stimulation upon cytoi<ine expression of NF- 
KB-dependent genes TN F-a  and IL-6. J774 cells (1 x10® cells m r ' )  
were seeded 24 h before treatment in 24-well plates, stimulated 
with lO O ngm l"' and 1 jig m r^  InIB and incubated for a further 
2 4 h. Control data are unstimulated cells. Supernatants were 
removed, centrifuged (5m in at 13200r.p .m .) to remove detached 
cells and assayed as described in Experimental procedures.
Results are shown as cytokines (pgm l“ ')  and are expressed as 
means ±  standard deviations (n =  3). Data indicate significant 
differences ( * P = 0 .0 5 , * * P = 0.007) when compared with control 
values.

tested the expression of TNF-a and IL-6, as the genes for 
these two proteins are controlled by NF-kB and their 
promoters containing NF-kB binding sites (Baeuerle and 
Henkel, 1994). As shown in Fig. 8, TNF-a and IL-6 protein 
levels increased in a dose-responsive manner after 24 h 
stimulation with InlB.

Discussion

In this study, we have demonstrated that the invasion pro
tein InIB from L  monocytogenes activates NF-kB in the 
murine macrophage-like cell line J774, causing the 
expression of two cytokines, TNF-a and IL-6, which are 
part of a pro-inflammatory response. It has also been 
demonstrated that the PI-3 kinase pathway is involved in 
this InlB-mediated NF-kB activation. The effect is sus
tained and involves the transient degradation of IkB« 
and the prolonged degradation of kB p. This activation is 
mediated by the LRR domain of InIB, a region recently 
shown to be required for internalization in epithelial cells, 
and activation of PI-3 kinase (Braun et al., 1999).

Infection of bone marrow-derived macrophages with 
L. monocytogenes has been shown previously to upregu- 
late cytokines IL-1a, IL - ip  and TNF-a after initial infection 
(Demuth et a!., 1996). This classical pro-inflammatory 
response was found to be unaffected by cytoskeletal inhi
bitors that prevent bacterial invasion, but not adhesion. 
These results suggested that secreted or surface molecules 
of mammalian cells are able to interact with a bacterial 
ligand and initiate a pro-inflammatory response. Given 
that InIB is a cell surface protein, also found in culture 
supernatants, and an activator of PI-3 kinase, we felt 
that it was an excellent candidate for activation of NF-kB,

and thus contributed to, or promoted the pro-inflammatory 
response observed previously in macrophages. This 
response has been observed previously in other soluble 
bacterial products, such as LPS, LTA and now LLO 
(Baeuerle and Baichwal, 1997; Hauf et al., 1997; Kayal 
et al., 1999). Our results show that this is also the case 
for InlB.

Hauf et al. (1997) demonstrated that LTAII from 
L. monocytogenes rapidly activates NF-kB via kB a  degra
dation in the mouse macrophage cell line P388Di. A sec
ond sustained activation mediated by IkB3 degradation 
also seemed to occur and require the expression of the 
PrfA-dependent listerial phospholipases PI-PLC and PC- 
PLC. Indeed, Hauf et al. (1997) found that mutant forms 
of L. monocytogenes, which lack these PrfA-dependent 
phospholipases, and the non-invasive L. innocua did not 
induce this sustained activation of NF-kB.

The phospholipase mutants still probably express a full- 
length InIB, which could contribute to the activation of NF- 
k B . In fact, our laboratory has recently reported that InIB is 
buried within the peptidoglycan layer (Jonquieres et al., 
1999). If soluble InIB is required for NF-kB activation, it 
is possible that this form of InIB was not present in the 
experiments of Hauf et al. (1997). It is also possible that 
InIB expression or activity was very low in their bacterial 
cultures. A final explanation for the discrepancy could be 
that Hauf et al. (1997) used P388Di cells, which we 
have found to be less responsive to InIB than J774 cells.

