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Abstract

The innate arm o f the m ammalian immune system employs a num ber o f  pattern recognition 

receptors (PRRs), such as Toll-like receptors (TLRs), which recognise pathogen associated 

molecular patterns (PAM Ps) and initiate inflammatory responses. TLRs signal via homotypic 

interactions between their cytoplasm ic Toll-IL-1 receptor (TIR) dom ains and TIR domain- 

containing adaptor proteins. Over the course o f  evolution most viruses developed various 

immune evasion strategies, one o f which involves inhibiting PRR signaling pathways in order 

to avoid immune detection. Thus, Vaccinia virus (VACV) encodes the A46 protein, which 

binds to TIR-dom ain containing proteins ultim ately preventing TLRs signalling (Stack et al., 

2005). M any viral proteins are m uhifunctional and likely to target host proteins using 

evolutionary optim ized binding surfaces. In this project an 11-amino acid long peptide from 

A46 protein has been identified, which when fused to a cell-penetrating delivery sequence 

potently inhibited multiple TLR4-m ediated responses. The peptide was found to be TLR4- 

specific, while inert towards other TLRs, and therefore was term ed Viral Inhibitory Peptide o f 

toll-like Receptor 4 (VIPER). VIPER was active in murine cells and in vivo, where it inhibited 

LPS-induced IL-12p40 secretion. Also, in contrast to another previously described viral 

peptide P13 (M cCoy et al., 2005), VIPER potently inhibited LPS-induced cytokine 

production in primary human cells. VIPER prevented TLR4-m ediated activation o f 

transcription factor and mitogen activated protein kinases (M APKs), and induction o f  

interferon regulating factors (IRFs), suggesting it acted close to the TLR4 com plex and 

upstream from TIR-dom ain-containing adaptor inducing interferon-P (IFNP) (TRIP) and 

myeloid differentiation factor 88 (M yD88). Indeed, VIPER was found to target TLR4 adaptor 

proteins M yD88-adaptor like (M ai) and TRIF-related adaptor molecule (TRAM ) directly.

Overall, VIPER is more specific and potent than other host-derived TLR antagonistic peptides 

used to date (Agou et al., 2004; Toshchakov et al., 2005; Toshchakov et a!., 2007), and apart 

from its potential therapeutic and experimental use in suppressing TLR4 function, 

identification o f the peptide's specific binding sites on TRAM  and Mai may reveal a novel 

therapeutic target site. Thus, for the first time disruption o f  a specific TLR  signalling pathway 

by a short virally-derived peptide has been described herein.
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1. Introduction

Survival o f  an animal organism in the environment is greatly dependent on proper 

functioning o f  the immune system, which in higher organisms is divided into innate and 

adaptive. Apt response o f  the adaptive arm o f  the immune system ultimately leads to 

elimination o f  the infection from the host organism. However, it is completely reliant on 

the proper functioning o f  innate immunity, whose duty is to recognise the pathogenic 

factor, initiate frontline defence and prime the members o f  adaptive immunity for clearance 

o f  the infection. Initial recognition o f  the invading pathogen by the innate immune system 

is often a crucial step for the successful outcome o f  the disease. The two well-defmed 

strategies o f  recognition o f  the invading organism are the “missing s e l f ’ strategy and 

"pattern recognition” strategy. Thus, the “missing s e l f ’ strategy involves activation o f  

cytotoxic cells o f  innate immunity such as natural killer cells (NK) due to the absence o f  

the special inhibitory molecules on the invading organism or on abnormally developed 

cells (tumours), normally present on the surface o f  the host cells (Iwasaki and Medzhitov, 

2004). The pattern recognition strategy on the other hand involves recognising the 

activatory pathogen associated molecular patterns (PAM Ps) normally absent from the 

mammalian organism. Cells o f  the innate immune system over the course o f  evolution have 

developed specific pattern recognition receptors (PRRs), which are able to recognise a 

wide range o f  the different invading pathogens that differ from the components o f  the host 

organism. The three most studied families o f  PRRs include retinoic acid-inducible gene I 

(RIG-I)-like helicases (RLH), nucleotide-binding domain and leucine rich-containing 

receptors (NLRs) and the Toll-like receptors (TLR), which will be discussed in greater 

detail herein.
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1.1 Toll-like receptors and their ligands

Toll gene, which encodes a type I transmembrane protein (Hashimoto et a!., 1988), was 

first identified to be involved in the ventral-dorsal polarisation of a zygote in early embryo 

development of Drosophila melanogaster (Anderson et al., 1985a; Anderson et al., 1985b). 

Later it was also established that cytoplasmic domain o f the Toll protein shared structural 

and sequence similarities with the IL-1 receptor (IL-IR), which led to the suggestion that 

Toll may also signal in a similar to the IL-IR way (Gay and Keith, 1991). The 

immunological role of Toll receptor was then established by B. Lemaitre in 1996, as it was 

shown to be important for antifungal immunity against Aspergillus fumigatus (Lemaitre et 

al., 1996). In the light o f these findings mammalian homologues of Drosophila Toll were 

identified shortly after and named Toll-like receptors (Rock et al., 1998). There are 13 

mammalian TLRs described to date, 10 of which are functional in humans and 12 in mice 

(Akira et al., 2006). Although most TLRs are expressed by both species their expression 

can be species-specific (Beutler and Rehli, 2002; Takeda and Akira, 2005). Thus, TLR 1-9 

are functional in both human and mice, whereas the TlrlO gene is functional in humans, but 

in mice has a sequence substitution in its C-terminus which renders it non-functional 

(Hasan et al., 2005). The opposite has been shown for TLRl 1, which is active in response 

to uropathogenic strains o f E.coli in mice, but has a stop codon in the human T lr ll  gene, 

which prevents its expression (Zhang et al., 2004).

Based on their sub-cellular localisation all TLRs are conditionally divided into 2 groups: 

the ceil-surface TLRs and the nucleic-acid sensing endosomal TLRs. The first group 

include TLRl, 2, 4, 5, 6, 10 and 11, which are localised on the plasma membrane and
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recognise m icrobial PA M Ps present on the cell surface; w hile TLR3, 7, 8 and 9 are 

grouped into the second group, w hich all norm ally reside in the endoplasm ic reticulum  

(ER) and translocale into the ligand-contating endosom es and phagosom es upon cell 

activation (K aw ai and Akira, 2010).

1.1.1 TLRl,  2, 6 and 10

Based on sequence sim ilarity T L R l, 2, 6 and 10 form a small TLR2 sub-fam ily o f  TLR s 

and are thought to be a result o f  gene duplication over the course o f  evolution (Farhat et al., 

2008; Guan et al., 2010). TLR2 is an unusual receptor as it is able to heterodim erise with 

other TLR s from the TLR 2-subfam ily. Such heterodim erisation o f  the receptors increases 

the diversity  o f  PA M Ps recognised by TLR2. Thus, heterodim erisation o f  T L R l and TLR2 

allow s recognition o f  tri-acylated am ino term inus o f  bacterial lipoproteins (an exam ple is a 

synthetic tripalm itoylated lipopeptide PA M 3C SK 4 (palm itoyl-3-cysteine-serinelysine-4) 

and o f viral glycoproteins (envelope glycoproteins gB and gH o f  hum an cytom egalovirus 

(CM V), w hich was shown to bind to both TLR2 and T L R l (B oehm e et al., 2006; Farhat et 

al., 2008). D im erisation o f  TLR2 and TLR6 triggers signalling in response to di-acylated 

lipoproteins, such as M ALP2 (m acrophage-activating  lipopeptide 2kD a from 

m ycoplasm a), zym ozan, lipotechoic acid (LTA ) and fibroblast-stim ulating lipopro te in -1 

(FLP-1) (Farhat et al., 2008; O zinsky et al., 2000; Takeuchi and Akira, 2002; W etzler, 

2003). In order to m ount an adequate response upon stim ulation with diacetylated 

lipoproteins and lipotechoic acid, TLR2/6 also recruits c luster o f  differentiation 36 (C D 36), 

a m em ber o f  class B scavenger receptors. H ow ever, C D 36 w as show n to be d isposable for 

TLR2/6 signalling and its presence was required for augm entation  o f  the T LR 2-m ediated

3
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response (Hoebe et al., 2005; Triantafilou et al., 2006). Also, formation o f the TLR2/1 and 

TLR2/6 complexes is not ligand-dependent, while association o f  the TLR2/6 with the 

CD36 is ligand-induced (Triantafilou et al., 2006).

The lipoproteins are composed o f a polypeptide chain, amino (N)-terminal cysteinyl 

residue and diacylglyceryl moiety. The two diacylglyceryl chains are bound to the 

cysteinyl residue via a thioester bond and are common for most bacterial membrane 

lipoproteins (Figure 1.1 A). MALP-2 is the representative o f the diacylated lipoproteins 

(Figure I.IC ). The N-terminal o f  some lipoproteins can undergo further acetylation via an 

amide bond producing a tri-acylated lipoproteins, as in the case o f  PAM3CSK4 (Figure 

I.IB ). It is the lipid portion o f the lipoproteins that confers the immunogenicity o f these 

molecules (Akira and Hemmi, 2003; Chambaud et al., 1999). The recently solved crystal 

structure o f  the TLR2/1 heterodimer bound to its ligand PAM 3CSK4, showed that two 

ester-bound fatty chains are inserted into the hydrophobic pocket on the ectodomain (ECD) 

o f TLR2, while the third amide-linked fatty chain is interacting with the smaller 

hydrophobic pocket on the ECD o f TLRl (Jin et al., 2007). However, it is TLR2 that was 

shown to be the primary mediator o f ligand binding, as TLRl was shown to be unable to 

bind PAM3CSK4 in the absence o f TLR2 (Kajava and Vasselon, 2010). Modelling o f the 

TLR6 ECD based on the crystal structure o f T L R l, showed that the hydrophobic pocket 

responsible for binding o f  the third fatty acid chain is occluded in the TLR6 and therefore it 

was suggested that TLR6 does not play a significant role in the ligand binding and is only 

required for signal induction (Jin et al., 2007). Indeed, recently solved crystal structure o f 

TLR2/TLR6 heterodimer showed that this hydrophobic pocket present on the TLRl is
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blocked by the presence o f  phenylalanines at positions 343 and 365, w hich confers the 

specificity o f  the T L R 2/T L R 6 heterodim er for the diacylated lipoproteins (K ang et al., 

2009). H ow ever, it was also show n that TLR6 is directly involved in the ligand binding by 

form ing strong hydrogen bond betw een its phenylalanine 319 o f  the loop 11 o f  the leucine 

rich repeats (LRR) o f  the TLR 6 ectodom ain and the peptide head group o f  the ligand 

(K ang et al., 2009). The im portance o f  the interaction betw een the lipopeptides and TLR6 

was clearly dem onstrated  by studying interactions betw een the TLR2
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Figure 1.1. Structure of the bacterial lipoproteins

The lipoylation o f the amino-terminal cysteinyl residue by a diacylglyceryl moiety via a 

thioether bond is a feature common to all known bacterial membrane lipoproteins. The 

amino group o f the cysteinyl residue is blocked in certain lipoproteins by a third fatty acyl 

chain (in red box) via an amide bond (A) (taken from Chambaud, I., H. Wroblewski, et al. 

(1999)).

Structural differences between the TLR l/2  and TLR2/6 agonists: PAM3CSK4 contains 

triacylated cysteinyl residue at the N-terminus (B), whereas the cysteinyl residue in MALP- 

2 is only diacylated (C) (taken from Akira, S. and H. Hemmi (2003)).

Adapted from Akira, S. and H. Hemmi, 2003.
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and LTA derived from the Streptococcus pneumoniae. In general LTA contains two lipid 

chains that are attached to the hydrophilic glycerol backbone and therefore structurally 

resembles the di-acetylated lipoprotein (Jin et al., 2007). However, the head groups o f  LTA 

derived from different bacteria vary significantly in their structures, which determines the 

immunogenisity o f  the LTA (Kang et al., 2009). Thus, the peptide head group o f  LTA 

derived from S. pneumoniae fails to form the hydrogen bond with the TLR6, which cannot 

induce the formation o f  heterodimer and consequently fails to induce pro-inflammatory 

response even though the two acyl chains bind strongly to the TLR2 (Kang et al., 2009). In 

addition to direct interaction with the ligand, TLR6 was also shown to have hydrophobic 

core at the interaction site with TLR2 increased by approx. 80% in comparison to TLR l, 

which promotes a much stronger protein-protein interactions within the TLR2/TLR6 

heterodimer (Kang et al., 2009).

TLR2 can also dimerise with TLRIO, the only orphan receptor among TLRs. Although the 

ligand for this heterodimer and for TLRIO itself remains to be identified it was established 

that TLRIO can recognise triacylated lipoproteins and shares similarities with TLRl in the 

TLR2 binding region (Guan et al., 2010). It was reported that the ECD o f  TLRIO also 

possess the Pam3CSK4-binding pocket and a chimera containing the ECD and the 

transmembrane domain (TM) o f  TLRIO and the intracellular domain o f  TL R l, was able to 

reconstitute signalling in response to triacylated lipoproteins in the TLRl-deficient cells. 

However, TLRIO can not induce activation o f  pro-inflammatory responses when co

expressed with TLR2 (Guan et al., 2010).
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TLR2 was also implicated in the recognition o f a number o f viral components such as 

haemagglutinin o f  measles virus and viral glycoproteins from Herpex Simplex virus (HSV) 

(Bieback et al., 2002; Kurt-Jones et al., 2004; Wetzler, 2003; Yoshimura et al., 1999). 

Interestingly, interactions between TLR2 and viruses can contrast from being beneficial to 

the host to being beneficial for the virus. Thus, in the case o f measles virus, activation o f 

TLR2 promotes upregulation o f the viral entry protein CD150, while during VACV 

infection the presence o f TLR2 increases survival o f  the mice (Barbalat et al., 2009). In 

another case, TLR2 recognition o f  the HSV leads to the development o f  encephalitis, 

which is o f little benefit to the host (Kurt-Jones, Chan et al. 2004). Until recently it was 

though that TLR2 signalling could only induce activation o f pro-inflammatory cytokines, 

and therefore weakly contributed to antiviral immunity. However, it has been shown that 

TLR2 expressed by a subset o f monocytes called inflammatory monocytes, potently 

induced production o f type 1 interferons (IFN), necessary for the adequate anti-viral 

response (Barbalat et al., 2009).

1.1.2 TLR4

TLR4 was identified as the receptor that signals in response to lipopolysaccharide (LPS) 

from the cell wall o f  Gram-negative bacteria (Poltorak et al., 1998). There are two types o f 

LPS synthesised by most bacteria called “smooth” (s-LPS) and “rough” (r-LPS). r-LPS 

consists o f fatty acids, such as hydroxyl-myristic acid, called lipid A and a core 

oligosaccharide, whereas s-LPS also has a polysaccharide O side chain composed o f  a 

repeating oligosaccharide units (Rittig et al., 2003). It is the highly hydrophobic lipid A, 

w'hich is the inner most layer o f LPS, that confers LPS toxicity and directly interacts with
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the TLR4 (Jiang et al., 2005). Interaction o f  TLR4 with lipid A induces activation o f  innate 

immune responses, while the polysaccharide O sidechain is involved in activation o f  the 

adaptive arm of immunity (Bryant et al., 2010). Immunogenicity o f  Lipid A is dependent of 

the composition o f  the head group and number and length o f  the acyl side chains (Figure 

1.2A), which may vary in different stages of lipid A biosynthesis or in various species o f  

bacteria. For example, lipid IVa, a precursor o f  lipid A from E.coli, contains only 4 acyl 

chains and even though it is able to bind to TLR4 it does not induce signalling in humans, 

although it is agonistic in mice, whereas the synthetic TLR4 inhibitory compound Eritoran, 

which also has four acyl chains, antagonises TLR4 activation in all species (Bryant et al., 

2010). When released from a bacterial cell wall LPS tends to form aggregates, which 

poorly activate cells o f  the immune system. However, formation o f  the TLR4 triad 

composed o f  the accessory proteins LPS Binding Protein (LBP), CD 14 and MD-2 aids in 

LPS recognition (Figure 1.2B).

At first LBP, a 60kDa serum glycoprotein, binds LPS via the lipid A moiety thus 

opsonising LPS (Miyake, 2004). The LPS-LBP complex is then recognised by CD 14, a 

glycosylphosphatidylinositol (GPI)-anchored protein found mostly in monocytes, 

macrophages and neutrophils (Gioannini et al., 2004; Wright et al., 1990). Binding o f  LPS- 

LBP to CD 14 causes direct interaction between CD 14 and TLR4 (da Silva Correia et al., 

2001). CD 14 is required for sensitising the TLR4 to LPS by reducing the binding affinity to 

picomolar concentrations, as it aids in recognition o f  the LPS by another TLR4 accessory 

protein, MD-2 (also called LY96) (Gioannini et al., 2004). CD14 plays role in differential 

activation o f  transcription factors depending on the type o f  LPS it binds. It is required for
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pro-inflammatory activation o f TLR4- and TLR2/TLR6 in response to s-LPS and for 

TLR4-mediated production o f IFNs in response to r-LPS (Jiang et al., 2005; O'Neill and 

Bowie, 2007). MD2 belongs to a family o f lipid-binding proteins, which was found to be 

crucial for LPS-induced TLR4 signalling, as M D2-deficient mice failed to respond to 

stimulation with LPS and were resistant to LPS-induced septic shock (Akashi et al., 2000). 

MD2 associates with extracellular domain o f the TLR4 in the endoplasmic reticulum o f  a 

cell and assists in the translocation o f the receptor to the cell’s surface where it binds LPS. 

It was found that in M D2-deficient mice TLR4 remains in the Golgi apparatus, thus 

rendering them hypo-
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Figure 1.2. Lipopolysaccharide (LPS) and LPS recognition molecules

A: Structure o f  lipid A from E.coli: it is composed o f  a diglucosamine-diphosphate head 

group and six acyl side chains (Bryant et al. 2010). B: Schematic representation o f  the 

structure o f  LPS : LPS on the outer membrane of Gram-negative bacteria is transferred
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to CD 14 by LPS binding protein (LBP). LPS/LB P is recognized by M D-2 and the ECD o f  

TLR4 hom odim er, w hich delivers the signal through the p lasm a m em brane (M iyake 2004). 

responsive to LPS (N agai et al., 2002). S tructurally  M D2 resem bles a P-sandw ich w ith a 

highly hydrophobic pocket w hich can accom m odate four acyl chains o f  lipid A , w hile tw o 

other chains interact w ith the external surface o f  M D2 form ing a hydrophobic interface for 

dim erisation w ith TLR 4 (B ryant et al., 2010). Therefore, the presence o f  only  four acyl 

chains on lipid IVa can bind to M D2 but does not cause its association w ith TLR 4, thus 

conferring its antagonistic abilities in hum ans. Interestingly, im m unogenisity  o f  lipid IVa is 

species-dependent, as it w as found to have agonistic properties in horses (B ryant et al., 

2010). The species differences in responding to the lipid IVa are dependent on the am ino 

acid sequences w ithin the M D2 and ectodom ain o f  TLR4 (W alsh et al., 2008). In addition, 

recently solved crystal structure o f  TLR 4-EC D /M D 2 w ith bound synthetic antagonist o f  

TLR4 called Eritoran (E5564) revealed, that its antagonism  o f  TLR4 is due to its structural 

sim ilarity to  lipid IVa (K im  et al., 2007). Eritoran contains four acyl side chains, w hich 

occupy the sam e hydrophobic pocket o f  M D2, thus preventing binding o f  LPS to M D2 

consequently  preventing TLR4 signalling (K im  et al., 2007).

Recently it has been reported that TLR4 can also dim erise with TLR6. H ow ever, form ation 

o f  th is com plex and its activation is driven by activation o f  C D 36 in response to 

endogenous ligands, such as oxidised low  density lipoprotein (oxLD L) and am yloid  P- 

peptide. U pon binding o f  one o f  these ligands C D 36 prom otes heterodim erisation o f  TLR4 

and TLR 6, w hich in turn activate a pro-inflam m atory response. This "ste rile” inflam m ation 

in response to endogenous ligands is considered to be involved in the developm ent o f
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atherosclerosis and Alzheim er’s disease (Stewart et al., 2010). To date over 16 TLR4- 

stimulating endogenous ligands have been described, many o f which also signal via TLR2 

(Erridge, 2010). However, there are reported concerns over the issue o f LPS contamination 

o f  many o f these ligands and therefore it was proposed that these ligands act as LPS- 

binding or LPS- sensitising proteins rather then the direct activators o f  TLR4 (Tsan and 

Baochong 2007; Erridge 2010).

TLR4 also was shown to recognise and mount a cellular response to some ligands o f viral 

origin, such as fusion (F) protein o f  respiratory syncytial virus (RSV) in mice (Kurt-Jones 

et al., 2000). However, the significance o f this interaction remains unclear as another group 

o f researchers failed to establish a role for TLR4 in controlling RSV infection in vivo (Ehl 

et al., 2004). Similarly to TLR2, TLR4 is essential for survival o f the mice upon VACV 

infection, however the exact mechanism o f this TLR4-induced protection is unknown 

(Hutchens et al., 2008).

Ligand binding to TLR4 takes place at the plasma membrane, however TLR4-mediated 

signal transduction occurs from two distinct locations: from the plasma membrane and later 

from the endosomes. Thus, TLR4-mediated signalling initiates at the plasma membrane 

upon formation o f the TLR4 homodimer, however in order to sustain that signalling TLR4 

must be internalised by dynamin-dependent process and trafficked inside the formed 

endosome towards endoplasmic reticulum (ER) from where TLR4 also induces secretion o f 

type I IFNs (Kagan et al., 2008).
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1.1.3 TLR5andTLR11

Based on sequence similarities TLR5 and TLRl 1 are grouped into a subfamily of TLRs 

which recognise protein ligands (Zhang et al., 2004). TLRS recognises and signals in 

response to flagelin from both Gram-negative and Gram-positive bacteria (Hayashi et al., 

2001; Salazar-Gonzalez and McSorley, 2005). TLRS was shown to be highly expressed in 

human lungs and by a subset of DCs resident to lamina propria of the small intestine, called 

LPDC CDl Ib'^’CDl Ic' '̂ cells, which upon activation of TLRS produce chemokines, which 

induce migration of immature dendritic cells (iDC) and subsequent activation o f the cells 

of adaptive immunity (Uematsu et al., 2008; Uematsu et al., 2006).

TLRl 1 was identified from a sequence homology search based on the sequence o f TLR4, 

and it was found to be closely related to TLRS (Zhang et al., 2004). However, unlike TLRS 

which is functional in both human and murine cells, human TLRl 1 has a stop codon within 

its open reading frame (ORF) and therefore is not functional (Zhang et al., 2004). TLRl 1 

was found to be highly expressed in the cells of the urinary tract and mice lacking TLRl 1 

were shown to be highly susceptible to uropathogenic bacteria. Although the precise ligand 

from the uropathogenic bacteria remains to be identified, it was suggested that it is a 

protein as treatment with protease K eliminates the ability of the urpathogenic bacteria to 

activate the TLRl 1 (Zhang et al., 2004). This speculation was confirmed by identification 

of another TLRl l  protein ligand from Toxoplasma gondii {T.gondii), called profilin-like 

protein (Yarovinsky et al., 2005).
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1.1.4 TLR3

TLR3 recognises double stranded (ds) RNA o f  viral origin, shuch as dsR N A  from 

Reovirus, CM V , VACV, etc (U nterholzner and Bowie, 2008). TLR3 was initially 

identified from  the study o f  PK R -deficient m ice as a receptor for a synthetic analogue o f  

dsR N A , polyinosine-polycytidylic acid (Poly(I:C )) (A lexopoulou et al., 2001). This study 

revealed that TL R 3-deficient m ice showed reduced IFN production in response to 

Poly(l:C ) and survived challenge w ith lethal doses o f  the agonist (A lexopoulou et al., 

2001). TLR3 is selectively expressed on fibroblasts, intestinal epithelial cells and iDC and 

its expression is upregulated upon stim ulation with dsR N A  (M atsum oto et al., 2003; M uzio 

et al., 2000). Interestingly, localisation o f  the receptor w ithin the cell is cell-type dependent 

and it was show n that functional TLR3 resides in the endosom al com partm ents o f  the iDC, 

w hile in fibroblasts it was found on the plasm a m em brane (M atsum oto et al., 2003; M uzio 

et al., 2000).

Further it w as determ ined that the strength o f  the im m une response m ediated by TLR3 was 

dependent on the affinity o f  the ligand binding, w hich in turn was proportional to the length 

o f  the ligand and acidity o f  the endosom e (L eonard et al., 2008). Thus, binding o f  dsRN A  

to the ECD o f  TLR3 did not occur at neutral pH but was detected at pH low er then 6.5 with 

affinity o f  approx. 10 nM at pH <6. The m inim al length o f  dsRN A  required for signal 

activation is 40-45 bp, w hich binds to the ECDs o f  tw o TLR3 m olecules. H ow ever, the 

num ber o f  TLR3 dim ers that bind to the sam e piece o f  dsR N A  is proportional to its length 

(B otos et al., 2009).
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1.1.5 T L R 7 a n d  8

Based on sequence similarities TLR9, TLR7 and 8 were grouped together in a TLR9- 

subfamily (Heil et al., 2003). However, TLR7 and 8 signal in response to ssRNA while 

TLR9 recognises bacterial and viral unmethylated DNA (Heil et al., 2004; Hemmi et al., 

2000; Lund et al., 2004). Both TLRs 7 and 8 are functional in human cells, while in mice 

TLR8 is non-functional (Jurk et al., 2002). The ligands for TLR7 and TLR8 were identified 

based on the fact that synthetic antiviral compounds o f the imidazoquinoline family 

(resiquimod/R848 and imiquimod/R837) were recognized by human TLR7 and 8, while 

murine TLR7, but not TLR8, was activated in response to guanosine nucleosides loxoribine 

and bropirimine (Jurk et al., 2002; Takeda and Akira, 2005). Imiquimod was found to 

mount a strong antiviral response due to Induction o f  TLR-dependent cytokine and IFN 

production and was efficient against HSV, CMV, arbovirus and Papilloma virus (Akira and 

Hemmi, 2003). These compounds structurally resemble ssRNA (Fugure 1.3) and thus led 

to the identification o f uridine and guanodine rich (UG-rich) ssRMA oligonucleotides as the 

natural ligands for human and murine TLR7 and 8 (Heil et al., 2004). Furthermore it was 

clarified that in human cells TLR8 can also recognize DNA and is likely to be activated by 

the guanosines while TLR7 recognises uridine ribonucleotides (Diebold et al., 2006). 

Therefore, synergistic signalling via both these receptors in response to UG-rich ssRNA 

oligonucleotides is the most optimal. UG-rich ssRNAs are also present in the human cells 

and human TLRs 7 and 8 are able to mount a strong pro-inflammatory response towards 

the host oligonucleotides provided these are delivered inside the endosomes, which under 

normal circumstance is highly unlikely (Diebold et al., 2006).
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A.

N
Guanosine

0

0 o

Uridine

O

B. NHNH

Imiquimod

OH OH

R484

N

Loxoribine Bropirimine

Figure 1.3. Structural resemblance between the RNA nucleotides (A) 

and the TLR7 and TLR8 agonists (B)

Adapted from Akira, S. and H. Hemmi, 2003.
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It is not known whether TLR 7 and 8 homodimerise for activation, however it was shown 

that heterodimerisation between TLR9, TLR7 and TLR8 leads to inhibition o f  TLR7 and 

TLR9 activation by TLR8. Similarly, TLR9 was shown to inhibit TLR7, although the 

physiological relevance o f these interactions is not clear (W ang et al., 2006). O f note, it 

was reported that heterodimerisation between TLR l and TLR4 also leads to suppression o f 

TLR4 signalling (Spitzer et al., 2002). However, these studies were performed in 

overexpression systems, which might not reflect the true physiological conditions and 

therefore require further investigation.

1.1.6 TLR9

TLR9 was identified by performing a sequence homology search based on the sequences o f 

other known TLRs. Consequent generation o f the TLR9 KO mice allowed identification o f 

unmethylated bacterial CpG (deoxy-cystidylate-phasphate-deoxy-guanylate) as a ligand for 

TLR9 (Hemmi et al., 2000). Bacterial but not mammalian DNA was previously described 

as an activator o f  B- and natural killer (NK) cells, which later was attributed to the XCpGY 

motifs o f  bacterial DNA, where X- is any deoxynucleotide but C, and Y- is any nucleotide 

but G. In the case o f the vertebrate DNA CpG motifs often preceded by C, and followed by 

G, which reduces immunogenicity o f the m o tif However, the major difference between 

bacterial and mammalian DNA is that 70% o f  mammalian cytosines are methylated at 

position 5 by DNA methyltransferase, while bacterial CpG motifs are largely unmethylated 

(Krieg 2002). TLR9 is uniquely expressed by B-cells and by a small subset o f  monocytes 

called plasmacytoid DC (pDC) (Hemmi, Takeuchi et al. 2000; Krug, Towarowski et al. 

2001). In spite o f  the relatively small percentage o f  pDC (<1% o f  total peripheral blood
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m ononuclear cells (PBM C)) present in the blood they are able to produce rather large 

amounts o f  IF N a  and IL-12 in response to viral infections, which subsequently activate the 

NK cells and the T helper type 1 cells (T h l)  (Krug et al., 2001; M cK enna et al., 2005). 

Thus, TLR9 was shown to recognise viral unmethylated CpG motifs from HSV type 1 and 

2, mouse cytomegalovirus (M C M V ) and Sendai virus (SeV) (Gary-Gouy et al., 2002; Krug 

et al., 2004; Lund et al., 2003; Tabeta et al., 2004). TLR9 resides in the m em brane o f  

endoplasmic reticulum in unstimulated cells and is able to bind to its ligand after fusion o f  

the DNA-containing endosome with the ER (Latz et al., 2004). Upon stimulation with CpG 

high mobility group box 1 (H M G B l)  protein gets upregulated which then accelerates the 

delivery o f  the TLR9 from the ER to the DNA-containing endosome (Ivanov et al., 2007; 

Tian et al., 2007). HMGB-1 can be secreted by the cells upon activation with the pro- 

inflammatory cytokines or it is released from the cells undergoing necrosis (but not 

apoptosis) (Tian et al., 2007). Furthermore, it w as established that cytokine production by 

TLR9 upon binding o f  C pG /H M G B l complex was dependent on the presence o f  the 

receptor for advanced gycation end-products (RAGE), which belongs to a large family o f  

immunoglobulin receptors (Tian et al., 2007).

Similarly to other intracellular TLRs, lowering o f  the pH upon endosome maturation is also 

required for binding o f  the CpG DNA to TLR9 (Hacker et al., 1998). Furthermore, it was 

reported that in order to signal upon CpG DNA binding, the ECD o f  TLR9 must undergo 

proteolytical cleavage by the cysteine proteases cathepsin L and S, and that it is the C- 

terminus o f  the ECD that was required for the ligand binding (Ewald et al., 2008). The 

proteolysis requires low pH, thus explaining the fact that TLR9 signalling required
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maturation o f the endosomes (Ewald et al., 2008; Park et al., 2008). However, it also was 

shown by another group that the presence o f both the N- and C-terminus was required for 

DNA binding and signal activation via TLR9 (Peter et al., 2009). Therefore, it was 

suggested that if  TLR9-mediated ligand binding does cause proteolytical cleavage o f the 

BCD, the N-terminus must not completly dissociate from the ECD, but possibly it gains 

more flexibility to allow conformational change (Peter et al., 2009).

As previously discussed TLR3, TLR7, 8 and 9 belong to a group o f  endosomal TLRs, 

which recognise and signal in response to nucleic acids. Even though it was well 

established that these TLRs signal from the endosomal compartments it was recently 

reported that association with the ER-resident protein UNC93B is essential for their 

signalling (Brinkmann et al., 2007). UNC93B is a 598 aa-long protein which spans the ER 

membrane 12 times. The endosomal TLRs interact with the UNC93B via their 

transmembrane domains and this interaction can be inhibited by a single point mutation 

from histidine 412 to arginine (H412R) within the 9"̂  transmembrane domain o f UNC93B. 

This mutation was first identified in the in the “triple D” (3D) mice, which had impaired 

TLR3, 7 and 9 signalling and antigen presentation via class 1 and II major 

histocompatibility complexes (MHCI and II) (Tabeta et al., 2006). Also, this mutation is 

found in some patients, which are highly susceptible to viral infections. The role for the 

interaction between the TLRs and UNC93B is not clear, however based on the report that 

TLR9 localises in the ER until activation it was proposed that UNC93B is required for 

retaining the client TLR in the ER until the activation or it may act as a complex assembly 

protein between the TLR and some other unidentified proteins (Brinkmann et al., 2007).
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The 11 TLR s, their localisation and ligands are presented in Table 1.1.

Table 1.1. Cellular localisation of the Toll-like receptors and their ligands

TLR

TLR1/TLR2

TLR2/TLR6

TLR3

TLR4

TLRS

TLR7

and

TLRS

TLR9

TLRIO

T L R ll

Ligands

Triacylated lipoprotein

Lipotecoic acid, 

peptidoglycan, 

Zymozan, Hemaglutinin 

(measels),

HSV glycoproteins 

Diacylated lipoprotein 

MVA 

dsRNA

Lipopolysacchiride, 

F-protein (RSV) 

Flagellin 

ssRNA

Bacterial and viral 

unmethylated CpG motifs

Uknown

Uropathogenic E. coli

Localisation

Cel! membrane

Cell membrane

Endosomal 

membrane* 

Cell membrane

Cell membrane

Endosomal

membrane*

Endosomal

membrane

Cell membrane 

Unknown

Reference

(Takeuchi, Sato et al. 

2002)

(Bieback, Lien et al. 

2002; Wetzler 2003; 

Kurt-Jones, Chan et al. 

2004) (Takeuchi, Sato 

et al. 2002)

(Delaloye et al., 2009)

(Alexopoulou. Holt et 

al. 2001)

(Poltorak et al., 1998)

(Hayashi et al., 2001) 

(Heil, Hemmi et al. 

2004)

(Hemmi, Takeuchi et 

al. 2000; Bauer, 

Kirschning et al. 2001) 

(Nyman et al., 2008) 

(Zhang, Zhang et al. 

2004)

* Small am ounts o f  TLR3 and TLRS are also found on the cell surface; 

A bbriviations: HSV - H erpes Sim plex V irus; RSV - respiratory syncytial virus 

A dopted from W atters et al., 2007.
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1.2 Structure of the Toll-like receptors

TLRs are members o f the large Toll/Interleukin-1 Receptor (TIR) domain-containing 

family o f proteins, which based on their structural differences are divided into three sub

groups (O'Neill, 2008):

1) Immunoglobulin (Ig) domain subgroup (type 1 IL-1 receptor-like), which includes 

IL-1 and IL-18 receptors and their accessory proteins and a group o f orphan 

receptors. These receptors contain extracellular Ig domains for ligand binding and 

intracellular TIR domain for signal transduction;

2) Leucine rich-repeats (LRR) sub-group, includes all the TLRs, contains as the name 

suggests LRRs on their ECD and a TIR domain intracellularly;

3) Adapter sub-group, which includes five TIR domain-containing TLR adaptor 

proteins. These proteins do not have the extracellular domains, but contain TIR 

domains via which they engage in homotypic interactions with the TLRs.

The TLRs are type I transmembrane receptors, which consist o f a globular intracellular TIR 

domain, a single trans-membrane spanning section and an extracellular domain mainly 

made up o f leucine-rich motifs.

1.2.1 Ectodomains of TLRs

The extracellulardomain o f the TLRs contains 19 to 25 leucin-rich repeats (Buchanan and 

Gay, 1996). The consensus o f the LRR in human TLRs is xLxxLxLxxNxLxxLxxxxFxxLx, 

where leucines can also be substituted by another phydrophobic amino acid. The conserved
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asparagines (N) form the hydrogen-bonding ladder, while conserved phenylalanines (F) 

form the hydrophobic backbone (Kim et al., 2007). LRRs promote a horse-shoe-like 

conformation o f  the T L R ’s ectodomain with the consensus leucine side chains protruding 

towards the inner circle o f  the “horseshoe” , thus forming a hydrophobic core for ligand 

binding (Botos et al., 2009; Kobe and Kajava, 2001) (Figure 1.4). The LRR stretch can be 

divided into three regions: specifically capped N- (LRR-NT) and C-terminus (LRR-CT) 

motifs and the central domain. The capping terminal regions do not contain the LRRs but 

contain cystein clusters which form stabilising disulfide bonds. LRR-N T is similar in all 

TLRs and consists o f  the structurally important asparagine ladder, conserved phenylalanine 

spine and a hairpin loop stabilised by the disulfide bond (Botos et al., 2009; Jin et al., 

2007). The LR R -C T is more globular and less conserved then the NT, but like the LRR-NT 

contains the two stabilising disulphide bonds and protects the hydrophobic core o f  the 

central region (Botos et a!., 2009; Kim et al., 2007). The central region is the least 

conserved region and contains a "hypervariable’' m otif  involved in the recognition o f  the 

various ligands.
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TLR4
Central

N-term

MD-2* ‘MD-2

C-term
LRRNT

LRRCT

Figure 1.4 View of the symmetrical dimer of the TLR4-M D-2-LPS complex

Side view of the TLR4 and MD-2 complex TLR4/MD2 complex is formed before binding 

LPS, and the dimerization interface is induced by binding LPS. The lipid A component of 

LPS is coloured red, and the inner core arbohydrates of LPS are coloured pink. The module 

numbers of the LRRs in TLR4 and the names o f the strands in MD-2 are written in black. 

TLR4 is divided into N-, central and C-terminal domains. The LRRNT and LRRCT 

modules cover the amino and carboxy termini of the LRR modules.

Taken from Park, B. et al. 2009
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The stabilising asparagine ladder is absent in the ECD o f  T L R l ,  2 and 4, which allows 

structural distortions within the central ECD domain o f  these receptors (Jin et al., 2007; 

Kim et al., 2007). In contrast the central domain o f  the TLR3 ECD is flat and has the 

asparagine ladder running throughout, which gives it a more “ flat” horse-shoe shape (Botos 

et al., 2009). It also contains multiple glycosylation sites, which play an important role in 

the restricted access o f  certain ligands to the binding site o f  the receptor. The internal 

surface o f  the horse-shoe structure is mainly formed by p-sheets connected via multiple B- 

loops and has a few hydrophobic regions. These facilitate the binding o f  the ligands to the 

receptors. The variety o f  the helices, loops and turns provides a platform for differential 

recognition o f  the ligands by the receptors with the various glycosylation sites controlling 

the access o f  the ligands to the functional sites (Bell et al., 2003; Kobe and Kajava, 2001; 

Weber et al., 2004). The crystal structures o f  4 TLR ECDs bound to their ligands have been 

successfully solved; these include TLR2 with PA M 3C SK 4 (Jin et al., 2007), TLR4/M D2 

with Eritoran (Kim et al., 2007), TLR4/M D 2 with LPS (see Figure 1.4) (Park et al., 2009) 

and TLR3 with dsRNA (Bell et al., 2006; Botos et al., 2009).

Even though crystal structures o f  other TLRs still remain to be determined, based on the 

known structures, it appears that like in TLR3, other nucleotide binding TLRs (TLR7, 8 

and 9) and also TLRS contain the asparagine ladder throughout their central domain and 

the lengths o f  their LRR motifs do not vary significantly. On the other hand, TLR6 and 

TLR 10 have a broken asapragine ladder and varying length o f  the LRRs, similarly to 

T L R l ,  2 and 4 (Jin and Lee, 2008).
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1.2.2 TIR domains of TLRs and adaptor proteins

The TIR domain is approximately 200 amino acids long with three key patches o f 

conserved stretches called Boxes 1-3, found in all TIR domain containing proteins (Figure 

1.5) (O'Neill, 2000). The crystal structure o f the TIR domains o f TLR l and TLR2 were 

determined by X-ray crystallography as a monomer, while TLRIO TIR domain crystalised 

as a homodimer (Nyman et al., 2008; Xu et al., 2000). A ll TIR domains were found to 

maintain a similar fold, consisting o f 5-stranded p-sheets surrounded by five a-helices. 

Thus, the repeating a-helices and P-sheets are connected by the flexible loops, which are 

not stabilised by the regular hydrogen bonds and therefore do not form a defined structure 

(Rock et al., 1998; Tao et al., 2002; Xu et al., 2000). These loops are thought to play 

important roles in various homotypic interactions between the TIR domains. One o f the 

most studied examples is the protruding loop between the second P-sheet and the second a- 

helix called the BB-loop, which was shown to be important for homo- and hetero- 

dimerisation o f the TIR domains (Nyman et al., 2008; Yingwu X u l, 2000). However, the 

exact mode o f TIR domain dimerisation is not clear. There are several proposed models for 

TIR domain interactions involving the BB-loop.
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Figure 1.5. CLUSTALW alignment of TIR domains

C LU STA LW  alignment showing the Toll-interleukin-1 (IL-1) receptor (TIR) dom ains o f  

MyD88, Mai, TRIP, T R A M  and SARM  in humans. The three important regions Box 1, 2 

and 3 are labelled. The sequences shown are M yD 88 (149-296), Mai (74—230), TRIP 

(382-551, T R A M  (382-551) and SARM  (516—675). To construct the alignment sequences 

o f  the TIR dom ains from Toll-like receptor (TLR) 1, 2, 3, 4 and 6 were also used. Por 

clarity, only Toll-like receptor 4 (TLR4) is shown.