Using a combination of shorter domains of InIB and 
monoclonal antibodies directed against some of these 
regions, we have been able to demonstrate that activation 
of NF-kB is mediated by the LRR domain. This region acti
vated NF-kB at concentrations similar to native InIB, and 
activation was inhibited by an antibody (D23.1) raised 
against a region of the LRR involved in InlB-mediated inva
sion of Vero cells, but was unaffected by an antibody 
raised against the LRR motif of InIB that is unable to inhibit 
invasion (B4.6). Finally, another antibody, 3.3, raised against 
a protein comprising the LRR-IR region, was also unable to 
inhibit NF-kB activation. All antibodies were raised against 
recombinant proteins and have not been epitope mapped. 
Therefore, the exact regions of the LRR involved cannot 
be elucidated. Taken together, however, these results indi
cate that the LRR motif of InIB involved in invasion (Braun 
et al., 1999) is critical for NF-kB activation.

InIA shares with InIB a similar LRR region (Dramsi etal., 
1996), as do the other members of the internalin family 
(Dramsi et al., 1997). Yet our investigation has shown 
that native InIA and its LRR region are unable to activate 
NF-kB in J774 macrophages. Thus, the activation is specific 
and not caused by the presence of LRR motifs. The differ
ence in the LRR domains of InIA and B is sufficient to 
allow both proteins to bind different receptors (L. Braun 
and P. Cossart, unpublished data). The receptor for InIA
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is E-cadherin, which does not bind InlB. The results pre
sented here are thus in perfect agreem ent with the fact 
that E-cadherin is absent from J774 macrophages. 
W hether other members of the internalin family, which 
are known not to be involved in bacterial invasion (Dramsi 
et al., 1997), are also capable of NF-kB activation is 
unknown.

The mechanism by which InIB activates NF-kB  involves 
PI-3 kinase, as inhibitors of P I-3  kinase repress the effect. 
The activation of PI-3 kinase by the LRR from InIB 
reported previously (Braun et al., 1999) would be consis
tent with a role for P I-3 kinase in IMF-kB activation. How  
InIB activates PI-3 kinase is not known. Akt/protein kinase 
B (PKB), which is downstream of P I-3 kinase, has been 
shown to activate NF-kB  (Kane et al., 1999; O zes et al., 
1999) by phosphorylation of the IkB kinases and may 
mediate the effect of InIB here.

W hat are the downstream consequences of NF-kB acti
vation in infected cells? As N F-kB  has been implicated in 
many aspects of the pro-inflammatory response to bacter
ial invasion (Baeuerle and Baltimore, 1996), it is possible 
that the InlB-mediated NF-kB  activation observed mainly 
represents a host defence response to the bacterium. 
Another possibility, however, is that NF-kB  activation 
may be beneficial to the bacterium. NF-kB  has recently 
been shown to be antiapoptotic in TNF-induced cell 
death (Beg and Baltimore, 1996; W ang et al., 1996) and 
also via the induction of genes encoding antiapoptotic pro
teins such as lAPs (LaCasse et al., 1998). Given that 
L. monocytogenes is an intracellular pathogen, it is possi
ble that, via NF-kB, the bacterium prevents the killing of 
infected cells. Interestingly, it has been reported that 
another potent NF-kB activator, LPS, which regulates 
the production of pro-inflammatory cytokines produced 
by macrophages, can actually inhibit TNF-induced apopto- 
sis in U -937 cells (M anna and Aggarwal, 1999). P I-3  
kinase can also generate an antiapoptotic signal via Akt/ 
(PKB) (M arte and Downward, 1997). As stated above, 
Akt/PKB has recently been shown to activate NF-kB  
(Kane et al., 1999; O zes et al., 1999). If PI-3 kinase and  
NF-kB activation are linked via this signalling pathway, 
NF-kB activation could be another antiapoptotic signal 
activated by P I-3  kinase in response to InlB.

The finding that LLO, among others, is also a potent NF-kB  
activator demonstrates that L  monocytogenes, in many 
checkpoints of the infection process, may use different 
components to trigger similar signalling events.

In conclusion, our results indicate that InIB is not only 
involved in L. monocytogenes invasion. It also activates 
NF-kB in macrophages. Thus, N F-kB  activation during 
Listeria infection seem s to be mediated by a series of com
ponents, including LTA, phospholipids, LLO and InlB. W e  
anticipate that these outcomes will have important conse
quences upon both bacterial survival and host defence.

Experimental procedures

Cells, m edia and chemicals

The murine macrophage-like cell line J774 was kindly pro
vided by Kingston Mills (National University of Ireland, May- 
nooth) and was grown in 10% heat-inactivated fetal calf 
serum (FCS) in RPMI 1640 (both Euroclone), which was 
supplemented with 2m M  L-glutamine (Hyclone) and 2m M  
penicillin/streptomycin (Hyclone). Wortmannin and LY294002 
(Sigma) were both dissolved in dimethyl sulphoxide (DMSG). 
The 22 bp oligonucleotide, 5'-AGT TGA GGG GAC T T T  
CCC AGG C-3', containing the N F - k B consensus sequence 
(underlined), and the T4 polynucleotide kinase kit were from 
Promega Corporation. The 22 bp oligonucleotide. 5'-AGT  
TGA GGC GAC T T T  CCC AGC C-3', containing the mutated 
NF-kB consensus sequence (underlined), and the rabbit poly
clonal antibody to IkBP were from Santa Cruz. Rabbit poly
clonal antibodies to p50, p65 and c-Rel were a kind gift from 
Jean Imbert (INSERM, Marseilles, France), as was the 
mouse monoclonal antibody to Ik B «  from Ron Haye (St 
Andrews, UK). [-y-^^Pl-ATP (SOOOCimor^) was from Amer- 
sham, and the enhanced chemilumlnescence (ECL) reagent 
was from Biolabs. Poly-(dl-dC) was supplied by Pharmacia. 
Secondary antibodies anti-mouse IgG peroxidase and horse
radish peroxidase (type II), polymyxin B and other chemicals 
were purchased from Sigma. Internalin purification was 
performed as described previously (Mengaud etal., 1996b).

Preparation of lnlB6xHis and InIB analogues

All recombinant proteins were grown and purified as 
described previously (Braun etal., 1998; 1999). Purified pro
teins were dialysed against 50 mM HEPES (pH 7.4), 5 0 0 mM 
NaCI, concentrated to the desired volume using Centriprep 
10 (Amicon) and stored at - 2 0 “C. Purity of samples was 
determined by S D S -P A G E.

Bacterial strains, growth conditions and  
bacterial stimulation

L. monocytogenes and L. innocua were both grown in brain- 
heart infusion (BHI) at 37“C. For L. innocua strains containing 
pAT28 derivatives, erythromycin was added to a final concen
tration of 5 (o-g m p \  The strains used are described in Table 1.

For the bacterial stimulation of J774 cells described in 
Fig. 1, 1 ml of exponential-phase cultures (OD6oo =  0.8 -1 .0 )  
of strains L. monocytogenes and L. innocua was washed 
three times with phosphate-buffered saline (PBS), pelleted 
and resuspended in 1 ml of PBS. Bacteria were added to 
mammalian cells (= 1 x 1 0 ®  cells ) to give an MCI of either 
20:1 {L  monocytogenes) or 50:1 {L. innocua) and incubated 
for 60min, after which cells underwent nuclear extract 
preparation for NF-kB analysis.

Activation assays and  nuclear extract preparation

Murine macrophage-like cells J774 were seeded at 1x10® 
cells m r^ in six-well plates (3 ml volume) 48 h before stimu
lation and incubated at 37°C, 5% CO2 . InlB was diluted in
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Table 1. Bacterial strains used in this study.

Strain Genotype/properties Reference

BUG600 Wild type, serotype 1/2a Mackaness (1962)
BUG1047 EGD:AinlB Dramsi et al. (1995)
BUG994 L. innocua: pAT28 (vect) Dramsi et al. (1995)
BUG 1533 L  innocua: (InIB) Jonquieres et al. (1999)

35 mM Tris, 75 mM NaCI, 1 mM EDTA, pH 7.5. Relevant con
centrations of proteins were added to cells and incubated for 
1 h at 37°C.