Taken from O'Neill et al., 2003.
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The most widely accepted model was proposed by the N. Gay group, which supports the 

BB-loop interactions seen in the TLRIO homodimer. By modelling the structure o f TLR4 

based on the templates from the crystal structure o f the TLRIO TIR homodimer it appeared 

that TLR4 TIR domains also interact via their BB-loops in a symmetrical fashion (Figure 

1.6) (Nunez Miguel et al., 2007). This model is in agreement with the data from the 

C3H/HeJ (P712H) and C57BL/10ScCr mice strains, which are resistant to LPS. Thus, 

C3H/HeJ contains a point mutation at proline 712 to histidine (P712H), while 

C57BL/10ScCr has null mutation in the region o f Box 2 which forms the BB-loop. These 

mutations impair the TLR4 signalling consequently enabling the mice to survive when 

challenged with the lethal doses o f  LPS (Poltorak et al., 1998; Ronni et al., 2003). In 

addition, the model suggested that BB-loop o f TLR4 also involved in the interactions with 

two TlR-containing adaptors the Myeloid differentiation factor 88 (M yD88)-adaptor like 

(Mai) and TIR domain-containing adaptor inducing interferon-P (TRIP)-related adaptor 

molecule (TRAM). These two proteins were predicted to bind to the same region o f TLR4 

homodimer, formed by the BB-loops o f TLR4 TIR domains (Figure 1.7). However, it is not 

clear whether these adaptors bind simultaneously (Figure 1.7A), or sequentially (Figure 

1.7B and C) (Nunez Miguel et al., 2007). Furthermore, the downstream signalling in the 

cells, which contained the mutations within the BB-loops o f either TLR4 was abolished, 

although it did not prevent interaction between the TLR4 TIR domain and TIR domains o f 

Mai and another TIR adaptor Myeloid differentiation factor 88 (MyD88) (Dunne et al., 

2003; Homg et al., 2001). In fact it was proposed that MyD88 interacts with the region o f 

the TLR4 TIR domain opposite to the BB-loop (Dunne et al., 2003). In addition, decoy 

peptides derived from the BB-loops o f TLR4, TLR2, Mai and TRAM (BBPs) inhibited
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LPS-induced N FkB activation, although as expected TLR2 showed a somewhat reduced 

effect (Toshchakov et al., 2005; Toshchakov et al., 2007).

TLR4 lop view

C-t*r 

TLR4 side view

Figure 1.6. Structural modelling o f the TLR4 TIR domain homodimer

The BB loops o f the two TLR4 protomers are coloured blue and yellow respectively. A: 

TLR4 top view. B; TLR4 side view.

Taken from Nunez Miguel, Wong et al., 2007.

29



Chapter 1 -Introduction



Chapter 1 -Introduction

Figure 1.7. Structural modelling o f the TLR4 TIR domain homodimer interacting 

with the TIR domain-containing adaptors Mai and TRAM

Docking studies predict that the adaptors bind at the side o f the TLR4 homodimer 
interface.

The TLR4 protomers, represented as ribbon diagrams are in green and cyan. A: High

resolution complex o f TLR4 dimer (green and cyan), Mai (pink) and TRAM (yellow). The

position o f each BB loop is labelled. Docked Mai and TRAM are represented as stick 

models and the 50 best docking solutions generated by GRAMM for either Mai (B) or 

TRAM (C) have been superimposed upon one another.

Taken from Nunez Miguel, Wong et al., 2007.
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The fact that a m utant TLR4 TIR dom ain (P712H ) was still able to d im erise w ith TIR 

adaptors led to the discovery o f  another binding site im portant for TIR interactions. Using 

the random  germ -line m utagen A'^-ethyl-A^-nitrosourea a m urine phenovariant Pococurante 

(Poc) was generated w ith a m utation in the M yD88 TIR dom ain (II7 9 N ) (Jiang et al., 

2006). This m utation prevented activation o f  transcription factor N F k B in response to 

T L R l/2 , 4, 7 and 9 ligands when introduced into their TIR  dom ains, but not TLR2. 

C om putational m odelling predicted that both the BB-loop and the Poc site are positioned 

on the receptor-adaptor signalling interface o f  the TIR dom ains and are likely to  be the 

m ain interaction points in dim erisation o f  TLR4 TIR dom ains (Jiang et al., 2006).

There is grow ing evidence that interactions betw een the TLR2 TIR dom ains w ith other 

TIRs d iffer from the TLR4 TIR dom ains. Firstly, the m utations in the Poc site did not 

interfere w ith the TLR2 signalling, w hereas it abrogated TLR4 signalling (Jiang et al., 

2006). Secondly, as previously discussed m utations in the TLR4 BB-loop did  not disrupt 

interactions w ith its adaptors, while corresponding m utations in the B B-loop o f  TLR2 

prevented its interaction w ith M yD88. Therefore it was proposed that TLR2 interacts with 

M yD88 via its B B -loop (D unne et al., 2003). In agreem ent with this the decoy peptide 

derived from  the B B -loop (B B P) o f  M ai, M yD 88, TRIP and TRA M  all inhibited TLR4 

signalling, but not TLR 2, w hich further indicates that these receptors and their com m on 

adaptors interact via different interfaces (Toshchakov et al., 2005). H ow ever, a recent 

report that the E-helix  o f  M ai was required for its interactions w ith T L R 4 and M yD 88 

disagree with th is m odel (U lrichts et al., 2010). C ollectively these data suggest that even 

though TIR dom ains share highly conserved tertiary structure, the interactions betw een the
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specific regions o f the domains are very diverse and require further investigation into 

specifics o f their interactions.

Upon oligomerisation TIR domains provide a scaffold for the formation o f specific 

signalling complexes which direct activation o f a particular signalling pathway upon TLR 

activation.

1.3 TIR domain-containing adaptor proteins

As previously mentioned TLR signalling leads to activation o f a cascade o f protein 

interactions which ultimately leads to the activation o f the transcription factors nuclear 

factor k B (TvIFk B), Activator Protein-1 (AP-1), interferon response factors 3 and 7 (IRF3 

and IRF7), as well as mitogen-activated protein kinases (MAPK) (p38, c-Jun-N-terminal 

kinase (JNK)). Activation o f NFk B, AP-1 and MAPKs mounts an inflammatory response 

resulting in production o f type 11 Interferons (IFNy) and such pro-inflammatory cytokines 

as TNFa/p, IL -la /p , IL-2, IL-8, lL-12, IL-18 etc (Makela et al., 2009). Activation o f IRFs 

leads to production o f interferon a  and p (INFa/p), which stimulate IFN receptors 

(IFNRAl and 1FNRA2) (Makela et al., 2009).

Activation o f the TLR signalling upon ligand binding triggers conformational changes in 

the TIR domain o f the receptors (Jiang et al., 2006; Latz et al., 2007), which promote 

recruitment o f the TIR domain-containing adaptor proteins namely: MyD88, Mai, TRIF, 

TRAM and Sterile a  and HEAT-Armadillo motifs (SARM), the only TIR domain-
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contain ing adaptor, w hich negatively regulates TLR signalling  (F igure 1.8) (B rooks et al., 

2006; O 'N eill and Bow ie, 2007).
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Figure 1.8. Schematic representation of protein domains and motifs found in the 

human TlR-dom ain-containing adaptor family

M yD88 has a TIR  domain, an ID and DD. M AL contains a P1P2 m otif  at amino acids 1 5 -  

35; tyrosines (Y) at positions 86 and 187 that are phosphorylated by Btk; an aspartic acid 

(D) at position 198, which is in a caspase-1 cleavage site; a serine residue (S) at position 

180 in wild-type M AL, or a leucine residue in a M A L variant that confers protection 

against several infectious diseases; and a putative TRAF6-binding m otif  (T6BM ) at amino 

acids 188-193. TRIF has a RHIM and a T6BM . TR A M  is myristoylated at its amino 

terminus and undergoes phosphorylation by PKC at the serine residue at position 16. 

SARM  has two SAM  domains.

Taken from O'Neill and Bowie, 2007.
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1.3.1 MyD88

The first adaptor protein shown to be involved in signalling via IL-1 receptor and TLRs 

was MyD88 (Kawai et al., 1999). It was originally discovered as IL-6-induced protein 

during myeloid differentiation from the gene number 88, hence the name Myeloid 

Differentiation factor M  (O'Neill and Bowie, 2007). This is a 296-amino acid (aa)-long 

protein with 81% aa identity between mouse and human variants. It contains a 90 aa-long 

Death Domain (DD) on its N-terminus (Jiang et al.), an intermediate domain (ID) and a 

130 aa- long TIR-domain at its C-terminus (Takeuchi and Akira, 2002).

As previously mentioned, the TIR domain o f  MyD88 is involved in homotypic interactions 

with the TIR domains o f  TLRs and Mai. The nuclear magnetic resonance (NMR) structure 

o f MyD88 TIR domain showed that like other TIRs it contained a central 5 strand p-sheet 

surrounded by 4 a-helices (Ohnishi et al., 2009). The overall structure o f  MyD88 TIR was 

most compareable to the TLR2 TIR domain, with only two major differences in the 

orientation and length o f  the BB-loop and an absence o f  the second a-helix  in the MyD88 

TIR. It was shown that the TIR domain o f MyD88 contains two sites (site 11 and 111), which 

were important for interactions with another TIR adaptor for TLR2 and TLR4, Mai. These 

sites were found to equally contribute to the Mai binding, while being located on the 

opposite sides o f  the M yD88 TIR domain (Ohnishi et al., 2009). Therefore, it was proposed 

that MyD88 can interact with two Mai proteins via their TIR domains (Ohnishi et al., 

2009). These interactions were proposed to be especially important for TLR2 signalling, as 

naturally occurring mutations in the site II arginine 196 mutated to cysteine (R196C) was
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found in a primary immuno-deficiency syndrome, which renders patients highly 

susceptible to gram positive bacteria (von Bernuth et al., 2008).

The DD o f  M yD88 is involved in the downstream interactions with IL-1 Receptor 

associated kinases 1, 2 and 4 (IRAK 1, 2 and 4) and homodimerisation (Janssens and 

Beyaert, 2003; Ohnishi et al., 2009). Homodimerisation o f  DDs o f  M yD 88 forms a 

platform for recruitment o f  1RAK4, which in turn forms a scaffold for 1RAK2 and possibly 

IRAK 1 binding. This oligomerisation o f  the DDs o f  M yD88 and IRAKs forms signalling 

complex called M yddosom e (Lin et al., 2010; M otshwene et al., 2009). This com plex 

formation is important for interactions between the IRAK4 and IRAKI and 2, as it brings 

these proteins in close proximity to each other, thus promoting phosphorylation o f  IRAKI 

and 1RAK2 by 1RAK4 (Lin et al., 2010; M otshwene et al., 2009).

M yD88 initiates the so called M yD88-dependent pathway which carrys out signalling to 

N F kB, JN K  and AP-1 by all known TLRs with exception for TLR3 (Jiang et al., 2003; 

O'Neill and Bowie, 2007). However, recently it was reported that M yD88 negatively 

regulates TLR3 signalling in corneal epithelial cells, but not in bone m arrow-derived 

m acrophages (B M D M ) (Johnson et al., 2008). Furthermore, it was shown that this 

upregulation o f  inflammation in response to Poly(I:C) in the absence o f  M yD88 was 

mediated by JN K  activation only, suggesting that MyD88 inhibits TLR3-induced JN K 

activation in these cells.
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In addition, the MyD88 gene was found to have an LPS-inducible splice variant which 

lacks the second exon, which encodes the ID, which expresses MyD88s. Due to the lack of 

the ID, MyD88s fails to recruit IRAK4, resulting in inhibition o f NFkB activation 

(Janssens et al., 2002). Nevetheless, overexpression of MyD88s did not interfere with 

activation o f JNK or with AP-1-dependent gene expression, suggesting that MyD88 may 

be used for fine tuning of the signalling cascade in response to LPS (Janssens et al., 2003).

1.3.2 Mai

Using MyD88 knock out mice to examine the significance of the protein for immunity, it 

was shown that the cytokine response to TLR2 and TLR9 ligands and also to IL-1 and IL- 

18 was completely abolished indicating that these receptors relied on signalling through 

MyD88 only. However, the response to TLR4 stimulation with LPS was affected only 

partially and MyD88-deficient macrophages were still responding to LPS albeit with 

delayed kinetics (Kaisho et al., 2001; Kawai et al., 1999). This suggested that another 

adaptor protein was involved in the signalling via TLR4 and a protein named Mai or 

TIRAP (Toll-Interleukin 1 receptor (TIR) domain-containing adaptor protein) was 

identified by two groups independently (Fitzgerald et al., 2001; Homg et al., 2001). It was 

shown that Prol25His mutant of Mai acted as a dominant negative inhibitor o f CD4/TLR4- 

induced activation o f NFkB, but had no effect on TLR9- and IL-lR-mediated signalling 

(Fitzgerald et al., 2001; Homg et al., 2001). On the other hand, a dominant negative of 

MyD88 completely abolished NFkB activation via TLR4, TLR9 and IL-IR, showing that 

Mai was only involved in TLR4 signalling (Fitzgerald et al., 2001; Horng et al., 2001). 

Generation of Mal-deficient mice supported these observations but also showed defective 

responses in TLR2-mediated signalling, but not in TLR3, TLR7 or TLR9 signalling
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(Yamamoto et al., 2002). Thus, Mai was identified as the adaptor protein for TLR2 and 

TLR4 only.

Human Mai is a 235aa-long protein that has no DD and contains o f Phosphatidylinositol 

4,5-bisphosphate (PlP2)-binding domain on its N-terminus, which is required for 

recruitment o f  Mai to the PlP-2 enriched regions o f  membrane where the majority o f  TLR4 

and TLR2 are found (Kagan and Medzhitov, 2006; McLaughlin et al., 2002). Via its TIR 

domain on the C-terminus Mai is able to homodimerise as well as heterodimerise with 

MyD88, TLR4 and TLR2 (Dunne et al., 2003; Fitzgerald et al., 2001). The surface charge 

distribution o f the Mai TIR domain is largely negative whereas both TLR4 TIR and 

MyD88 TIR are largely positive and would repel each other, which supports the finding 

that Mai acts as a bridging agent between the two proteins (Dunne et al., 2003). At its N- 

terminus Mai has a tum our necrosis factor (TNF)-receptor associated factor 6 (TRAF6)- 

binding m otif consisting of Pro-Pro-Glu-Leu-Arg-Phe (Mansell et al., 2004) (a putative 

TRAF6-binding m otif was determined as Pro-X-Glu-X-X-(aromatic/acidic residue) (Ye et 

al., 2002). Mai was shown to directly interact with TRAF6, suggesting that its N-term inus 

is required for recruitment o f TRAF6 to the TLR4 or 2/MyD88/Mal complex (Mansell et 

al., 2004). Furthermore, it was reported that this interaction was required for 

phosphorylation o f the p65 subunit o f N F kB and therefore it regulates transcriptional 

activation o f N FkB (Verstak et al., 2009).

Mai was shown to interact with the cysteine-aspartic acid protease family member, 

caspase-1, and in caspase-1-deficient cells signalling via TLR2 and 4 was abrogated
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(Miggin et al., 2007). It also was established that Mai contains a typical caspase-1 cleavage 

site and generation of a shorter version of Mai coincided with activation o f caspase-1 upon 

LPS and Lipid A stimulation (Miggin et al., 2007). Therefore it was assumed that Mai 

interaction between Mai and caspase-1 was required for TLR2 and TLR4 signaling. 

Furthermore, it was shown that Mai with a point mutation at the caspase-1 cleavage site 

(D198A) failed to activate NFkB in respone to LPS and PAMsCSK4, which was attributed 

to the failure o f caspase-1 to generate cleaved Mai. Therefore it was assumed that caspase- 

dependent cleavage o f Mai is nessessary for TLR2 and TLR4 signalling (Miggin et al., 

2007). Moreover, based on the computational model of Mai TIR Nunez et al. proposed that 

caspase-1-mediated cleavage of Mai removed the E-helix, thus exposing a groove within 

the Mai TIR important for binding of MyD88 (Nunez Miguel et al., 2007).

In agreement with this model, a naturally occurring mutation in humans of serine 180 to 

leucine (S180L) in Mai TIR showed a protective effect against lupus erythrematosus, 

malaria, bacteremia and tuberculosis, suggesting its important function for interactions 

between Mai and TLR2 (Khor et al., 2007).This mutation is located near the DD-loop of 

the TIR domain, which is predicted to be involved in binding o f Mai to TLR2. In addition, 

S I80 was shown to lie within the deep groove protected by the N-terminal E-helix and 

therefore, it was suggested that caspase-1 cleavage o f this helix on the Mai TIR domain 

was important for TLR2-mediated activation of inflammation (Nunez Miguel et al., 2007).

However, a recent investigation into the mechanism of caspase-1-dependent cleavage of 

Mai showed that a Mai mutant lacking the E-helix was not able to bind to MyD88 and
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TLR4. It was also shown that Mai did not require cleavage in order to activate NFkB. Also 

it was shown that D198 lies within the region on the Mai TIR surface important for its 

interaction with MyD88 and D198A mutant prevented this interaction (Ulrichts et al., 

2010). Therefore, Ulritch et al. disagreed with the previous statement that caspase-1 

cleavage o f  Mai was activatory, but rather played negative role in M al-mediated signalling. 

However, based on the fact that in caspase-1-deficient cells TLR4 and TLR2 signalling was 

abrogated, they did not exclude positive role for caspase-1 in TLR2 and TLR4 signalling 

downstream o f  Mai (Ulrichts et al., 2010).

As well as caspase-dependent cleavage, Mai also undergoes phosphorylation by Bruton’s 

tyrosine kinase (Btk) in order to amplify the signal. Btk has LPS-inducible kinase activity 

and phosphorylates Mai at its Tyr-86 and Tyr-187 residues in response to LPS (Gray et al., 

2006). This phosphorylation is also required for consequential ubiquitination o f Mai by 

Suppressor o f cytokine signalling-1 (SOCS-1) on its proline, glutamic acid, serine and 

threonine-rich region (PEST domain) for proteosomal degradation by the S26 proteosome 

(Baetz et al., 2004; Mansell et al., 2006). SOCS-1 is also LPS-inducible, and thus by 

targeting Mai for degradation it aids in desensitization o f the receptor to LPS and 

downregulation o f TLR signalling.

1.3.3 TRIP

As mentioned before, neither MyD88 nor Mai were found to be involved in TLR3 

signalling and also MyD88/Mal double knock out (DKO) mice still retained responsiveness 

to LPS, though impaired. This led researchers to look for another adaptor protein, which
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was almost simultaneously discovered by two different groups and was named TIR 

domain-containing adaptor inducing IFN-P (TRIP) (Brooks et al., 2006) or TIR-containing 

adaptor molecule-1 (TICAM-1) (Oshiumi et al., 2003a; Yamamoto et al., 2002). The TRIF- 

deficient mice study showed that only TLR4 and TLR3 induced a TRlF-dependent 

pathway which activated the IFNp promoter in TLR4 signalling and both N F kB and IFNP 

promoter in TLR3 (Hoebe et al., 2003; Yamamoto et al., 2003).

TRIF is one o f the largest o f the 5 identified adaptor molecules and consists o f  712 amino 

acids. Similarly to Mai, TRIF also has a TRAF6-binding domain (TBD), which is located 

close to its proline-rich N-terminus. N-terminus o f TRIF was thought to be involved in 

activation o f IFNp-promoter via its association with 1RF3 activating kinases TANK- 

binding kinase 1 (TBK-1) and IkB kinase e (IKKs) (Oshiumi et al., 2003a; Sato et al., 

2003; Sharma et al., 2003). However, more recent data suggests that TRIF activates IRF3 

through direct interactions with the NFKB-activating kinase-associated protein 1 (N A Pl) 

and TRAF3, which in turn activate TBK-1 and IKKs (Hacker et al., 2006; Oganesyan et 

al., 2006; Sasai et al., 2005).

The TIR domain o f TRIF is located in the middle region o f the TRIF sequence and is 

involved in direct interactions with the TIR domain o f  TLR3 and TRAM (Oshiumi et al., 

2003a; Oshiumi et al., 2003b). Also, recently it was shown that TRIF homodimerises with 

another TRIF protein via its TIR domain and part o f its C-terminal domain. Dimerisation o f 

TRIF was found to be important for TLR3 signalling, as mutations o f P424 in its TIR 

domain abrogated the interaction with and signalling via TLR3 (Funami et al., 2008). Also,
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the C-terminus o f TRIF contains a receptor-interacting protein (RIP) homotypic interaction 

m otif (RHIM) (Sato et al., 2003; Watters et al., 2007). RHIM is involved in homotypic 

interactions with RIP-1 and activation o f NFkB via the TRIF-dependent pathway (Meylan 

et al., 2004). Association o f TRIF with RIP-1 is mediated by TNF receptor-associated 

death domain (TRADD) protein (Ermolaeva et al., 2008; Pobezinskaya et al., 2008). This 

association o f  TRIF with RIP-1 can cause activation o f  RIP/ FAS-associated death domain- 

containing protein (FADD)/caspase-8-dependent apoptosis independently o f mitochondrion 

(Han et al., 2004; Ruckdeschel et al., 2004). Thus, TRIF was shown to mediate bacterial 

induced apoptosis o f dendritic cells in vivo via TLR4 activation (De Trez et al., 2005). 

Also, TRIF-induced apoptosis o f infected macrophages was induced by activation o f  TLR4 

and TLR3, suggesting that TRIF mediates cell death in response to both bacterial and viral 

infections (Ruckdeschel et al., 2004). Activation o f the caspases by the TRIF-dependent 

pathway also may serve as a mode o f negative regulation o f TRIF-dependent antiviral 

responses. Thus, it was shown that Poly(I:C)-induced TLR3 causes activation o f caspase- 

dependent cleavage o f TRIF, which results in inhibition o f 1RF3 activation, but not N FkB, 

as the C-terminus in the complex with RIP-1 was still able to sustain the pro-inflammatory 

response (Rebsamen et al., 2008). Moreover, this strategy was shown to be adopted by 

Hepatitis C Virus (HCV), which encodes the protease NS3-4A, which cleaves and 

therefore deactivates TRIF. NS3-4A also cleaves another host protein involved in the 

antiviral responses, called caspase recruitment domain (CARD) adaptor-inducing 

interferon [3 (CARDIF), which results in inhibition o f activation o f IRFs and NFkB. 

Inhibition o f  the NS3-4A protease activity has shown some promising results as an anti

viral strategy in human trials (Rebsamen et al., 2008).
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1.3.4 TRAM

Even though role o f  TRIF in TLR4 signalling was clearly established, it was found that 

TLR4 and TRIF did not interact directly with each other. Therefore, researchers started 

screening the human genome in search o f another TIR domain-containing adaptor protein. 

TRAM, also known as TIR domain-containing adaptor molecule-2 (TICAM -2), a 235aa- 

long protein with a TIR domain at its C-terminus, was soon identified (Fitzgerald et al., 

2003b; Oshiumi et al., 2003). TRAM was found to bind to TLR4, Mai and to TRIF TIR 

domains and is involved in TLR4 signalling only (Fitzgerald et al., 2003b; Yamamoto et 

al., 2003). Moreover, computational modelling predicted that TRAM binds to the TLR4 

TIR domain at the region near its BB-loop similar to Mai, and therefore it was suggested 

that both TRAM and Mai proteins can bind to the same binding site formed by TLR4 TIR 

domain homodimer either simultaneously or in a consecutive manner (Figure 1.6) (Nunez 

Miguel et al., 2007).

Like Mai, TRAM also undergoes a num ber o f post-translational modifications required for 

TLR4 signalling. Thus, N-terminal myristoylation is an irreversible process o f the addition 

o f  myristate to the first glycine (G2) on the N-terminal o f TRAM. It was established that 

TRAM contains a myristoylation sequence (MGIGKSK), which is also found in the Src 

kinase family (Rowe et al., 2006). M yristoylation o f TRAM enables it to co-localize with 

TLR4 in the endosomal compartment, which was found to be essential for activation o f  the 

TRlF-dependent signalling pathway o f the TLR4. Thus, it was established that TLR4 and 

TRAM must be internalised within the endosomes, which then enables recruitment o f  TRIF
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to TLR4 via TRAM. Thus, mutations o f the G2 to alanine (G2A) caused dissociation o f 

TRAM from the plasma membrane, did not induce TRIF-dependent signalling upon 

overexpression in human embryonic kidney 293 (HEK293) cells, and failed to reconstitute 

signalling to LPS in TRAM -deficient cells (Kagan et al., 2008; Rowe et al., 2006). The 

myristoylation m otif and the following polybasic 13 aa-long stretch compose the bipartite 

m otif o f TRAM important for the subcellular localisation o f TRAM and its shuttling 

between the plasma membrane and the endosomes (Kagan et al., 2008).

As well as modification with fatty acids TRAM also undergoes LPS-induced 

phosphorylation by Protein Kinase Cs (PKCs). PKCs is a serine-threonine kinase that plays 

an important role in TLR signalling. Thus, PKCe KO mice are unable to clear bacterial 

infections and PKCe KO macrophages produce low levels o f pro-inflammatory cytokines 

in response to LPS (Castrillo et al., 2001). PKCs was found to phosphorylate TRAM on its 

serine 16 (Seri 6) which is positioned within the polybasic m otif and therefore is likely to 

cause the dissociation o f TRAM from the membrane, which is required for translocation o f 

TRAM into the endosomes for the interaction with TRIF to occur (Kagan et al., 2008; 

McGettrick et al., 2006).

The TlCAM-2 gene, which encodes TRAM, also encodes its negative regulator splice 

variant called TAG (TRAM adaptor with Golgi Dynamics (GOLD) domain) (Palsson- 

McDermott et al., 2009). Similarly to MyD88s, TAG was found to downregulate LPS- 

induced signal transduction via TRAM. Unlike TRAM, TAG does not have the bipartite 

m otif but instead contains the GOLD domain at its C-terminus, which is implicated in the
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lipid association and the assembly o f membrane-associated complexes. Like TRAM, TAG 

was found to translocate to the endosomes upon LPS stimulation where is dimerises with 

TRAM. This TAG-TRAM association causes dissociation o f TRIP, therefore inhibiting 

TLR4-mediated IRF3 activation (Palsson-McDermott et al., 2009).

1.3.5 SARM

The last of the known mammalian TIR domain-containing adaptor proteins assigned a 

function was SARM. SARM is highly conserved throughout various animal species and its 

orthologues are found in Drosophila, zebrafish, Caenorhabditis elegans (C. elegans) and 

horseshoe crab (Carty et al., 2006; Peng et al., 2010). It was reported that the C. elegans 

SARM orthologue TIR-1 was shown to play an important role in development and 

immunity, as activation of the C. elegans p38 MAPK PMKl was shown to be dependent 

on TIR-1 expression (Liberati et al., 2004). It was shown that TIR-1 was required for 

PMKl activation and reducing levels o f PMKl by siRNA resulted in reduction of PMKl 

activation leading to increased susceptibility o f the worms to bacterial infections (Liberati 

et al., 2004).

There are two forms of human SARM, a 690 aa-long acid form and a 724-aa long form 

with an extended N-terminal region (Carty et al., 2006). SARM contains stretches of 

HEAT/Armadillo motifs (ARM) throughout the protein and two sterile a-motifs (Hemmi et 

al.), and the TIR domain at the C-terminus. The existence of a TIR domain in SARM was 

noticed only 2 years after its discovery (Mink et al., 2001; O'Neill et al., 2003). The SAM
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and A RM  m otifs are know n to be involved in protein-protein interactions and in the 

form ation o f  large protein com plexes, w hich m akes the protein a perfect candidate for 

signalling activ ities (K im  and Bowie, 2003). The TIR  dom ain o f  SARM  has a highly 

conserved Box 1 and is m ore related to M yD88 and Mai than to the T R IF/TR A M  sub

fam ily o f  T IR  adaptor proteins (O 'N eill et al., 2003).

Unlike the first four described adaptors, overexpressed SARM  does not activate N F k B and 

1RF3 (L iberati et al., 2004), but rather SARM  acts as a negative regulator o f  TRIF- 

dependent TLR  signalling  (C arty et al., 2006). O verexpression o f  SARM  was show n to 

inhibit TLR3 and T L R 4-m ediated  T R lF-dependent N F k B activation, w hereas M yD 88- 

dependent activation o f  N F kB w as unaffected. In hum an PBM Cs cytokine production in 

response to LPS and Poly(l:C ) w as found to be significantly increased w hen expression o f  

SARM  was reduced by sm all interfering RNA (siRN A ). Furtherm ore, it was established 

that both overexpressed and endogenous SARM  directly interacted w ith TR IF and this 

interaction was increased upon treatm ent with LPS due to an increase o f  the levels o f  

SARM  w hen stim ulated with the antagonist (Carty et al., 2006; Peng et al., 2010). The 

interaction o f  SARM  w ith  TRIF was dependent on the presence o f  the TIR and SAM  

dom ains, w hile the N -term inus w as required for stabilisation o f  SARM  upon LPS 

treatm ent (C arty et al., 2006; Peng et al., 2010). It was also reported that the N -term inus o f  

SARM  contains a conserved polybasic m o tif and the glycine rich region (G R R ) (Peng et 

al., 2010). The functional significance o f  these m otifs in SARM  rem ains to be established 

but the presence o f  the polybasic m otifs is associated with the localisation o f  the protein at 

the p lasm a m em brane, w hile the G R R  are found in the precursors o f  the transcrip tion  factor
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subunits plOO and pl05 and are required for the maturation o f the signalling subunit 

(Kagan et al., 2008; Orian et al., 1999; Peng et al., 2010). Therefore, the authors suggested 

that SARM might localise at the plasma membrane and then undergo some sort o f 

maturation for activation (Peng et al., 2010). Also, they demonstrated that human SARM 

negatively regulates activation o f MAPK-dependent transcription factor AP-1 due to 

inhibition o f p38 phosphorylation (Peng et al., 2010).

1.4 IL-1/Toll Receptor Associated Kinases

As mentioned before, upon ligand binding to the ectodomain o f a TLR MyD88 is recruited 

to the intracellular domain o f that TLR via homotypic interactions between the TIR 

domains o f the two proteins. This association o f the TLR and MyD88 promotes 

downstream recruitment o f the IL -l/T o ll receptor associated kinases (IRAKs), which can 

lead to activation o f NFkB, M APKs and IRF7 (see Figure 1.10). There are four 

mammalian IRAKs known to participate in TLR signalling: IR A K I, 1RAK2, IRAK4 and 

IRAK M. IRAKs belong to a family o f serine-threonine kinases, and consist o f a DD on 

their N-termini, followed by a proST domain, followed by a kinase-like domain (KD), and 

followed by a distinctive 90-170 aa-long C-terminus stretch, except for IRAK4, which does 

not have the C-terminus stretch (Flannery and Bowie, 2010).

The DD o f the IRAKs belongs to a DD super-family, which was first found to be involved 

in the protein-protein interactions involved in apoptosis (Weber and Vincenz, 2001). 

IRAKs can homo- and hetero-dimerise via their DD and the presence o f a threonine at 

residue 66 (Thr66) on the DD is essential for that dimerisation (Ross et al., 2002). The
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recently solved structure o f  the M yddosom e complex showed that interaction between the 

DDs o f  1RAK4 and M yD 88 forms a platform for recruitment o f  IRAK 1 and IRAK2 (Lin 

et al., 2010). The stoichiometry o f  this M yD 88:lRA K 4:lR A K 2 (or IR A K I) com plex was 

shown to be 6:4:4 (Figure 1.9). Upon complex formation IRAK4 undergoes 

autophosphorylation required for the subsequent recruitment o f  the IRAKs 1 and 2 and 

therefore downstream  signalling.

Thus, pro-inflammatory cytokine production was abolished in IRAK4-deficient mice and 

mutations in its kinase domain are often found in patients with recurrent infections (Suzuki 

et al., 2002). Phosphorylated IRAK4 then associates with IRAK2 or IRAKI in such a 

manner that its kinase domain is in the close proximity to IRAK2 or IR A K I, which allows 

their phosphorylation by 1RAK4 (Lin et al., 2010). O f  note, even though IRAKI was not 

shown in the solved M yddosom e complex, the sequence alignment o f  IRAKI with 1RAK2 

showed that the residues required for 1RAK2 association with the M yD88 are also 

conserved in IRAKI (Lin et al., 2010). Once phosphorylated, IRAKI and 2 dissociate from 

the M yddosom e and m ove into the cytosol where they both interact with the downstream 

signalling protein TRAF6. Moreover, 1RAK2 was shown to interact directly with the IL -IR  

TIR domain and with the TLR3 TIR domain, whereas IRAKI requires mediation o f  

M yD88 (Keating et al., 2007a; Muzio et al., 1997). In resting cells IRAKI is found in 

association with Toll-interacting protein (Tollip), which binds only to non-phosphorylated 

IRAKI and aids in the recruitment o f  IRAKI to MyD88. It dissociates from IRAKI upon 

its ligand-induced phosphorylation (Didierlaurent et al., 2006; Zhang and Ghosh, 2002).
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IRAK2

MyD88

MyD88

Figure 1.9. Structure o f the ternary M yddosome complex

A: Ribbon diagram o f  the structure, with the six MyD88 DDs in cold colours, the four 

IRAK4 DDs in earth-tone colours and the four 1RAK2 DDs in warm colours.

B: Surface diagram o f  the complex with each subunit labelled using the same colour coding 

as in A. M, MyD88; 14, IRAK4;I2, IRAK2.

Taken from Lin et al., 2010
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The ProST domain (formely known as undefined domain or UD) is the least conserved 

domain amongst the IRAKs, but was shown to be important in IL-IR  signalling to NFkB, 

as IRAKI undergoes phosphorylation in this domain (Kollewe et al., 2004). The ProST 

domain o f IRAKI contains two PEST motifs, whereas IRAK2 has none (Li et al., 2001). 

PEST motifs are Proline-glutamate-serine-threonine-rich stretches o f the protein involved 

in the ubiquitination o f  a protein, which leads to degradation. Absence o f the PEST on 

1RAK2 is likely to be the reason for a much longer half-life o f IRAK2 in the cell (over 8 

hrs post-stimulation) as opposed to IRAKI (up to 1 hour only) (Kawagoe et al., 2008). The 

KD o f the IRAKs consists o f 12 motifs and has an active ATP-binding pocket with a highly 

conserved lysine residue. Only IRAKI and 1RAK4 possess an actual kinase activity and 

contain a critical aspartate residue in their catalytic site (D340 and D 311 respectively). This 

catalytically important residue is substituted for asparagine in 1RAK2 and for serine in 

IRAK M, which renders these kinases inactive (Wesche et al., 1999). However, recently 

Akira et al. suggested that 1RAK2 might have kinase activity, as it was proposed to be 

autophosphorylated (Kawagoe et al., 2008) . By studying the IRAKI KO mice it was 

established that the catalytic activity o f IRAKI was not required for TLR7 and TLR9- 

mediated NFkB and M APK activation, but was essential for IFN a production in these mice 

and also for phosphorylation o f IRF7 in human cells in vitro (Uematsu et al., 2005). in 

agreement with this it was recently established that IRAKI kinase activity was required for 

ubiquitination o f IRF5 via mediating the TRAF6 ubiquitination activity.

Ubiquitination is one type o f post-translational modification o f proteins which involves 

addition o f a 76 aa-long polypeptide called ubiquitin (Ub). Three classes o f ubiquitin
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ligases E l ,  E2 and E3 can covalently attach ubiquitin to one or several lysine (K) residues 

on the target protein. Ub itself also contains seven K o f  which K48 and K63 play an 

important role in the polyUb chain formation. Thus, Ub ligases can form polyUb chains 

which are linked via K48, which ultimately targets the protein for proteosomal degradation. 

On the other hand formation o f  the K63-linked polyUb promotes activation o f  the protein, 

which can result in phosphorylation, ubiquitination or translocation o f  the protein itself or 

its targets (Chen 2005).

Exactly how IRAKI mediates activity o f  TR A F6 remains to be determined, but it was 

shown that IRAKI also undergoes both K48 and K63-linked ubiquitination, which target 

IRAKI for either degradation or activation respectively (Conze et al., 2008; Flannery and 

Bowie, 2010). It is not clear which ubiquitin ligase is involved in the ubiquitination o f  

IRAKI and both T R A F6 and Pellino E3 ligases were put forward as the candidates for 

IRAK-1 ubiquitination (Flannery and Bowie, 2010). Furthermore, IRAKI was found to 

mediate TLR-induced type I IFN production by interaction with TRA F3. In concert with 

this is the fact that IRAK 1 is the crucial molecule in the developm ent o f  systemic lupus 

erythematosus, an autoinflam m atory disease associated with the chronic inflammation and 

immune disregulation in multiple organ systems (Flannery and Bowie, 2010; Jacob et al., 

2009).

The C-termini o f  IR A K I,  IRAK2 and IRAK M are subdivided into tw o regions. C l and 

C2, and are involved in the downstream interactions o f  the proteins. The C-terminus is 

important for interactions with TRA F6 and it has been shown that IR A K I has three TBDs,
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IRAK2 has two and IRAK M has one (Ye et al., 2002). IRAK2 was found to be required 

for TRA F6 polyubiquitination essential for N F k B activation. A point mutation in the TBD 

o f  IRAK2 prevented ubiquitination o f  TRA F6 (Keating et al., 2007a). The mechanism by 

which 1RAK2 facilitates polyubiquitination o f  TRAF6 is not determined yet, but it is 

possible that IRAK2 aids in oligomerisation o f  TRAF6 which promotes its 

autoubiquitination (Keating and Bowie, 2008). From the study o f  TLR2 signalling it 

appears that IRAKI is involved in the early activation o f  N F kB and M APKs, whereas 

1RAK2 is involved in the late phase o f  N F kB activation. Using siRNA it was shown that 

1RAK2 plays an important role in N F kB activation in TLR3, TLR4 and TLR8 signalling in 

human cells (Keating et al., 2007a). Moreover, involvement o f  1RAK2 in N F k B activation 

was supported by studying lRAK2-deficient mice, which showed great resistance to LPS 

and CpG challenge and reduced levels o f  pro-inflammatory cytokine production (K awagoe 

et al., 2008). Recently a novel role for 1RAK2 in the cytokine m R N A  stabilisation has been 

described, which was shown to play an important role in the development o f  septic shock 

upon LPS treatment (Conze et al., 2008). m R N A  is de-stabilised by binding o f  LPS- 

inducible tristetraproline (TTP) to the AU-rich sequence elements (ARE) motifs on the 3 ’ 

untranslated regions o f  m RNA, which deliver them to the exosome for degradation 

(Anderson, 2008). It was shown that IRAK2 induced m R N A  stability via association with 

the M A PK  kinase kinase 3 and 6 (M KK3/6) and p38/M A PK  kinase 2 (M K2) com plex, 

which in turn phosphorylates the TTP on its serine residues 52 and 178. The 

phosphorylation o f  TPP allows recruitment o f  14-3-3 proteins which prevent TTP form 

interacting with the exosomes. 14-3-3 also prevents the de-phosphorylation o f  the TTP 

therefore sustaining the m R N A  stability (Anderson, 2008). However, 1RAK2 was not
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required for the p38 activation suggesting involvement o f  another p38 activatory kinase 

(W an et al„  2009).

IRAK-M  is the only m em ber o f  this family which does not have the kinase activity. Also it 

was established as a negative regulator o f  TLR signalling. The IRAK-M  KO cells showed 

increased cytokine production upon T L R /IL -IR  stimulation and IRAK-M  KO mice had 

elevated levels o f  inflammation (Kobayashi et al., 2002). It was suggested that IRAK M 

prevents dissociation o f  IRAKI and 2 from M yD88, possibly by binding to the IRAK 1/2 

layer during the M yddosom e com plex  formation, thus inhibiting N F k B activation 

(Kobayashi et al., 2002; Lin et al., 2010). However, recently it w as shown that IRAK M 

does not influence activation o f  the classical N F k B pathway, but rather is involved in the 

negative regulation o f  TLR2-m ediated  activation o f  non-canonical activation o f  N F k B via 

NFKB-inducing kinase (NIK) and also p38 (but not JN K  or extracellular signal-regulated 

protein kinase (ERK) (Su et al., 2007).

1.5TRAFS

As mentioned above, M yD88, Mai and IRAKs interact with m em bers o f  the T R A F family 

o f  proteins. The TRAF family is characterised by a specific C-terminal TRAF domain, 

which consists o f  a coiled-coil TRA F-N  subdomain and a highly conserved TRAF-C 

subdomain. There are 7 TRAF family proteins identified so far (TR A F 1-7), all o f  which 

(except TRAF I) contain a zinc-binding-domain composed o f  a RING  finger followed by
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five zinc-fingers in TRAF2, 3, 5 and 6, and seven in TRAF4 (Kobayashi et al., 2004; Xu et 

al„ 2004).

Initially TRAFl and TRAF2 were identified as signalling proteins associated with TNF 

receptor type I! (Rothe et al., 1994). Then the remaining members of the TRAF family 

were identified and the role of TRAF6 in IL-l/Toll Receptor family was established (Inoue 

et al., 2000). TRAF6 was found to have the least sequence similarity of its C-terminus with 

the other TRAFs and therefore it was predicted to interact with different type of proteins 

(Galibert et al., 1998). Thus, TRAF6 was shown to bind to IRAKI and 1RAK2 in MyD88- 

dependent signalling (see Figure 1.10) and using a dominant negative mutant of TRAF6 it 

was reported that TLR4-mediated activation of NFkB but not JNK was inhibited (Inoue et 

al., 2000; Muzio et al., 1998). Furthermore, study from TRAF6-deficient mice showed that 

in the absence of TRAF6 activation of NFkB and MAPKs in resonse to TLR2 and TLR9 

ligands was impaired, while TLR3 signalling was not affected. Also it was noted that 

TRAF6 was not required for LPS-induced production of IL-10, lL-12 p40 and IFNp, 

therefore TRAF6 was considered to be involved in the MyD88-dependent signalling only 

(Hacker et al., 2006). However, in vitro data from another group showed that TRAF6 was 

able to interact with TRIF and this interaction was required for NFkB activation (Sato et 

al., 2003). In support o f the latter, it was recently reported that TRAF6 and TRAF2 can 

directly bind to the N-terminus of TRIF upon activation of TLR4 and TLR3 signalling 

pathways (Sasai et al., 2010). Thus, the differences in the observations in the previous two 

studies can be explained by the fact that both TRAF6 and TRAF2 can modulate TRIF
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independently o f  each other and activate production o f  IFNp by the TRIF-dependent 

pathway (Sasai et al., 2010).

TRAF6 is an E3 ubiquitin ligase and requires autoubiquitination in order to activate NFkB 

in TLR-mediated signalling (Wang et al., 2001). Autoubiquitination o f  TRAF6 is triggered 

by association o f  its RING domain with E2-ubiquitin ligases U bcl3  (ubiquitin-conjugating 

enzyme 13)/Uevla (ubiquitin E2 variant la), also known as TRIKAI, although it was 

shown that the presence o f  Ubc5 was required for TRAF6 autoubiquitination in vitro. Once 

associated, it was initially thought that TRAF6 and TRlKAl carry out lysine 63 (K63)- 

dependent ubiquitination o f  the transforming growth factor P (TGFp) activated kinase 1 

(TA K l) in the association with the TAKl-binding proteins 1 and 2 (TAB1/TAB2), also 

known as TRAF6-regulated IKK activator 2 (TRIKA2) (Deng et al., 2000; Jiang et al., 

2004). However, recently it was reported that activated TRAF6 produces unanchored K63- 

linked polyubiquitin (polyUb) chains in the presence o f  Ubcl3 , which are recognised by 

the ubiquitin receptor TAB2 or TAB3. This binding o f  the free polyUb chains then 

promotes phosphorylation and activation o f  TAKl at threonine 187, which in turn leads to 

activation o f  NFkB (Wang et al., 2001; Xia et al., 2009). Furthermore, it was shown that 

K63-linked ubiquitination o f  IRAKI promotes binding o f  IkB kinase gamma (IKKy) (also 

called NFkB Essential MOduIator (NEMO)) o f  the IKK complex, which also culminates in 

NFkB activation (see below). Thus, it was proposed that ubiquitinated TRAF6 recruits 

TAKl and ubiquitinated IRAKI recruits IKKy(Conze et al., 2008). However, as in the 

case with TA K l, it was shown that NEMO also was activated in response to the 

unanchored polyUb chains synthesised by TRAF6 but in the presence o f  Ubc5. Binding of
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these PolyU b chains then promotes activation o f  the IKK complex (Xia et al., 2009). 

Therefore, role o f  the IRAKI in binding N E M O  is not clear, although it was shown that the 

presence o f  TR A F6 w as a crucial factor for IRAKI ubiquitination and mutation o f  the 

ubiquitination site on the IRAKI prevented it from binding to N E M O  and consequently 

N F kB activation (Conze et al., 2008). However, in the TRAF6-deficient cells IRAKI can 

still be m oderately ubiquitinated. There are reports that show that ubiquitination o f  IRAKI 

can be carried out by another E3 ligase called Pell ino l,  discussed later (Ordureau et al., 

2008; Schauvliege et al., 2007).

In the post-stimulated cell TR A F6 undergoes de-ubiquitination in order to restore levels o f  

un-modified TR A F6 (Jensen and Whitehead, 2003). The de-ubiquitination is carried out by 

a num ber o f  DUBs, the de-ubiquitinating enzymes amongst which are CY LD  and A20. 

CYLD is a tum our suppressor, which is a product o f  the cylindromatosis gene and is 

implicated in multiple myeloma. CYLD  specifically cleaves K63 Ub link preventing 

activation o f  T A K l ,  JN K  and IKK. (Sun, 2008). Another DUB A20 has two distinct 

domains which have opposite functions (Wertz et al., 2004). Thus, on its N-term inus A20 

has a classic D UB dom ain called the ovarian tum our type (OTU) domain, which cleaves 

K63 linked Ub chains. On its C-terminus A20 has seven zinc-fmger domains, which have 

E3 ligase activity and catalyse K48-linked polyUb chains. In order to regulate these two 

activities A20 associates with accessory Ub-binding proteins ABIN (A20-binding inhibitor 

o fN F K B ) and T A X IB P I  (TAX-1 binding protein 1), which were shown to be essential for 

A20-dependent de-ubiquitination o fT R A F -6  and RIP-1 (Bhoj and Chen, 2009).
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Another member o f the TRAP family shown to participate in the TLR signalling was 

TRAF3. It was shown that the LPS response in the TRAF6-deficient mice was only 

partially reduced and had no effect on type 1 IFN production. Generation o f TRAF3- 

deficient cells showed defective IFNp activation upon Poly(I:C) and LPS stimulation 

suggesting its involvement in TRIF-dependent signalling (Oganesyan et al., 2006). TRAF3 

directly binds to MyD88 and TRIP adaptor molecules upon their activation, which leads to 

the formation o f  protein complexes containing IRAK I, TBKl and IKKs and ultimately 

activation o f type I IFNs production (Hacker et al., 2006). Using 7><^-deficient cells it 

was established that TRAF3 is required for TLR3, TLR4, TLR7 and TLR9-mediated 

production o f type I IFN and IL-10 but not for production o f NFKB-dependent pro- 

inflammatory cytokines (see Figure 1.10) (Hacker et al., 2006).

TRAP? was identified by searching for proteins which contained the TRAF-like RING 

domain. TRAP? was identified as a 670 aa-long protein, which could be expressed as two 

splice variants with the shorter form TRAP7s lacking first 66 aa (Xu et al., 2004). As well 

as the RING finger TRAF7 also contains seven WD40 repeats in its C-terminus, which are 

involved in interaction with the MAPK family m em ber M AP/ERK kinase kinase 3 

(MEKK3), but not with MEKK2, NpKB-inducing kinase (NIK) or RIP-1. Interaction o f 

WD40 repeat containing region o f TRAF7 with MEKK3 enhances M EKK3-dependent 

activation o f  AP-1 and CCAAT/enhancer binding protein (C/EBP) homology 

protein (CHOP) transcription factors, while its RING domain was shown to be involved in 

activation o f  caspase-dependent apoptosis (Xu et al., 2004).
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1.6 PELLINOS

As it was mentioned above, IRAKI undergoes K63-liniced polyubiquitination, which is 

essential for N E M O  binding. TR A F6 was thought to be a likely candidate to carry out the 

ubiquitination o f  the IR A K I. However, IL-1 induced ubiquitination o f  IRAKI w as not 

affected in TRAF6-deficient fibroblasts (W indheim et al., 2008). The three m am m alian 

Pellino proteins (Pellinol/2/3), which are closely related to Drosophila’s protein Pellino, 

similar to TRAF6, contain the RING-like domain on their C-terminus and were found to 

possess E3 ubiquitin ligase activity (Schauvliege et al., 2007). On its N-term inus Pellino 

contains phospho-threonine-binding forkhead-associated (FHA) domain, which facilitates 

interactions with the IRAKI (Moynagh, 2009). Pellino 1 was initially identified as an 

accessory IRAKI protein and was found to associate with an 1RAK1/1RAK4/TRAF6 

complex, which was required for N F kB activation. Transfection o f  the inhibitor protein 

Smad6, which prevents binding o f  Pellino 1 to the complex, inhibited LPS-induced N F k B 

activation in HEK293 cells (Choi et al., 2006; Jiang et al., 2003). In conjunction with the 

E2 ligase (U b c l3  /U e v la  complex), Pellino 1 was shown to catalyse the formation o f  K63- 

polyubiquitin chains. It also can associate with UbcH3 to catalyse the formation o f  K48- 

polyubiquitin chains, which labels a protein for proteosomal degradation (Ordureau et al., 

2008).

In addition, Pellino 1 is also involved in the TRIF-dependent actiavation o f  N F k B and 

IK K a  and IKKy in response to LPS and Poly(I;C) (Chang et al., 2009). Thus, Pellino 1 KO 

mice were resistant to the septic shock and produced significantly lower am ounts o f  

proinflammatory cytokines in mice challenged with LPS and Poly(l:C), and P e llino l-
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deficient murine embryonic fibroblasts (MEFs) showed reduced TLR3- and TLR4- 

mediated activation o f  the IKK-NFkB pathway. Also the absence o f  Pellino-1 did not 

affect signalling via other TLRs and IL-IR . It was shown that Pellinol initiates activation 

o f  the IKK-NFkB pathway by interacting with the RIPl and directly inducing its 

ubiquitination through its RING-domain. This ubiquitination was further potetiated in the 

presence o f overexpressed TRIP, suggesting that Pellinol is the E3 ligase for RIP-1 on the 

TRIF-dependent pathway (Chang et al., 2009).

Pellino2 was identified as a scaffolding protein in the IRAK1/TRAF6/TRIKA2 complex 

and also was shown to ubiquitinate IRAKI (Strelow et al., 2003). Its role in TLR signalling 

is however somewhat controversial as supression o f Pellino 2 expression in MEFs and 

murine macrophage cell lines inhibits TLR- and lL-1 R-induced N FkB activation, but its 

overexpression does not induce N F kB (Moynagh, 2009).

PelIino3 was also shown to be able to bind to IRAK I, TRAF6 and T A K l, and 

overexpression o f Pellino 3 activated JNK, c-Jun and Elkl but not NFkB (Jensen and 

W hitehead 2003). In fact Pellino 3 was shown to inhibit N Fk B activation by preventing 

degradation o f  IRA K I, required for further signal transduction. Thus, Pellino3 

polyubiquitinates IRAKI with K63-linked Ub chains at the same residues (K I34) while 

IRAKI is polyubiquitinated by K48-linked Ub chains to promote degradation (Xiao et al., 

2008). Interestingly, even though overexpressed Pellino3 activated MAPK, inhibition o f 

endogenous Pellino 3 expression caused enhancement in JNK activation, suggesting that 

Pellino 3 also negatively regulates JNK, but positively regulates p38 through its association
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with TRAF6 and T A K l. Therefore, Pellino3 can regulate various signalling pathways by 

either inhibiting or activating them (Moynagh, 2009).

Moreover, Pellino proteins also undergo direct phosphorylation by IRAKI and IRAK4, 

which leads to enhancement o f their E3 ligase activity, which can also lead to K48- 

polyubiquitination o f Pellinos thus targeting them for degradation (Keating and Bowie, 

2008).

1.7 Activation of NFkB

NFk B is a member o f the Rel-homology domain (RHD)-containing proteins, which include 

NFk B subfamily: NFk BI (p50/pl05 subunits) and NFk B2 (p52/pl00 subunits) and Rel 

subfamily: RelA (p65), c-Rel and RelB. A ll these proteins contain a highly conserved 

DNA-binding/dimerisation domain termed the Rel-homology domain (Gilmore, 2006). 

The NFk B proteins become “ activated”  only when they heterodimerise with the Rel 

subunits. Thus, NFkB is a heterodimer o f RelA (p65) and p50 subunits, which binds to 9- 

10 base pair DNA regions (called kB sites) with the following nucleotide sequences 5’ - 

GGGRNWYYCC-3’, where N is any base. R - purine, and Y - pyrimidine (Gilmore, 2006). 

p50 is generated from its precursor p i05 by partial proteolysis, p i05 contains a GRR 

between amino acids 376 and 404 that serves as a stop signal for proteolysis (Orian et al., 

1999). Both p50 and p65 proteins contain a nuclear translocation sequence (NTS) 

necessary for translocation o f NFk B into the nucleus. In the unstimulated cell NFk B is 

inhibited by proteins called Inhibitor o f k B (Ik B a/(3/y/s). Like p65, Ik B also contains a
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nuclear export sequence CNES), which causes NFkB/IkB complex to shuttle from the 

c>1;osol into the nucleus and back out. Ik B executes its inhibitor}' effect by masking the 

NTS o f  p65 subunit, but not that one o f p50, thus preventing it from reaching the steady- 

state localisation in the nucleus. Degradation o f IkB upon its phosphorylation exposes 

NTS o f  p65 promoting translocation o f NFkB into the nucleus (Hayden and Ghosh, 2004).

However, not all members o f the IkB family are inhibitory, thus IkB î  was also shown to 

positively regulate expression o f several pro-inflammatory genes in response to IL-l/TLR  

signalling. IkB^ is an ankyrin-repeat containing nuclear protein which associates with the 

p50 subunit o f N FkB and binds to the kB site o f the IL-6 promoter upon ILIR and TLR 

signalling (Yamamoto et al., 2004). A study from the IkB^ KO mice showed that Ik B̂  ̂was 

indispensible for TLR-induced IL-6 promoter activation and was also required for lL-12 

p40 gene expression. However, together with Bcl-3 and IkBNS, IkB̂  ̂ negatively regulates 

LPS-induced T N F a production (Kuwata et al., 2006; Yamamoto et al., 2004).

Degradation o f the IkB proteins and the p50 precursor pi 05 is a result o f  activation o f the 

IkB kinase (IKK) complex, which is composed o f two catalytically active subunits I KKa 

and IKK(3 and a regulatory subunit IKKy (also called N Fk B essential modifier or NEMO). 

IKKa/(3-NEM O is a large 700-900 kDa complex, which phosphorylates Ik B proteins at 

serine residues o f  their conserved serine/threonine-rich destruction boxes (Scheidereit, 

2006). It was shown that IKKp phosphorylates the two N-term inal serine residues o f  IkB, 

which target the IkB for polyubiquitination and subsequent proteosomal degradation, while

62



Chapter 1 -Introduction

IK K a-induced  phosphorylation o f  pi 00 is involved in the non-classical activation o fN p K B  

in the B-cells (Chen, 2005). M embers o f  the TN F receptor superfamily expressed by these 

cells activate N IK  kinase which in turn activates IK K a. Activated IK K a  then 

phosphorylates p i 00 at its C-terminus which leads to proteosomal degradation o f  its 

inhibitory iKB-like domain releasing the p52 subunit (Senftleben et al., 2001). p52 then 

forms a d im er with RelB, which then translocates into the nucleus where it regulates gene 

expression.

IKK enzymes contain a serine-rich activation loop within their kinase domain (KD) on the 

N-termini, and a conserved leucine zipper m otif  and helix-loop-helix (HLH) m otif  on the 

C-termini (Karin and Ben-Neriah, 2000). Only IK K a  contains an N TS in its KD, which 

facilitates translocation o f  IK K a  into the nucleus where it acts as a Histone 3 kinase, and is 

required for skeletal m orphogenesis in foetal mice (Sil, M aeda et al. 2004). IKKp does not 

translocate into nucleus but it contains a ubiquitin-like domain (ULD), which is essential 

for IKK kinase activity (May et al., 2004). For activation o f  the kinase activity in response 

to the stimuli both IK K a  and IKKp have to heterodimerise via their leucine zipper motifs. 

HLH motifs, even though essential for kinase activity, participate in downregulation o f  the 

kinase activity after stimulation by covering up the catalytically active sites o f  the KDs 

(Hayden and Ghosh, 2004). Although heterodimerisation is essential, the subunits o f  the 

IK K a /p  complex interact with different downstream components. Thus, IKKp exhibits a 

preference towards iKBa, while IK K a  is more efficient in binding to p i 00 than IKKp 

(Scheidereit, 2006).
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NEMO, as mentioned before, has no kinase activity. However it is essential for NFkB 

activation as no stimulus-dependent Ik B degradation and no IKKa/p activity was detected 

in NEMO-deficient murine ceils (Hayden and Ghosh, 2004; Rudolph et al., 2000). More 

so, NEMO-deficient mice die o f severe liver degeneration due to apoptosis, while inherited 

mutations in the inhibitory k B  kinase gamma gene (IKBKG), which encodes NEMO, lead 

to development o f acute autoinflammatory conditions such as X-linked ectodermal 

dysplasia with immunodeficiency in humans (Mancini et al., 2008). IKKa and IKKP both 

associate with NEMO via a short conserved C-terminal NEMO-binding domain (NBD) 

with the sequence Leu-Asp-Trp-Ser-Trp-Leu (May et al., 2000). Recently NEMO was 

shown to bind to K63-polyubiquitinated IRAKI, but not to polyubiquitinated TRAF6, and 

the affinity of binding was directly proportional to the length o f the polyubiquitin chains 

(Conze et al., 2008; Windheim et al., 2008). NEMO binds IRAKI polyubiquitin chains and 

also the unanchored polyUb chains via its CC2-LZ motifs (Conze et al., 2008; Xia et al., 

2009). Binding o f NEMO to the K63-liked polyUb chains activates the IKK complex 

leading to NFkB activation. Activation of IKK complex also requires phosphorylation of 

IKKP by Transforming Growth Factor p (TGFP) activated kinase 1 (TAKl) (Bhoj and 

Chen, 2009).

TAKl was first identified as kinase involved in IL-1 receptor-mediated signalling. It was 

shown to be the major player in the LPS-induced activation o f both NFkB and MAPKs in 

Drosophila Schneider (S2) cells (Silverman et al., 2003). TAKl associates with TAKl 

binding proteins 2 and 3 (TAB2 and TAB3) which bind to the unanchored K63-linked 

polyUb chains synthesised by TRAF6 through C-terminal zinc-finger motifs (Kanayama et 

al., 2004; Xia et al., 2009). This promotes autophosphorylation and activation of TAKl,
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w hich in turn  phosphorylates IK K p at serine 177 and serine 181 residues o f  the activation 

loop, thus activating it for phosphorylation o f  iK B a (W ang et al., 2001; X ia et al., 2009). 

Furtherm ore, N E M O  w as show n to interact w ith TR A P fam ily m em ber-associated  N F -kB 

ac tivator (T A N K ) via its TA N K -binding dom ain on the N -term inus and this interaction 

was required  for N F k B activation (C hario t et al., 2002). The association o f  N E M O  with 

TA N K  also prom otes activation  o f  T A N K -binding kinase 1 and IK K e in response to viral 

infection, w hich in turn  phosphorylates IRF3 and 1RF7 (see Figure 1.10) (Zhao et al., 

2007).

Phosphorylation o f  iK B a and p i 05 on their E3-ligase recognition sequence (D S-G X X S-) 

leads to their ubiquitination  at conserved lysine 21 (K 21) and lysine 22 (K 22) by 

(S k p l, C dc53/C ullin  1, P-boX protein P“ cm repeat-contammg pro.em^ ^ 3  com plex, which

labels them  for proteosom al degradation (H ayden and G hosh, 2004).

O verall, TLR4 signalling  can activate approxim ately 2000 genes by inducing activation o f  

nearly 80 d ifferent transcrip tion  factors (L itvak et al., 2009). N F k B itse lf can induce 

activation o f  som e o f  the transcription factors in order to either potentiate or to attenuate 

the prom oter activation. Thus, transcrip tion factor C /EBP5 is activated by N F k B in the 

early  phase o f  the transcrip tion factors activation upon T L R 4-signalling , w hich then binds 

to the partially  activated IL-6 prom oter and together w ith N F k B prom otes full activation o f  

the IL-6 prom oter (L itvak et al., 2009). Such cooperation as seen betw een the N FkB  and 

C /EB P5 transcrip tion  factors is called coherent feed-forw ard type I regulation, w hich helps

65



Chapter 1 -Introduction

in discrimination between tlie transient and constitutive activation of PRRs (Alon, 2007; 

Litvak et al., 2009).

On the other hand, LPS-induced NFkB also promotes expression o f activating transcription 

factor 3 (ATF3), the negative regulator of NFKB-C/EBP5-mediated promoter activation, 

which reduces level o f 116 and Cebp d  gene expression. ATF3 recruits histone deacetylase 

1 to the 116 promoter which deacetylates the histones and closes up the chromatin in this 

region, therefore interfering with transcription (Gilchrist et al., 2006; Litvak et al., 2009).

1.8 Activation of MAP Kinases

As previously mentioned TLR signalling also activates MAP kinase cascades, such as p38 

and JNK which lead to the induction of various pro-inflammatory cytokines such as TNFa, 

lL-1, IL-6 and IL-12 (see Figure 1.10). They also play an important role in T- and B- 

lymphocytes expansion by regulating cytokine production, cell differentiation and 

apoptosis.

Mammalian MAP kinases are serine/threonine kinases that include three major families: 

the ERKs, p38 and JNK. They all contain a specific threonine-X-tyrosine motif (TXY) 

within their activatory loop (Zhang and Dong, 2005). The ERK family can be further 

subdivided into the classical ERK kinases (ERKl and ERK2), which contain only the 

kinase domain and the “big” ERK kinases (ERK3, 5, 7 and 8), which have both the kinase 

domain and the C-terminus domain (Kuo et al., 2004). The activation motif within the ERK
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family icinase domain consists o f the TEY sequence. The p38 family o f  M APKs contains 

a , p, y, 6 and ERK6 members all o f which contain the TGY activation motif. The third 

group, the JNK MAP kinases have two TPY activation motifs. There are three members o f 

this family with JN K l and 2 ubiquitously expressed, while JNK3 is only expressed in the 

brain (Zhang and Dong, 2005).

Activation o f  the MARK signalling cascade initiates with activation o f  a MAP kinase 

kinase kinase (MKKK). TAKl is one o f the MKKKs, which in turn phosphorylates MAP 

kinase kinases MKK3, MKK4, MKK6 and MKK7 at their serine/threonine-rich activation 

loop. These phosphorylate and activate MAPKs, such as ERK, p38 and JNK. JNK and p38 

then phosphorylate and thus activate transcription factors c-Jun, ATF-2, MEF-2C and Elk- 

1 leading to pro-inflammatory cytokine transcriptional activation (Davis, 2000; Wang et 

al., 2001).

In addition to transcription factor activation, p38 also plays role in the stabilisation o f 

cytokine mRNA by phosphorylating the MK2 (see also IRAK section). MK-2 belongs to 

the family o f  p38 MAPK substrate kinases, which are called M APK-activating protein 

kinases (M APKAPK). M APKAPKs also include MK3, MK5 and ribosomal-S6-kinase 

(RSK l-4). It was shown that p38 MAPK can directly interact with these proteins, but the 

biological consequences o f interactions between p38 and these MAPKAPK are not clear 

(Shiryaev and Moens, 2010). As previously mentioned, MK-2 phosphorylates the ARE- 

binding protein TTP, which becomes unable to deliver mRNA to the "degradation 

machinery”, such as exosomes (Anderson, 2008; Wang and Liu, 2007). Many pro-

67



Chapter I -Introduction

inflammatory cytokines such as T N Fa, IL-1, lL-6 and lL-12 contain the A R E’s in their 3 ’- 

untranslated region (Lai et al., 2006) and therefore due to its role in mRNA stabilisation 

p38 is crucial for production o f  these cytokines.

The deactivation o f the MAP kinases is mediated by the family o f MAP kinase 

phosphatases (MPK), which carry out the de-phosphorylation o f the MAPKs. There are 10 

known members o f  the MPK family with MPK-1 most known for its role in controlling 

cytokine production (W ang and Liu, 2007). Thus, increasing levels o f  MPK-1 were shown 

to correlate with decreasing levels o f p38 and JNK, but not ERK. In fact ERK was shown 

to regulate MPK-1 activation on two levels: by activating MPK-1 gene expression and by 

preventing MPK-1 protein from proteosomal degradation by binding to its C-terminus. 

Levels o f MPK-1 were shown to increase 100-fold upon TLR signalling via both MyD88- 

and TRIF-dependent pathways (W ang and Liu, 2007). Similarly, MPK5 was shown to 

negatively regulate JNK activation upon TLR signalling and MPK5 KO mice and 

macrophages produced significantly increased amounts o f T N Fa, suggesting that MPK5 

plays an important role in regulating the immune response (Zhang and Dong, 2005).
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1.9 IRF activation

A non-canonical member o f the IKK  family, IKKs (also called inducible IKK (IK K i ), and 

TB K l (also called NpKB-activating kinase (NAK) or TRAF2-associated kinase (T2K)), 

were described as key players in IRF3 and IRF7 phosphorylation and induction o f type I 

IFNs (Fitzgerald et al., 2003a). TRIF associates with the two kinases via TANK family 

protein N A P l, which promotes formation o f TR IF /N A P l/TB K l/IK K s complex (Sasai et 

al., 2005). As well as N A P l, two additional proteins, called TANK and similar to NAPl 

TB K l adaptor (SINTBAD), were shown to directly interact with IKKs and TB K l via their 

conserved TBKl-b inding domain (TBD) and and IKKs-binding domain (Chau et al., 

2008). Recent studies suggest that the involvement o f these scaffold proteins can be 

pathway specific (Chau et al., 2008). Thus, NAPl is indispensable for IRF3 activation via 

most TLRs, whereas, TANK is required for TLR4-mediated 1RF3 activation only and 

neither is likely to participate in TLR7, TLRS and TLR9-dependent 1RF7 activation (see 

Figure 1.10) (Chau et al., 2008).

Recently DEAD box protein 3 (DDX3) was described as an additional member o f 

TBK/IKKs complex required for 1RF3/7 activation (Schroder et al., 2008). DDX3 is a 73 

kDa RNA helicase that is involved in many cellular processes such as translation 

regulation, splicing, nuclear export o f RNA and oncogenesis (Botlagunta et al., 2008; 

Rosner and Rinkevich, 2007; Schroder, 2010). It was discovered as the target for the 

VACV immunomodulatory protein K7 (Schroder et al., 2008), but also was reported to be 

targeted by Hepatitis C virus (HCV), Hepatitis B virus (HBV) and Human 

Immunodeficiency Virus (H IV) (Schroder, 2010). Upon infection with Sendai virus (SeV)
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DDX3 was shown to transiently interact with the IKKe via its N-terminus and this 

interaction was required for induction of the Ifnh promoter. The N-terminus of DDX3 

contains multiple serine sites that may be phosphorylated by IKKs upon virus-mediated 

signalling, as the appearance o f a higher molecular weight DDX3 was observed in the 

presence of IKKe (Schroder et al., 2008). In support to this observation, Soulat et al. 

demonstrated that DDX3 is actually a substrate for IKKs and also TBKl. They also 

showed that phosphorylation of DDX3 was required for translocation o f DDX3 into the 

nucleus where it binds to the Ifnb promoter, suggesting that DDX3 is downstream from the 

TBKl/IKKe complex (Soulat et al., 2008). The importance o f DDX3 in induction of IFN(3 

is highlighted by the fact that the viral protein K7 targets the N-terminus o f DDX3, 

preventing its association with the IKKs and consequently activation of IRFs (Schroder et 

al., 2008). The crystal structure of a peptide derived from the N-terminus o f DDX3 

“trapped” within a deep hydrophobic cleft of the K7 protein was recently solved, 

supporting the report that K7 interferes with TBKl/IKKs mediated IFNp induction by 

targeting the N-terminus of DDX3 (Oda et al., 2009). However, the exact role o f DDX3 in 

the induction o f IRFs remains to be clarified.

It is known that once assembled TBKl/IKKs can directly phosphorylate 1RF3 at S385 and 

S386 residues on its C-terminal, which promotes IRF3 dimerisation and activation (Sharma 

et al., 2003). IRF3 belongs to the IRF family o f transcription factors, which is comprised of 

9 family members: IRF 1-9 (Chen and Royer, 2010

). All members o f IRF family contain 120 aa-long DNA-binding domain on their N- 

terminus, which recognises and binds DNA consensus 5’-GAAANNGAAAG/CT/C-3’,
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called interferon-stimulated response element (ISRE) located in the IFN-stimulated genes 

(ISG) region (Honda et al., 2005). IRF3 is constitutively expressed in the cell and its 

expression does not change upon stimulation. IRF3 contains a DMA binding domain and an 

activation domain, which includes an NES responsible for translocation o f IRF3 into the 

nucleus upon activation, and an IRF association domain (lAD). The activation domain is 

flanked with two autoinhibitory domains, which interact with each other, thus preventing 

the IRF3 molecules from homodimerisation via their IADs (Taniguchi et al., 2001). 

Phosphorylation o f IRF3 promotes conformational changes that expose its lAD for 

dimerisation and NES for translocation into the nucleus. In the nucleus IRF3 associates 

with the co-activators cAM P response element-binding protein (CREB)-binding protein 

(CBP) and p300. This association prevents export o f the IRF3 dimer back into cytoplasm. 

In the nucleus IRF3 binds to the ISRE and activates IFN a and IFN(3 promoters (Honda et 

al., 2006). Production o f  IFNp induces dimerisation, phosphorylation and activation o f 

signal transducer and activator o f transcription proteins 1 and 2 (STATl and STAT2) via 

type 1 IFN receptor (IFNAR) signalling. Dimerised STATs then associate with IRF9 to 

form a transcription activation complex known as IFN-stimulated gene factor 3 (ISGF3). 

ISGF3 then activates expression o f IRF7, which undergoes phosphorylation by TBKI and 

IKKs in similar to the m anner described for IRF3 (Sharma, tenOever et al. 2003; Moynagh 

2005). For TLR7, TLR8 and TLR9 however, phosphorylation o f IRF7 is executed by 

IK K a in a TRIF-independent manner (Hoshino et al., 2006). It was shown that IRF7, but 

not IRF3, can directly interact with IRAKI and that the kinase activity o f  IRAKI is 

required for IRF7 phosphorylation in vitro (Uematsu et al., 2005). In addition, MyD88- 

IRF7-dependent IFN a production was shown to be highly dependent on the presence o f
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TRAF3 and the phosphoprotein osteopontin (Opn), which is associated with the 

development o f Thl-mediated immune responses (Honda et al., 2006; Shinohara et al., 

2006). Generation of IRF7-deficient mice showed that IRF7 is an essential key element for 

type I IFN production in vivo. IRF7 can be activated in response to viral infection in a 

MyD88-independent fashion and also by TLR-mediated MyD88-dependent pathways 

(Honda et al., 2005).

1RF5 is another member of the IRF family shown to participate in TLR-induced signalling. 

The study of IRF5-deficient mice showed impaired cytokine production in response to 

most TLRs, however production o f IFNp was not affected (Takaoka et al., 2005). Similar 

to 1RF7, IRF5 was shown to interact directly with MyD88 and TRAF6, which was not the 

case for 1RF3. It also was shown to reside in the cytoplasm in the resting cell, and upon 

interactions with MyD88 and TRAF6 form homodimers and translocate into the nucleus 

(Takaoka et al., 2005). Unlike IRF3 and IRF7, activation of 1RF5 is predominantly TLR- 

dependent and is employed by TLR7 and TLR9 only (Paun et al., 2008). In addition, 

TLR9-induced NFkB activation also was shown to depend on IRF8, as NFkB binding 

activity was significantly weakend in 1RF8 KO DCs in response to TLR9 signalling 

(Tsujimura et al., 2004). The authors reported that the re-introduction o f IRF8 into the DCs 

reconstituted TLR9 responsiveness to CpG, and therefore it was proposed that IRF8 is 

required for TLR9-mediated NFkB activation in DC (Tsujimura et al., 2004).

A summary of the TLR-mediated signalling is graphically presented in Figure 1.10.
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Figure 1.10. Sum m ary o f  T L R  signalling pathways

Upon activation the TIR domains o f  TLR2, 7, 8 and 9 directly associate with MyD88, 

while TLR4 recruits the bridging adaptor Mai. M yD88 recruits IRAK4 which  then recruits 

and phosphorylates IR A K I and 2. IRAKs then promote activation and autoubiquitination 

o f  TRAF6, leading to activation o f  the T A K l complex. Signalling from T A K l diverges to 

activate the IKK com plex consisting o f  IKKa, IKKb and N E M O , and M A P kinases. The 

IKK com plex phosphorylates IkB, resulting in nuclear translocation o f  N FkB , which 

induces expression o f  inflammatory cytokines. TLR4 also associates with T R A M  and 

translocates into endosomes. TLR 4/TRA M  and TLR3 signal via TRIF to activate the 

TRAF6/TAK1 com plex to signal to NFkB and to T R lF /T R A F 3 -T B K l/IK K e to activate 

IRF3. TRIF also interacts with T R A D D  and R IPI, which signals to IKK complex 

activating NFkB. TLR3 also directly interacts with IRAK2, which then activates TR A F6 to 

signal to N FkB  and IRF7. TLR7, 8 and 9 signal via M yD88, which interacts with IRAK2 

and 1RAK4 and IRF5 to signal to N FkB  via TRAF6, while M yD 88 interaction with IRAKI 

and IRAK 4 leads to activation o f  IRF7 via TRAF3 and IKKa.

A bbriviations: Ub- ubiquitin chain; P- phosphorylation o f  a protein.
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1.10 Cytosolic Pathogen Recognition Receptors

The TLRs even though undoubtedly crucial for innate immunity, are confined to the cell 

membrane and endosomes, and therefore some times helpless in detecting intracellular 

microorganisms that reside in the cytosol, such as viruses and some intracellular bacteria 

like Listeria monocytogenes and Legionella pneumophilia. A num ber o f cytosolic receptors 

such as RIG-l-like helicases and NOD-like receptors were identified as cytosolic receptors 

capable o f  mounting an immune response to intracellular pathogens.

1.10.1 Cytosolic RNA sensors: PKR

Protein kinase activatable by RNA (PKR) was the first proposed cytosolic sensor o f nucleic 

acids o f  viral origin (Langland et al., 2006). It was shown that several molecules o f PKR 

bind to dsRNA, which promotes their oligomerisation and subsequent autophosphorylation 

(Lemaire et al., 2005). Phosphorylation of PKR promotes its dissociation from the RNA 

and activation o f  its kinase activity. PKR then phosphorylates its substrate eukaryotic 

initiation factor 2a  (elF 2a) which then inhibits translation o f both viral and host proteins. 

Generation o f PKR KO mice showed that PKR plays a significant role in the anti-viral 

immune response (Balachandran et al., 2000). Also, PKR is targeted by many viruses 

including poxvirus-encoded E3L, which contains a Z-DNA binding domain and a dsRNA- 

binding domain on the C-terminus, which binds dsRNA molecule in a sequence- 

independent m anner (Kim et al., 2003; Langland et al., 2006). The Z-DNA-binding domain 

o f E3L was shown to be required for virulence and inhibition o f  the host type I IFN 

production (Kim et al., 2003), while dsRNA-binding domain was shown to bind to PKR
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directly, thus rendering it unable to activate elF2a (Romano et al., 1998). Another VACV 

protein K3L also inhibits PKR, by mimicking its substrate eIF2a to reduce the instance o f 

host elF2a activation by the PKR. However, host PKR was shown to continuously evolve 

to discriminate between the K3L and the host elF2a via positive selection and therefore 

currently PKRs from all hominoid species are resistant to the poxviral K3L (Elde et al., 

2009). In spite o f the importance o f the PKR in the antiviral response it is in fact IFN- 

inducible (Langland et al., 2006), which suggests that other receptors for intracellular 

nucleic acids must initiate the response.

1.10.2 Cytosolic RNA sensors: RLR

Another group o f cytosolic PRRs involved in pathogen recognition by cells is the retinoic 

acid-inducible gene I (RlG-I)-like helicases (RLHs). There are three members o f the RLH 

family: RlG-I (also called DDX58), melanoma differentiation-associated gene 5 (MDA5, 

also known as IF IH I) and LPG2. These receptors are characterised as (DEXDZH)-box 

helicase domain containing proteins, which have the conserved sequence aspartic acid- 

glutamic acid-X-aspartic acid/histidine in their RNA-binding domain. RlG-1 and MDA5 

also contain a caspase-recruitment domain (CARD), while LPG2 lacks the CARD domain 

(Venkataraman et al., 2007; Yoneyama et al., 2005). LPG2 was found to be induced by 

SeV infection and like RIG-I to bind to dsRNA. LPG2 was shown to act as a negative 

regulator o f RlG-I but not MDA5 signalling, which was attributed to the lack o f the CARD 

domain (Rothenfusser et al., 2005). However, generation o f LPG2-deficient mice showed 

that LPG2 was necessary for RIG-I- and MDA5-mediated antiviral responses (Satoh et al..
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2010). The authors also identified that ATPase domain o f  LGP2 was required for 

recognition o f  viral R N A  by RIG-1 and M DA 5, as point mutation within the ATPase 

domain o f  LGP2, which impaired its A TPase activity, inhibited IFNP production in 

response to picornaviridae infection (Satoh et al., 2010). RIG-I contains a C A R D  domain at 

its N-terminus, which is involved in protein-protein interaction and signalling 

ubiquitination; followed by a D ExD/H  box RNA helicase dom ain involved in recognition 

o f  the viral RNAs; and the repressor domain (RD) on the C-terminus, which inhibits RlG-I 

from signalling in the absence o f  stimulus (Takeuchi and Akira, 2008). RlG-I signalling is 

controlled by ubiquitination o f  its C A R D  domain. It undergoes K63-linked ubiquitination 

for activation by tripartite m o tif  25 (TRIM 25) and then it can be ubiquitinated for 

proteosomal degradation by another ubiquitin ligase RNF125 (Arimoto et al., 2007; Gack 

et al., 2007).

RLHs recognise viral R N A s but not host RNAs based on their differences in the 5 ’ ends, 

thus viral RNA o f  some viruses are triphosphorylated and uncapped, whereas host RNA is 

capped. Based on RIG-I ' and M D A 5 ‘̂ ‘ studies it was shown that these RLHs can also 

differentially recognise RNA from different viruses and mount response to various viruses 

independently from each other (Kato et al., 2006). It was reported that RIG-I specifically 

recognises short dsR N A  and viral genomic single stranded RNA bearing 5 ’ phosphates 

(H om ung  et al., 2006; P ichlmair et al., 2006). However, recently it was shown that 

synthetic 5 ’-triphosphate ssRNA failed to activate RIG-I and the formation o f  a short 

double stranded 5 ’-triphosphate blunt end was required for RIG-1 activation (Schlee et al., 

2009). Such short dsR N A  structure is found in the panhandle region o f  negative-strand

77



Chapter I —Introduction

RNA viruses, which contain ssRNA genome, allowing RIG-I to recognise not only 

dsRNA- and positive strand ssRNA-containing viruses but also the negative-strand ssRNA- 

containing viruses (Schlee et al., 2009). Meanwhile, MDA5 was shown to recognise long 

dsRNA, which forms during replication of positive-strand ssRNA and DNA viruses (Kato 

et al., 2006). However, recently it was shown that during EMCV and VACV infection 

cells contained two types of RNA, the dsRNA and high molecular weight (HMW) RNA, 

which could not enter the agarose gel and was composed of dsRNA and ssRNA (Pichlmair 

et al., 2009). Furthermore, it was identified that HMW RNA- and not long dsRNA- 

containing fraction activated MDA5, and destruction of the secondary and tertiary structure 

of HMW RNA by heat denaturation and flash-freezing reduced MDA5 activation 

(Pichlmair et al., 2009). Therefore it was proposed that MDA5 recognises highly structured 

RNA rather then linear long dsRNA.

RlG-1 and MDA5 also interact with another CARD domain-containing protein called 

IFNp-promoter stimulator 1 (lPS-1, also known as MAVS, VISA or CARDIF), which is 

found tethered to the mitochondrial membrane and is indispensable for RLH-mediated 

signalling (Johnson and Gale, 2006). IPS-1 recruits TRAF3 E3 ubiquitin ligase through its 

TRAF domain, which in turn recruits and activates TBKl and IKKe, leading to 1RF3 and 

1RF7 activation (Fitzgerald et al., 2003a; Takeuchi and Akira, 2008). Also, lPS-1 can 

interact with FADD leading to FADD-dependent NFkB activation downstream of RLHs 

(Takeuchi and Akira, 2008). Recently it was shown that lPS-1 also can interact with DDX, 

and the C-teminus o f DDX3 was shown to be involved in the IPS-1-mediated induction of 

the IFNP promoter (Oshiumi et al., 2010). As previously mentioned the N-terminus of
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DDX3 was reported to transiently interact with the IKKs upon viral infection which 

positively regulated activation o f IFN(3 (Schroder et al., 2008). In contrast interaction 

between DDX3 and lPS-1 was shown to be constitutive (although the experiment was 

performed with the o/e proteins) (Oshiumi et al., 2010). Therefore, taking into account that 

DDX3 binds to both lPS-1 and T B K l/IK K s complex it was suggested that DDX3 may 

bridge the IPS-1 with the T B K l/lK K s complex for optimal activation o f  antiviral response 

(Mulhern and Bowie, 2010). The schematic representation o f RIG-I and MDA5 signalling 

pathways is shown in Figure 1.11.

Interestingly, IPS-1 is also involved in sensing the B-form o f DNA, apparently in a RIG-I 

and MDA5 independent m anner (Ishii et al., 2006). B-form o f  DNA has right-handed helix 

and is the most physiologically relevant form o f DNA, whereas a left-handed helix o f Z- 

form is found only at the sites o f  transcription activation. However, generation o f IPS-1 KO 

mice showed that IPS-1 was indispensible in RIG-I and MDA5 RNA-induced signalling, 

while DNA sensing did not require IPS-1 (Kumar et al., 2006).

1.10.3 Cytosolic DNA sensors: DAI

The first cytosolic DNA-sensing receptor identified was called DNA-dependent activator 

o f IRFs (DAI, previously known as DLM-1 or Z-DNA-binding protein-1 (ZBP-1)) 

(Takaoka et al., 2007). It was found due to the observation that expression o f the DLM- 

1/Zbpl gene was upregulated in MEFs and L929 cells upon transfection o f cells with IFN- 

stimulating synthetic DNA. Further it was shown that DAI activated IRF3 and IRF7 in 

response to bacterial, viral and mammalian DNA, and inhibition o f DAI expression by
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siRNA abolished DNA-induced dimerisation of 1RF3 and induction o f the Ifnb promoter 

(Takaoka et a!., 2007). DAI was found to interact with TBKl and IRF3, and therefore 

similar to TLRs and RLRs upon sensing the nucleic acid DAI funnels the signalling 

through TBKl/IKKs to induce type I IFNs (see Figure 1.11) (Takaoka et al., 2007). 