Nuclear extracts were prepared using a modified version of 
the method of Osborn et al. (1989). Stimulation was termi
nated by aspiration of media from cells and replacement 
with 1 ml of ice-cold hypotonic buffer [lOm M  HEPES buffer, 
pH 7.9, containing 1.5m M  MgCl2 , lOm M  KCI, 0.5 mM dithio- 
threitol (D TT) and 0.5 mM phenylmethylsulphonyl fluoride 
(PMSF)], after which the cells were scraped and centrifuged 
(5min, 13200r.p.m ., 4°C). The subsequent cell pellet was 
lysed in 0.1% Igepal CA-630 in hypotonic buffer and held on 
ice for lOmin. Centrifugation (lOmin, 13200r,p.m ., 4°C) led 
to a cell debris pellet from which nuclear-associated proteins 
were extracted by the addition of 20 mM HEPES, pH 7.9, con
taining 420 mM NaCI, 1.5 mM M gC t, 0.2 mM EDTA, 25%  gly
cerol and 0.5 mM PMSF, and this was maintained on ice for 
20min. After centrifugation (lOmin, 13200r.p.m ., 4°C), the 
supernatant was removed and mixed with lO m M  HEPES, 
pH 7.9, containing 50 mM KCI, 0.2 M EDTA, 20% glycerol, 
0.5 mM DTT and 0 .5 mM PMSF. Protein concentrations 
were determined using the method of Bradford (1970) and 
extracts stored a t - 2 0 “C.

Electrophoretic mobility shift assay (EM SA)

Nuclear extracts (4 |j.g) were incubated with 10000 c.p.m. of a 
22 bp DNA fragment oligonucleotide containing the NF-kB  
consensus sequence that had previously been labelled with 
[7 -®^P]-ATP (lO m C im m or'') by T4 polynucleotide kinase. 
Incubations were performed for 30min at room temperature 
in the presence of 2 jig of poly-(dl-dC) as non-specific com
petitor and lO m M  Tris-HCl, pH7.5, containing lOOmM  
NaCI, 1 mM EDTA, 5m M  DTT, 4% glycerol and 100|xgm r^  
nuclease-free BSA. For competition studies, unlabelled wild- 
type or mutant NF-kB oligonucleotides were added to the 
binding reaction 30 min before the addition of the radiolabelled 
probe. In experiments involving antisera to NF-kB subunits, 
0.5 p.1 of specific antibodies to p50, p65 and c-Rel were incu
bated with nuclear extracts for 20 min on ice before the 
binding reaction. All incubation mixtures were subjected to 
electrophoresis on native 5% (w/v) polyacrylamide gels, 
which were subsequently dried and autoradiographed.

IkB  immunoblot analysis

Murine macrophage-like cells J774 were seeded at 1x10®  
cells m r '’ in six-well plates (3 ml volume) 48 h before stimula
tion and incubated at 37°C, 5% COg. InIB (100ngm l“ ') was 
added, and stimulation was terminated at relevant time points 
by aspiration of reaction media and the subsequent addition of 
1 ml of ice-cold PBS. After aspiration of PBS from the cells,

200|jlI of ice-cold RIPA buffer (1%  Igepal CA-630, 0.5%  
deoxycholate, 0.1%  SDS in PBS, containing 10 mg of 
PMSF, 7 ixg of aprotinin and 1 mM sodium vanadate) was 
added. Plates were shaken on ice for 15 min and cells scraped 
to ensure lysis. After further disruption of cells by passage 
through a 21-gauge needle (10 strokes), a further 
0.1 m gm r^ PMSF was added to the samples, which were 
incubated for 45 min. Samples were then centrifuged for 
20  min at 1 3 2 0 0  r.p.m. at 4°C, and the supernatant was 
removed from the cell debris and assayed for protein by the 
Bradford (1970) method.

Equal amounts of protein (4p.g) were resolved by S D S -  
PAGE and transferred to nitrocellulose. In which an I k B 
immunoblot was carried out as described previously (Mahon 
and O ’Neill, 1995). After immunoblotting was completed, 
membranes were stained with Ponceau S to confirm equal 
protein loading.

T N F-a  and  IL-6 gene expression analysis

J774 cells were seeded at 1 x 10® cells ml“  ̂ in 24-well plates 
(1m l volume) 24 h before stimulation and incubated at 
37°C, 5% CO 2 . Cells were stimulated with lOOngmr  ̂ and 
1 (xgmr^ InIB in triplicate and incubated for a further 24 h. 
Supernatant was aspirated and centrifuged (1600 r.p.m. for 
5 min) to remove any detached cells, and samples were 
stored (-70 °C ) or analysed. Protein concentrations were 
determined as described by Loscher et al. (1998).

Statistical analysis

Significance was evaluated using the Student’s f-test for 
unpaired data.
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