Generation of DAI KO mice showed that DAI also can induce NFkB activation in response 

to cytosolic DNA (Wang et al., 2008). DAI-induced activation o f NFkB was shown to be 

due to its interaction with RIP-1 and RIPS via homotypic interactions between the RHIM 

domains of RIP kinases and DAI (Rebsamen et al., 2009). It was shown that DAI contains 

two RHIM domains and mutation within these domains prevented interactions with the RIP 

kinases and impaired DAI-mediated NFkB activation. Moreover, association between the 

DAI and RIPS induced autophosphorylation o f the latter however this appeared to be 

independent o f RIP-1. The importance of the DAI/RIPI/RIPS complex formation in anti

inflammatory response is emphasized by the finding that MCMV virus encodes RHIM- 

containing protein M45, which can bind to the RHIM domains of DAI, RlPl and RIPS 

preventing their interaction and thus inhibiting the NFkB activation (Rebsamen et al., 

2009). However, generation of DAI-deficient mice showed that DAI was not required for 

initiation of adaptive immune responses, as IgGl and IgG2a production in response to 

DNA vaccine was not affected. Also, DAI-deficient MEFs and two types o f bone marrow- 

derived DCs produced normal levels of type I IFNs, IL-6 and RANTES in response to 

poly(dA-dT) (Ishii et al., 2008).
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1.10.4 Cytosolic DNA sensors: AIM2

Recently it was reported that activation of the proinflammatory response to adenoviral 

particles was impaired in NALP3- or ASC-deficient mice (Muruve et al., 2008). It was 

shown that internalised viral DNA induced activation of NALP3, ASC and caspase-1, 

which in turn induced maturation of IL-1(3 and IL-18 associated with the adenoviral 

infection. However, when DNA was transfected into the cytosol, the presence o f NALP3 

was not required for ASC/caspase-1-dependent cytokine maturation (Muruve et al., 2008). 

Since ASC contains a pyrin domain (PYD) another pyrin domain-containing protein absent 

in melanoma 2 (AIM2) was identified as the DNA sensor, which associates with and 

activates ASC-dependent inflammasomes (Homung et al., 2009). Hornung et al. identified 

four human proteins, which contained a PYD and a HIN200 domain, which was previously 

shown to bind DNA. However, only AIM2 was predicted and found to have cytoplasmic 

localisation, while the other three, namely IFIX, IF116 and MNDA showed predominantly 

nuclear localisation. A1M2 was found to bind to the cytosolic DNA, including DNA from 

VACV, and induce ASC-dependent inflammasome activation (Hornung et al., 2009). Also, 

PYD of A1M2 and NALP3, but not o f IFIX, IFI16 or MNDA, were shown to be required 

forNFKB activation (Homung et al., 2009). Furthermore, it was reported that the presence 

of AIM2, ASC, NLRP3 and NLRC4 (also known as IPAF) is required for caspase-1 

activation during infection with Listeria monocytogenes (Warren et al., 2010; Wu et al., 

2010). However, the absense o f AIM2 in the macrophages targeted with the Aim2 shRNA, 

did not affect IFNp induction in response to SeV and even potentiated production of type I 

INFs in response to synthetic DNA (Hornung et al., 2009). In agreement with this, 

generation of AIM2-deficient mice showed that AIM2 was essential for inflammasome
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activation in response to cytosolic DNA, but not for IFNp induction (Rathinam et al., 

2010). Therefore, A1M2 is identified as the cytosolic DNA-sensor required for 

inflammasome activation and lL-1 (3 maturation, but not for induction o f type 1 IFNs.

1.10.5 Cytosolic DNA sensors: IFI16

However, A1M2 did not induce type I interferon response essential for clearance o f the 

viral infection. Interestingly, the previously mentioned PYHIN-containg protein IF116 was 

recently identified as a receptor for cytosolic DNA, which activated IFNP promoter in 

response to VACV DNA (Unterholzner, 2010). It was noted that VACV contains multiple 

70-mer repeats within its DNA, which were used as a “ bait”  to identify the host protein that 

can bind to the VACV DNA, since transfection o f the 70-mer into the cells induced 

activation o f IFNp. VACV genomic DNA contains 60 70bp-long tandem repeats required 

for fast re-annealing o f the single stranded genomic DNA to form a circular structure 

(Wittek and Moss, 1980). These tandem repeats are conserved amongst the members o f the 

poxvirus family and may be immunogenic components o f the viral DNA. Indeed, 1FI16 

was identified by performing mass spectrometry on cytosolic proteins that bound the 70- 

mer DNA fragment from VACV. It was shown that IF116 induced activation o f the IFNp in 

response to 70-mer, HSV-I and synthetic DNA, but did not require ASC for this 

(Unterholzner, 2010). Consistent with this it was previously reported that IFI16 did not 

interact with ASC (Homung et al., 2009). Instead T B K l, IRF3 and stimulator o f interferon 

genes (STING) were identified as signalling partners o f IFI16, all o f which were previously 

identified as crucial components for type I IFN induction (Fitzgerald et al., 2003; Ishikawa 

et al., 2009; Sharma et al., 2003; Unterholzner, 2010). STING (also known as TMEM173,
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MPYS and MITA) was recently identified as a novel TBK-1 -binding partner, which was 

shown to be important for activation of Ifnb promoter in response to non-CpG cytosolic 

DNA (Ishikawa et al., 2009). STING is ER resident transmembrane protein, which can also 

associate with RIG-I and lPS-1 (Ishikawa et al., 2009).

For graphic summary o f the signalling network created by the intracellular pathogen 

sensors see Figure 1.11
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Figure 1.11 Cytosolic PRR signalling

Short dsRNA with a 5’ triphosphate group and mesh RNA are detected by the cytoplamsic 

RNA helicases RIG-I and MDA5, respectively. Activation of RIG-I involves its lysine-63- 

linked ubiquitination (Uq) by the ubiquitin ligase TRIM25. Both MDA5 and RIG-I activate 

the adaptor protein IPS-1 via CARD domain interactions. IPS-1 then induces signaling 

pathways that result in the activation o f the transcription factors IRF3, IRF7 and NF-kB. 

The exact role o f TRAF2, TRAF6, FADD and RIPI in this pathway is yet to be defined. 

IPS-1 signaling likely also involves a MAP kinase cascade for the activation o f cJun and 

ATF2 (dashed arrow). Peptidoglycans are recognised by NODI and 2, while DNA is 

recognised by AIM2, DAI and IFI16. N 0D 2 and A1M2 are involved in activation of 

caspase-1 via association with ASC. NODI and N 0D 2 interact with RIP-2 which leads to 

activation of NFkB via association with TRAFs (TRAF2/5 for NODI and TRAF6 for 

N 0D 2) and MAPK via T A K l. DAI promotes activation of the Ifnb promoter by interacting 

with TBK-1 and IRF3, while interactions with RIPI and RIP3 leads to phosphorylation of 

RIP3 and activation o f NFkB in response to dsDNA. IFI16 was shown to sense dsDNA and 

activate type 1 IFN via interactions with TBK-1 and STING, which also interacts with IPS- 

I and RIG-1.
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1.11 Interplay between the PRRs in response to viral infection: 

case study

The well-coordinated interplay between the above described PRRs leads to activation o f 

the major pro-inflammatory and anti-viral transcription factors, such as NFkB, AP-1, MAP 

Kineses and IRFs, which initiate production o f various cytokines including IL-la/(3, 1L-12, 

IL-6, human IL-8, murine MIP-2, RANTES, TNFa, IFNy and IFNa/p. These interferons, 

cytokines and chemokines in turn activate cells o f adaptive immunity such as T- and B- 

cells, and N K  cells, which lead to elimination o f the pathogen with the goal o f minimal 

damaging effects to the host.

The remarkable coordination between the various receptors o f macrophages in response to 

infection with modified vaccinia virus Ankara (M VA) was recently demonstrated by 

Delaloye et al. In this study they demonstrated how M V A  is sensed by different receptors 

expressed by the macrophages, such as TLRs, NODs, RLRs and intracellular cytoplasmic 

DNA sensors (Delaloye et al., 2009). M VA is a highly attenuated virus, which cannot 

replicate in human cells and lacks the virulent genes, but retains its immunogenic 

properties, which is why it is considered as a candidate viral-derived vector for vaccines 

against H IV / acquired immune deficiency syndrome (AIDS), malaria and tuberculosis 

(Gomez et al., 2008). It was shown that M VA induced a large amounts o f chemokines, 

such as IL-8, RANTES and lP-10 and also significant amounts o f IFN(5. Pro-inflammatory 

cytokines, such as TNFa, IL - la , IL - ip , IL-6 and IL-12 p40 were also induced although in 

moderate amounts. It was then shown that chemokines (MIP-2 and lL-8 in murine and
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hum an cells respectively) were induced via TLR2/TLR6-m ediated  M yD88-dependent 

signalling, but activation o f  type 1 IFNs w as not dependent on the TLRs. This is in 

agreem ent with the previously discussed finding that TLR2 induces a strong pro- 

inflammatory response (with chemokine MlP-1 being especially emphasised) to another 

DNA virus HSV-1 (Kurt-Jones et al., 2004). N A LP3-dependent inflam m asom e activation 

w as also induced by M V A  infection, which was essential for maturation o f  the p ro - IL ip  

produced by activated TLR2/6. Furthermore, it was shown that IFNp production in 

response to M V A  was dependent on endocytosis and M DA5 and IPS-1 expression. Thus, 

involvement o f  M D A5 was also demonstrated in sensing o f  the DNA virus, which was 

possibly due to presence o f  RNA as a by-product o f  the convergent transcription o f  the 

virus (Unterholzner and Bowie, 2008). Activation o f  all these receptors upon infection with 

M V A  resulted in activation o f  N F k B, ER K l and 2, JNK, IRF3 and S T A T l,  which in turn 

induced transcription o f  many pro-infiammatory cytokines and type I IFNs.

In addition, it was recently shown that optimal response to various nucleic acids (D N A  and 

RNA ) via all the PRRs, including the TLRs, required presence o f  high mobility group box 

(H M G B ) 1, 2 and 3 proteins (Yanai et al., 2009). Even though H M G B l can bind DNA, it 

w as found to have a much higher affinity to and potentiate respose to RNA, while H M G B 2 

induced cytokine production during B-DNA-induced signalling. HM G B3 did not show 

preference for any particular type o f  the nucleic acids and could potentiate signalling in 

response to both B-DNA and RNA (Yanai et al., 2009). The presence o f  HM G B proteins 

w as also required for optimal anti-viral response to infection with either SeV or HSV-1, as 

trea tm ent with a pan-siRNA, which targeted all three HGM Bs, significantly affected levels
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of IFNa and IFNp (although did not completely eliminate) and also enhanced viral 

replication (Tian et al., 2007). It was proposed that HMGB proteins act as the sentinels for 

all exogenous nucleic acids which must be detected for an optimal response to intracellular 

pathogens via distinct PRRs.

1.12 Linking innate and adaptive immunity

Even though innate immunity can provide a strong inflammatory response to the infection 

and suppress replication of the pathogen for quite some time activation of adaptive 

immunity is nessesary for pathogen elimination and development of immunological 

memory (Welsh et al., 2004). One of the examples of the vital role of adaptive immunity in 

combating various infections is development o f AIDS due to infection with HIV, which 

targets CD4^ Tcells (Streeck et al., 2008; Weber, 2001).

Activation of PRRs results in production and secretion o f various chemokines and 

cytokines, which in turn further activate local cells and attract migrating cells o f innate 

immunity such as DCs, macrophages and NK cells to the site o f infection, which help to 

suppress the infection and activate the adaptive arm of immunity (Figure 1.12). The 

combination o f the pro-inflammatory chemokines, cytokines and other mediators, such as 

reactive oxygen species (ROS) released by the cells of innate immunity initiates the 

process o f inflammation. Inflammation is characterised by four signs: redness {rubor), 

increased heat {color), swelling {tumor), pain {dolor) (Janeway Jr., 2005). These signs are 

the result o f dilation, increased permeability o f the blood vessles and increased bloof flow, 

which allow for rapid migration of the innate immune cells such as neutrophils and
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macrophages to the site o f inflammation, while mature antigen presenting DCs migrate 

towards the lymph node to initiate adaptive immune response by activating a/|3T-cells and 

B-cells (Banchereau and Steinman, 1998; Janeway Jr., 2005). Together with the resident 

macrophages immature DCs (imDC) are thought to be the first cells which recognise the 

pathogen and initiate the pro-inflammatory response. Like m acrophages the iDC are 

phagocytic cells generated from the same myeloid pre-cursors. DCs are divided into two 

sub-populations, the conventional myeloid DC (cDC, comprised o f  Langerhans cells (LCs), 

dermal dendritic cells and interstitial DCs) and plasmocytoid DC (pDC) (M cKenna et al., 

2005). Upon initial recognition o f the pathogen imDC produce pro-inflamm atory cytokines 

such as T N F a and IL -ip , which then promote maturation o f  the DC. The imDC associate 

with low expression o f  the co-stimulatory molecules CD40, CD80, CD86 and MHC 

molecules (Schnare et al., 2001) and have increased phagocytic activity (Celia et al., 1997). 

The MHC is a complex o f  host membrane-bound glycoproteins, which recognise, bind and 

present the processed fragment o f an antigen to the T cells. There are two classes o f  MHC, 

class I and class II, which are recognised by the CD8^ or CD4'" T cells respectively (Davis 

et al., 1998). Upon initial stimulation with TN Fa or LPS imDC showed increased peptide 

loading ability onto newly synthesised and recycled class 11 MHC molecules, however the 

half-life o f  the loaded MHC 11 on the cell surface is very short (approximately 10 h) and 

not enough for T-cell activation (Celia et al., 1997). After prolonged (over 24 h) 

stimulation with the pro-inflammatory cytokines matured DC dramatically decrease their 

rate o f endocytosis therefore increasing the presentation time o f the antigen by the MHC 

(up to 100 h) which also correlates with prolonged ability to activate T cells. For example.
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in a functional assay mature DC were able to activate T cells even after 72 h post- 

stim.ulation with LPS or TNFa (Celia et al., 1997).

Upon maturation DC migrates towards the local lymph node where antigen bound to the 

MHC is recognised by the specific naTve T cell. The class o f MHC molecule presented by 

the DC to the naive T cells depends on the type o f the PAMP that has activated the DC. 

Thus, intracellular microorganisms such as viruses usually induces synthesis and 

presentation o f MHC class I which activate cytotoxic CD8^T cells, while extracellular 

pathogens like E.coli induce MHC II dependent presentation activating CD4^ helper T cells 

(Banchereau and Steinman, 1998). T cell receptors are generated by somatic recombination 

of the TCR encoding genes to yield over lO" different types of antigent receptors. In 

addition to TCR-MHC/antigen interaction, the T cells also requires the second signal 

triggered by interaction between the CD28 expressed by the T cell and the co-stimulatory 

molecules CD80 and CD86 presented by the DCs (Iwasaki and Medzhitov, 2004; 

Steinman, 2003). Failure to present the co-stimulatory molecules by the DC may result in 

the state of tolerance.

Upon activation the naTve T cell undergoes clonal expansion, during which differentiation 

into either CD4'^Thl, CD4"^Th2 or CD4+Thl7 occurs (Harrington et al., 2006). This 

differentiation is dependent on the density o f the antigen presented and nature o f the 

cytokines secreted by the DCs (Iwasaki and Medzhitov, 2004). Thus, Thl responses are 

dependent on TLR-induced cytokine production by the DCs in response to free antigen, 

which promotes IL-12 secretion by the DC. Th2 cells response is initiated by lL-4, lL-2
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and IL-10 cytokines and also requires the absence o f lL-12 (Cote-Sierra et al., 2004; 

Schnare et al., 2001). The differentiation into T h l7  cells occurs in the presence o f 

transforming growth factor P (TGPP) and IL-6 (Bettelli et al., 2006) produced by the DC 

due to phagocytosis o f apoptotic B-cells with antigen bound to the MHC II (Torchinsky et 

al., 2009). The presence o f  IL-6 plays a crucial role in the outcome o f the naive CD4+ T 

cell differentiation in response to TG pp. It was shown that TG pp promotes development o f 

another subset o f  T cells called CD4^CD25^Foxp3^ regulatory T cells (Treg). 

CD25^CD4^Foxp3^ Tregs are normally involved in suppression o f  self-reactive T cells and 

also in inhibition o f inflammation (Sakaguchi, 2004). However, the synergistic effect o f 

TGPp and lL-6 induces development o f T h l7  cells (Bettelli et al., 2006), which produce 

the pro-inflammatory cytokines IL-17, IL-21 and IL-22 and which are implicated in the 

development o f inflammatory conditions (Ouyang et al., 2008). The Thl cells are 

characterised by secretion o f IPNy and activation o f cellular immunity. Thus, Thl aid in 

activation o f the cytotoxic CD8^T cells and macrophages, essential for elimination o f  the 

intracellular pathogens. They can also activate production o f  opsonising antibodies o f  IgG 

subclass I and 3 in humans by the B-cells, while Th2 cells produce IL-4, IL-5, IL-10 and 

IL-13 and promote differentiation o f the B-cells and production o f  other types o f 

immunoglobulins (Abbas et al., 1996; Janeway Jr., 2005) . T h l7, Thl and Th2 cells 

promote activation o f APCs, such as macrophages and B cells, via interactions between the 

TCR and CD40L with the MHC II and CD40 expressed by the APCs. Like monocytes, B- 

cells can directly recognise and become activated by soluble pathogen particles, which they 

process and present on their surface and therefore they also belong to the group o f  antigen 

presenting cells (Steinman, 2003). They also can be directly activated by the IL-12-
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secreting DC (Banchereau and Steinman, 1998) and by TLRs expressed on the B-cell 

surface. In fact TLR signalling is required as the third signal for naive B-cell activation 

(Ruprecht and Lanzavecchia, 2006). Activation o f TLRs induce polyclonal activation o f  

the B-cell and production o f  low affinity IgM (Iwasaki and M edzhitov, 2004). 

Furthermore, IFN a was recently reported to amplify the TLR9/M yD88-dependent 

differentiation o f  the naive B-cells into Ig-producing plasma cells (Giordani et al., 2009). T 

cells were also shown to express TLRs which act as co-stim ulatory m olecules and may 

stimulate activation o f  CD4+ T cells in an APC-independent m anner (Fukata et al., 2008).

Overall the adaptive immune response is characterised by four stages: activation, clonal 

expansion, contraction and memory generation. After the acute second phase o f clonal 

expansion many T and B cells undergo antigen induced cell death (AIDC). Generation o f 

memory CD4+ and CD8+ T and B-cells is controlled by two transcription factors Bcl6 and 

Blimp2, which target various genes within the specific type o f the lymphocytes to generate 

either the effector or the memory cells (Crotty et al.).
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Figure 1.12 Linking innate and adaptive immunity

Upon recognition o f  PAMPs via various PRRs such as TLRs, the dendritic cell (DC) starts 

secreting pro-inflammatory cytokines (TNFa, IL -la/b , IL-18 etc) and type I IFNs 

(IFNa/b), which activate other cells o f innate immunity such as m acrophages (MF), NK 

cells and neutorphils. If the infection persists the DC matures and migrates to the lymph 

nodes where it presents antigen to the naive T cell. The DC makes direct contact with the T 

cell via M HC-TCR and co-stimulatory molecules CD80/86-CD28. This promotes 

differentiation o f  the T cell into either CD8+ cytotoxic T cells, which secrete perforins and 

granzymes or CD44 Tcells which depending on the type o f cytokines secreted by the DC 

further differentiate into helper T h l, Th2, Th l 7  or Treg. Thl cells also produce 

pro inflammatory cytokines and aid in activation o f B-cells. B-cells also can recognise 

PAMPs via their B-cell receptors (BCR) and TLRs. Activated B-cell starts producing 

various immunoglobulins (Ig) which opsonise the pathogen thus accelerating the process o f 

phagocytosis by macrophages. After the infection is cleared cytotoxic T cells, CD4+ Tcells 

and B-cells, which did not undergo apoptosis become memory cells.
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1.13 Mechanisms of viral evasion of the immune system

Overall, role o f TLRs in initiation o f the immune response and clearance o f infection 

cannot be underestimated. The section 1.11 above 1 discussed example o f engagement o f at 

least 4 different PRRs in response to infection with M VA virus, demonstrating how highly 

developed and efficient the response o f the innate system can be. However, over the course 

o f evolution many pathogens evolved various ways o f avoiding and subverting the immune 

responses. Viruses are regarded as the most successful microbes in the art o f subversion o f 

the immune system, as only very few viral infections can be detected and eliminated by the 

mammalian immune system.

One o f the intensively studied viruses, VACV, which was used for vaccination against 

smallpox, was shown to employ a number o f techniques to suppress PRR-mediated 

signalling.

1.13.1 Vaccinia Virus

VACV belongs to the orthopoxvirus genus o f the Poxviridae family (McFadden, 2005). 

One o f the notoriously known family members is variola virus, which causes smallpox, a 

disease with up to 40% lethality. Discovery and use o f VACV for vaccination against 

smallpox worldwide resulted in complete eradication o f the disease in 1980 (Harrison et 

al., 2004). Poxviruses are large viruses with a complex structure (Figure 1.13A). They 

contain double stranded linear DNA which forms covalently linked AT-rich hairpin loops 

at the termini (Harrison et al., 2004). Central parts o f the genome are highly conserved
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throughout the poxviridae family genes and mainly encode structural proteins and some 

replication factors. Genes encoded at the terminal regions are more variable and mainly 

encode proteins involved in subversion and evasion o f the host’s immune system (Seet et 

al., 2003). VACV replicates in the cytoplasm o f the cells and contains over 200 open 

reading frames (ORFs). VACV exists as several infectious particles such as intracellular 

mature virions (IMV), intracellular enveloped virions (lEV), cell-associated enveloped 

virions (CEV) and extracellular enveloped virions (EEV) (Chung et al., 2006). Their 

microscopic images are shown in Figure 1.13B. The mature virions (M V) consist o f  a DNA 

core surrounded by a lipoprotein membrane, whereas the enveloped virions (EV) have an 

additional membrane surrounding the MV core. The life cycle o f the virus can be divided 

into four stages: entry, replication, assembly and exit.

Entry o f the EEV into the cell requires disruption o f the envelope membrane o f the EEV, 

attachment o f the MV lipoprotein membrane to the cell surface glycosam inogiycans with 

the consequent fusion o f the viral membrane with the plasma membrane and entry o f  the 

MV particle into the cytosol.

The replication stage o f  VACV can also be divided into three m ajor phases: early 

transcriptional phase, intermediate transcriptional phase and late phase. During the first or 

early phase 171 ORFs are expressed, including genes that are involved in viral DNA 

replication (DNA polymerase, viral DNA processor factor VACVW R141, uracil DNA 

glycosylase), RNA transcription (4 DNA-dependent RNA polymerase subunits) and host 

immune modulating factors (secreted IL-18 binding protein and Toll/IL-1-receptor
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suppressor) plus 50 other ORFs whose function is still unknown (Rubins et al., 2008). 

Transcription o f the host immune modulators begins as early as 2 h post-infection and by 

4-8 h post-infection their levels reach up to 140-fold (Rubins et al., 2008). During the 

second or intermediate phase structural proteins and major virion components are 

transcribed and expressed, and in the third or late phase factors required for the early 

transcription o f the next cycle are expressed. However, the division between the expression 

phases is very conditional and depends on the type o f genes, as some genes have both early 

and late promoters. Also, for 34% o f  the VACV genes the expression phase has not been 

reported and functions o f  52 genes are unknown (Rubins et al., 2008). After late phase o f 

VACV replication ends the assembly o f the new virion particles begins. Assembly o f the 

viral particles begins in special areas o f the cytoplasm called viral factories. At first semi

circular membranes start to engulf electron-dense granular material known as viraplasm, 

which grows forming the IMV particles (Condit et al., 2006). These particles can spread 

via formation o f syncytia or upon cell lysis. In addition, these particles may become coated 

with a second membrane from cellular organelles such as the Golgi apparatus or 

endosomes, forming lEV. lEV uses microtubules o f  the cell to move towards and fuse with 

the plasma membrane forming CEV, which then can dissociate from the cell in the form of 

EEV and spread to the neighbouring cells (Harrison et al., 2004). During the fusion step a 

number o f  IMV membrane proteins, such as A 16, A21, A28, G3, G9, H2, J5 and L5 get 

inserted into the cell membrane and form an entry/fusion complex (EFC), which not only 

assists exit o f  the virion out o f the cell but also causes fusion o f the infected cell’s 

membrane with the adjacent cell, thus forming syncytia, which allows spread o f the IMV 

from cell to cell (Moss, 2006).
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Figure 1.13. Structure o f VACV virion and structural differences between various 

VACV virions

A: A schematic representation o f the VACV structure. Core o f the virus, surrounded by the 

membranes, contains the viral genome and essential viral enzymes. The presence o f an 

inner membrane in the IMV form shown in A is controversial. Adapted from Harrison et 

al., 2004.

B: Transmission electron micrographs o f the IMV (left panel), lEV (middle panel), and 

CEV (right panel) forms o f VACV. Left panel: arrow points to the single membrane o f 

MV. Middle panel: one arrow points to the MV membrane and two to the outer wrapping 

membranes. Right panel: one arrow points to the outer wrapping membrane that has fused 

with the plasma membrane and the others to the MV membrane and remaining EV 

wrapper.

Adapted from Moss, 2006.
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The nomenclature of the VACV genes is based on the orientation o f the ORF in the 

genome (L-left or R-right), with the letter o f the Hind\\\ fragment in which the first ATG 

of the reading frame found, and the number indicating its order (Harrison et al., 2004). 

Names of the products o f the viral genes consist of the Hindlll fragment letter and the order 

number only. For example Figure 1.14 shows a schematic layout o f the Hind\\\ restriction 

enzyme fragment D o f VACV, which consists o f 13 ORF, which lies in the central region 

o f the genome and is approximately 20 kbp long. The fifth ORF o f the D fragment, which 

transcribes to the right is called D5R and encodes viral ATPase.
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Figure 1.14. Vaccinia Virus genome organization with an expanded view of the 

/ / /n d lll D restriction enzyme fragment.

A schematic layout o f the Hind\\\ restriction enzyme fragment D of VACV, shows that it 

consists of 13 ORF (D1-D13) and lies in the central region of the genome. Five o f the 

shown ORFs transcribe to the left (L) with the rest ORFs transcribing to the right (R).
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1.13.2 Vaccinia Virus and Immune Evasion

As was mentioned before VACV encodes a number o f host immune modulating factors, 

many o f which are expressed in the early phase o f viral replication.

One o f the methods employed by VACV is called viromimetics, which is based on 

production o f virokines, which are viral secreted homologs o f cytokines, and viroreceptors, 

which are viral secreted or membrane bound homologs o f host receptors. For example, the 

gene B8R encodes a homolog o f the human IFNy receptor, which recognises and binds to 

host IFNy. However, this viral IFNy receptor fails to signal, thus “ mopping up”  the effect 

o f host IFNy. B8R was also shown to contribute to the virulence o f VACV, and deletion o f 

this gene was proposed as a way o f reducing virulence o f the virus but not its 

immunogenicity (Verardi et al., 2001). Gene B18R in Western Reserve (WR) strain o f 

VACV (or B19R in Copenhagen strain) encodes a viral homolog o f the IFN type I receptor 

called IFN a/p binding protein, which resembles the a  subunit o f the host IFNARI and 

IFNARII and is able to bind to IFN a, p, 8, co. Deletion o f the B18R gene rendered the 

virus attenuated, pointing to the importance o f type 1 IFN in the host antiviral responses 

(Seet et a!., 2003).

VACV can also suppress classical and alternative pathways o f complement activation by 

encoding a polypeptide called viral complement control protein (VCP). This protein binds 

to and thus inhibits C3b and C4b, which are important for opsonisation and neutralisation 

o f IM V (Seet et al., 2003). Other components o f the viromimetic strategy involve 

production o f viral cytokine receptors such as vIL-18R and v lL - lR ; secretion o f low (type
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I) and high (type II) affinity chemoi<ine binding proteins C BP II, which binds to and 

inhibits CC-chem okines only (for review see Seet et al., 2003).

Apart from the v irom imetic strategy, which allow controlling the extracellular 

environment, V A C V  also encodes virotransducers, which enable the virus to suppress 

immune signalling within the host cell. For example, V A C V  E3L encodes double stranded 

RNA binding protein E3, which binds to dsR N A  thus preventing inhibition o f  eukaryotic 

elongation factor 2 a  (e IF 2a) .  A second gene K3L encodes for a viral hom olog o f  the a -  

subunit o f  e IF 2a ,  which acts as a pseudo- substrate for PKR, thus maximally preventing 

phosphorylation o f  e I F 2 a  and subsequently preventing suppression o f  host proteins 

synthesis (Brandt and Jacobs, 2001). A nother V A C V  protein which also inhibits activation 

o f  PKR. E3, was shown to block activation o f  IRF3 and IRF7 by inhibiting their 

phosphorylation (Smith, Marie et al. 2001). Furthermore, E3 was found to inhibit activation 

o f  ubiquitin-like m odifier interferon-stimulated gene product 15 (ISG15), which is one o f  

the predominant proteins induced by IFN a / p  (Guerra et al., 2008). E3 also inhibits 

enzymatic activity o f  the RNA-specific adenosine deaminase (AD AR), an IFN-inducible 

editing enzym e (Liu et al., 2001).

Another viral protein, which targets activation o f  type I IFNs is K7. It belongs to a family 

o f  early im m unom odulatory  genes as its expression was detected in the cellular lysates as 

early as 2 h post-infection (Schroder et al., 2008). K7 inhibits TLR-induced activation o f  

N F kB by  interacting directly with IRAK2 and TRAF6. K7 was also shown to inhibit TLR - 

induced activation o f  IRFs, as well as TLR-independent activation o f  IRF3 and IRF7, by
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targeting N-terminus of DDX3 on the TBK-l/IKKs axis of IRF3 activation (Schroder et 

a!., 2008).

The list of VACV virotransducers which interfere with TLR signalling also includes B14 

and N l. B14 is a 17-kDa protein encoded by an immediate-early gene B14R in VACV 

Western Reserve. It inhibits activation o f NFkB by binding to the IKK complex and 

preventing phosphorylation o f lKK(i (Chen et al., 2008). N l is a 14-kDa protein which is 

expressed in the early phase of transcription and significantly contributes to the virulence 

o f VACV (Bartlett et al., 2002). It was identified as another inhibitor o f TLR signalling due 

to its sequence similarity with A52 (DiPema et al., 2004). Like B14 N l was shown to 

inhibit NFkB activation by targeting the IKK complex, but in addition it can also target 

TBK-1 which prevented activation of 1RF3 (DiPerna et al., 2004). Interference with TLR 

signalling is a very successful technique used by VACV. Apart from E3, K7, B14 and Nl 

VACV encodes two other proteins that are able to inhibit TLR-induced cytokine 

production, namely A52 and A46, which as well as K7, C6, B I4 and C16/B22, belong to 

the Pfam (PF06225) protein family (Graham et al., 2008). A52 and A46 were first 

identified as viral proteins, which inhibited IL-IR- and TLR-induced NFkB activation, but 

showed no effect on TNF-receptor signalling (Bowie, Kiss-Toth et al. 2000). A52 and A46 

will be discussed in greater details below.

Examples of viral immuno-modulatory proteins and their mecanisms o f action are 

presented in the Table 1.2.
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Table 1.2 VACV modulation of cytokines, chemokines, and various signaling 

pathways

Viral protein Cellular VACV-COP
homolog encoding gene

CrmB TNF receptor Secreted, 
inhibits TNF 

and LTa

C22L (B28R)

CrmC TNF receptor Secreted, 
inhibits LTa

A53R

eIF2a homolog eIF2a Inhibition of 
translation

K3L

IFN-y binding 
protein

Type II 
interferon 
receptor

Secreted B8R

IFNa/p binding 
protein

Type 1 
interferon 
receptor

Secreted B19R

dsRNA-
binding
protein

9 Inhibitor of 
PKR

E3L

IL-ip binding 
protein

lL-1 p receptor Secreted, blocks 
IL-lp

B16R

Toll-like Bcl-2 Signaling A46R
receptor

inhibitors
inhibition A52R

K7R
B14R*

Chemokine-
binding
protein

9 Secreted 
chemokine- 
binding protein

C23L (B29R)

Abbreviations: VACV-COP - vaccinia virus Copenhagen strain (Goebel et al., 

1990);

* -encoded by vaccinia virus Western Reserve strain (Graham et al., 2008);

LTa - lymphotoxin a ; CrmB or C -  cytokine response modifier B or C;
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In brackets () - a duplicate copy o f a gene present in the terminal inverted repeats 

Adopted from Seet et al., 2003.

1.13.3 VACV protein A52

A52 is a 23kDa-protein that contributes to VACV virulence, but has no role in viral 

replication (Harte et al., 2003). A52 is a product of the immediately early gene A52R 

(Graham et al., 2008). It was shown to inhibit activation o f NFkB by most TLRs with 

TLR3 being especially sensitive. A52 was shown to inhibit NFkB activation by interfering 

with IRAK2 (Harte et al., 2003; Keating et al., 2007b). Although the exact mechanism of 

such interference remains to be determined it was shown that the death domain of 1RAK2 

plays an important role in binding A52 (Keating et al., 2007b). A52 can also directly 

interact with the TRAP domain o f TRAF6 and this interaction between A52 and TRAF6 

has a second application in immunoregulation o f host responses to viral infection (Maloney 

et al., 2005). Thus, A52 was shown to drive p38 and JNK MAP kinase activation through 

its association with the TRAF domain of TRAF6. Activation of p38 is required for 

induction of the ILIO gene which encodes the immunoregulatory cytokine lL-10. Thus, 

while inhibiting NFKB-dependent cytokine production, A52 activates production o f the 

immunoregulatory cytokine lL-10, which inhibits inflammatory and cell-mediated immune 

responses (Maloney, Schroder et al. 2005). Recently the crystal structure o f A52, and two 

other VACV proteins N1 and 814, were determined and it was shown that these proteins 

adopt a Bcl-2-like conformation (Figure 1.15) (Aoyagi et al., 2007; Graham et al., 2008). 

Proteins of the Bcl-2 family are normally involved in the apoptotic pathways of the cell. 

These small a-helical proteins contain Bcl-2-homology motifs (BH l-4) and can be either 

pro- or anti-apoptotic by regulating the release of pro-apoptotic proteins from mitochondria
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(Youle and Strasser, 2008). However, even though A52 and B14 fold like Bcl-2-like 

proteins they are not involved in apoptosis regulation, but instead evolved to subvert 

immune signalling (Graham et al., 2008). N1 on the other hand can successfully prevent 

staurosporine-induced apoptosis by binding the BH3 m otif o f  pro-apoptotic proteins, such 

as Bad, Bax or Bid (Cooray et al., 2007) as well as inhibit TLR-induced IRF3 and N F kB 

activation.

In the Pfam data base A46, C6, A52, B15 (B14) and K7 are grouped into the Pox_A46 

family, while N1 belongs to the Orthopox_N-l family. Based on the sequence similarities 

it was recently proposed that these proteins as well as the Orthopox_C-l and Pox_N2 

families should be grouped together as a single family. It was shown that these proteins 

have three highly conserved motifs and were all predicted to adopt a Bcl-2-like fold 

(Gonzalez and Esteban, 2010).
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Figure 1.15. VACV proteins A52, B14 and N l share a Bcl-2-like fold

A: A52, B: B14 and C: N l shown as ribbons. The disulfide bond observed in B 14 in shown 

as purple spheres, N-terminus is marked as N and C-terminus as C. D: Structure-based 

sequence alignment o f  the VACV Bcl-2-like proteins. Residues that are highly or 

m oderately conserved are coloured marine and light blue, respectively, and cysteine 

residues that form the disulfide bond observed in B14 are boxed and in purple. Residues o f 

A52 that encompass the P I3 peptide and residues in the A52Dc46 mutant, which does not 

bind TRAF6 , are marked with a solid and dashed line, respectively. The secondary 

structure o f A52, B14 and N l are shown above the sequences with helices represented as 

cylinders. Taken from Graham et al., 2008

108



Chapter I  -In troduction

1.13.4 VACV protein A46

Similarly to A52, A46 is expressed in the early replication phase, contributes to VACV 

virulence and is involved in interfering with TLR-mediated signalling (Stack, Haga et al.

2005). However modes o f TLR inhibition employed by A46 differ from those used by A52. 

Thus, A46 was shown to block lL-1- and TLR-induced activation o f both NFk B and MAP 

kinases, by interfering with MyD88-dependent signalling. Interaction between A46 and 

MyD88 was clearly detected using various protein-protein interaction detection techniques, 

such as the GST-pulldown assay and the yeast-two-hybrid pairwise assay. Furthermore, it 

was found that in fact A46 can interact with four TIR domain-containing adaptor proteins, 

including TRIF, and also with the TIR-domain o f the TLR4 receptor (Stack et al., 2005). 

The interaction o f A46 with TRIF results in complete inhibition o f TLR4- and TLR3- 

induced activation o f lRF3-dependent promoter by A46 (Stack et al., 2005). The only TIR 

domain-containing adaptor protein with which A46 did not interact was SARM, which is 

consistent with the fact that SARM is a negative regulator o f TLR signalling (Carty et al.,

2006). Due to the fact that A46 binds to the TIR domains and it was predicted to contain 

three conserved TIR motifs Boxl-3 (Figure 1.16) it was in itia lly proposed that A46 also 

contains a TIR domain and therefore was able to participate in TIR-TIR homotypic 

interactions (Stack et al., 2005). Based on this assumption A46 was modelled as a TIR 

domain using the modelled structure o f the TIR domains o f TLR4, Mai and TRAM as the 

templates (Fig. 1.17 kindly provided by C. Bryant and R. Nunez Miguel (University o f 

Cambridge, UK)). This model also predicted that A46 would homo- and heterodimerise 

with other TIRs via BB-loops (Figure 1.17 B).
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However, as mentioned before A46 belongs to the same Pfam protein family as K7, B14 

and A52, which were shown to have a Bcl2-like structure. Therefore, based on the 

sequence similarity between these proteins and A46, Graham et al. suggested that A46 may 

instead contain a Bcl-2-like fold (Graham, Bahar et al. 2008; Gonzalez and Esteban 2010). 

In fact it was suggested that A46 originated from a remote ancestral Bcl-2-like protein and 

not a TIR-containing protein (Gonzalez and Esteban, 2010). Indeed, a homology modeling 

approach used for A46 produced a Bcl-2 like fold consisting of seven alpha helices from amino 

acids 87-212. The most significant structural homology was found with the VACV Bcl-2 like 

proteins A52 and B14 (Graham et al., 2008).
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Figure 1.16. Alignment of A46R with human TIR domains.
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variola virus A46R sequences are indicated by an asterisk. For A46R, amino acids 35-238 aie show'n.

Taken from Stack et al.. 2005.
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Mai A46
C(M)H

NH:

NH2

COOH

C(K)H

Figure 1.17 Structural modelling o f heterodimerisation of Mai and A46 and 

homodimerisation o f A46 via BB-loops

Mai is coloured in pink with the BB-loop coloured in orange and A46 is coloured in 

turquoise with the BB-loop coloured in blue (top panel). A46 m onom ers shown as green 

with the BB-loop coloured yellow  and turquoise w ith the BB-loop colored blue (bottom  

panel). The figure was kindly provided by C. Bryant and R. N unez M iguel (U niversity o f  

Cam bridge, UK)
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1.14 Application of viral immune evasion strategy for therapeutics

The importance o f TLRs for combating infection cannot be underestimated; however 

overactive immune responses can be harmful and even lethal for the host. Inflammation is 

a process triggered by TLR signalling in response to various pathogens and is essential for 

clearance o f the pathogen form the organism. Nevertheless, TLRs can also trigger “ sterile”  

inflammation in response to self molecules which can lead to development o f sterile 

inflammation and autoinflammatory diseases such as rheumatoid arthritis (RA), systemic 

lupus erythematosus (SLE) and colitis.

1.14.1 DAMPS or Endogenous ligands

Endogenous host-derived ligands have been identified for all TLRs except for TLRS and 

TLR 10. Since the majority o f these ligands are released during cell death they are also 

called danger associated molecular patterns (DAMPs). Both TLR2 and TLR4 were shown 

to respond to endogenous heat-shock proteins (Hsp), cellular matrix fragments, fibrinogen 

and P-defensin. Recently myeloid-related protein-8 (Mrp8) and M rp l4  have been identified 

as novel endogenous activators o f the TLR4 complex. MrpS and M rp l4 , are also known as 

S I00 proteins and are major calcium-binding proteins in phagocytic cells (Foell and Roth, 

2004). They were found to be secreted by monocytes and macrophages in response to 

infection and shown to form a M rp8/M rpl4 complex, which directly binds to a TLR4-MD2 

complex resulting in amplification o f production o f pro-inflammatory cytokines (Vogl et 

al., 2007). TLR3 can trigger a response to host mRNA and TLR7/TLR9 can lead to 

autoimmunity through sensing endogenous DNA or RNA (Kanzler et al., 2007). The 

number o f autoimmune diseases in which TLRs play a key role are rapidly growing (see
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Table 1.3). Thus, TLR2 and TLR 4 were shown to participate in developm ent o f  asthm a, 

RA and atherosclerosis, w hile TLR7 and TLR9 were shown to participate in pathogenesis 

o f  SLE (Zuany-A m orim , H astew ell et al. 2002; O 'Neill 2006; Barrat and Coffm an 2008). 

O ther side effects o f  TL R  activation also include a hyperactive response to infectious 

agents. For exam ple, septic shock, w hich is a result o f  uncontrolled activation o f  TLR4 in 

response to LPS from blood-borne G ram -negative bacteria and kills over 200,000 people a 

year in the USA alone (Lolis and Bucala, 2003).

However, it is still not clear w hether stim ulation o f  TLRs with the endogenous ligands or 

previous exposure to infection underlies the developm ent o f  the "sterile” inflam m ation, 

although the role o f  the TLR s cannot be underestim ated (O 'Neill et al., 2009). Recently 

Erridge published a com prehensive analysis o f  various endogenous TLR  activators in 

w hich he questioned the claim s that reported endogenous ligands are in fact “sterile” 

(Erridge, 2010). A fter conducting analysis o f  64 different studies w hich reported 23 

different com ponents as endogenous antagonists, it w as concluded that about third o f these 

“ ligands” failed to induce TLR signalling when presented in a highly purified state, 

including H M G B l, p am yloid peptide and Hsp 60 and 70 (Erridge, 2010). Furtherm ore, 

Erridge dem onstrated that com m only used assays to control LPS contam ination in the 

preparations are not sensitive enough, thus polym ixin B (PM B) cannot block signalling 

induced by LPS bound to proteins, such as sC D 14 or Hsps, while the L im ulus am oebocyte 

lysate (LA L) assay cannot detect lipopetides and LPS bound to various LBPs (Erridge, 

2010). A fter analysing LPS-binding properties o f  som e o f  the endogenous D AM Ps it was 

concluded that not only do m ost o f  them  have intrinsic LPS-binding ability, but also they
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can sensitize the receptor to detect very low concentrations o f  an agonist such as LPS, 

lipoproteins or CpG DNA (for review see (Erridge, 2010)).
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Table 1.3 Endogenous ligand for Toll-like receptors and associated 

autoimmune disorders

TLR ENDOGENOUS LIGAND

Biglycan, Hsp 60/70, surfactant 

protein A/D, gp96, H M G Bl, HAF

Versican
2/6

Self mRNA
3

Hsp60/70, Biglycan, surfactant
4

protein A/D, gp96, HM G B1, 

fibronectin EDA, SFA, HAF, 

lactoferrin, Mrp8/14 

oxLDL, amyloid B
4/6/C D36

ssRNA, RNA-associated autoantigens
7/8

IgG-chromatin complex; dsDNA;
9

DNA-containing 1C

ASSOCIATED DISORDER

RA, Atherosclerosis, sepsis, diabetes, 

IBD, SLE, MS, psoriasis, cancer, 

systemic sclerosis, diabetic 

nephropaty

Atherosclerosis; MS; cancer 

SLE

RA, Atherosclerosis, sepsis, diabetes, 

IBD, SLE, MS, psoriasis, cancer, 

systemic sclerosis.

Atherosclerosis; Alzeimer’s disease

SLE

SLE; RA

Abbreviations: gp- glycoprotein; Hsp- heat shock protein; oxLDL- oxidised low density 

lipoprotein; SFA- saturated fatty acids; HAF -  hyaluronic acid fragments; 1C- immune 

complexes; SLA-systemic lupus erythematosus; RA- rheumatoid arthritis; IBD- 

inflammatory bowel disease; MS- multiple sclerosis;

Adopted from Piccinini and Midwood, 2010.
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1.14.2 Development of inhibitot7 peptides

Most o f the existing therapeutic approaches to treating autoinflammatory disorders involve 

blocking pro-inflammatory effector cytokines such as IL-1 or TNFa. Infliximab, a mouse- 

human chimeric anti-human TNF antibody, and Etanercept, a soluble p75 TNF receptor 

coupled to Fc portion o f IgG, are two widely used TNFa inhibitors in treatment o f RA 

(Wong et al., 2008). In spite the fact that TNFa inhibitors do weaken symptoms o f RA and 

bring relief to patients with RA, the side effects include activation and development o f 

tuberculosis (Tb), development o f Crohn’s disease and sometimes patient’ s death (Yazisiz 

et al., 2008). Therefore these drugs cannot be used for every RA sufferer. Also, both IL-1 

and TNFa are essential for initiation and maintanence o f an apt pro-inflammatory response 

to infection, therfore inhibiting actions o f these c>tokines may render patients 

immunocompromised.

Taking into account the involvement o f TLRs in the pathogenesis o f many autoimmune 

and inflammatory conditions TLRs recently became a new target for drug development. 

Targeted inhibition o f a specific TLR and/or signalling molecules w ill allow control over a 

particular signalling pathway, while leaving other PRRs functional. A number o f inhibiting 

agents were recently developed to target TLR4 signalling such as TAK242, 

Cinnamaldehyde, M62812 and Eritoran (Chao et al., 2008; Kawamoto et al., 2008; 

Nakamura et al., 2007; Wittebole et al., 2010).

Another rapidly developing approach to developing specific TLR inhibitors is generation 

o f peptides derived from the TLR signalling proteins which can act as a dominant negative
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o f the parental protein preventing signal transduction. For example, Agou et al. reported 

development o f  N F kB inhibitory peptides derived from the coiled coil 2 (CC2) and leucine 

zipper (LZ) subdomains o f  NEMO. These peptides strongly inhibited activation o f  N F kB 

by preventing olimerisation o f NEM O (Agou et al., 2004). Even though these peptides may 

be useful in inducing the cell death and apoptosis o f  tumour cells, inhibition o f  such an 

important transcription factor may be too aggressive an approach for treatment o f 

inflammatory conditions involving TLRs. On the other hand, the decoy peptides derived 

from the BB-loops (BBP) o f the TIR domains o f the TLR signalling molecules showed 

more specific effect on inhibiting inflammation without affecting basic transcriptional 

activity o f the cells. Horng et al. first used a peptide derived from the BB-loop o f  Mai to 

demonstrate M ai’s involvement in LPS signalling (Horng et al., 2001). Toschakov et al. 

demonstrated that by using BBPs derived from TLR4 and TLR2 it was possible to 

specifically discriminate between inhibiting activation o f N FkB or p38/JNK MAPK. Both 

TLR2- and TLR4-derived BBP inhibited LPS- and Pam3CSK4- induced N FkB, while 

potentiating activation o f  p38 and JNK (but not ERK) (Toshchakov et al., 2007). 

Interestingly, BBP derived from BB-loop o f Mai, TRAM, MyD88 and TRIF all inhibited 

TLR4-mediated activation o f N Fk B and MAPK but did not inhibit TLR2 signalling. 

Taking into account that BBP from either o f the adaptors inhibited both M yD88- and 

TRlF-dependent pathways it is difficult to dissect how exactly these peptides exert their 

inhibitory potential (Toshchakov et al., 2005). In addition, another group reported that Mal- 

derived BBP also completely inhibited TLR4-induced activation o f p38 and secretion o f 

IL-6 (Low et al., 2007). Even though they did not discuss the effect o f this peptide on 

TRIF-dependent pathway, their results suggest that this pathway was also inhibited.
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Given that viral proteins represent an evolutionary refined strategy to inhibit and subvert 

cell signalling, generation o f  virally-derived inhibitory peptides seems like a more rational 

approach. McCoy et al. previously reported that a peptide derived from the VACV protein 

A52, named P I 3, specifically inhibited TLR-induced signalling in murine cells. This 

peptide, with the sequence DIVKLTVYDCI-RRRRRRRRR, potently inhibited MlP-2 

secretion in response to LPS, Poly(I:C), flagellin and CpG at a concentration o f  only 10 

(iM. Furthermore P I 3 was bioactive in vivo and suppressed inner ear inflammation induced 

by inoculation with heat-inactivated S. pneumoniae (McCoy et al., 2005). Also, it was 

recently reported that P I 3 decreased secretion o f  proinflammatory mediators and liver 

damage and increased the rate o f  survival in mice treated with high doses o f  LPS (Tsung et 

al.. 2007). However, Since P I 3 was derived from A52, which targets TRAF6 (Maloney et 

al.. 2005), it inhibited signalling via all TLRs, possibly by targeting TRAF6 also although 

the target for PI 3 was not identified. Therefore, development o f  viral-derived peptide from 

the sequence which was found to be conserved across all TIR domains holds great potential 

for development o f  a specific and potent TLR inhibitor. Also, understanding how it 

functions at the molecular level will help to further explain the molecular interactions 

underlying TLR signalling, and also may lead to the development o f  specific therapeutic 

agents. Overall viral peptides might act as more potent TLR inhibitors than the decoy 

BBPs, since viral immunosuppressive proteins have been finely-tuned and honed by 

evolution to target the host immune system with maximal effectiveness. This is analogous 

to a ‘naturally occurring drug development programme’, whereby the protein has already 

undergone cycles o f  modification due to natural selection, leading to enhanced inhibitory 

function. Thus the identification o f  such virally-derived inhibitory peptides would lead to
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insights at the molecular level as to how TLRs function, how they are antagonized by 

viruses, and also may form the basis of therapeutics either based on the peptides 

themselves, or the sites on host proteins they optimally antagonize.
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1.15 Aims and objectives

Similar to A52, VACV protein A46 is also a potent inhibitor of TLR signalling, which 

binds to TIR domain-containg proteins resulting in inhibition of TLR signalling. Based on 

the successful development of decoy inhibitory cell penetrating peptides (CPPs) and of the 

viral peptide PI 3 the aims of this project were:

1. To investigate the potential of peptides derived from the region of A46 predicted to 

be important for interactions with TIR domain to inhibit TLR signalling.

2. To investigate the effects of potential inhibitory peptides on various TLR signalling 

pathways by measuring activation of transcription factors, IRFs and MAPK in both 

human and murine cells.

3. To identify the molecular target of potential inhibitory peptides by assaying 

immunological responses in the cells lacking components of the TLR signalling 

pathways and consequently assaying direct peptide-protein interactions.

4. To assess the potential for further development of any inhibitory peptides identified 

as a therapeutic agent or a biochemical tool by assaying its activity in vivo, 

exploring its minimal inhibitory sequence and introducing various modifications to 

the sequence in order to improve its inhibitory potential and half-life.

In addition identification of an inhibitory peptide from A46 and its target may provide an 

insight into mechanism of inhibition employed by the A46 TLR signalling. Thus by
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identifying the p ep tid e’s target it can be potentially  reflected back onto the parental protein 

in order to specify the interaction surface betw een the A46 and the host protein.

122



Chapter TWO

MATERIALS AND METHODS



Chapter 2 -  Materials and Methods

2.1 Materials

2.1.1 General materials

Most o f the generic laboratory chemicals and tissue culture materials including antibiotics 

were purchased from Sigma-Aldrich (Dublin, Ireland) w ith exception o f low endotoxin 

foetal ca lf serum (FCS), which was bought from Biosera (Ringmer, East Sussex, UK), 

Protogel (30% (w /v) acrylamide and 0.8% (w/v) bis-acrylamide) was bought from 

Biosciences (Dun Laoghaire, Ireland), luciferin was purchased from Biosynth (Staad, 

Switzerland), coelentrazine from Biotium (Hayward, USA), glutathione sepharose ™ 

(GSH) 4B beads from GE healthcare (L ittle  Chalfont, Buckinghamshire, UK), HIS- 

Select® Nickel A ffin ity  Gel was purchased from Sigma-Aldrich. Passive lysis buffer was 

obtained from Promega (Madison. W l, USA), broad range prestained protein markers from 

New England BioLabs Ltd., Reblot Plus from Chemicon and the cytokine ELISA kits were 

bought from R&D Systems (Minneapolis, USA). The Quick Start® Bradford Dye Reagent 

was purchased from BioRad Laboratories Inc. (Hercules, CA 94547, USA). High Pure 

RNA isolation kits were bought from Roche Applied Science. One-Step RT-PCR K it and 

GoTaq® qPCR Master M ix  were purchased from QIAGEN and Promega respectively. The 

glutathione-coated 96-well black plates were bought from Thermo Fisher Scientific 

(Rockford, IL. 61105 U.S.A).

2.1.2 Expression media and plasmids

NovaBlue Singles and Rosetta-Gami B competent Esherichia coli cultures and the 

UltraMobius™ Plasmid purification K it were purchased from Novagen (Merck 

Biosciences, Nottingham, UK). Bacto™ Agar, Bacto^'^ Triptone and Bacto’'''^ Yeast
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Extract were purchased from Unitech Limited (Dublin, Ireland). Transfection reagent 

GeneJuice was bought from Novagen (Merck Biosciences, Nottingham, UK). The empty 

vector pcDNAS.l was purchased from Invitrogen. The pFR-luciferase fusion protein and 

ISRE-luciferase reporter gene constructs were purchased from Stratagene. Gal4-IRF3 was 

kind gift from K. Fitzgerald (The University of Massachusetts Medical School, Worcester, 

MA 01605). NpKB-luciferase reporter construct containing 5x kB elements inserted into a 

pGL3 basic vector was obtained from R. Hofmeister University o f  Rosenburg (Rosenburg, 

Germany). The TK-Renilla luciferase reporter plasmid containing the Herpes Simplex 

Virus (HSV) thymidine kinase promoter and the Renilla reniformis luciferase gene in a 

pRL vector was bought from Promega (Madison, USA).

The CD4/TLR4-containing plasmid was a gift from R. Medzhitov (Yale University, New 

Haven, CT, USA). The TLR3-containing plasmid construct was a gift from D. Golenbock 

(University of Massachusetts Medical School, Worchester, MA, USA). The plasmid 

encoding Flag-hTRIF was a gift from S. Sato (Research Institute for Infectious Diseases, 

Osaka University, Japan). The plasmid encoding Myc-MyD88, HA-Mal and HA-Mal 

Prol25His mutant (HA-MalP/H) were gifts from L.A. O ’Neil (Trinity College Dublin, 

Ireland). The bacterial expression vectors pGEX4T2 containing GST-tagged TIR-domains 

of the Mai, TRAM and TLR4 were also a kind gift from L.A.O’Neil.

2.1.3 Cell cu ltu re

The Human Embryonic Kidney cell line 293 (HEK293) and HEK293 cells stably 

transfected with IL-IR (HEK293 R1) were a gift from Tularik Inc (San Francisco, USA).
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HEK293 cells stably transfected with TLR2 and TLR8 (HEK293_TLR2 and 

H EK 293_T LR8) w ere kind gift from K. Fitzgerald (The U niversity  o f  M assachusetts 

M edical School, W orcester, MA 01605). HEK293 cells stably transfected with TLR3 and 

TLR4 (H E K 293_TLR 3 and HEK293_TLR4) w ere kind gift from K. Fitzgerald (University 

o f  M assachusetts M edical School, W orcester, M A, USA). The mouse leukaemia 

m onocyte-m acrophage cell line (RAW 264.7), the hum an acute m onocytic leukaemia cell 

line (TH P-1) and H EK 293 cells stably transfected w ith the large T antigen (HEK293T) 

were purchased from  European Collection o f  Anim al Cell Cultures (ECACC, Salisbury, 

U K ).The hum an leukem ic m onocyte lym phom a cell line U937 was a kind gift from 

O psona Therapeutics (Dublin, Ireland). Imm ortalised m urine wild type (wt) and MyD88'^', 

M al'^ ', TRIF'^' and TRAM '^' bone m arrow-derived m acrophages (iB M D M s) were generated 

from corresponding knockout m ice using J2 recom binant retrovirus carrying v-myc and v- 

raf/mil oncogenes as previously described in (Kenny et al., 2009; V erstak et al., 2009) and 

were a kind gift from K. Fitzgerald and D. Golenbock (U niversity  o f M assachusetts 

M edical School, W orchester, MA, USA). Hum an PBM C w ere purified from the huffy coat 

o f  the heparinised w hole blood preparation available for research use from the Blood Bank 

o f  St. Jam es’s Hospital (Dublin, Ireland).

2.1.4. Antibodies

M ouse m onospecific anti-(3-actin, anti-cM yc (clone 9E10) and anti Flag M2 antibodies 

were all purchased from  Sigma. Rabbit m onospecific anti-p38 phosphospecific 

(T yrl 80/T yrl 82) and anti-p38 antibodies were bought from CellSingalling. Rabbit 

m onospecific anti-JN K  phosphospecific (T y rl8 3 /T y rl8 5 ) and anti-JN K  antibodies were
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obtained from Biosource. Mouse monospecific anti-lKBa antibody was a kind gift from 

Ron Hay (Dundee University, UK). Mouse polyclonal anti-HA antibody was purchased 

from Santa Cruz Biotechnology. IRDye® 680LT polyclonal goat anti-mouse antibody and 

IRDye® 800CW goat polyclonal anti-rabbit antibody were purchased from Ll-COR 

Biosciences (Lincoln, Nebraska USA 68504-0425). Rabbit monoclonal anti-GST 

antibody was kind gift from Dr. T. Mantle (Trinity College Dublin, Ireland). Antibodies 

against GST-A46, encoded by a plasmid synthesised by inserting full length A46 

downstream o f  GST in the bacterial expression vector pGEX4T2 were raised as described 

in (Stack et al., 2005). The dilution factors for each antibody and incubation buffers are 

shown in Table 2.1.
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Table 2.1. Antibody dilution factors and incubation buffers

Antibody 

(m) iKBa 

(m) p-actin 

(r)p-p38 

(r)p38  

(r);? -JN K l/2  

(r) GST 

(m) Flag 

(m) HA 

(m) Myc 

Goat anti-mouse 

Goat anti-rabbit

D ilution 

1:2,000 

1:10,000 

1: 1,000 

1:1000 

1: 1,000 

1:1,000 

1:5,000 

1:2,000 

1: 1,000 

1:10,000 

1: 5,000

Buffer 

5% Marvel-PBS 

5% Marvel-PBS 

3% BSA-TBS 

5% Marvel-PBS 

3% BSA-TBS 

5% Marvel-PBS 

5% Marvel-PBS 

5% Marvel-PBS 

5% Marvel-PBS 

5% Marvel-PBS 

5% Marvel-PBS
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2.1.5 Receptor agonists

Ultra-pure LPS from gram-negative bacteria {Escherichia coli) (>99.9% pure in respect to 

protein, DNA and TLR2 agonists contents) was purchased from Alexis Biochemicals 

(AXXORA, Nottingham, UK). Synthetic double-stranded RNA analogue poly(I:C) was 

bought from Amersham Biosciences. IL -la  was obtained from the National Cancer 

Institute (Frederick, WA, USA) and TN Fa was a gift from Astra-Zeneca Pharmaceuticals 

(Macclesfield, UK). CpG and PMA was a kind gift from K. Mills (Trinity College Dublin, 

Dublin, Ireland). Minimally, mildly and extensively oxidised human Low Density 

Lipoprotein (oxLDL) was a kind gift from L.A. O ’Neil (Trinity College Dublin). Live wild 

type VACV WR strain was prepared in A. Bowie lab by L Haga and the working stock was 

stored at -80°C. PAM3CSK4 and MALP2 were purchased from Invivogen (San Diego, 

CA, USA).
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2 .2  M ETH ODS 

2.2.1 Cell culture

A dh eren t c e lls  w ere  grow n  in D u lb e c c o ’s M od ified  E a g le ’s M edium  (D M E M ) and 

su sp e n s io n  c e lls  w ere  grow n  in R PM I m edium  both su p p lem en ted  w ith  10% (v /v )  heat 

in activated  foeta l c a l f  serum  (P C S ), 2m M  L -g lu tam in e and lO O ^g/m l gen tam ycin  (further 

referred as co m p le te  m ed iu m ). C ells  w ere kept in an incubator at 3 7 °C  w ith  a hum idified  

atm osp h ere o f  5%  C O 2 . C e lls  w ere subcultured every  tw o  to three d ays as co n flu en ce  o f  

6 0 -8 0 %  w a s reach ed . A dherent m acroph age c e lls , su ch  as R A W 2 6 4 .7  and iB M D M  w ere  

rem oved  from  th e fla sk s surface by scrap ing  w h ile  all H E K 293 ce ll lin es w here treated  

w ith  5m l o f  tryp sin -E D T A  (0 .5  m g /m l) for 1 m in at 3 7 °C , w h ich  w as then inactivated  by  

d ilu tin g  w ith  10m l o f  co m p lete  m ed ium . AH the ce ll lin es w ere then transferred into 30m l 

ster ile  tubes and cen trifu ged  at 1 lOx g  for 5 m in. A fter the supernatant w a s discarded the 

c e ll  p e lle t w as resu spend ed  in 1ml o f  co m p lete  m ed ium  pre-w arm ed to 3 7 °C . V iab le ce lls  

w ere  counted  u sin g  Trypan B lu e  stain on  a h a em ocytom eter  under a light m icroscop e  

b efore  re -seed in g  them  into clean  sterile  fla sk s or exp erim en ta l v e s se ls  at a desired  density .

H um an P B M C s w ere iso lated  from  the b u ffy  coat o f  h ep arin ised  b lood  by d en sity  

cen tr ifu gation  on  lo w -en d o to x in  F ico ll-H yp aq u e . 10 m l o f  h eparin ised  b lood  w as m ixed  

w ith  60  m l o f  ster ile  Ix  P B S . 15 m l o f  lo w -en d o to x in  F ico ll-H y p a q u e  so lu tion  w as placed  

in to  50  m l F alcon  tube and 35 ml o f  the diluted b lood  w a s ca refu lly  layered on top to avoid  

m ix in g  o f  the so lu tio n s . T h e tub es then w ere cen tr ifu ged  for 30 m in  at 1 lOx g. The top  

layer w a s ca refu lly  rem oved  and P B M C s w ere c o llec te d  from  the corresp ond ing  layer
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taking care not to collect the lower Ficoll-Hypaque layer. Isolated PBMCs were washed 3 

times in sterile Ix  Phosphate-buffered Saline (PBS) (137mM NaCl, 2.7mM KCl, lOmM 

N32HP04, 2mM NaH2P0 4 ), counted and seeded at a density 1x10^ cells/ml in complete 

RPMI medium.

2.2.2 Cryo-preservation of the cell lines

To maintain supply o f the cell lines the cells were preserved in liquid Nitrogen. Cells were 

grown to 60-80% confluence, harvested and count as described above. The medium was 

completely removed by centrifuging the cells at l,000x g for 5 min and the pellet was 

resuspended in FCS:Dimethyl Sulfoxide (DMSO) (9:1 v/v) to density o f 1x10^ cells/ml. 

The cell suspension was aliquoted (1ml each) into 1.5 ml cryotubes and kept in 

NALGENE™  Cryo 1°C freezing container at -80°C  overnight before transferring them 

into liquid nitrogen for long-term storage.

2.2.3 Peptide synthesis and reconstitution

Peptides were ordered from GenScript Corporation (Piscataway, New Jersey, USA) with 

purity > 95% as determined by HPLC and MS. The peptides were synthesised using 

FlexPeptide™ technology, which combines liquid and solid phase peptide synthesis (LPPS 

and SPPS). The powder was reconstituted aseptically with molecular biology grade water 

from Sigma-Aldrich (Pool, U K) to concentration 10 mM and small aliquots stored at - 

80°C. Working stock was further diluted to Im M  and 200|o,M concentrations and only 

200|il o f each o f the working stock dilutions were stored at 4°C at a time for maximum o f 2
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weeks. The peptide solutions were added directly to the cells seeded on the appropriate 

plates in aseptic conditions. For the list o f  the peptides synthesised presented in the Table 

2 .2 .
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Table 2.2. List of the A46-derived peptides and their modifications

No. Name Sequence No. Name Sequence

1 A461 GCAVNTPVSMT-9R 22 D-A464N 9x{dR}-G- 
d{ KYSFKLILAEY}

2 A462 TPVSMTYLYNK-9R 23 D-A467 d{RNTlSGNIYSA}-G-
9x{dR}

3 A463 TYLYNKYSFKL-9R 24 D-A467N 9x{dR}-G-
d{RNTlSGNlYSA}

4 A464 KYSFKLILAEY-9R 25 D-
A464TAT

d{GRKKRRQRRR}-G- 
d{ KYSFKLILAEY}

5 A465 L1LAEY1RHRN-9R 26 D-
A467TAT

d{GRKKRRQRRR}-G- 
d{RNTISGNIYSA }

6 A466 Y1RHRNT1SGN-9R 27 P13 DIVKLTVYDC1-9R

7 A467 RNTISGN1YSA-9R 28 A464N-1 YSFKL1LAEY-9R

8 A468 GNIYSALMTLD-9R 29 A464N-2 SFKL1LAEY-9R

9 A469 DSGLFDFVNFV-9R 30 A464C-3 KYSFKL1L-9R

10 A4610 DFVNFVKD1MC-9R 31 A464C-6 KYSFK-9R

II ConA4610 MVVIKDNFCDF-9R 32 KIA AYSFKLILAEY-9R

12 A4611 VKDIMCCDSRI-9R 33 Y2A KASFKL1LAEY-9R

13 A4613 VALSSLVSKHW-9R 34 S3A KYAFKL1LAEY-9R

14 A4614 LVSKHWELTNK-9R 35 F4A KYSAKL1LAEY-9R

15
His-A464 6xHis- KYSFKLILAEY 36 K5A KYSFAL1LAEY-9R

16 His-
A464R 6xHis- KYSFKLILAEY-9R 37 L6A KYSFKAILAEY-9R

17 His-A467 6xHis- RNTISGNIYSA 38 I7A KYSFKLALAEY-9R

18 His-
A467R 6xHis- RNTISGNIYSA-9R 39 L8A KYSFKLIAAEY-9R

19
A464N 9R- KYSFKLILAEY 40 ElOA KYSFKLILAAY-9R

20
A467N 9R-RNTISGN1YSA 41 Y llA KYSFKL1LAEA-9R

21 D-A464 d{KYSFKLlLAEY}-G-
9xd{R} 42

n?

MPX4 KYSFKLPLAEY-9R
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2.2.4 Enzyme-Linked ImmunoSorbent Assay (ELISA)

Cells’ responses to the various agonists were determined by measuring levels o f cytokine 

production using the “ sandwich”  Enzyme-Linked ImmunoSorbent Assay (ELISA) method. 

Polysterine microplates were coated with 100 |al/well o f specific capture antibody (diluted 

according to protocol, see table 2.3) in Ix  PBS overnight at room temperature. Then the 

plates were washed in 1% (v/v) PBS-Tween2000 by immersing the plates into the washing 

buffer and completely removing the liquid by inverting the plate 3-4 times. After the last 

wash the plates were left inverted onto the paper for 10-15 min to completely remove the 

washing buffer. Then the plates were blocked for 1 hour at room temperature with 300 

|al/well o f reagent diluent (1% (w/v) bovine serum albumin (BSA) in PBS). Before adding 

the samples the plates were washed as described above. 100 fil/w e ll o f samples diluted in 

the reagent diluent (see table 2.3 for sample dilutions) were incubated for 2 h at room 

temperature or over night at 4°C. Samples were then discarded and the plates washed as 

before ( i f  the samples were incubated overnight then the amount o f washes was increased 

to 7-8). 100 (al/well o f  the detection antibodies (diluted in the reagent diluent according to 

the protocol, see table 2.3) were added and incubated for 1-2 h at room temperature. After 

washing, 100 |al/well o f horseradish peroxidase (HRP) diluted 1:200 in the reagent diluent 

was added and incubated for 20 min at room temperature away from the direct light. After 

the final wash, 100 (il/w ell o f substrate reagent m ix (1:1) was added and incubated for 10- 

20 min. Reaction was stopped by adding 50 |j,l/well o f stop solution ( IM  H2SO4) and the 

colour development was read on the Multiscan Accent spectrometer (BioSciences, 

Co.Dublin, Ireland) at X= 450 nm with the corrections set at ?l=540 nm.
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Table 2.3. ELISA capture and detection antibody dilution factor

Antibody CA dilution DA dilution Sam ple dilution

m lN F a 1:180 1:180 1:10

hT N Fa 1:360 1:360 1:5

MIP-2 1:180 1:180 1:10

IL-8 1:180 1:180 1:10

hRANTES 1:180 1:180 1:3

mRANTES 1:180 1:180 1:3
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2.2.5 MTT assay

To assay the peptides and agonists for effects on cells’ v iab ility  the M TT (3-[4,5- 

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was used. M TT was 

purchased from Sigma and reconstituted in PBS to a concentration o f 1 mg/ml. Cells were 

seeded into 96 well plates and treated accordingly. On each plate three wells had no cells 

but medium only to serve as a blank. A fter medium was removed the cells were washed 

once with PBS by filling  up the wells with 200 |̂ 1 o f PBS and discarding the liquid by 

inverting the plate. The plate was left inverted on paper to blot out any remains o f PBS. 

200 [0,1 per well o f 1 mg/ml M TT solution was added directly to the cells and the plates 

were incubated at 37°C for 2 h wrapped in tin fo il. A fter the incubation the M TT solution 

was discarded and the crystals that formed were dissolved in 200 |al per well o f DMSO 

solution by incubating at 37°C for 20 min in the dark. The plates were read on a 

spectrophotometer at X.=595 nm.

2.2.6 Cell viability analysis by Annexin V staining

Fluoresceine isothiocyanate (FITC) labelled recombinant Annexin V was a kind g ift from 

S. Martin (T rin ity  College Dublin, Dublin, Ireland). Cells were resuspended in Annexin V- 

binding buffer (10 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCb, 

1.8 mM CaCb) containing 1 |^g/ml FITC-Annexin V and incubated for 15 min at room 

temperature. A fter the incubation 1 |ig/ml o f propidium iodide (PI) was added directly to 

the cells before analysing them by flow cytometry. Analysis was performed on 10,000 cell
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from each sample. The annexin V/PI stained cells were quantified as four fractions o f 

annexin V and PI negative (double negative), annexin V postive, PI positive and annexin V 

and PI double positive. The double negative fractions were expressed as percentage o f 

viable cells detected in the untreated control sample.

2.2.7 Plasmid transformation

The required amount o f tubes o f the competent E. coli strain NovaBlue™ or Rosetta- 

Gami™ B competent cells were left to thaw on ice. To ensure the cells were evenly 

suspended the tubes were gently inverted 3-4 times. 25 |al o f the bacterial cell suspension 

was transferred into a sterile 1.7 ml eppendorf mini-tube and 2 |il o f plasmid DNA solution 

was added to the competent cells. The mixture was left on ice for 5min and then heat- 

shocked in water bath at 42°C for 30 sec and then put back on ice for 2 min. 125 ml o f 

room temperature SOC medium was added to each tube and 50 ml aliquots were plated out 

onto Luria-Bertani (LB ) agar plates, containing 100 )J.g/ml ampicillin. In addition to 

ampicillin 15 ng/ml kanamycin, 34 jag/ml chloramphenicol and 12.5 |ig/m l o f tetracycline 

were added to the LB agar for Rosetta-Gami™ B strain. The colonies were grown for 16- 

18 hat37°C .

The plates with the transformed cells then were stored at 4°C for up to 7 days.
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2.2.8 Plasmid purification

Plasmids were purified using Novagen UitraMobius™ 1000 plasmid purification kit. 100 

ml o f ampicillin-containing LB broth was inoculated with a single colony o f the 

transformed cells and grown over night in a shaking incubator at 37°C with vigorous 

shaking at 180 rpm until optical density at 600 nm (OD600) o f 3-5 was achieved (12-16 

hrs). The cells were harvested by centrifugation at 5000x g for 10 min using a GSA rotor in 

a Sorvall RC5C Plus centrifuge and the supernatants were discarded. The pellets were 

resuspended in 8 ml bacterial resuspention buffer and 8 ml o f lysis buffer was added to lyse 

the cells for 5 min at room temperature. To neutralise the lysis buffer 8 ml o f neutralisation 

buffer was added and the sample was incubated on ice for 5 min. The insoluble fraction 

was removed from the lysates by centrifugation at 10,000x g for 2 min and cleared lysates 

were transferred into ClearSpin™ Filter units and centrifuged at 2,000x g for 3 min. To 

neutralise any endotoxin present in the filtered lysate 2.4 ml o f Detox Agent was added, the 

mixture was gently mixed and incubated on ice for 15 min. The lysates then were 

transferred into a Mobius 1000 Column and the entire volume was allowed to flow through 

by gravity. The column was washed with 20 ml Mobius Wash Buffer and the bound 

plasmids were eluted using 5 ml Mobius Elution Buffer. 3.5 ml o f room temperature 

molecular biology grade isopropanol was used to precipitate the eluted DNA. The insoluble 

fraction was separated by centrifugation at 15,000x g for 20 min. Supernatants were 

discarded and the pellets were washed with 3 ml 70% (v/v) room temperature ethanol. 

Isolated DNA was then resuspended in sterile water (0.1-0.5 m l) and stored at -20  °C. The 

concentration o f the plasmid DNA was determined using a UV spectrophotometer by
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measuring absorbances at 260 nm and 280 nm and the purity o f the samples was checked 

by running the samples on a 1% agarose gel stained with ethidium bromide.

2.2.9 Transient transfection using GeneJuice

HEK293 cells were transfected using GeneJuice®, a proprietary non-toxic transfection 

reagent composed o f a cellular protein and a small amount o f a novel polyamine. For 96- 

well transfection the cells were seeded at a density 1x10^ cells/ml in 200 |al/well and 

conditioned overnight in the cell culture incubator. The total amount o f the plasmid DNA 

transfected was kept at 230 ng per well using empty vector control pcDNAS.l as a balance. 

0.8 ^il o f GeneJuice was mixed with 9.2 |il o f serum-free DMEM (SFM) per transfection 

and incubated for 5 min at room temperature before adding the appropriate amount o f the 

plasmid DNA. GeneJuice/SFM/DNA mixture was then incubated for 15 min at room 

temperature before adding to the cells. 10 |j,l per well o f the fmal mixture was added to the 

cells in triplicate and the cells were allowed to recover for 18-20 h before stimulation. For 

6-well plate transfections, the total amount o f DNA used was 1-2 |ag, together with 8 |al o f 

GeneJuice and 92 )al o f SFM. For transfection in 90-mm dishes, 8 |u.g o f DNA was 

transfected together with 15 |al o f GeneJuice and 235 |il o f SFM. In all cases cells were 

harvested at least 24 h post-transfection.

2.2.10 Luciferase gene reporter assay

For the NFk B and ISRE reporter gene assays, 60 ng per well o f either KB-luciferase or

ISRE-luciferase reporter gene plasmids were added. Both NFk B and ISRE reporter gene
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plasmids contain a luciferase gene downstream from the promoter o f the interest. 

Activation o f the the promoter o f interest leads to expression o f the luciferase gene, which 

is then assayed as a measure o f the induction o f the promoter o f interest. As a constitutively 

active internal control, 20 ng per transfection o f /?e«/7/a-luciferase gene reporter construct 

was added to the cells. Stratagene PathDetect System'^’̂  was used for measuring levels of 

IRF3 activation. Here, the pFR-luciferase reporter plasmid contains a synthetic reporter 

with 5 repeats o f yeast Gal4 binding sites that control expression o f the firefly-luciferase 

gene. The cells also were transfected with 3 ng o f a plasmid expressing a Gal4-IRF3 fusion 

protein. The Gal4 DNA-binding domain (DBD) of the fusion trans-diZiivdXov protein binds 

to the reporter plasmid at the Gal4 binding sites. Phosphorylation o f the transcription 

activation domain IRF3 of the fusion trans-activator protein activates transcription o f the 

luciferase gene from the reporter plasmid. Therefore, luciferase activity reflects the 

activation o f 1RF3. As before, luciferase gene reporter plasmid was used as an

internal control.

2.2.11 Preparation of cellular lysates

Cells were transfected as described above in 96 well plates. The cells were harvested 6 h 

post-stimulation or 24 h post transfection for protein expression. The medium was removed 

by inversion o f the plate and the cells were lysed for 20 min using 50 |al o f Passive Lysis 

Buffer (Promega, Madison, Wisconsin, USA) with vigorous shaking. 20 ^1 o f the lysates 

were placed in two different plates to analyse for Firefly and Renilla luciferase activity. For 

Firefly-luciferase 40 |jl of luciferase assay mix (20 mM tricine, 1.07 mM
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(MgC0 3 )4M g(0 H )2 5H20, 2.67 triM MgS0 4 , 0.1 M EDTA, 33.3 mM DTT, 270 mM 

coenzyme A, 470 mM luciferin and 530 mM ATP) was used. For Renilla luciferase activity 

40 |il o f coelentrazine (2|ag/ml in Ix PBS) was used as a substrate. The samples were 

analysed using a Reporter microplate luminometer (Turner Designs). F irefly luminescence 

readings were corrected for Renilla activity and expressed as fold induction over 

unstimulated empty vector control.

2.2.12 Preparation of whole cell lysates for Western Blot analysis

For detection o f endogenous proteins either RAW264.7 cells were seeded at 1x10^ cells/ml 

or iBM D M  cells were seeded at 1.5-2 xlO^ cells/ml in 6 well plates. A fter necessary 

treatment the medium was removed and the cells were washed once with Ix  PBS before 

scraping them into 100 |.il o f Ix  Sample Buffer (SB) (12.5mM fris  pH 6.8, 0.4% (w/v) 

SDS, 2% (v/v) glycerol, 0.04% (w/v) bromophenol blue, lOmM DTT). Samples were 

heated at 99°C for 5 min and then frozen.

For detection o f the over-expressed proteins and His-pulldown assays, HEK293 cells were 

seeded at 1x10^ cells/ml in 100 mm dishes. 24 h post-transfection medium was removed 

and cells were washed once with sterile Ix  PBS on ice. Cells then were scrapped into 950 

|al 1% NP-40 lysis buffer (lOOmM NaCl, 50mM HEPES (pH 7.5), Im M  EDTA, 1% v/v 

NP-40, 10% v/v glycerol, 5 |il/m l aprotinin, 10 mM sodium orthovanadate and 10 mM 

phenylmethylsulfonyl fluoride (PMSF)) and incubated on ice for 40 min. For His- 

pulldowns lysis buffer also contained 50 mM imidazole. Samples were centifuged at
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10,000x g for lOmin and supernatants collected into clean 1.7 ml eppendorf mini centrifuge 

tubes and stored at -20°C.

2.2.13 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

NETN cell lysates with a known protein concentration were diluted with water to obtain a 

concentration o f 30-40 f^g/ml in each sample for accurate loading. Then 20 |a1 o f the diluted 

samples were mixed with 5x Sample Buffer (62.5mM Tris pH 6.8, 2% (w/v) SDS, 10% 

(v/v) Glycerol, 0.1% (w /v) Bromophenol Blue, 50mM DTT) and heated for 5 min at 99°C. 

Samples lysed in Ix  sample buffer were defrosted on ice and boiled for 5 min.

A ll samples were cooled to room temperature and resolved on sodium dodecylsulphate 

(SDS) polyacrylamide gel. Samples were first loaded onto stacking gel (3.3ml 30% (w/v) 

bisacrylamide mix, 2.5ml 0.5M Tris-HCl (pH 6.8), 100|il SDS, 4.1ml ddH^O, 50|j,l 

IO%(w/v) ammonium persulphate, 10)al TEMED) and run at constant voltage o f lOOV to 

condense the proteins and then at 150V through a resolving gel (3.3ml 30% (w/v) 

bisacrylamide mix, 2.5ml 1.5M Tris-HCl (pH 8.8), 100|.il SDS, 4.1ml ddH20, 50)il 

10%(w/v) ammonium persulphate, 5^1 TEMED) to separate the proteins according to their 

molecular mass. The wide range (7 kDa-175 kDa) pre-stained protein markers from E. coli 

were used as molecular weight standards.
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2.2.14 Protein transfer to membrane

The resolved proteins were transferred to Immobilon™ polyvinylidene difluoride (PVDF) 

membrane (Sigma) using a Fastblot B44 semi-dry transfer system (Biometra, 37079 

Gottingen, Germany). The membrane was cut to gel size and activated by soaking in 

methanol for 5 min. Whatman filte r paper was cut to the membrane size and soaked in 

transfer buffer (25mM Tris-HCl (pH 8.0), 0.2M glycine, 20% (v/v) methanol). The 

membrane was placed on three pieces o f wet filter paper, followed by the gel, followed by 

a further three pieces o f the soaked filter paper. The lid o f the apparatus was firm ly  closed 

and the transfer was carried out at 0.15 A for 45 min.

2.2.15 Western blotting

Membranes were blocked for 1 hour at room temperature or overnight at 4°C in appropriate 

blocking buffer: 5% (w /v) Marvel™ (non-fat dried m ilk) in 1% (v/v) PBS-Tween 2000 was 

used for Ik B, total JNK, (i-actin, total p38, HA-tag or Flag-tag immunoblotting. For 

phospho-JNK, phospho-p38 and GST the membranes were blocked in 5% (w/v) Marvel™ 

(non-fat dried m ilk) in 1% (v/v) TBS-Tween (137 mM Sodium Chloride, 20 mM Tris, 

0.1% Tween-20, pH 7.5). The membrane was then incubated in the relevant primary 

antibody diluted 1:1000 in either 5% (w/v) Marvel™ in 1% (v/v) PBS-Tween for Ik B, total 

JNK, p-actin and total p38, HA-tag or Flag-tag, or in 3% (w/v) BSA in l% (v/v) TBS- 

Tween for phospho-JNK, phospho-p38 and GST for 2 h at room temperature or overnight 

at 4°C. After incubation w ith primary antibody the membranes were washed for 5 min in 

30ml o f 1% (v/v) PBS (or TBS)-Tween five times. The membranes then were incubated in
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appropriate secondary antibody labelled with either HRP-linked enzyme or IRDye infrared 

dyes for 1-2 h at room temperature or over night at 4°C. The membranes were washed 

again as described above and then blots with HRP-linked antibodies were developed by 

applying approx. 2.5 ml per blot o f home-made enhanced chemi-luminescence (ECL) 

solution (1ml 250mM luminal, 0.44ml 90mM p-Coumaric acid, IM  Tris-HCl pH 8.5 mixed 

with IM  Tris-HCl pH 8.5 with 0.018% (v/v) H2O 2 ) and signal was detected using Fuji 

autorads. Blots incubated with IRDye® secondary antibodies were scanned on an 

Odyssey® Imager (LI-COR).

Then the required blots were stripped o f the previous antibody using 10ml o f Re-Blot Plus 

(Chemicon) for 15min with vigorous shaking. The membranes then were rinsed with 

ddH^O and immunoblotted for another protein as normal.

2.2.16 Coomassie staining

Resolved gels were soaked in Coomassie-Blue stain (50% v/v methanol, 10% v/v glacial 

acetic acid, 2.5 g/L Coomassie Blue Dye, water) for 1 h and then washed several times 

with the de-stain solution (50% v/v methanol, 10% v/v glacial acetic acid, water) until 

protein bands were clearly visible.

2.2.17 Expression of GST-fusion proteins

Plasmids pGEX.4T2 containing the TIR domains o f Mai, TRAM , TLR3 or TLR4 or 

pGEX.4T2 on its own were transformed into E. coli R o s e t t a - g a m i ^ M  B Host Strains 

(Novagen) and grown overnight at 37°C in LB broth in the presence o f ampicillin for
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pG EX .4T2, and also ch loram phenico l, kanam ycin  and tetracycline for the pG E X .4T 2  with 

T lR -conta in ing  proteins. 10 ml o f  overnight culture was transferred  into IL  o f  Terrific  

Broth supplem ented with the antibiotics and grown at 37°C  until ODeoo ~  0.5 w as reached. 

Then the protein expression  w as induced with 0.5 m M  IPTG at 18°C for G S T -T L R 4  and 

G ST-TLR3 for >24 h and 30°C  for G ST, G ST -M al,  G S T -T R A M  and G S T -B V R a  for =  5 

h. The cultures were centr ifuged at 11 Ox g for 10 min using G S A  rotor in a Sorvall RC 5C  

Plus centrifuge at 4°C  in 250 ml tubes. The supernatants were  decanted  and cell pellets 

were frozen at -70°C.

The cell pellets were  defrosted  on ice and lysed on ice in e ither Low  Salt Extraction Buffer 

(300 mM  N aC L , 1 m M  E D T A , 20 m M  Trizm a base, 1% Triton X-100 , 2 |^l/ml Protease 

Inhibitor Cocktail, 5 |al/ml Aprotin in , 10 m M  sodium orthovanadate  and 10 m M  P M S F ) for 

G ST-pulldow n or in 1% N P -40  lysis buffer for H is-pulldowns. The resuspended  pellets 

were transferred to 30 ml centrifuge tubes and each sample was sonicated  on ice 4 t im es for 

2 min with 25%  duty  cycle and 25%  output pow er on ice. The  sam ples  were allow ed to 

stand on ice for at least 5 m in  between the sonication cycles.

After the sonication lysates w ere  cleared by ultra-centrifugation in a SS-34 ro tor at 10,000x 

g for 30 m in at 4°C. The supernatan ts  were collected into sterile 50 ml tubes. 10 |al o f  5x 

SB (62.5m M  Tris pH 6.8, 2%  (w/v) SDS, 10% (v/v) Glycerol, 0 .1%  (w /v) B rom ophenol 

Blue, 50m M  D TT) w as  added to 40 |.il o f  cleared lysates to check for protein expression 

levels by S D S -P A G E  and C oom assie  staining (50%  M eO H , 10% Acetic  acid, 1% Brilliant 

Blue R-250) o f  the gel.
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2.2.18 Affinity purification of the GST-fusion proteins

For GST-pulldown assays 500 |l i 1 o f washed glutathione (GSH) sepharose beads (50% 

slurry) was added to the cleared bacterial lysates prepared as described in 2.2.18. The 

mixture was incubated on a roller for 12-14 h at 4°C. A fter the incubation the beads were 

pelleted by centrifugation at l,000x g for 2 min and the lysates were carefully removed. 

The beads were then washed by resuspending them in 20 ml o f high salt lysis buffer (600 

mM NaCL, 1% Triton X-100, 5 |.il/ml Aprotinin, 10 mM sodium orthovanadate and 10 mM 

PMSF) and rolling at 4°C for 5 min. The centrifugation and washing step were repeated 5 

times. After the last wash the lysis buffer was removed completely using a gel-loading tip 

and 250 |il o f fresh high salt lysis buffer was added to create a 50% slurry. GSH beads 

containing the overexpressed GST-tagged proteins (further referred as the bound beads) 

were diluted with the clean washed GSH beads in order to obtain approximately equal 

amount o f the bound proteins in each sample. For example, GST-TLR4 and GST-TLR3 

were most weakly expressed and were always used neat, whereas GST, GST-Mal, GST- 

TRAM  and GST-BVRa expressed much stronger. In order to obtain the gel bands 

comparable to GST-TLR4 beads with bound GST, GST-Mal and GST-TRAM were further 

diluted 1:30. The beads with GST-BVRa were usually diluted 1:200. 10 |.il o f the neat and 

diluted GSH beads were resuspended in 25|al o f 3x SB and levels o f the proteins present in 

each sample were checked by SDS-PAGE and Coomassie staining o f the gel.
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2.2.19 Affinity purification of the protein complexes using GST-fusion 

proteins

HEK293 cells were seeded at a density 1x10^ cell/ml into 100 mm dishes 24 h before 

transfection with GeneJuice as previously described. Protein was expressed for a minimum 

o f 24 h after which medium was removed and cells were scraped into 1 ml sterile Ix  PBS. 

Cell were pelleted by centrifugation at 1 lOx g for 5 min and the supernatant was carefully 

discarded. The pellet was lysed in 850 |al o f 1% NP-40 lysis buffer (lOOmM NaCl, 50mM 

HEPES (pH 7.5), Im M  EDTA, 1% v/v NP-40, 10% v/v Glycerol, 5 ^ l/m l Aprotinin, 10 

mM sodium orthovanadate and 10 mM PMSF) and incubated on ice for 40 min. Lysates 

were cleared by centrifugation at 16,000x g for 10 min and supernatants were removed into 

fresh sterile 1.7 ml eppendorf tubes. 10 |il o f 5x SB was added to 40 |j 1 o f cleared lysates, 

which were then boiled and frozen. To the remaining 810 |il o f the cellular lysates 40 |il o f 

GST-protein-containing GSH beads were added and the mix was incubated for 2 h rolling 

at 4°C. The beads then were washed by adding 1 ml 1% NP-40 lysis buffer and 

centrifugation at l,000x g for 2 min. The supernatants were carefully removed and the 

washing step was repeated 5 times. After the last wash the supernatant was fu lly  removed 

using the gel-loading tip and 35 (il o f Ix  SB was added to each tube. Samples were boiled 

for 5 min and resolved on 10% v/v sodium dodecyl sulphate (SDS) polyacrylamide gel. 

The resolved proteins were transferred to PVDF membrane and immunoblotted for the 

corresponding protein.

146



Chapter 2 -  Materials and Methods

2.2.20 Histidine pulldown assay

HEK293 cells were transfected and lysed as described in 2.2.12. 300 |il o f the whole-cell 

lysates were incubated with both 25 |j.M o f 6x Histidine-tagged peptide and 40 i^L o f nikel 

(Ni)-agarose beads for 2 h with rolling at 4°C rolling to avoid sedimentation o f the beads. 

To exclude non-specific binding, the remaining 300 |al o f the lysates were also incubated 

w ith the Ni-agarose beads only (control). A fter incubation beads were washed 5 times in 

NETN lysis buffer with 50 mM imidazole. A fter the fmal wash the buffer was completely 

removed using gel-loading tips and the beads were resuspended in 35 |al o f Ix  SDS sample 

buffer. Samples were boiled for 5 min and resolved on 10% w/v sodium dodecyl sulphate 

(SDS) polyacrylamide gel. The resolved proteins were transferred to PVDF membrane and 

immunoblotted for the corresponding protein.

2.2.21 Infection of wt iBMDM cells with live wt VACV WR

W ild type iBM DM s were seeded at 2 x 10  ̂ cell/ml in 6-well plates 24 h before the 

treatment. The peptides were added to the cells at concentrations 5 )iM  1 h before the 

infection. The viral stock was thawed on ice and carefully resuspended. The cells were 

either mock-infected or infected with 10 M OI o f wt VAC V WR strain and incubated at 

37°C for 3 or 6 h. The volume o f the virus stock added to the cells was calculated by using 

the fo llow ing formula:

Volume o f virus stock (m l) = MOI x cell densitv (cell/m l) x volume o f medium (ml)

Virus stock titre
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After the incubation the medium was carefully removed by vacuum suction and the cells 

were washed once with ice-cold sterile Ix PBS. The cells were lysed on ice and the lysates 

were assayed for cytokine mRNA induction by quantitative real-time polymerase chain 

reaction (qRT-PCR).

2 .2 .22  Q uan tita t ive  RT-PCR

wt iBMDMs were seeded at 2 xlO^ cell/ml in 12- or 6-well plates 24 h before treatment. 

Cells were treated with the peptides and stimulated with the agonists according to figure 

legends. The RNA isolation was done using High Pure RNA isolation kits (Roche Applied 

Science). 200 |al o f  sterile Ix PBS and 400 |il o f  Lysis/Binding buffer was added to the 

washed cells. Lysates were transferred to the High Pure Filter Tubes and centrifuged at 

10,000x g for 15 s. After this the flow through was discarded from the collection tube. 10 

|il/sample o f  DNase 1 was added to 90 |il/sample o f  DNase incubation buffer and the mix 

was pipetted into the filter tube allowing it to flow through. After the incubation for 15 min 

at room temperature 500 )al o f  Wash Buffer 1 was added to the Filter Tubes and centrifuged 

for 15 s at 10,000x g. The flow through was again discarded from the Collection Tube and 

500 |il o f  Wash Buffer 11 was added to the Filter Tube. The tubes were centrifuged once 

more. Then 200 |al o f  the Wash Buffer II was added to the Filter Tube and centrifuged for 2 

min at 10,000 rpm to remove any residual buffer from the filter. At last the RNA was 

eluted by transferring the Filter Tubes into clean sterile eppendorf tubes and adding 50 |il 

o f  Elution Buffer and centrifuging for 1 min at 10,000x g. Amount o f  eluted RNA was 

quantified by spectrophotometry using NanoDrop 2000 from Thermo Scientific.
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Reverse transcriptase PCR was done using QIAGEN One-Step RT-PCR Kit. Firstly a 

master mix containing per sample 2 |al 5x QIAGEN OneStep RT-PCR Buffer, 0.5 )al of 

dNTP Mix (containing 10 mM of each of dNTP), 0.5 |il o f  random primers (hexamer 

containing 50:50 G-C and A-T nucleotides), 0.25 )j,l RNAseOUT, 0.25 )j 1 RT-PCR Enzyme 

Mix and 1.5 |al o f RNase-free water was made up. The master mix was thoroughly 

resuspended and 5 |il added to the clean PCR tubes. Then 5 |il o f the isolated RNA samples 

was added to the PCR tubes containing Master Mix (total 10 |al) and the reverse 

transcription reaction was performed using the following cycle:

10 min at room temperature (RT), 30 min at 42°C, 3 min @ 95°C, down to RT.

Finally, 40 |al o f RNase-free water was added to the cDNA obtained as the result of the 

reverse transcription in the previous step and samples were stored at -20°C. 

qRT-PCR was done using GoTaq® qPCR Master Mix. For each o f the mRNA analysed a 

separate reagent mix was prepared, which contained per sample 2.5 |il GoTaq® qPCR 

Master Mix, 0.5 |il o f each forward and reverse primers o f the gene o f interest, 1.5 |o.l of 

RNase-free water and appropriate amount o f the CXR reference dye was added (final 

dilution 1:100). 5 |il of the reagent mix and 5 |il of the cDNA/water mix was added per 

well o f the Thermo-Fast 96 well PCR plate. The quantitative RT-PCR w'as performed using 

A&B PCR machine using Fast 7500 run mode with the following cycles: 2 min @ 95°C, 

then 40 cycles o f 3 sec -  95°C, 30 sec- 60°C.
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2.2.23 Confocal microscopy

Sterile cover slips were placed inside the wells o f a 6-well plate and wt iBM D M  cells were 

seeded onto the cover slips at 1.5x10^ cell/ml 24 h before treatment with the peptide. The 

next day 5 |aM FITC-labelled peptide was added to the cells for 1 h. The supernatants were 

removed and the cells were carefully washed with sterile Ix  PBS. After the PBS was fu lly  

removed the cells were fixed on the cover slips by incubating them in 500 )il o f 4% v/v 

paraformaldehyde (PFA) solution for 15 min at room temperature. A fter the PFA was 

discarded the cells were washed twice with Ix  PBS and once with distilled water. The 

coverslips then were aspirated to remove any residual water and mounted onto the 

microscope slide using 3 (il o f DAPI-containing Mowoil. The cover slip was placed “ cell- 

side”  down on top o f the M owoil drop. The slides were allowed to dry for at least 30 min 

in the dark before viewed under the Olympus FVIOOO Point-Scanning Confocal 

Microscope.

2.2.24 Identification of peptide-protein complex by measuring fluorescence 

intencity

In order to attempt to measure binding o f the peptide to the target protein, the FlTC-tagged 

peptide was incubated w ith the GST-tagged TlR-domains o f the adaptor proteins, which 

were expressed and a ffin ity  purified on GSH-beads as described in 2.2.18 and 2.2.19. The 

amount o f protein bound to the beads was assayed by SDS-PAGE and Coomassie staining. 

30 |i,l o f the bound beads were resuspended in 300 ^1 o f Ix  TBS (pH 7.5) and 25 |iM  o f
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FITC-peptide was added to the beads. The samples were incubated with 2 h rolling at 4°C 

to avoid sedimentation o f the beads. After the incubation the samples were centrifuged for 

3 min at l,000x g and the supernatants were carefully removed. The beads were washed 3 

times in TBS-Tween with the final 2 washes in TBS. A fter the last spin the beads were 

resuspended in 350 |al o f TBS and plated out into black flat-bottomed 96-well plates at a 

100 |il/w e ll in triplicates. The intensity o f fluorescence from the beads was measured on 

the dual-monochromator microplate spectrofluorometer SPECTRAmax® G EM INI XS, 

using the SOFTmax® PR03.1 software.

2.2.25 Fluorescence Polarisation (FP) assay

GST-tagged TIR-domains o f the adaptor proteins and bereverdine a (BVRa), which does 

not contain TIR domain and was used as an intracellular control protein, were expressed as 

described in 2.2.18. Levels o f the proteins in the cleared lysates were assayed by SDS- 

PAGE and Coomassie staining. The lysates were diluted with the lysis buffer to obtain 

comparable levels o f the GST-tagged proteins in the lysates. GSH-coated plates were 

rinsed once in the Ix  TBS and the remaining buffer was removed from the wells by 

suction. O f note, blotting on the paper to remove the residual liquid must be avoided as the 

small paper fibres usually remain on the walls and the bottom o f the wells and can interfere 

with the readings. The wells were incubated with 200 (il o f the lysates for 2 h at 4°C. After 

the incubation the lysates were discarded and the wells were washed 3 times in Ix  TBS- 

Tween and 2 times in Ix  TBS. FITC-labelled peptide was diluted in Ix  TBS to the required 

concentrations and 100 |il o f the dilutions were added to the wells as required.
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For the competition binding assay 100 )il o f  50 nM  FITC-peptide in TBS was added to all 

the wells and non-labelled peptide was added at the final concentrations 0, 10, 50, 100 and 

500 nM.

The fluorescence polarisation was measured on PHERAstar M ultidetection microplate 

reader (BM G  Labtech, O ffenburg/Germany). Excitation wavelength was 485 ±  6 nm and 

emission was detected at 520 ±  15 nm in both channels. For each independent experiment, 

the gain o f  the parallel and perpendicular channel was calibrated so that 5 nM o f  FITC- 

peptide had a polarization value o f -30 -40  mP. The final volume o f each 96-well plate well 

was 200 |.d w ith  TBS. Data analysis was conducted using PHERAstar software V 1.60 

(BM G  LABTECH, Germany) and M icrosoft O ffice Excel 2003 Professional Edition for 

PC (M icrosoft, Seattle, Washington).

2.2.26 Statistical analysis

Statistical analysis was carried out using unpaired Student’ s t-test, unless otherwise stated. 

Two-tailed p values were obtained comparing groups treated w ith  peptide and LPS versus 

LPS only or untreated control samples. The data are expressed as mean ±  SD o f  triplicate 

samples.
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3.1 Introduction

V accin ia  v irus protein A46 is involved in interfering with T L R -m ed ia ted  signalling by 

in teracting  w ith  adaptor proteins Mai, M yD 88, T R A M  and T R IP  and the TIR dom ain  o f  

T L R 4  (Stack, H aga  et al. 2005). It also w as show n to b lock  T L R - and IL-1-induced 

ac tivation o f  both N F k B and M A P  kinases, by in terfering w ith  M yD 88-dependen t 

s ignalling, and interaction o f  A46 with TRIP resulted in com ple te  inhibition o f  T L R 4- and 

T L R 3-induced  activation o f  IRF3-dependent prom oter  by A 46 (Stack, H aga et al. 2005). 

The only  TIR  dom ain-contain ing adaptor protein with w hich  A 46  did not interact was 

SA R M , w hich  is consistent with the fact that S A R M  is a negative  regulator o f  T LR  

signalling  (Carty , G oodbody  et al. 2006). A46 contains three conserved  sequence  motifs o f  

T IR  dom ain  and therefore it was assumed that A 46 has a T IR -like  fold through which it 

engages  in hom otypic  interactions with other TIR dom ain -con ta in ing  proteins (Stack, Haga 

et al. 2005). Based on the sequence similarities with T IR  dom ains ,  full length A46 (1-240 

aa) w as  m odelled  on the modelled structure o f  the T L R 4  T IR  dom ain , Mai and TR A M . 

This  predicted  that A46 would also dimerise with o ther T IR  d om ains  via the BB-loop as 

show n  in P igure 1.17.

T he  num bers  o f  au to im m une diseases, in pathogenesis  o f  w hich  T L R s play a key role, are 

rapidly grow ing . Thus, TLR s were show n to participate in d eve lopm en t o f  rheumathoid 

arthritis  (RA ), asthma, atherosclerosis, Alzheim er's ,  system ic lupus ery them atosus (SLE) 

and m an y  others (Zuany-A m orim , Hastewell et al. 2002; O 'Neill  2006; Y an and Hansson 

2007; Barrat and C offm an 2008; Stewart, Stuart et al. 2010). In light o f  this various small 

m olecu le  inhibitors o f  TLR s are constantly  em erg ing  as potential therapeutic  agents for
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treatment o f  the autoimmune and inflammatory diseases (Romagne, 2007). However, 

design o f  CPP derived from the signalling proteins which act as a dominant negative o f  the 

parental protein are considered to be a more rational approach, as they represent the 

interaction surface o f  the signalling protein and able to inhibit signal trusnduction in a 

dominant-negative manner. Such peptides were derived from the BB-loop o f  the TIR 

domains o f  TLR2, 4, 1, 6, Mai or MyD88 and were shown to interfere with 

homodimerisation o f  the TIR domains (Low, Mortlock et al. 2007; Toshchakov, Fenton et 

al. 2007; Toshchakov and Vogel 2007; Fanto, Gallo et al. 2008). Similarly, N F kB- 

inhibitory peptides were derived from the Coiled Coil 2 (CC2) and Luecine Zipper (LZ) 

domains o f  N EM O which represent its minimal oligimerisation domain (Agou, Courtois et 

al. 2004).

Given that viral inhibitors o f  TLR signalling likely represents an evolutionary refmed 

strategy to inhibit TLR signalling, understanding how it functions at the molecular level 

will help to further explain the molecular interactions underlying TLR signalling, and also 

may lead to the development o f  specific therapeutic agents. Based on this, and the success 

o f  BB-loop CPPs, using peptides derived from viral TLR inhibitory proteins may be an 

optimal approach. McCoy et al. previously reported that a peptide derived from the VACV 

protein A52, named P I 3, inhibited signalling by several TLRs and inner ear inflammation 

in vivo in mice (McCoy, Kurtz et al. 2005).

Based on successful development o f  the host decoy inhibitory peptides and the A52- 

derived peptide P I 3 we designed a number o f  A46-derived peptides. These peptides were
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designed from the 2 regions o f A46 protein o f  the VACV, which included putative BB- 

loop and the CD-loop o f the A46 protein were shown to play an important role in inhibiting 

signalling via TLRs, as identified by performing deletion studies (Dr. M. Schroder, 

personal communication) Figure 3.1 A.

The aim o f  this work was to investigate whether A 46-derived peptides were able to 

recapitulate the inhibitory properties o f  A46 on TLR signalling and to investigate whether 

any o f  the identified peptides hold the potential for further developm ent as a therapeutic 

agent. Furthermore, dissecting region o f A46 which was shown to be important for 

inhibition into small peptides may aid in identification o f  the am ino acids within the A46 

sequence important for its interaction with the TIR dom ain-containing proteins and/or 

inhibition o f  TLR signalling. Identification o f these evolutionary refined binding motifs on 

the A46 will provide the insight into interactions between the viral and host proteins.

The 15 peptides were designed to be 11 amino acids long based on the length o f  the P13 

peptide (M cCoy, Kurtz et al. 2005). Each preceding peptide is overlapped with the 

subsequent one by 5 amino acids to avoid disrupting the possible inhibitory m o tif These 

peptides were linked to the homopolymer delivery sequence o f 9 Arginine (9R) on their C- 

termini, which is a very effective peptide delivery vehicle which was shown to deliver 

cargo into the cells 10 or 20-fold faster then other widely used delivery sequences such as 

Antennapedia43_58 or TAT 47.59 respectively (W ender, Mitchell et al. 2000).
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A.
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FVKDMICCDSRIWALSSLVSKHWET.TNKKYRCMALAEH ISD SIPISE S 
CD DD

RLRY NLCKY LRG HTESIEDK FDY FEDD DSSTCSAV TDRETD V

Figure 3.1. Sequence of the Vaccinia Virus A46 protein and the location of the A46- 

derived peptides

A: The schematic representation o f A46 deletions tested by Dr M. Schroder 

B: Sequence o f VACV WR A46: the region from which the peptides were derived is in 

blue (the putative secondary structures such as BB-, CD- and DD-loops underlined). In red 

are the numbers o f each of the peptides on the sequence, positioned above the first amino 

acid of a peptide. The black arrows indicate the amino acids at which the deletions shown 

in (A) were made.
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3.2 Results

3.2.1 Assaying the A46 peptides for biological activity in vitro

The A46-derived peptides were named as A46X, where X is a number o f a peptide in the 

order it appeared on the protein sequence (see Figure 3 .IB ). The names and sequences o f 

each o f the peptides are presented in Table 2.2. O f note, peptides A4612 and A4615 were 

insoluble in water and therefore were excluded from the experiments.

The murine macrophage cell line RAW264.7 was chosen for assaying the effect o f the 

peptides on TLR-stimulated gene induction. These cells showed very potent cytokine 

production when stimulated with 1 |ig/ml CpG, thus allowing me to test i f  any o f the 

peptides can affect MyD88-dependent signalling through TLR9. Unmethylated CpG 

dinucleotides o f bacterial DNA sequences are detected by TLR9, which leads to 

production o f pro-inflammatory chemokines and cytokines, including MIP-2 and TNFa 

(Latz, Schoenemeyer et al. 2004).

3.2.1.1 Peptide A463 inhibits CpG-induced MIP-2 secretion

Water-soluble A46-derived peptides were added to the cells at concentrations 5 and 20 |^M 

I h before stimulation with 1 |ig/ml CpG. Supernatants were collected 24 h post

stimulation and assayed by ELISA for TLR-induced murine pro-inflammatory chemokine 

MlP-2 (De Filippo et al., 2008). Only peptide A463 inhibited CpG-induced MlP-2 

secretion with more potent effect at 20 |aM (Figure 3.2A)
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3.2.1.2 Peptide A469 inhibited CpG-induced TNFa production

The supernatants from the previous experiment were also assayed for an effect o f the 

peptides on CpG-induced secretion o f TNFa. Another peptide A469 was found to inhibit 

CpG-induced TNFa (Figure 3.3B), although it showed no effect on M lP-2 (Figure 3.2B). 

Peptide A463 also somewhat inhibited TNFa secretion, although less potently then A469 

(Figure 3.3A).

3.2.1.3 Peptides A464 and A4610 inhibited LPS-induced TNFa secretion in 

human cells

Nowadays researchers are becoming more aware about interspecies differences in cellular 

responses to various compounds (Collins, 2001). It is also well known that the levels o f 

expression o f different TLRs and signalling proteins vary between species resulting 

sometimes in dissimilar responses to a given molecule (McCoy and O'Neill, 2008). 

Therefore, the peptides were also assayed for any effects on cytokine production in a 

human macrophage cell line. The U937 Human leukaemic monocyte lymphoma cell line 

was used to investigate the effects o f the peptides on LPS-induced cytokine production. 

U937 cells require treatment with PMA to differentiate into macrophages. Thus, PMA at a 

concentration o f 200 nM was added to the cells for 24 h before addition o f the peptides. 

The A46 peptides were added to the cells as described for RAW264.7 above and the cells 

were stimulated with 100 ng/ml LPS for 24 h. Two peptides, A4610 and A464 showed 

significant inhibition o f LPS-induced hTNFa (Fig 3.4).
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Thus 4 TIR-inhib itory peptides, namely A463, A464, A469 and A4610, were identified as 

the potential candidates for further investigation. These peptides showed inhibition o f 

cytokine production in human or murine cells w ith some specificity to either TLR9 or 

TLR4. Thus, A463 and A469 showed inhibitory effect on TLR9-mediated cytokine 

production, while A464 and A4610 inhibited LPS-induced TNFa production. A more 

detailed investigation into inhibitory potential o f 3 o f the identified peptides A463, A469 

and A4610 is described in this chapter while work on A464 is described in the following 

chapters.

3.2.2 Investigating the inhibitory potential of A463 peptide

3.2.2.1 A463 marginally inhibits CpG-induced TNFa in murine cells

A463 was identified as a peptide that showed potent inhibitory effect on CpG-induced 

MlP-2 and to a lesser extent on mTNFa production in RAW264.7 cells. Therefore the next 

step was to further investigate the peptide’s potential to inhibit TLR9-mediated signalling. 

A463 peptide was added to RAW264.7 cells at the concentrations 5, 20 and 50 |iM . In this 

experiment I included higher dose o f the peptide 50 |iM  to test i f  increasing the 

concentration would increase the inhibition. As before, after adding the peptide cells were 

stimulated with 1 |J.g/ml CpG for 24 h and supernatants were assayed for TNFa by ELISA. 

A463 peptide showed some dose-dependent inhibition o f CpG-induced mTNFa 

production in RAW264.7 (Figure 3.5A) although less potent then expected. To test
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w hether the inhibition w as due to cytotoxicity  o f  the peptide, cell viability w as m easured 

by M T T  assay. M T T  m easures  activity  o f  mitochondrial reductase, which  can be related to 

the num ber o f  living cells (Alley, Scudiero et al. 1988; D om art-C oulon , A uzoux- 

Bordenave et al. 2000). T he  sim ultaneous M T T  assay showed that the trea tm ent with CpG 

alone reduced the viability  o f  the cells (Figure 3.5B). The peptide did not reduce viability 

o f  the cells w hen  added  at 5 | iM , but showed dose-dependent cytotoxicity  at concentrations 

20 and 50 | iM  in both s tim ulated  and unstimulated cells. H um an T L R 9 is found to be 

expressed and responsive  to C pG  only on freshly isolated hum an p lasm acyto id  DCs 

(Iwasaki and M edzh itov , 2004) and therefore the effect o f  A463 on hum an T LR 9- 

mediated s ignalling  w as not tested at this point.

3.2.2.2 Peptide A463 reduces LPS-induced TNFa production in murine cells

Next, the peptide was assayed for effects on LPS induced cytokine production by 

RA W 264.7  cells. T he  peptide was added to the R A W 264.7  cells as described in the 

previous experim ent and the cells were  stimulated with 100 ng/ml LPS for 24 h. A463 

peptide inhibited L PS-induced  m T N F a  in murine cells in a clear dose-dependen t m anner 

(Figure 3.6A). H ow ever,  s im ilarly  to the previous experim ent the peptide a lso  reduced cell 

viability at concen tra t ions  o f  20 and 50 j^M as show n by M T T  assay (F igure  3 .68 ) .

3.2.2.3 Peptide A463 reduces LPS-induced TNFa production in human cells

THP-1 cells were  used as a hum an  m acrophage model in this and fu ture  experim ents 

instead o f  U 937 as these cells were  w idely  used in the lab at the time and the conditions

160



Chapter 3 -Identification o f  A 46-derived TIR inhibitory peptides

required for working with these cells were already optimised. THP-1 cells were 

differentiated with 200 nM PMA 24 h before treatment. A463 was added at concentrations 

5, 10, 20 and 40 )iM 1 h before stimulation with 10 ng/ml LPS. In this experiment the 

supernatants were collected 6 h after stimulation instead o f  24 h, because it was shown that 

early human T N F a  production by these cells was at its highest after only 4-6 h post

stimulation (Takashiba et al., 1999). This was also true for murine T N F a  as was 

established during the course o f  this project. Therefore, in the majority o f  further described 

ELISA experiments supernatants were harvested 6 h after stimulation when assaying for 

T N F a  unless otherwise stated.

it was found that A463 peptide inhibited human LPS-induced T N F a  in a dose-dependent 

manner (Figure 3.7A). However, this effect was most likely due to the peptide’s 

cytotoxicity as shown by simultaneous MTT assay, which also showed clear dose 

dependent reduction o f  cell viability when treated with the peptide (Figure 3.7B).

3.2.2.4 A463 does not inhibit human LPS-induced TNFa at low doses

From the two previous experiments I established that although the inhibitory effect o f  

A463 on either CpG- or LPS-induced T N F a at higher concentrations was due to cell 

death, the minor effect at lower concentrations might be true. Therefore, 1 repeated 

experiment in THP-1 cells using lower doses o f  A463 peptide, which did not affect cells’ 

viability. The cells were treated in the same manner as above and the peptide was added at
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concentrations 1, 2 and 5 |aM. However at these doses the peptide did not show any effect 

on LPS-induced hTNFa production (Figure 3.8).

3.2.2.5 A463 does not inhibit TLR4-mediated activation of NFkB and IRF3

The effect o f low doses o f A463 peptide on TLR4-induced activation o f NFk B and IRF3 

was also assayed by luciferase reporter gene assays. These were performed in the 

HEK293_TLR4 cells, which stably express TLR4. The cells were seeded into two 96-well 

plates at the density 1.5x10^ cells/ml. The following day cells in one o f the plates were 

transfected with NFKB-luciferase reporter gene constructs together with TK-Renilla- 

luciferase reporter gene plasmid as internal control. In parallel, cells in the other plate were 

transfected with IRF3-Gal4 and pFR-luciferase gene reporter constructs, and TK-Renilla- 

luciferase control construct to explore the effect o f A463 on 1RF3 aclivation. Peptide was 

added to the cells in both plates at concentrations o f 2, 5 and 10 |^M 1 h before stimulation 

with LPS for 6 h. These experiments showed that the A463 peptide had no effect on TLR4 

signalling to either IRF3 or NFk B (Figure 3.9A and B).

3.2.2.6 A463 does not inhibit TLR3-mediated activation of NFkB and ISRE

As in itia lly identified A463 had minor inhibitory effect on TLR9-induced MIP-2 and 

TNFa in murine cells but not on TLR4-induced cytokines. Therefore, the next step was to 

investigate the possible effects o f the A463 peptide on signalling through another To ll-like  

receptor, TLR3 which signals from the endosomal compartment (Alexopoulou et al., 

2001). TLR3 signals solely through TRIF adaptor protein (Schroder and Bowie, 2005) and
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therefore, any inhibition o f  TLR3-induced activation o f  the transcription factors N F kB 

and/or ISRE by A463 would indicate that the peptide might target TRIF-dependent 

signalling pathway. Monitoring induction o f  ISRE was used as an alternative way o f  

assaying IFR3 activation pathway upon Poly(I:C) stimulation as activated IRFs bind to and 

induce the ISRE (Taniguchi et al., 2001). Activated /J-IRF3 translocates into nucleus and 

binds to the DNA consensuses GAAANN and A A N N NG A A  called interferon-stimulated 

response element (ISRE) in the IFN-stimulated genes (ISG) region via its DNA-binding 

domain and activates IFN a and IFNp promoters (Honda et al., 2006). The luciferase 

reporter gene assays were performed in HEK293_TLR3 cells, which are stably expressing 

TLR3. The cells were transfected with either N F k B- or ISRE-luciferase reporter plasmids 

and co-transfected with TK-Renilla-luciferase plasmid constructs 24 h before treatment 

with the peptide. As before, ceils were treated with low concentrations o f  the A463 peptide 

and stimulated with Poly(I:C) for 6 h. Supernatants from the cells transfected with N F kB- 

luciferase reporter constructs were also assayed for human RANTES production. As shown 

on the Figure 3.10 peptide A463 had no effect on TLR3 signalling.

3.2.2.7 A463 does not inhibit TLR2/1-induced TNFa in human cells

To investigate the effect o f  the A463 peptide on human TLR2, THP-1 cells were stimulated

with PAM 3-CSK4 for 6 h. PAM3CSK4 (palmitoyl-3-cysteine-serinelysine-4) is a synthetic

tripalmitoylated lipopeptide that mimics the acylated amino terminus o f  bacterial

lipoproteins. It is recognized by a TLR2/TLR1 heterodimer and leads to activation of

N F k B through the MyD88-dependent pathway (Takeuchi and Akira 2002; Triantafilou,

Gamper et al. 2006). The peptide was added to the cells at concentrations 5, 20 and 50 )aM
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1 h before stimulation with 100 ng/ml PAM3csi<4. As shown on figure 3.12 A463 only 

slightly inhibited secretion o f TNFa at lower doses o f 5 and 10 |iM  and up to 50% at 

concentration o f 20 |iM  (Figure 3.1 lA ). However, as shown by the simultaneous MTT 

assay the A463 peptide also reduced cell viability at all doses with a particularly dramatic 

effect at 20 |iM  (Figure 3.11B).

3.2.2.8 A463 does not inhibit IL-1a-induced NFkB activation

Along with TLRs VAC V protein A46 also inhibits IL-1 signalling by targeting MyD88 

(Stack, Haga et al. 2005). Therefore, A463 peptide was also assayed for an effect on N F k B 

activation in response to IL-1 a  in HEK293 cells stably expressing IL-1 receptor 

(HEK293_R1). A463 was added to the cells at concentrations 2,5 and 10 i^M one hour 

before stimulating with 50 ng/ml IL - la fo r  6 h. There was no inhibition o f NF k B 

activation at any dose o f the peptide (Figure 3.12).

3.2.3 Investigating the inhibitory potential of A469 peptide

3.2.3.1 Peptide A469 does not inhibit LPS-induced murine TNFa

Another peptide that exhibited an inhibitory effect on CpG-induced TNFa production

during the initial scan o f A46-derived peptides was A469. A t a concentration o f 20 |aM, it

inhibited CpG-induced murine TNFa (Figure 3.3B) but not MIP-2 (Figure 3.2B). Like

A463, peptide A469 did not inhibit LPS-induced TNFa in human cell line U937 (Figure

3.4B). However, as seen with A463 this effect could be due to the cytotoxicity o f the
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peptide at this concentration. Therefore, A469 was tested for cytotoxicity at concentrations 

1, 5 and 20 fiM  by M TT assay in the RAW264.7 cells. Unfortunately the peptide exhibited 

strong cytotoxic effect at concentration 20 |iM  (Figure 3.13), which like ly to be the reason 

for its inhibitory effect seen previously.

3.2.3.2 Peptide A469 does not inhibit TLR2/1 signalling in human cells

Next I investigated the effect o f low doses o f A469 on TLR2 signalling in human THP-1 

cell line. Cells were treated as previously described and the peptide was added at 5, 10 and 

20 |aM 1 hour before stimulating with 100 ng/ml PAM3csk4. The PAM3csk4-induced 

TNFa production was only marginally reduced (Figure 3.14A), which was likely due to 

the reduction in cell viability as shown by M TT assay (Figure 3.14B).

3.2.3.3 Peptide A469 does not inhibit TLR3-mediated signalling

The effect o f the peptide on TLR3 signalling was explored next by performing luciferase 

reporter gene assay. HEK293_TLR3 were transfected with either NFkB- or ISRE- 

luciferase, and TK-Renilla gene reporter constructs as described in 3.2.2.6. A469 peptide 

was added at concentrations 2, 5 and 10 )aM, which did not exhibit strong cytotoxic effect, 

and cells were stimulated with 25 |o.g/ml Poly(l:C) 1 h after adding the peptide. Cells were 

assayed 6 h for activation o f NFk B and ISRE transcription factors (Figure 3.15A and C). 

Also, supernatants from the NFKB-transfected cells were assayed for RANTES production
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(Figure 3.15B). A ll three assays showed that A469 peptide did not inhibit activation o f the 

transcription factors and cytokine production induced by Poly(I:C).

3.2.3.4 A469 does not affect IL-1a-induced NFkB activation

Finally, A469 peptide was tested for an effect on lL-1 receptor signalling by performing 

NFKB-luciferase reporter gene assay. HEK293_R1 cells were treated as described for 

3.2.2.8 and A469 peptide was added at concentrations 5 and 10 1 h before stimulating

the cells with 50 ng/ml IL -1 a. Similarly to A463 peptide A469 also had no effect on IL -1R

signalling (Figure 3.16).

3.2.4 Investigating the inhibitory potential of A4610 peptide

3.2.4.1 Only A4610 potently inhibits LPS-induced NFkB activation, as 

opposed to its neighbouring peptides A469 and A4611

The third identified peptide with inhibitory potential was A4610, as it showed a potent 

inhibition o f LPS-induced hTNFa in the human macrophage cell line U937 (Figure 3.4B) 

but not CpG-induced cytokines in murine cells (Figures 3.2B and 3.3B). First I tested the 

ability o f A4610 to inhibit LPS-induced NFk B activation in HEK293_TLR4 cells at low 

concentrations 5 and 10 |iM  in comparison to the neighbouring peptides A469 and A4611. 

HEK293_TLR4 cells were transfected with NFKB-luciferase and TK-Renilla reporter gene 

encoding plasmids as previously described. A469, A4610 and A4611 were added to the
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cells at concen tra tions o f  5 and 10 |iM  1 h before s tim ula ting  the cells with 10 ng/ml LPS 

for 6 h. A s sh o w n  in Figure 3.17 A 4610 peptide show ed  very  po ten t  inhibition o f  LPS- 

induced N F k B ac tivation  at both concentrations, w hereas  A 469  and A 4 6 1 1 had little or no 

effect.

3.2.4.2 A 4610  inhibits LPS-induced NFkB and IRF3 activation  at low  

c o n c e n tr a t io n s

N ext 1 tested  ability  o f  the peptide to inhibit activation  o f  transcrip tion  factor N F k B  and 

IRF3 at low er concentrations. The peptide show ed c lear dose -dependen t inhibition o f  

N F k B  activation be tw een  2-10|aM (Figure 3 .18A ) and a com ple te  inhibition o f  IRF3 

activation all doses  (Figure 3.18B).

3.2.4.3 A4610 potently  inhibits TLR4-mediated TNFa in hum an c e l l s  even  

w h en  a d d e d  after the stimulation with LPS

Seeing such a d ram atic  inhibitory effect on L P S -induced  s ignalling  in hum an cells by 

A 4610 1 tested its ability  to inhibit T L R 4 signalling in the system  w here  cells were 

stim ulated w ith  LPS either 1 h before or  at the sam e tim e  as adding  the  peptide. THP-1 

cells were  differentia ted  with the PM A  and seeded as described. A 4610  peptide w as added 

at concen tra t ions  o f  5 and 10 |iM. The peptide a lm ost  com ple te ly  inhibited hum an T N F a  

production  at concentra tion  o f  5 |j M even w hen  added 1 h after s t im ulation  with LPS 

(Figure 3 .19A ). H ow ever,  M T T  assay perform ed on the unstim ula ted  cells and cells
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treated with the peptide Ih before stimulating with LPS showed that A4610 somewhat 

reduced cells’ v iab ility when added either with or without LPS at both concentrations 

(Figure 3.19B).

3.2.4.4 Scrambled A4610 peptide also inhibits TLR4-mediated NFkB 

activation and IL-8 production at low concentrations in human cells

However, such potent inhibition o f LPS-induced hTNFa production as seen in Figure 

3.21A cannot be explained purely by reduction in the cell numbers. Therefore, A4610 

peptide was investigated further and a scrambled A4610 (ConA4610) peptide was 

designed as a control peptide (see Table 2.2). When tested in the HEK293_TLR4 cells 

both peptides were added at 1, 5 and 10 )aM and cells were stimulated with 10 ng/ml LPS. 

Interestingly, both peptides showed strong dose-dependent inhibition o f LPS-induced 

NFk B activation and IL-8 production in human cells (Figure 3.20).

3.2.4.5 Scrambled A4610 peptide also inhibits TLR4-mediated cytokine 

production at low concentrations in murine cells

Next I tested A4610 in RAW264.7 cells at the same concentrations as described above. 

Again both A4610 and its scrambled version inhibited mTNFa and MIP-2 secretion 

(Figure 3.21 A). Cells’ v iab ility  was also somewhat reduced to a similar extent in both 

stimulated and unstimulated cells at all concentrations o f the peptides’ added (Figure 

3.21B).
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3.2.4.6. A4610 potenly inhibits TLR2/1-induced TNFa in human but not 

murine cells

Next the A4610 peptide was tested for effects on TLR2 signalling. Two previously 

described cell lines RAW264.7 and THP-1 were used to investigate the effect o f A4610 on 

TLR2 signalling. It was found that A4610 inhibited PAM3-CSK4-induced TNFa 

production in murine cells only at 20 and 50 (Figure 3.22A). However, these doses o f 

the peptide strongly reduced the percentage o f viable cells in unstimulated wells, although 

presence o f the agonist masked that effect (Figure 3.22B). In the THP-1 cells only lower 

concentrations o f 5 and 10 |iM  o f the peptide were used and it was established that A4610 

strongly inhibited TLR2-induced human TNFa (Figure 3.23A) while cells’ viability was 

affected only marginally (Figure 3.23 B).

3.2.4.7 A4610 marginally inhibits TLR3 signalling in murine cells

So far I established that A4610 inhibited both TLR4 and TLR2 at low concentrations o f 5 

and 10 |iM . Therefore, 1 examined whether A4610 could also inhibit TLR3 signalling in 

RAW264.7 cells (Oshiumi, Matsumoto et al. 2003). The peptide was added at 5, 20 and 50 

|iM  and was found to inhibit Poly(I:C)-induced murine TN Fa production in a clear dose- 

dependent manner (Figure 3.24.A). Interestingly, as shown by M TT assay treatment with 

Poly(l:C) alone reduced cell viability by almost 50%, however addition o f 5 and 20 |.iM  o f 

peptide together w ith the agonist increased number o f the viable cells (Figure 3.248). This 

effect could be due to peptide inhibiting the TLR3 signalling thus protecting the cells from
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the TRlF-mediated cell death (Ruckdeschel et al., 2004). Nevertheless, A4610 still 

reduced cell viab ility at concentrations 20 and 50 in the unstimulated samples.

3.2.4.S Peptide A4610 enhances TLR3-mediated activation of NFkB in 

HEK293 cells

Seeing that A4610 inhibited TLR3-mediated cytokine production in murine cells 1 decided 

to examine its effect on Poly(I:C)-induced NFk B activation in human cells 

HEK293_TLR3. The peptide was added at 2, 5 and 10 |iM  to the transfected cells and it 

was found that A4610 did not inhibit but in fact enhanced Poly(I:C)-induced NFk B 

activation at all concentrations to a similar extent (Figure 3.25).

Finally A4610 peptide was assayed for an effect on the IL-1 and TNF receptors in 

HEK293_R1 cells. As before, cells were transfected with the NFKB-luciferase and TK- 

Renilla-luciferase reporter plasmids and A4610 was added at concentrations 2, 5 and 10 

|iM  before stimulation with 50 ng/ml o f either IL - Ia  or TNFa. There was no inhibition o f 

NFkB activation via either o f the receptors at any concentrations o f the peptide used 

(Figure 3.26).
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3.3 Discussion

In this chap te r  I investigated the potential o f  the A 46-derv ived  peptides  A 463 , A 469 and 

A 4610 to inhibit various TLR s in murine and hum an cells. T hese  peptides  along with A464 

w ere  initially identified as having an inhibitory effect on p ro - in f lam m atory  cytokines 

T N F a  and M IP-2  induced by stimulation o f  TLR9 and TLR 4.

During the cou rse  o f  this project T N F a  was chosen as a m a jo r  cy tok ine  read-out due to its 

tightly  con tro lled  activa tion  (Wax et al., 2005). Its de tec tion  also appeared to be more 

sensitive to the  peptide  inhibitory activity, since A 469 peptide  w as only  identified when 

assayed for C pG -in d u ced  T N F a  but not M IP-2, w hereas  a m ore  potent inhibitory peptide 

such as A 463 inhibited both cytokines (Figure 3.2 and 3.3). Both  peptides  A463 and A469 

were  initially identified as they inhibited C pG -induced  cy tok ines  in m urine  cells. However, 

it was later estab lished  that A469 had no inhibitory effect on any  o f  the T L R s tested at 

concen tra tions lower then  20 ^M. Any inhibition o f  T N F a  p roduc tion  or N F k B activation 

seen w hen  treated  w ith  A 469 was most likely due to the reduction  o f  cell viability. A463 

on the o th e r  hand inhibited both C pG - and LPS-induced  T N F a  in murine cells at 

concen tra t ions  w hich  did not induce cell death, a l though that inhibition was not potent 

enough to continue  w o rk ing  with A463.

Third  peptide  d iscussed  in this chapter was A4610. It w as  found  to inhibit LPS-induced 

T N F a  in h u m an  m ocy tic  cell line U937. LPS induces activa tion  o f  T L R 4  signalling via 

both M yD 88-  and T R IF -dependen t pathw ays leading to ac tiva tion  o f  N F k B, M A P  kinases 

and IRFs (O 'N eill  and Bowie, 2007). W hen  tested in luciferase reporte r  gene assay A4610
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was found to potently inhibit LPS-induced  activation o f  both N F k B and IRF3 in hum an 

cells at concentrations as low as 5 | iM  (Figure 3.19 and 3.21). It also poten tly  inhibited 

murine LPS-induced cytokines  T N F a  and MIP-2 (Figure 3.22). Collec tive ly  these  results 

suggested that A 4610  inhibited both M yD 88- and T R lF -dependen t pa thw ays  o f  T LR 4 

signalling. To test this assum ption  I exam ined  effects o f  A 4610  on PA M 3csk4-induced  

T N F a  in hum an and m urine  cells. PA M 3csk4  is a ligand for T L R 2/T L R 1 heterodimer, 

which signals via M y D 88  and Mai T IR  adaptors (O 'Neill and Bowie, 2007). A s  seen in 

Figure 3.24 A 4610 also potently  inhibited Pam 3C S K 4-induced  M yD 88 -d ep en d en t  T N F a  

production in hum an cells at concentrations 5 and 10 (iM, a l though inhibition o f  T L R 2- 

induced T N F a  in m urine  cells w as less potent.

Although activation o f  T L R 4 and T LR 2 signalling w as inhibited, the peptide  did not inhibit 

murine T LR 9 and hum an  IL - IR , which also signal via M yD 88 (Takeuchi and Akira, 2002). 

Therefore, it is possible that A 4610 m ay  target a different interface o f  M yD 88 , which is 

involved in its interactions with  T L R 2 and TLR4 but not T L R 9 or IL - IR ,  o r  it m ay  target 

Mai, which is recruited only by T L R 4  and T L R 2 (Fitzgerald et al., 2001; H orng  et al., 

2001), a lthough requirem ent o f  Mai in T LR 2 signalling is not a lw ays necessary  (Cole et 

al., 2010; K enny  et al., 2009).

TLR4 also signals via T R A M /T R IF -dependen t pa thw ay and therefore I assayed w hether  

A4610 had an effect on this pa thw ay in TL R 3-m edia ted  signalling. T LR 3 signals  solely via 

TRIF to induce potent p ro - in f lam m atory  response (Jiang, M ak  et al. 2 004)  in response  to 

double-stranded R N A  and Poly(I:C), a synthetic hom ologue o f  d sR N A . 1 found that A 4610
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did not inhibit  Po ly(l:C)-induced activation o f  N F k B at concen tra t ions  that effectively 

inhibited L P S -induced  signalling, but in fact it enhanced N F k B ac tivation  upon stimulation 

with Po ly(I:C ) in hum an  cells. Similar effect on T L R 3-m ed ia ted  N F k B activation was 

reported w h e n  cells were  treated with the peptide derived from the B B -loop  o f  TIR  domain 

o f  Mai (K e n n y  et al., 2009). Kenny et al. reported enh an cem en t  in T L R 3 signalling in 

M yD 88- and  M al-defic ient cells and suggested that both M ai and M yD 88 negatively 

regulate T L R 3  signalling.

Collec tive ly  these  results suggest that A 4610 m ight target e ither o r  both Mai and M yD 88, 

which are a lso  ta rgeted  by the parental protein  A46 (Stack, H aga et al. 2005). Although in 

m urine  cells A 4 6 1 0  rather inhibited Poly(l:C)-induced T N F a  at h igher  doses  it was likely 

due to reduction  o f  cell viability, as shown by M T T  assay. U nfortunate ly ,  A 4610 exhibited 

quite s trong  cy to toxic  effect. The peptide A 4610 decreased  ce l ls ’ viability by 

app rox im ate ly  2 5 %  at concentration 5 |iM  in both murine and hum an  cells and up to 50% 

at h igher concentra tions.  Such a non-specific  cytotoxic effect o f  small peptides  could be 

due to the a -h e l ic a l  structure o f  the peptides (Ellerby et al., 1999). a -  helical peptides were 

show n to d is rup t  integrity o f  mitochondrial inner m em brane  inducing  non-B cl2-linked  non- 

caspase -dependen t apoptosis (Schim m er et al., 2001). Interestingly, m in im al cytotoxic 

concentra tion  for a -he lica l  peptide reported by Sch im m er et al. w as also betw een 5 and 10 

|aM, w as a lso  true  for above described peptides A463, A 469  and A 4610 . On the predicted 

Bcl-2-like m odel  o f  A 46 peptides A469 and A 4610 form  4’*’ a -h e l ix  and therefore it is 

possib le  that these  peptides maintain their helical s tructure in solution, a l though C-terminus 

o f  A 4610  is partly  in the flexible loop region (F igure 3 .28A  and B). Unfortunately,
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structure o f  A463 peptide cannot be predicted as it is derived from the undefined N- 

terminal domain o f  A46, which does not fit into the Bcl-2-Mke model (Figure 3.28C) 

(Gonzalez and Esteban, 2010). O f  course, the structure o f  the peptides discussed herein 

remains to be determined in order to support or disprove these postulations.

Due to the lack o f  TLR inhibition by A463 and A469 and cytotoxicity o f  A4610 further 

investigation o f  their properties was not pursued. However, the fourth A46-derived peptide 

identified during the initial scanning o f  the peptides against LPS-induced human T N F a, 

A464, showed very promising results for the development o f  a specific TLR4 inhibitor, as 

described in Chapter 4.
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Figure 3.2. Peptide A463 inhibited CpG-induced IVIIP-2

A46 peptides were added to the RAW264.7 cells at concentrations 5 and 20 

|iM  1 hour before stimulating with 1 |ag/ml CpG. Supernatants were collected 

24 hours after stimulation and assayed for M IP2 by ELISA. A: A461-A467 

peptides; B: A468-A4614 (excluding A4612); indicates control wells with 

no peptide. The data are mean ±  SD o f triplicate samples and representative o f 

two experiments each performed in triplicate. * p<0.05, ns-not significant
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Figure 3.3. Peptides A463 and A469 inhibited CpG-induced mTNFa

A46 peptides were added to the RAW264.7 cells at concentrations 5 and 20 

|aM 1 hour before stimulating with 1 )J.g/ml CpG. Supernatants were collected 

24 hours after stimulation and assayed for T N Fa by ELISA. A: A461-A467 

peptides; B: A468-A4614 (excluding A4612); indicates control wells with 

no peptide. The data are mean ± SD o f triplicate samples and representative o f 

two experiments each performed in triplicate. * p<0.05, ** p<0.005.



A.

^  A CLi. 1 .5

1 -

B.

wrroTfrnTTni
- -  <S fO  1/^  'O
s o  sjD 'O  'O
^  T f  T f  T t  T t< ■< ■< C < -< <

Unstimulated

H
— <s fn Tf ir> 'O

'O  'O  ^  MD 'O
T t  T t  T t-<( < c  < c  < <

100 ng/ml LPS

a

E
o>
c

1.5 - 

1 -

^  0.5 H

innnnnnpnnnnn
00 cv O'<o "

^  5< < 3
>o
<

s o
T f
<

SO

<

Unstimulated

1

0 0  OS
sO SO

t T
< <

SO

<
s o
T t
<

SO

<
SO

<

100 ng/ml LPS

Figure 3.4. Peptide  A464 and  A4610 inhibited LPS-induced hTNFa

U 937 cells w ere differentiated w ith 200 nM  PM A for 24 hours before treatm ent. 

A 46 peptides w ere added to the cells at 5 and 20 |o.M concentrations 1 hour 

before stim ulating  with 100 ng/m l LPS. Supernatants w ere collected  24 hours 

after stim ulation  w ith the agonist and assayed for h T N F a  by ELISA . No 

peptide w as added into the control wells. A: A46 peptides 1-7. B: A46 peptides 

8-14 (excluding  A 4612 and A 4615); indicates control w ells w ith no peptide. 

The data are m ean ± SD o f triplicate samples and representative o f  at least three 

experim ents. *p<0.05, ** p<0.005, ** *p<0.0001.
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Figure 3.5. A463 inhibits CpG-induced mTNFa in murine 

macrophage cells

A463 peptide was added to RAW264.7 cells at 5, 20 and 50 (j,M concentrations 

1 hour before stimulating with 1 |o.g/ml CpG. Supernatants were collected 24 

hours after stimulation and assayed for mTNFa by ELISA (A). The cells were 

assayed for viability by MTT assay (B). indicates control wells with no 

peptide. The data are mean ± SD of triplicate samples and representative of at 

least three experiments. *p<0.05, ** p<0.005 compared to the LPS treated 

samples without the peptides in (A) and unstimulated control samples in ( B ) .
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Figure 3.6. Peptide A463 reduces LPS-induced TNFa production 

due to reduction of cell viability in murine cells

RAW264.7 cells were seeded in 96 well plate (1.5x10^ cells/ml) at least 24 

hours before treatment. A463 peptide was added to the cells at 5, 20 and 50 

|o,M concentrations 1 hour before stim ulating with 100 ng/ml LPS. 

Supernatants were collected 24 hours after stim ulation with the agonist and 

assayed for m TN Fa by ELISA (A) and cells were assayed for viability by 

MTT assay (B). indicates control wells with no peptide. The data are mean 

± SD o f triplicate samples and representative o f  at least three experiments. 

*p<0.005, ** p<0.001 compared to the LPS treated samples without the 

peptides in (A) and unstimulated control samples in (B).
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Figure 3.7. Peptide A463 reduces LPS-induced TNFa production 

due to reduction of cell viability in THP-1 cells

THP-1 cells were differentiated with 200 nM PMA for at least 24 hours before 

treatment. A463 peptide was added at concentrations 5, 10, 20 and 40 [4.M 1 

hour before stimulating with 10 ng/ml LPS. To the unstimulated wells peptide 

was added at 40 )iM. Supernatants were collected 6 hours after stimulation 

with the agonist and assayed for hTNFa by ELISA (A) and cells were assayed 

for viability by MTT assay (B.) indicates control wells with no peptide. 

The data are mean ± SD of triplicate samples and are representative of at least 

three experiments. *p<0.05, **p<0.005, *** p<0.001 compared to the LPS 

treated samples without the peptides in (A) and unstimulated control samples 

in(B).
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Figure 3.8. A463 does not inhibit LPS-induced hTNFa in 

differentiated human monocytes at low doses

THP-1 cells were differentiated with 200nM PMA for at least 24 hours before 

treatment. A463 peptide was added to the cells at 1, 2 and 5 |^M concentrations 

1 hour before stimulating with lOng/ml LPS. Supernatants were collected 6 

hours after stimulation with the agonist and assayed for hT N Fa by ELISA. 

indicates control wells with no peptide. The data are mean ± SD o f triplicate 

samples and are representative o f at least three experiments.
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Figure 3.9. A463 does not inhibit TLR4-mediated signalling in 

HEK293 cells

HEK293_TLR4 cells were transfected with NpKB-Luciferase or IRF3/Gal4 

with pFR-luciferase and TK-Renilla reporter gene plasmids. A463 peptide was 

added to the cells at 2, 5 and 10 |o.M concentrations on the next day and cells 

were stimulated with 10 ng/ml LPS 1 hour after treatment with the peptide. 

After 6 hours the cells were assayed for activation o f NFkB (A) and IRF3 (B).

indicates control wells with no peptide. The data are a representative of at 

least two experiments each performed in triplicate. Data for luciferase reporter 

gene assay are expressed as mean fold induction SD of triplicate samples 

relative to control levels.
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Figure 3.10. A463 has no effect on TLR3-mediated signalling in 

human cells

HEK293_TLR3 cells were transfected with N F kB- or ISRE-Luciferase and 

TK-Renilla reporter gene plasmids. A463 peptide was added to the cells at 

concentrations 2, 5 and 10 |j.M on the next day and cells were stimulated with 

25 |J.g/ml Poly(I:C) 1 hour after treatment with the peptide. After 6 hours cells 

were assayed for activation o f  N F kB (A) and ISRE (B). Supernatants from (A) 

were assayed for RANTES production by ELISA (C). The data are 

representative o f at least two experiments each performed in triplicate. Data 

for luciferase reporter gene assay are expressed as mean fold induction SD 

relative to control levels.
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Figure 3.11. A463 has no effect on PAM3csk4-induced TNFa in 

human cells.

THP-1 cells were differentiated with 200 nM PMA for 24 hours before 

treatment. A463 peptide was added to the cells at concentrations 5, 10 and 20 

|iM 1 hour before stimulating with 100 ng/ml PAM3-CSK4. Supernatants were 

collected 6 hours after stimulation with the agonist and assayed for hTNFa by 

ELISA (A) and cells were assayed for viability by MTT assay (B.) 

indicates control wells with no peptide. The data are representative of at least 

two experiments each performed in triplicate. The data are mean ± SD of 

triplicate samples and representative of at least three experiments . *p<0.05, ** 

p<0.005 compared to the LPS treated samples without the peptides in (A) and 

unstimulated control samples in (B).
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Figure 3.12. Effect of A463 peptide on IL-1a-induced NFkB 

activation

HEK293_R1 cells were transfected with 60 ng NpKB-Luciferase and 20 ng 

TK-Renilla reporter gene plasmids. A463 peptide was added to the cells at 2,

5 and 10 |j,M concentrations on the next day and cells were stimulated with 

50 ng/ml IL - la  1 hour after treatment with the peptide. After stimulation for

6 h cells were assayed for NFkB activation indicates control wells with no 

peptide. The data are representative o f at least two experiments each 

performed in triplicate. Data for luciferase reporter gene assay are expressed 

as mean fold induction ± SD relative to control levels.
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Figure 3.13. A469 reduces cell viability in murine cells.

A469 peptide was added to the RAW264.7 cells at concentrations 1, 5 and 20 

I^M. After 24 h the supernatants were removed and cells were assayed for 

viability by MTT assay. indicates control well with no peptide. The data 

are mean ± SD o f triplicate samples and representative o f  at least two 

experiments. *p<0.005 compared to the unstimulated control samples.
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Figure 3.14. A469 peptide does not inhibit PAM3-CSK4-induced 

hTNFa in THP-1 cells

THP-1 cells were differentiated with 200 nM PMA for 24 hours before 

treatment. A469 peptide was added to the cells at 5, 10 and 20 |j,M 

concentrations 1 hour before stimulating with 100 ng/ml PAM3-CSK4. 

Supernatants were collected 6 hours after stimulation with the agonist and 

assayed for hT N Fa by ELISA (A) and cells were assayed for viability by 

MTT assay (B.) indicates control wells with no peptide. The data are 

mean ± SD o f triplicate samples and representative o f  at least three 

experiments. *p<0.005, **p<0.001 compared to the unstimulated control 

samples.
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Figure 3.15. Peptide A469 does not inhibit TLR3-mediated 

signalling in HEK293 cells

HEK293_TLR3 cells were transfected with 60ng/trf o f either NpKB-Luciferase 

or ISRE-Luciferase and 20ng/trf o f TK-Renilla reporter gene plasmids. A469 

was added to the cells at concentrations 2, 5 and 10 |iM for NFkB and 5 and 10 

|iM for ISRE. Cells were stimulated with 25 |J.g/ml Poly(I:C) 1 hour after 

treatment with the peptide for 6 h and assayed for NFkB (A) and ISRE (C) 

activation. Supernatants from (A) were assayed for RANTES production by 

ELISA (B). indicates control wells with no peptide. The data are mean ± 

SD of triplicate samples and representative of at least three experiments
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Figure 3.16. Peptide A469 does not inhibit IL1-mediated signalling 

in HEK293 cells

HEK293_R1 cells were transfected with 60ng/trf o f  either NpKB-Luciferase 

and 20ng/trf o f TK-Renilla reporter gene plasmids. A469 was added to the 

cells at concentrations 5 and 10 |aM and stimulated with 25 |ig/ml Poly(I:C) 1 

hour after treatment with the peptide. After 6 h cells were assayed for NFkB 

activation. indicates control wells with no peptide. The data are 

representative o f at least two experiments each performed in triplicate. Data 

are expressed as mean fold induction SD relative to control levels.
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Figure 3.17. Comparison of the inhibitory effects of the 

neighbouring peptides A469, A4610 and A4611 on LPS-induced 

NFkB activation in HEK293 cells

HEK293_TLR4 cells were were transfected with 60 ng NpKB-Luciferase and 

20 ng TK-Renilla reporter gene plasmids. The peptides A469, A4610 and 

A4611 were added to the cells at 5 and 10 )u.M concentrations on the next day 

and cells were stimulated with 10 ng/ml LPS 1 hour after treatm ent with the 

peptide. Cells were assayed for N FkB activation 6 hours after stimulation. The 

data are representative o f  two experiments each performed in triplicate. Data 

are expressed as mean fold induction SD relative to control levels. *p<0.05, 

**p<0.0005 compared to the LPS-treated control samples without peptide.
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Figure 3.18. A4610 peptide inhibits TLR4-mediated signalling in 

HEK293 cells

HEK293_TLR4 cells were transfected with 60 ng NpKB-luciferase or 3 ng 

IRF3-Gal4 and 60 ng pFR-luciferase and 20 ng TK-Renilla reporter gene 

plasmids. A4610 peptide was added to the cells at 2, 5 and 10 (^M 

concentrations on the next day and cells were stim ulated with 10 ng/ml LPS 1 

h after treatm ent with the peptide. After 6h cells were assayed for NFkB (A) 

and IRF3 (B). indicates control wells with no peptide. The data is a 

representative o f  at least three experiments each performed in triplicate. Data 

are expressed as mean fold induction s.d. relative to control levels. *p<0.05, 

**p<0.005, ***p<0.0005 compared to the LPS-treated control samples 

w ithout peptide.
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Figure 3.19. A4610 peptide inhibits hTNFa when added to the cells 

after, during and before stimulation with LPS

THP-1 cells were differentiated with 200 nM PMA for 24 hours before 

treatment. A4610 peptide was added to the cells at 5 and 10 p,M 

concentrations. Cells were stimulated with 10 ng/ml LPS at different time 

points in relation to addition o f the peptide: 1 hour before adding the peptide 

(+lh); at the same time as peptide (Oh); 1 hour after the peptide was added (- 

Ih). Supernatants were collected 6h after stimulation and assayed for hT N Fa 

by ELISA (A). The cells from the unstimulated and -Ih  wells w ere assayed for 

viability by MTT (B). indicates control wells with no peptide. The data are 

mean ± SD o f triplicate samples and representative o f  at least three 

experiments . * p<0.0005; ** p<0.0001 compared to LPS-treated control wells 

in (A) and to unstimulated control samples in (B).
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Figure 3.20. A4610 and scrambled A4610 (ConA4610) peptides 

inhibit LPS-induced N F k B activation and IL-8 production in 

HEK293 cells

HEK293_TLR4 cells were transfected with 60 ng NFKB-Luciferase and 20 ng 

TK-Renilla reporter gene plasmids. ConA4610 and A4610 peptides were 

added to the cells at 1, 5 and 10 |j,M concentrations on the next day and cells 

were stim ulated with 10 ng/ml LPS 1 hour after treatm ent with the peptide. 

After 6h cells were assayed for N FkB activation (A) and the supernatants were 

assayed for IL-8 production by ELISA (B). indicates control wells with no 

peptide. The data is a representative o f  at least three experiments each 

performed in triplicate. For the reporter gene assay data are expressed as mean 

fold induction SD relative to control levels. * p<0.005; ** p<0.0005 

compared to LPS-treated control wells.
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Figure 3.21. A4610 and scrambled A4610 (ConA4610) peptides 

inhibit LPS-induced cytokine production in RAW264.7

cells were seeded in 96 well plate (1.5x10^ cells/ml) 24 hours before treatment. 

ConA4610 and A4610 peptides were added to RAW264.7 cells at 

concentrations 1, 5 and 20 |^M 1 hour before stimulating with 10 ng/ml LPS. 

Supernatants were collected 6 hours after stimulation with the agonist and 

assayed for mTNFa (A) and MIP-2 (B) by ELISA. The cells were assayed for 

viability by MTT assay (C). indicates control wells with no peptide. The 

data are mean ± SD of triplicate samples and representative of at least three 

experiments. * p<0.05; ** p<0.005 compared to LPS-treated control wells in 

(A and B) and to unstimulated control samples in (C).
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Figure 3.22. A4610 peptide inhibits PAM3-CSK4-induced mTNFa in 

RAW264.7

A4610 peptide was added to RAW264.7 at concentrations 5, 20 and 50 |^M 1 

hour before stimulating with 100 ng/ml PAM3-CSK4. Supernatants were 

collected 24 hours after stimulation with the agonist and assayed for m TN Fa 

by ELISA (A) and cells were assayed for viability by MTT assay (B). 

indicates control wells with no peptide. The data are mean ± SD o f triplicate 

samples and representative o f at least three experiments. * p<0.05; ** 

p<0.0005 compared to LPS-treated control wells in (A) and to unstimulated 

control samples in (B).
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Figure 3.23. A4610 peptide potently inhibits PAM3-CSK4-induced 

hTNFa in THP-1 cells

THP-1 cells were differentiated with 200 nM PMA for at least 24 hours before 

treatment. A4610 peptide was added to the cells at 5 and 10 p-M concentrations 

1 hour before stimulating with 100 ng/ml PAM3cysk4. Supernatants were 

collected 6 hours after stimulation with the agonist and assayed for hTNFa by 

ELISA (A). The cells were assayed for viability by MTT assay (B.). 

indicates control wells with no peptide. The data are mean ± SD of triplicate 

samples and representative o f at least three experiments. * p<0.05; ** p<0.005 

, ***p<0.0005 compared to LPS-treated control wells in (A) and to 

unstimulated control samples in (B).
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Figure 3.24. A4610 peptide inhibits Poly(l:C)-induced mTNFa in 

RAW264.7 cells

A4610 peptide was added to RAW264.7 cells at concentrations 5, 20 and 50 

)iM 1 hour before stimulating with 25 |ag/ml Poly(I:C). Supernatants were 

collected 6 hours after stimulation with the agonist and assayed for m TN Fa by 

ELISA (A). The cells were assayed for viability by M TT assay (B.). 

indicates control wells with no peptide. The data are mean ± SD o f triplicate 

samples and representative o f at least three experiments. * p<0.05; ** p<0.005 

, ***p<0.0005 compared to LPS-treated control wells in (A) and to 

unstimulated control samples in (B).
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Figure 3.25. Peptide A4610 does not inhibit TLR3-mediated 

signalling in HEK293 cells

HEK293_TLR3 cells were transfected with 60ng/trf NpKB-Luciferase and 

20ng/trf TK-Renilla reporter gene plasmids. A4610 was added to the cells at 

concentrations 2, 5 and 10 fj-M. Cells were stimulated with 25 |^g/ml Poly(I;C) 

1 hour after treatm ent with the peptide for 6 h and assayed for NFkB. 

indicates control wells with no peptide. The data are mean ± SD o f triplicate 

samples and representative o f at least three experiments. *p<0.05, 

**p<0.005compared to PoIy(I:C)-treated control wells in.
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Figure 3.26. A4610 peptide does not inhibit IL-1- and TNF-mediated 

NFkB activation

HEK293_R1 cells were transfected with 60 ng NpKB-Luciferase and 20 ng 

TK-Renilla reporter gene plasmids. A4610 peptide was added to the cells at 2, 

5 and 10 )j,M concentrations on the next day and cells were stimulated with 

either 50 ng/ml TN Fa (A) or 50 ng/ml IL-1 a  (B) 1 hour after treatment with 

the peptide for 6 hours. Cells were assayed for NFkB activation normalised 

against TK-Renilla. indicates control wells with no peptide. The data are 

representative o f at least two experiments each performed in triplicate. Data 

are expressed as mean fold induction SD relative to control levels. Ns- not 

significant compared to TN Fa-treated control samples.



Chapter FOUR

VACCINIA VIRUS DERIVED PEPTIDE

VIPER IS

A TLR4-SPECIFIC INHIBITOR



C h apter 4  -  V A C V -derivedpep tide  VIPER is a  TLR4-specific inhibitor

4.1 Introduction

In the prev ious chap te r  I identified four peptides and investigated  the inhibitory potential 

o f  A 463, A 469 and A 4610. T he  fourth peptide identified during  the initial screening o f  the 

peptides in the hum an  cells w as A 464. This peptide show ed  a very potent inhibitory effect 

on LPS-induced  h T N F a  production in the U 937 cells, as show n  in Fig. 3 .4A, and no effect 

on C pG -induced  cy tokine  production (F igures 3 .2A  and 3.3A).

LPS is a com ponen t o f  the cell wall o f  G ram -negative  bacteria, which  is recognised by 

TLR 4 (Poltorak, H e et al. 1998). S timulation with LPS causes  form ation  o f  the T LR 4 triad 

com posed  o f  accessory  proteins such as LPS B inding Protein  (LBP), C D  14 and M D-2, 

which aid in LPS recognition  (Akashi, Shim azu et al. 2000). U pon ligand binding TLR4 

forms a hom odim er,  w h ich  provides a structural scaffold for the recruitm ent o f  signalling 

adaptor  proteins (N u n ez  Miguel et al., 2007). T LR 4 em ploys  two distinct signalling 

pathways, nam ely  the M al/M yD SS-dependen t and the T R A M /T R lF -d ep en d en t  pathways 

which initiate a cascade o f  protein interactions which u lt im ate ly  lead to the activation o f  

N F k B, M A P K s, such as p38 and JNK, and activation o f  IRF3 and IRF7 (K aw ai and Akira  

2006). A ctivation o f  N F k B and M A P K s m ounts  an in flam m atory  response resulting in the 

production o f  type  11 Interferons (IFNy) and such p ro - in f lam m atory  cytokines as T N F a /p ,  

I L - l a / p ,  lL-2, IL-8, lL-12 and IL-18. Activation o f  IRFs leads to the production o f  

FNFa and p, w hich  s tim ulate  the IFN receptors A l  and A 2 ( IF N A R l  and 1FNAR2) which 

in turn lead to activa tion  o f  IFN-inducible  genes, such as R A N T E S , IP -10 and MCP-1 

(Y am am oto , Sato et al. 2003; Pa lsson-M cD erm ott and O 'Neill 2004).
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Chapter 4 -  VACV-derivedpeptide VIPER is a  TLR4-specific inhibitor

A strong inflammatory response by the cells o f  the innate system as a result o f  TLR4- 

mediated signalling in response to bacterial infection is crucial for clearance o f  the 

infection (Iwasaki and Medzhitov, 2004), although sometimes it can lead to development 

o f  septic shock, which can cause organ failure and death (Parrillo et al., 1990). Every year 

sepsis causes approximately 215,000 deaths in the US along (Leon et al., 2008). TLR4 is 

also associated with many auto-inflammatory diseases such as atherosclerosis, asthma, 

myocardial ischemia/reperfusion injury, etc (Leon, Tory et al. 2008; Stewart, Stuart et al. 

2010). In the light o f  the above, TLR4 as well as other TLRs became the major targets for 

development o f  highly specific therapeutic agents to combat inflammatory and 

autoimmune ailments (Kanzler, Barrat et al. 2007; Barrat and Coffman 2008; Czarniecki 

2008).

In this chapter 1 investigated the potential o f  A46-derived peptide A464 to inhibit TLR4- 

mediated signalling in both murine and human cells, including primary human PBMC, by 

assaying its effects on pro-inflammatory cytokine production, transcription factors 

activation and induction o f  cytokine mRNA in response to various TLR ligands.
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4.2 Results

4.2.1 Identification of peptide A464 as potent inhibitor of TLR4 

signalling

4.2.1.1 Effect of A46-derived peptides on LPS-induced TNFa in murine cells

In the previous chapter I identified two peptides A4610 and A464 as inhibitors o f LPS- 

induced TNFa in human cells U937, when the peptides were used at concentrations 5 and 

20 )aM. However, as was discussed in chapter 3 inhibitory effect o f A4610 was rather due 

to cytotoxicicity o f the peptide. Therefore I tested all o f the A46-derived peptides for 

ability to inhibit LPS-induced TNFa in the murine macrophage cells RAW264.7 at 

concentrations 1 and 5 |^M. Only A464 peptide showed strong inhibition o f the LPS- 

induced mTNFa with complete depletion o f TNFa production at a concentration as low as 

1 )iM  (Figure 4.1). Thus, peptide A464 was found to be very potent inhibitor o f LPS- 

induced cytokine production in this cell line.

4.2.1.2 A464 and scrambled A464 (ConA464) peptides both inhibit LPS- 

induced cytokine production in RAW264.7

Next the peptide was assayed for an effect on LPS-induced murine TNFa and MlP-2 

production and viability o f the RAW264.7 cells at a wider range o f concentrations. As a 

control I used scrambled A464 (ConA464) peptide w ith the sequence

KALSIFYEKYLRRRRRRRRR. As before A464 almost completely inhibited LPS-
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induced m T N F a  production  in these cells at 1 |iM  (Figure 4 .2A ) and secretion o f  MIP-2 

was com pletely  inhibited at 5 and 20 |iM  peptide and up to 50%  at concentra tion  o f  1 

(Figure 4.2B). U nfortunately , C onA 464  also inhibited LPS-induced  m T N F a  production in 

a clear dose-dependen t m anner, a lthough the potency o f  this inhibition w as about 5-fold 

weaker. N otab ly , the inhibitory effect o f  e ither peptide w as not due to a reduction in the 

cell viability as show n by M T T  assay (Fig. 4.2C). This inhibitory effect o f  the scrambled 

peptide could be explained by the fact that even though the am ino  acid sequence  o f  the 

peptide w as altered the overall env ironm ent created by the am ino  acid side chains and the 

charge o f  the peptide w as  not changed, w hich  possib ly  enabled the sc ram bled  peptide to 

still interact with its target a lbeit with decreased affinity.

4.2.1.3 A464 and ConA464 inhibit LPS-induced NFkB activation

The ability o f  A 464  and C o n A 4 6 4  to affect LPS-induced N F k B ac tivation  was m easured 

by reporter gene assay in H E K 293_T L R 4 . A 464 and C onA 464  were  added  to the cells at 

concentrations o f  1, 5 and 10 |iM . Again A 464 potently  inhibited LPS-induced  activation 

o f  N F k B at all concentra tions used. U nfortunately  as seen before C o n A 4 6 4  peptide also 

inhibited activation o f  N F k B in a dose-dependent m anner  a l though no t as potently  as 

A 464 (Figure 4.3).
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4.2.2. Identification of inert peptide A467 as a control peptide

4.2.2.1 Peptide A467 has no effect on LPS-induced TNFa production

Since ConA464 displayed an inhibitory effect similar to the parental peptide A464 1 

discontinued its use in the future experiments.

There were a number o f the A46-derived peptides that had no effect on TLR signalling and 

these inert peptides were perceived as alternative acceptable controls given that they were 

the same size, o f similar physio-chemical properties (Table 4.1) and had the same delivery 

sequence as A464. A467 peptide with the amino acid sequence

RNTISGNIYSARRRRRRRRR is derived from the supposed BB-loop region o f A46 TIR 

domain, which was located only 5 amino acids downstream from A464.

A467 was added to the cells at a range o f concentrations 5, 10, 20 and 40 fiM  but showed 

no inhibitory effect on LPS-induced TNFa in human cells at any o f the concentrations 

used (Figure 4.4A). Cells v iab ility was affected only at concentration 40 )aM (Figure 

4.4B), but given the potency o f A464 this concentration w ill not be used in the future 

experiments.

4.2.2.2 A467 does not affect signalling via TLR4, TLR2 and TLR9 in murine 

cells

A467 was also tested for any possible effects on other TLRs in murine cell. A467 was 

added to RAW264.7 at concentrations 5, 10 and 20 |iM  and cells were stimulated with
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LPS, PA M 3csk4  or CpG . The peptide showed no effect on the cytokine secretion at any o f  

the concentrations used and there w as no reduction in the cell viability  (Figure  4.5).

Therefore, it was decided to use the A 467 peptide as a control peptide (C P7) for any 

further w ork  with the A 464  peptide.

Table 4.1. P hysio -C hem ica l  properties o f  the peptides.

Peptide S eq u en ce  m .w. j j  II h

A 4 6 3  TYLYNK YSFK L-9R 20 2845.3 2.1 11 0 39 -2-3 248.33 7.2

^ 4 5 4  KYSFKLILAEY-9R 20 2780.3 2.1 11 1 63.5 -1-9 228.03 1.3

^ 4^-7 R N T IS G N IY S A -9R  20 2600.9 2.6 10 0 44 -2-3 258.27 1

A 4 6 9

A 4 6 1 0

D S G L F D F V N F V -9 R  20 2665 2.3 9 2 48.5 -1-6 243.13 1.1

D FV N FV K D M IC -9R  20 2736.2 2.1 10 2 48.5 -l-e  225.89 1.1

Abbriviations; aa - am ino  acids; m .w .-m olecular  weight; pi-  theoretical isoelectric point; 

- num ber  o f  the positively  charged residues; “— ” - num ber  o f  the negatively  charged

residues; AI- aliphatic index; H - hydropathy; II- instability index; TVi, h - theoretical half- 

life o f  the peptide in m am m alian  cells in h.

E xPA SY -Pro tParam  Tool (Sw iss  Institute o f  B ioinformatics)
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4.2.3 Investigation of the inhibitory effect of A464 using A467 as a 

control

4.2.3.1 A464 inhibits TLR4 signalling in wt iBMDM

W ild type immortalised bone-marrow derived macrophages (w t iB M D M ) were used as a 

close m.atch for primary murine cells. Thus, A464 and CP7 were added to wt iBM DM  at 

concentrations 1, 5 and 25 |iM  and cells were stimulated with 20 ng/ml LPS for 6 h. A464 

potently inhibited production o f TNFa in response to LPS in these cells, while addition o f 

A467 had no effect (Figure 4.6A). Also, as shown by M TT assay neither A464 nor CP7 

reduced cells v iab ility  at concentrations used (Figure 4.6B).

Next I assayed potency o f the peptide to inhibit other pro-inflammatory cytokines at low 

concentrations in wt iBMDMs. Thus, I found that similar to TNFa, A464 also inhibited 

production o f MIP-2, RANTES and IL-6 at concentrations 1 and 5 |iM  (Figure 4.7).

4.2.3.2 A464 does not inhibit TLR2-mediated cytokine production in wt 

iBMDM

Previously I identified that the peptide A4610 potently inhibited LPS-induced cytokines, 

but it also inhibited TLR2-mediated signalling.

Therefore, I next tested the effect o f A464 on TLR2 signalling. TLR2 forms heterodimers 

with TLR l and TLR6 depending on the antagonist it binds. Thus, heterodimerisation o f
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TLR l and TLR2 allows recognition o f acylated amino terminus o f bacterial lipoproteins, a 

synthetic tripalmitoylated lipopeptide PAM3CSK4 (palmitoyl-3-cysteine-serinelysine-4) 

(Sandor, Latz et al. 2003). On the other hand heterodimerisation between TLR2 and TLR6 

allows recognition o f MALP2 (mycoplasmal macrophage-activating lipopeptide 2kDa), a 

diacylated lipopeptide from mycoplasma (Takeuchi, Sato et al. 2002; Wetzler 2003).

A464 and CP7 were added to w t iB M D M  at concentrations 1 and 10 |iM  and cells were 

stimulated with either 20 ng/ml PAM3csk4 or 20 nM MALP2, minimal recommended 

concentrations o f these antagonists to induce pro-inflammatory response. A464 did not 

inhibit TLR2 signalling in response to either agonist (Figure 4.8).

4.2.3.3 A464 does not inhibit TLR3- or TLR9-mediated cytokine production in 

wt iBMDIVI

As before cells were treated with 1 and 10 |aM o f A464 and CP7 and then stimulated with 

TLR3 antagonist Poly(I:C) and CpG. A464 inhibited neither o f the two receptors tested at 

either dose used (Figure 4.9). Thus, A464 peptide was identified as the most potent 

inhibitor o f TLR4 signalling in comparison to the other peptides investigated here; and so 

far was found to be TLR4-specific. Therefore, I termed the peptide A464 as Viral 

inhibitory PEptide o f To ll-like  Receptor 4 (VIPER).
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4.2.3.4 VIPER inhibits LPS-induced hTNFa in THP-1

The first experiment, which identified VIPER as a TLR4 inhibitor was done in the human 

leukaemic monocyte lymphoma cell line U937. However, it was important to test the 

peptide’ s potency and cytotoxicity in another human cell line as well. Therefore, THP-1 

cells were differentiated with 200 nM o f PMA for 24 h before treatment with the peptides 

and LPS. VIPER and CP7 were added to the cells at 5 and 10 |iM  and cells were 

stimulated with 10 ng/ml LPS for 6h. Interestingly VIPER completely inhibited TNFa 

production at 5 |iM  in these cells without affecting the ceils’ v iab ility  (Figure 4.10), which 

was a more potent inhibition then previously seen in U937 cells (Figure 3.5).

4.2.3.5 In contrast to VIPER PI 3 failed to inhibit LPS-induced human TNFa

As was mentioned before the A52-derived peptide P I3 was shown to inhibit TLR4 

signalling in vitro and in vivo (McCoy, Kurtz et al. 2005). However, these studies were 

performed in mice and no data in human cells was shown. Therefore the effects o f VIPER 

and P I3 peptides on LPS-induced human TNFa production in THP-1 were investigated. 

Cell were differentiated and seeded as described before and peptides were added to the 

cells 1 hour before stimulation at concentrations o f 20 and 40 |.iM. Cells were stimulated 

with 100 ng/ml LPS and supernatants were assayed for hTNFa production by ELISA 6 h 

port-stimulation. P I3 had no inhibitory effect on LPS-induced cytokine production in 

human cells, whereas VIPER completely inhibited hTNFa secretion (Figure 4.11).

183



Chapter 4 -  VACV-derivedpeptide VIPER is a TLR4-specific inhibitor

4.2.3.6 VIPER potently inhibits human TNFa production when added after or 

together with LPS

To assay the extent o f VIPER’s potency 1 repeated the previously described experiment 

(see 3.2.4.3) in which VIPER was added 1 h after stimulation or together with LPS. This 

experiment showed that VIPER exhibits its inhibitory properties immediately upon 

addition to the cells, as it completely inhibited TNFa production when was added 

simultaneously with LPS (Oh) or Ih before LPS (-Ih ) and dramatically decreased levels o f 

the cytokine secretion when added 1 h after the stimulation with LPS (Figure 4.12)

4.2.3.7 VIPER inhibits LPS-induced TNFa in primary human PBMC

Seeing such a potent inhibitory effect o f VIPER in human cell lines it was important to 

assay the peptide in primary human PBMC. Peripheral blood mononuclear cells were 

purified from uncoagulated whole blood using the Ficol Gradient method as described in 

the Materials and Methods section. The isolated PBMC were seeded into 96-well plates at 

1 X 10  ̂ cell/ml 24 h before treatment. VIPER and CP7 were added to the cells at 

concentrations o f 1, 5 and 25 |iM  I hour before stimulation with 10 ng/ml LPS for 6 h. As 

shown in Figure 4.13A, at 5 |.iM  VIPER almost completely blocked production o f TNFa, 

while CP7 showed no effect. The M TT assay showed that both peptides were not toxic for 

PBMCs at all concentrations used (Figure 4.13B).
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4.2.3.8. Determination of VIPER’S ICsofor iniiibition of TNFa production and 

cytotoxicity in PBMC

v ip e r ’ s IC50 for TN Fa inhibition was determined by treating human PBMC with the 

peptide at concentrations 0.39- 25 |iM  and measuring TN Fa release upon treatment with 

10 ng/ml LPS. Simultaneously cells were incubated with recombinant FlTC-conjugated 

Annexin V to assay induction o f apoptosis by the peptide and thus determine its IC50 for 

cytotoxicity. Annexin V binds to phosphatidylserine which becomes exposed only during 

apoptosis (Brumatti et al., 2008) allowing one to distinguish between apoptosis and 

necrosis. In order to control for necrosis 1 |ag/'ml o f PI was added to the cells directly 

immediately prior the flowcytometry and there was no necrosis observed.

The IC 50 for VIPER to inhibit TNFa in PBMC was 5 |.iM  (Figure 4.14A), while IC 50 for 

its cytotoxicity was 37 ^M  as measured by flowcytometry (Figure 4.14B).

4.2.3.9 VIPER inhibits degradation of IkB and phosphorylation of JNK in 

RAW264.7

As mentioned above LPS stimulation o f TLR4 triggers activation o f NFk B and M APK via 

MyD88-dependent pathway (Akira et al., 2006). Activation o f NFk B can be assayed by 

monitoring degradation o f its inhibitor IkB in response to stimulation with TLR ligand 

(Hayden and Ghosh, 2004). On the other hand activation o f MAP kinases can be 

monitored by detecting the appearance o f phosphorylated JNK or p38 upon stimulation
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with the ligands (Davis 2000; Wang, Deng et al. 2001). RAW264.7 were treated with 5 

o f either VIPER or CP7 and then stimulated with 10 ng/ml LPS for 0, 5, 15, 30 and 60 

min. Cells were harvested as described in Materials and Methods and lysates resolved by 

SDS-PAGE and Western blotting.

Degradation o f Ik B upon stimulation with LPS was seen at 15 and 30 min in the cells 

treated with CP7, whereas the presence o f VIPER completely inhibited Ik B degradation 

(Figure 4.15A). Activation o f MAP kinase JNK was a more rapid event as a weak band, 

which corresponds to phospho-JNK (p-JNK) started to appear only 5 min after stimulation 

with LPS and sustained up until Ih o f stimulation. Again, VIPER completely blocked 

activations o f JNK, as no p-JNK band was detected in the samples treated with the peptide 

(Figure 4.158)

4.2.3.10 VIPER prevents phosphorylation of p38 upon stimulation with LPS in 

RAW264.7

p38 is an important pro-inflammatory MAP kinase which upregulates the induction o f 

pro-inflammatory cytokines by either activating transcription factor AP-1 or by stabilising 

and increasing translation o f cytokines’ mRNA (Ashwell, 2006). p38 also was shown to be 

an important factor in pathogenesis o f many inflammatory diseases (Kumar et al., 2003). 

Therefore it was o f particular interest to assay V lPER’s effect on this M AP kinase. Seeing 

such a potent inhibitory effect o f VIPER on JNK activation it came as no surprise that 

VIPER also prevented phosphorylation and activation o f p38 upon stimulation with LPS.
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Appearance o f phospho-p38 (p-p38) was detected 5 min after stimulation with LPS and 

was sustained for as long as 60 min. VIPER inhibited p38 phosphorylation at all the time 

points tested, whereas CP7 had no effect (Figure 4.16).

4.2.3.11 VIPER inhibits degradation of IkB and phosphorylation of JNK in wt 

iBMDM

As mentioned before wt iBM DM  were used as a close match for primary murine cells and 

therefore activation o f transcription factors and MAPKs was also assessed in these cells. 

Firstly, w tBM DM s were treated with 20 ng/mi LPS for 5, 15, 30, 45 and 60 min in order 

to identify one time point at which Ik B degradation and JNK phosphorylation was most 

prominent. There was a slight difference in the kinetics o f Ik B degradation and 

phosphorylation o f JNK observed between RAW264.7 and w t BMDMs. Thus, in RAWs 

Ik B was completely degraded at 15 min and started to appear again at 30 min (Figure 

4.15A) whereas in w tBM DM s degradation o f Ik B was most prominent at 30 min (Figure 

4.17A). S im ilarly phosphorylation o f JNK was somewhat delayed in wt BMDMs in 

comparison to RAW264.9 cells. In wt BMDM p-JNK appeared at 15 min (Figure 4.17B), 

while in RAW264.7 it was detectable at 5 min after stimulation with LPS (Figure 4.15B). 

Based on these results 30 min stimulation with LPS was chosen as a time-point for 

assessing the effects o f VIPER on TLR4-mediated degradation o f Ik B and phosphor-JNK 

appearance in w t BMDMs. As seen on figure 4.18, VIPER and not CP7 completely 

prevented degradation o f Ik B and JNK phosphorylation upon treatment w ith 20 ng/ml 

LPS.
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4.2.3.12 VIPER inhibits activation of IRF3

Apart from NFk B and MAP kinases, TLR 4 also triggers induction o f type 1 interferons 

(IFNa and 1FN(3) via the TRIF-dependent pathway (Fitzgerald, Rowe et al. 2003). The 

hallmark o f induction o f type 1 IFN by LPS is activation o f IRFs. Activation o f 1RF3 was 

measured by luicferase reporter gene assay as described in Materials and Methods. 

HEK293_TLR4 cells were transfected with 1RF3-Gal4, pFR-luciferase and TK-Renilla 

reporter gene constructs 24 h before treatment with VIPER. The peptide was added at 

concentrations 1, 5 and 10 |aM 1 h before stimulation with 10 ng/ml LPS. After 6 h 

activation o f 1RF3 was assayed. Although induction o f 1RF3 was quite weak VIPER still 

showed complete inhibition o f IRF3 activation at all doses used (Figure 4.19), indicating 

that it potently targets both TRIF-and MyD88-dependent signalling pathways o f TLR4.

4.2.3.13 VIPER does not affect TRIF-dependent activation of TLR3 signalling

In the light o f the above, I tested the effect o f VIPER on TLR3 signalling. TLR3 does not 

engage with MyD88 and signals to NFkB and 1RF3 solely via TRIF (Jiang, Mak et al. 

2004). Seeing such a weak induction o f 1RF3 in the previous experiment 1 decided to assay 

activation o f ISRE as a read out for type 1 IFN activation. HEK293_TLR3 cells were 

transfected with either NFKB-Luciferase or ISRE-Luciferase reporter gene plasmids as 

previously described in 3.2.2.6. VIPER and CP7 were added to the cells at concentrations 

1, 5 and 10 |j.M  and activation o f Luciferase reporter genes was assessed 6 h after 

stimulation with 25 (^g/ml Poly(l:C). Interestingly, even though VIPER potently inhibited 

TLR4 TRIF-dependent pathway, it had no effect on TLR3-mediated activation o f NFk B
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and ISRE. In fact, VIPER’s presence somewhat enhanced TLR3-induced activation o f 

NFkB and even more so o f ISRE (Figure 4.20) suggesting that TRIP is not targeted.

4.2.3.14 VIPER does not affect MyD88-dependent activation of TLR7/8 

signalling

In contrast to TLR3, the other endosomal receptors TLR7 and TLR8 signal via MyD88 

only in response to ssRNA (Ile il, Ahmad-Nejad et al. 2003). CL075 and R848 are two 

synthetic ligands recognised by TLR8. CL075 is a thiazoloquinolone derivative, which 

stimulates activation o f NFk B with subsequent production o f TNFa and IL-12 in human 

PBMC via TLR8 (Gorden, Gorski et al. 2005). R848 is an imidazoquinoline compound 

with potent anti-viral activity, which is also a ligand for TLR8 and TLR7 (Jurk et al., 

2002). HEK293_TLR8 cells were transfected with NFKB-luciferase reporters and the 

peptides VIPER and CP7 were added at concentrations 5 and 25 |iM . I used such a high 

concentration o f VIPER in order to make sure that I was not overlooking a possible less 

potent effect o f the peptide on TLR8 signalling. However, as was previously identified in 

murine cells, here VIPER was TLR4-specific and had no inhibitory effects on TLR8 

signalling in response to either o f its ligands used in this experiment (Figure 4.21).
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4.2.3.15. VIPER prevents induction of pro-inflammatory cytokines mRNA in 

response to LPS

Finally, I tested the effects o f VIPER on TLR4-mediated induction o f pro-inflammatory 

cytokines mRNA. Transcription o f the mRNA in response to LPS can be activated by 

several factors, and therefore assaying effects o f VIPER on mRNA induction o f various 

pro-inflammatory cytokines allowed me to confirm that VIPER exhibits its inhibitory 

potential at the very beginning o f the signalling pathway, preventing activation o f all 

transcription factors, MAPKs and IRFs.

wt iBMDMs were treated with 5 jalVl o f VIPER and CP7 and after 1 h stimulated with 10 

ng/ml LPS. Induction o f mRNA was assayed by quantitative RT-PCR after 6 h. VIPER 

completely inhibited induction o f IFNp mRNA (Figure 4.22B) and potently inhibited 

induction o f TNFa, IL - ip  and MlP-2 mRNA. Such complete inhibition o f IFNP mRNA 

induction is consistent with the effect seen on IRF3 activation, which regulates IFN(i 

production (Honda et al., 2006). Thus, VIPER completely abolished IRF3 induction at 

concentration 1 |aM (Figure 4.19).
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4.3 Discussion

There are a growing number o f  reports showing the involvement o f  the innate immunity in 

the pathogenesis o f  many autoimmune and inflammatory ailments (Bachmann and Kopf 

2001; Yan and Hansson 2007). As previously described TLR4 was involved in the 

pathogenesis o f  many inflammatory and autoimmune conditions and development o f  

TLR4-targetting drugs is o f  a particular interest (Wu, Chen et al. 2007; Imai, Kuba et al. 

2008; Wittebole, Castanares-Zapatero et al. 2010).

Design o f  decoy peptides derived from the BB-loops o f  the host TIR domains (BBP) was 

one o f  the most rational approaches to developing TLR inhibitors compared to a small 

molecule screening programme (Toshchakov and Vogel, 2007). Using high throughput 

screening o f  the small molecules to identify a specific inhibitor of a particular receptor or 

its pathway may take years, whereas development o f  the peptides from the areas o f  the host 

proteins that are known to interact with each other requires few months to develop and 

analyse. Such peptides were derived from the BH-loop o f  the TIR domains o f  TLR2/4/1/6, 

Mai and MyD88 and were shown to interfere with homodimerisation o f  the TIR domains, 

thus blocking signal transduction in a dominant negative manner (Low, Mortlock et al. 

2007; Toshchakov, Fenton et al. 2007; Toshchakov and Vogel 2007; Fanto, Gallo et al. 

2008).

However, development o f  the inhibitory peptides can be optimised even further if such 

peptides are o f  a viral or bacterial origin since infectious agents have optimised targeting of 

the specific host proteins and receptors over the course o f  evolution. Therefore,
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development o f  the inhibitory peptides from the inhibitory viral or bacterial proteins is the 

most optimal way o f  identification o f  very specific inhibitory agents.

In this chapter 1 described identification o f  the viral inhibitory peptide o f  TLR4 derived 

from VACV protein A46, termed VIPER, which was the most potent decoy peptide 

described to date. For example, minimal inhibitory activity o f  CPPs was in the range o f  40- 

160 )j.M (Bartfai, Behrens et al. 2003; Low, Mortlock et al. 2007; Toshchakov, Fenton et al. 

2007), whereas VIPER completely inhibited cytokine production in murine macrophages 

and NFkB activation in human cells at concentrations o f  only 1-5 |j,M. It is possible that 

such incredible potency o f  the viral-derived peptide to inhibit TLR signalling could be due 

to evolutionary refined targeting strategy employed by A46, which strongly inhibits TLR- 

mediated signalling by interacting with the TIR domain-containing proteins (Stack, Haga et 

al. 2005). Indeed, another viral peptide P I 3, derived from VACV protein A52, showed 

similar potency as it inhibited multiple TLRs in the dose range o f  5-10 |iM  (McCoy, Kurtz 

et al. 2005). Like A46, protein A52 also targets multiple TLR signalling pathways by 

interacting with IRAK2 and TRAF6 and thus disrupting the formation o f  the signalling 

complexes (Harte, Haga et al. 2003). P13 not only potently prevented cytokine production 

in response to various TLR agonists, but also was able to inhibit middle ear inflammation 

induced by infusion o f  heat-inactivated S. pneum oniae  and LPS-induced inflammation in 

vivn (McCoy, Kurtz et al. 2005; Tsung, McCoy et al. 2007). Unfortunately, there was no 

data on P I 3 inhibitory activity in human cells shown and it failed to inhibit LPS-induced 

cytokine production in human cells in my hands even at very high concentrations (Figure 

4.11). VIPER on the other hand, not only was active in human cell lines, it also potently
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inhibited cy tok ine  production in primary human P B M C  w ith  IC50 o f  only 5 |iM  (Figure 

4.14). This  da ta  poin ts  at the significant differences in T L R  s ignalling  be tw een  m urine  and 

hum an cells. O f  note, such discrepancies between m urine  and hu m an  im m une  system s are 

found not on ly  in T L R  signalling, but also in the pa thogenesis  o f  som e au to im m une 

diseases such as m ult ip le  sclerosis and delayed type  hypersens itiv ity  (M estas  and Hughes, 

2004).

Neverthe less , V IP E R  w as found to be potent in both hum an  and m urine  cells with a strict 

specificity  to  T L R 4  in both systems in the dose  range that show ed no cytotoxicity. 

Cyto toxic ity  o f  V IP E R  was measured by two distinctive viability  assays: M T T  and 

A nnex in  V s ta in ing. M T T  assay allows measuring levels o f  the  m itochondria l  activity and 

thus assay ing  the  am o u n t  o f  the viable cells (M osm ann, 1983), w hereas  m easuring  FITC- 

conjugated  A n n ex in  V b ind ing  to the exposed phospha tidy lserine  is a very sensitive assay 

for de te rm ina tion  o f  the  level o f  apoptosis (Martin, R eu te l ingsperger  et al. 1995). In 

contrast  to the prev iously  described A46-derived peptides, V IP E R  show ed none or 

insignificant cy to tox ic i ty  in either RAW264.7, w't iB M D M s or h P B M C s in the dose range 

1 to 25 | iM  by  M T T  assay (Figures 4.2, 4.6, 4 .10  and 4 .13)  and the cytotoxic  IC50 in 

P B M C  was ca lcu la ted  to  be 37 |aM, as measured by F IT C -con juga ted  A nnex in  V staining 

(F igure 4.14). T ak in g  into account that V IPE R ’s inhibitory range lies be tw een  1 and 5 fxM 

and that it exh ib its  strict T L R 4  specificity, its cytotoxicity  can be exc luded  as the reason for 

its inhibitory  activity.
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Chapter 4 -  VACV-derivedpeptide VIPER is a TLR4-specific inhibitor

As m entioned  previously, T L R 4 signals via tw o d istinctive s ignalling  pathways. 

M al/M yD 88-dependen t pa thw ay  leads to activation o f  early  N F k B and M A P  kinases 

(Takeuchi and Akira, 2002), w hile  T R A M /T R IF -dependen t pa thw ay  leads to activation o f  

the late N F k B and 1RF3 (O shium i,  Sasai et al. 2003). V IPE R  inhibited ac tivation o f  all the 

s ignalling pathw ays in response  to LPS. Thus, Ik B degradation w as com ple te ly  prevented 

in R A W 264 .7  and w t iB M D M  cells at concentration  o f  5 )a,M (Figure  4 .15A  and 4.18A), 

while activation o f  1RF3 activation  in H E K 293_T L R 4 w as inhibited at 1 | iM  (Figure 4.19). 

V IPER also com ple te ly  prevented activation o f  M A P  kinases JN K  (F igure  4 .15B  and 

4.1 SB) and p38 (F igure 4 .16) in response  to LPS also at concentra tion  5 |^M. JN K  and p38 

are activated by a dual phosphory la tion  which in urn leads to ac tivation  o f  such 

transcription factors as c-Jun, A T F-2 , M E F -2C  and Elk-1 (D avis  2000; W ang, D eng et al. 

2001). p38, how ever, plays an additional role in inflam m ation as it stabilises m R N A  o f  

m any p ro -inflam m atory  cytokines including T N F a ,  lL-6, I L - lp ,  etc in both hum an and 

murine m onocytes  (D ean  et al., 2004). Hence potency o f  V IPE R  to inhibit induction o f  

pro-inflam m atory  cytokines  is exhibited  on both transcriptional and translational levels. 

This was also supported  by the fact that V IP E R  potently inhibited induction o f  T N F a ,  

IFNp, MIP-2 and I L - ip  m R N A  in response to LPS as show n by quantita tive R T -P C R  

(Figure 4.22).

Since, V IP E R  alm ost com ple te ly  inhibited TL R 4 only it is likely tha t its target lies 

upstream o f  the M yD 88  and T R IF  as both pathways are targeted. A lso , o ther T L R s also 

signal via M yD 88, excep t T L R 3 , which  signals via TR IF  (O 'Neill and Bowie, 2007), but

V IPER  had no inhibitory effect on T N F a  production induced by s tim ula tion  o f  any other
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C h ap ter 4  -  V A C V -derivedpeptide VIPER is a  TLR 4-specific inhibitor

TLRs in murine cells (Figures 4.8 and 4.9) and did not inhibit activation o f  N F kB in TLRS 

and TLR3 expressing human cells HEK293 (Figures 4.20 and 4.21). In fact, TLR3- 

mediated N F k B activation was somewhat enhanced in the cells treated with VIPER. 

Therefore, it is likely that VIPER does not target MyD88 or TRIP adaptors or other 

components o f  their signalling pathways. Therefore, it is likely that VIPER acts at the 

receptor-adaptor level, possibly targeting TLR4 itself or its adaptors Mai and TRAM.

195



A.
15 n

E

I  5 H
Ui
c

0 irrriorriarrrrrinn
—  ^  ^  ^  —  - f

7T ro Tt irt to
2  Sg <o <0 <fl to 
< < < < < <

Unstimulated

i

CC

i

■>- CN f 2
to  CO S? CO to5  5  5  '»■ ' t< < < < <

to  h-(O to
< <

10 ng/ml LPS

B.

a
z
I -
E

O)
c

8

6

4

2  H

■n^nnnnnnnn

1 . x

CO
to
<

<nto
<

n
T * T "

CO CO CO

< < <

Unstimulated

00 o>to to
T t< <

CO

CO CO CO

< < <

10 ng/ml LPS

Figure 4.1. Effect of A46 peptides on LPS-induced mTNFa in 

RAW264.7

A46 peptides were added to RAW264.7 cells at 1 and 5 p.M concentrations 1 

hour before stimulating with 10 ng/ml LPS. Supernatants were collected 6 

hours after stimulation with the agonist and assayed for m T N Fa by ELISA. A: 

A461-A467 peptides. B: A468-A4614 peptides (excluding A4610 and A4612).

indicates control wells with no peptide. The data are mean ± SD o f 

triplicate samples and are representative o f at least three experiments .

* p<0.0001 compared to LPS-treated control samples.
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Figure 4.2. A464 and scrambled A464 (ConA464) peptides both 

inhibit LPS-induced cytokine production in RAW264.7 cells

ConA464 and A464 peptides were added to RAW264.7 cells at 

concentrations 1, 5 and 20 |a,M 1 hour before stimulating with 10 ng/ml LPS. 

Supematants were collected 6 hours after stimulation and assayed by ELISA 

for mTNFa (A) and MIP-2 (B). The cells were assayed for viability by MTT 

assay (C). indicates control wells with no peptide. The data are mean ± SD 

of triplicate samples and representative of at least three experiments . *p<0.05; 

** p<0.005 , ***p<0.0005 compared to LPS-treated control wells in (A and B) 

and to unstimulated control samples in (C).
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Figure 4.3. Both scrambled peptide and A464 inhibit TLR4-mediated 

activation of NFkB

HEK293_TLR4 cells were transfected with 60 ng NpKB-Luciferase and 20 ng 

TK-Renilla reporter gene plasmids. A464 and ConA464 peptides were added to 

the cells at concentrations 1, 5 and 10 ^iM 1 hour before stimulation with 10 

ng/ml LPS. Cells were assayed for NFkB activation after 6 hours o f stimulation.

indicates control wells with no peptide. Data are expressed as mean fold 

induction SD relative to control levels and representative o f at least two 

experiments each performed in triplicate. * p<0.005; ** p<0.0005 compared to 

LPS-treated control wells in (A) and to unstimulated control samples in (B).
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Figure 4.4. A467 peptide at different concentrations has no effect on 
LPS-induced hTNFa production in human cells.
THP-1 cells were differentiated with 200 nM PMA for 24 hours before treatment. 

A467 was added to the cells at concentrations o f 5, 10, 20 and 40 fxM 1 hour 

before stimulating with 10 ng/ml LPS and at 40 fiM to the unstimulated wells. 

Supernatants were collected 6 hours after stimulation assayed for hTNFa 

production by ELISA (A). The cells were assayed for viability by MTT assay (B).

indicates control wells with no peptide. The data are mean ± SD o f triplicate 

samples and representative o f at least three experiments. * p<0.05; ** p<0.005 

compared to LPS-treated control wells in (A) and to unstimulated control 

samples in (B).
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Figure 4.5. A467 has no effect on TLR4-, TLR2- or TLR9-mediated 

TNFa in murine cells

RAW264.7 cells were seeded in 96 well plate (1.5x10^ cells/ml) 24 hours before 

treatment. A467 was added to the cells at concentrations o f  1, 5 and 20 |iM  1 

hour before stimulating with either 10 ng/ml LPS (A) or 100 ng/ml PAM3-CSK4 

(B) or 1 }o.g/ml CpG (C). Supematants were collected 24 hours after stimulation 

with the agonists and assayed for m TN Fa by ELISA. indicates control wells 

with no peptide. The data are mean ± SD o f triplicate samples and representative 

o f  at least three experiments . Ns- not significant com pared to agonist-treated 

control samples.



ro o

a
LL
z 15 -
1-
E

10 -
1
O )c 5 -

unstimulated
CP7 A464

10 ng/ml LPS

B. 120 n

unstimulated
CP7 A464

20 ng/ml LPS

Figure 4.6. A464 inhibits LPS-induced mTNFa in w t iBIVIDIVI

Immortalised wt iBMDM cells were treated with A464 and CP7 peptides at 1, 

5 and 25 |^M concentrations 1 hr before stimulating with 20 ng/ml LPS. 

Supernatants were collected 6 hrs after stimulation with the agonist and 

assayed for mTNFa by ELISA(A) and the cells were assayed for viability by 

MTT assay (B). The data are mean ± SD of triplicate samples and 

representative of at least three experiments . ns-not significant, *p<0.05, 

**p<0.005 compared to LPS-treated control samples in (A) and to 

unstimulated control samples in (B).
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Figure 4.7. A464 inhibits LPS-induced MIP-2, mRANTES and mlL-6 

production in wt iBMDM

Im m ortalised wt iBMDM cells were treated with A464 and CP7 peptides at 1 

and 5 ^iM concentrations 1 hr before stimulating with 20 ng/ml LPS. 

Supernatants were collected 6 hrs after stimulation with the agonist and 

assayed for MIP-2 (A), RANTES (B) and IL-6 (C) by ELISA. The data are 

mean ± SD o f triplicate samples and representative o f  at least three 

experim ents . *p<0.005, **p<0.0005 compared to LPS-treated control 

samples .
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Figure 4.8. A464 does not inhibit TLR2-induced mTNFa in wt 

iBMDM

Immortalised wt iBMDM cells were treated with A464 and CP7 peptides at 1 

and 10 |aM concentrations 1 hr before stimulating with 20 ng/ml PAM3csk4 

(A) and 20 nM MALP2 (B). Supernatants were collected 6 hrs after 

stimulation with the agonist and assayed for mTNFa by ELISA. The data are 

mean ± SD of triplicate samples and representative o f at least three 

experiments . ns- not significant compared to Malp2-treated control samples.
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Figure 4.9. A464 does not inhibit TLR3- and TLR9- induced mTNFa 

in wt iBIVIDIVI

Immortalised wt iBMDM cells were treated with A464 and CP7 peptides at 1 

and 10 )^M concentrations 1 hr before stimulating with 25 fig/ml Poly(I:C) (A) 

and 1 |o.g/ml CpG (B). Supernatants were collected 6 hrs after stimulation with 

the agonist and assayed for mTNFa by ELISA. The data are mean ± SD of 

triplicate samples and representative o f at least three experiments, ns- not 

significant compared to Poly(I:C)-treated control samples.
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Figure 4.10. VIPER inhibits LPS-induced hTNFa production in 

human monocytes

THP-1 cells were differentiated with 200 nM PMA for 24 hours before 

treatment. VIPER was added to the cells at concentrations of 5 and 10 |iM 1 

hour before stimulating with 10 ng/ml LPS. Supernatants were collected 6 

hours after stimulation and assayed for hTNFa production by ELISA (A). The 

cells were assayed for viability by MTT assay (B). indicates control wells 

with no peptide. The data are mean ± SD of triplicate samples and 

representative of at least three experiments, ns-not significant, *p<0.05, 

**p<0.0001 compared to LPS-treated control samples in (A) and to 

unstimulated control samples in (B).
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Figure 4.11. In contrast to VIPER P13 failed to inhibit LPS-induced 

hTNFa production in human monocytes

THP-1 cells were differentiated with 200 nM PMA for 24 hours before 

treatment. P I3, CP7 and VIPER were added to the cells at 20 and 40 ^iM 1 

hour before stimulating with 100 ng/ml LPS and at 40 |aM to the control 

unstimulated wells. Supernatants were collected 6 hours after stimulation with 

the agonist and assayed for hTN Fa production by ELISA. indicates control 

wells with no peptide. The data are mean ± SD o f triplicate samples and 

representative o f at least three experiments, ns-not significant, *p<0.05, 

**p<0.0001 compared to control samples.
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Figure 4.12. VIPER potently Inhibits human TNFa production even 

when added to the cells after or simultaneously with LPS

THP-1 cells were differentiated with 200nM PMA for 24 hours before 

treatment. VIPER was added to the cells at concentrations 5 and 10 |j.M. Cells 

were stimulated at different time points in relation to addition o f the peptide: 1 

hour before adding the peptide (-60’); at the same time as peptide (O’); 1 hour 

after the peptide was added (+60’). Supernatants were collected 6 hours after 

stimulation and assayed for hTNFa by ELISA. indicates control wells with 

no peptide. The data are mean ± SD of triplicate samples and representative of 

at least three experiments. * p<0.0001 compared to LPS-stimulated control 

samples within each group.
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Figure 4.13. VIPER Inhibits LPS-induced TNFa in primary human 

PBMC

PBMC were seeded 24 hours before treatment. CP7 and VIPER were added to 

the cells at concentrations 1, 5 and 25 )^M 1 hour before stimulating with 10 

ng/ml LPS. The peptides were added into the unstimulated control wells at 25 

|iM . Supernatants were collected 6 hours after stimulation and assayed for 

human TNFa production by ELISA (A). The cells were assayed for viability 

by M TT assay (B). indicates control wells with no peptide. The data are 

mean ± SD o f triplicate samples and representative o f at least three 

experiments, ns- not significant, *p<0.05, **p<0.005, ***p<0.0001.
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Figure 4.14. VIPER has low 1C50 for LPS-induced TNFa in primary 

human PBMC

PBMC were seeded 24 hours before treatment. VIPER was added to the cells at 

concentrations 0.39, 0.78, 1.56, 3.12, 6.25, 12.5 and 25 |j.M 1 hour before 

stimulating with 10 ng/ml LPS. Supernatants were collected 6 hours after 

stimulation and assayed for human TNFa production by ELISA (A). The cells 

were assayed for viability by incubating with FITC-Annexin V and staining 

was assayed by flowcytometry (B). The data are mean ± SD of triplicate 

samples and representative o f at least three experiments
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Figure 4.15. VIPER inhibits LPS-induced k B a  degradation and JNK 

phosphorylation in RAW264.7

RAW 264.7 cells were seeded in 6 well plates at 1.5x10^ cells/ml 24 hours prior 

to the stimulation. CP7 and VIPER were added to the w'ells 1 hour before 

stimulation at 5 |^M concentration. Unstimulated cells and cells stimulated with 

10 ng/ml LPS for 5, 15, 30 and 60 min were lysed in 1% NP-40 Lysis Buffer. 

The blot was immunoblotted for k B a  (A) and p-JN K  (B). The accuracy o f 

loading was confirmed by re-probing the blot for p-actin and total JNK 

respectively. The figure is a representative o f at least three experiments.
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Figure 4.16. VIPER inhibits LPS-induced p38 phosphorylation in 

RAW264.7

RAW 264.7 cells were seeded in 6 well plates at 1.5x10^ cells/ml 24 hours 

prior to the stimulation. CP7 and VIPER were added to the wells 1 hour before 

stimulation at 5 |iM concentration. Unstimulated cells and cells stimulated 

with 10 ng/ml LPS for 5, 15, 30 and 60 min were lysed in 1% NP-40 Lysis 

Buffer. The blot was immunoblotted for /?-p38. The accuracy of loading was 

confirmed by re-probing the blot for total p38. The figure is a representative of 

at least three experiments.
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Figure 4.17. Time course for LPS-induced k B a  degradation and 

JNK phosphorylation in wt iBMDM

Wt iBMDM were seeded (1.5x105 cells/ml) in 6 well plates 24 hours before 

stim ulation with 20 ng/ml LPS for 0, 5, 15, 30, 45 and 60 min. The cells were 

harvested on ice and lysed in 1% NP-40 Lysis Buffer. The blot were 

im munoblotted for either k B a  (A) or />-JNK (B) and loading was controlled 

by re-probing the blots for either P-actin or total JNK accordingly. The figures 

are representative o f  at least two experiments.
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Figure 4.18. VIPER Inhibits LPS-induced k B a  degrada t ion  and 

JNK phosphoryla t ion in wt IBMDM

Wt iBMDM were seeded (1.5x105 cells/ml) in 6 well plates 24 hours before 

treatment. VIPER and CP7 were added to the cells at 5 )^M concentrations 1 

hour before stimulating with 20 ng/ml LPS. After 30 min the cells were 

harvested on ice, lysed in 1% NP-40 Lysis Buffer. The blot was immunoblotted 

for either iKBa (A) or />-JNK (B) and loading was controlled by re-probing the 

blot for either P-actin or total JNK accordingly. The figures are representative 

of at least three experiments.
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Figure 4.19. Effect of A464 peptide on TLR4-induced IRF3 

activation in HEK293 cells

HEK293_TLR4 cells were seeded in 96 well plate (1.5x10^ cells/ml) 24 hours 

before transfection with the plasmid DNA. Cells were transfected with 3 ng 

1RF3-Gal4 and 60 ng pFR-luciferase, and 20 ng TK-Renilla reporter gene 

plasmids. The total amount o f plasmid DNA transfected into the cells was 

made up to 230 ng by adding pcDNA. A464 peptide was added to the cells at 

1, 5 and 10 )aM concentrations on the next day and cells were stimulated with 

10 ng/ml LPS 1 hour after treatment with the peptide for 6 hours. Cells were 

assayed for 1RF3 activation. indicates control wells with no peptide.

The data are representative o f one experiment performed in triplicate. Data 

are expressed as mean fold induction SD relative to control levels. *p<0.005 

compared to LPS-treated control samples.
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Figure 4.20. VIPER does not inhibit TLR3-mediated signalling in 

HEK293 cells

HEK293_TLR3 cells were were transfected with 60ng/trf o f  either N F k B -  

Luciferase or ISRE-Luciferase and 20ng/trf o f TK-Renilla reporter gene 

plasmids. CP7 and/or VIPER were added to the cells at 1, 5 and 10 )j,M 

concentrations on the next day and cells were stimulated w ith 25 |^g/ml 

Poly(I:C) 1 hour after treatm ent with the peptide. Cells were assayed for N F k B  

(A) and ISRE (B) activation 6hr after stimulation. indicates control wells 

with no peptide. The data are representative o f  at least three experiments each 

performed in triplicate. Data are expressed as mean fold induction s.d. 

relative to control levels. *p<0.05, **p<0.005 compared to Poly(I:C)-treated 

control samples.
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Figure 4.21. VIPER does not inhibit TLR8-mediated signalling in 

HEK293 cells

HEK293_TLR8 cells were transfected with NpKB-Luciferase and TK-Renilla 

reporter gene plasmids. VIPER was added to the cells at 5 and 25 i^M 

concentrations on the next day and cells were stim ulated with either 3 |J.g/ml 

CL075 (A) or 5 ^ig/ml R484 (B) 1 hour after treatm ent with the peptides. Cells 

were assayed for N FkB activation 6hr after stimulation. indicates control 

wells with no peptide. The data are representative o f  at least three experiments 

each performed in triplicate. Data are expressed as mean fold induction SD 

relative to control levels.
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Figure 4.22. VIPER inhibits LPS-induced induction of cytokine 

mRNA in murine macrophage cells

Wt iBMDMs were seeded in 96 well plate (1.5x10^ cells/ml) 24 hours before 

treatment. VIPER and CP7 peptides were added to the cells at concentration 5 

|j,M 1 hour before stimulating with 10 ng/ml LPS for 6 h. Induction of TNFa 

(A), IFNp (B), IL -ip  (C) and MIP-2 (D) mRNA was assayed by qRT-PCR. 

indicates control wells with no peptide. The data are representative o f at least 

three experiments each performed in triplicate. Data are expressed as mean 

fold induction ± SD relative to control levels. *p<0.0001 compared to LPS- 

treated control samples.
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Chapter 5 -VIPER targets TLR adaptor proteins M ai and TRAM

5.1 Introduction

As established in the previous chapter VIPER is lii<ely to target TLR4 or the receptor- 

adapter complex. Therefore in this chapter I investigated which components o f the TLR4 

receptor-adaptor complex are targeted by the peptide.

TLR4 is a type I transmembrane receptors, which consists o f a globular intracellular TIR 

domain, a single trans-membrane spanning section and an extracellular domain mainly 

made up o f leucine-rich motifs. The extracellular domain facilitates recognition o f the 

ligand and formation o f the TLR4 triad, consisting o f  CD 14, MD2 and the receptor itself to 

initiate activation o f the TLR4 signalling cascade. Interactions between the ECDs o f TLR4 

and CD 14 or MD2 were shown to be very important for TLR4 signalling (for detailed 

description see 1.1.2). Therefore, it is possible that VIPER inhibits TLR4 by binding to the 

extracellular portion o f the receptor or its accessory proteins interfering with the assembly 

o f the TLR4 triad. For example, a small synthetic compound Eritoran was shown to inhibit 

TLR4 signalling in response to LPS by antagonising binding o f LPS to MD2 (K im , Park et 

al. 2007).

Another possible target for the peptide would be the intracellular TIR  domain o f TLR4. In 

order to initiate a signalling cascade the TIR domains o f TLR4 receptors must dimerise, 

which forms a scaffold for recruitment o f the adaptor molecules Mai, MyD88, TRAM  and 

TRIP (Saitoh, Akashi et al. 2004; O'Neill and Bowie 2007). The adaptors also interact with 

the TLR4 TIR  domain and between themselves via their TIR  domains. The precise 

mechanism o f  these interactions remains to be clarified, however based on the predicted 

model for the interactions between TLR4 TIR domains the dimerisation occurs via their
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Chapter 5 —VIPER targets TLR adaptor proteins Mai and TRAM

BB-loops (Figure 1.1) (N unez  Miguel et al., 2007). This  was supported  by mutational 

analysis in this region, such as point m utation  P712H in C 3H /H eJ  m ice strain, which 

rendered the receptor hyporesponsive  to LPS (Poltorak, He et al. 1998; Ronni, A garw al et 

al. 2003). In addition, the decoy  peptides derived from the B B-loop o f  T L R 4  also inhibited 

activation o f  N F k B upon stimulation with LPS. Thus, targeting the T IR  dom ain  o f  T LR 4 to 

interfere w ith  the hom odim erisa tion  is another possible m ode o f  V IP E R ’s activity.

The next step in the signalling cascade o f  any T LR  is recruitm ent o f  the  T IR  dom ain- 

containing adaptor proteins. TL R 4 em ploys  four T IR -conta in ing  adaptors , Mai, M yD 88, 

T R A M  and TRIF, w hich  in turn activate M yD 88-dependen t and T R IF-dependen t 

signalling pathw ays leading to induction o f  the w hole  array o f  p ro - inflam m atory  

transcription factors activation (Kawai and Akira  2006; O 'Neill and B ow ie  2007).

M yD88 w as the first adaptor protein show n to be involved in T LR  s ignalling  (K aw ai et al., 

1999). It w as show n that M yD 88 requires the bridging adap to r  Mai in o rder  to interact with 

TIR dom ain  o f  T L R 4  and initiate signal t ransduction from the receptor (Fitzgerald, 

Pa lsson-M cD erm ott  et al. 2001; Horng, Barton et al. 2001). Mai can form heterodim ers 

with TLR4, M yD 88, IR A K I and 1RAK4 via its TIR  dom ain  on the C - te rm inus  (Fitzgerald, 

Pa lsson-M cD erm ott et al. 2001; D unne, E jdeback et al. 2003; D unne, C arpen te r  et al. 

2010). O n the N -te rm inus  Mai contains a phosphatidylinositol 4 ,5-b isphospha te  (PIP2)- 

binding dom ain  required  for recru itm ent o f  M ai to the PIP-2 enr iched  regions o f  the 

m em brane where  the m ajority  o f  inactive TL R 4 is found (M cL aughlin ,  W ang  et al. 2002; 

Kagan and M edzh itov  2006). Mai w as also show n to directly  interact w ith  T R A F 6  via its 

TR A F-b ind ing  m o t i f  on the N -te rm inus(M ansell ,  Brint et al. 2004) and th is  interaction was
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required for phosphorylation of p65 and therefore regulation of transcriptional activation of 

NFkB (Verstak, Nagpal et al. 2009).

In addition, Mai was shown to interact with the member o f  cystein-aspartic acid proteases, 

caspase-l and in caspase-1-deficient cells signalling via TLR2 and 4 was abrogated. It was 

established that Mai contains a typical caspase-l cleavage site and it was assumed that 

interaction between Mai and caspase-l caused cleavage o f  the last a-helix from the TIR 

domain o f  Mai, which was required for binding of MyD88, and consequently for TLR2 

and TLR4 signaling (Miggin et al., 2007; Nunez Miguel et al., 2007). However, recent 

report from Ulrichts et al. showed that site of Mai predicted to be cleaved by the caspase-l 

is essencial for TLR4 and MyD88 binding to Mai (Ulrichts et al., 2010). As well as 

caspase-dependent cleavage for activation, Mai requires phosphorylation by Bruton’s 

tyrosine kinase (Btk) in order to amplify the signal. Btk has LPS-inducible kinase activity 

and phosphorylates Mai at its Tyr-86 and Tyr-187 residues in response to LPS (Gray, 

Dunne et al. 2006). Mai is also phosphorylated by IRAKI and IRAK4, which is then 

followed by ubiquination for degradation by SOCS-1 causing TLR4 tolerance (Kobayashi, 

Takaesu et al. 2006; Dunne, Carpenter et al. 2010).

TRIP is another TLR4 adaptor that leads to activation of NFkB and also the ISRE and IFN- 

p promoter (Yamamoto, Sato et al. 2002; Oshiumi, Sasai et al. 2003; Brooks, Trifilo et al. 

2006). TRIP is only involved in activation of NPkB and IPNp promoter activation in TLR3 

and TLR4 signalling (Hoebe, Du et al. 2003; Yamamoto, Sato et al. 2003). TRIP was 

shown to bind directly to the TLR3 TIR domain only and not to TLR4 (Oshiumi,
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Matsumoto et al. 2003). Even though role o f  TRIP in TLR4 signalling was clearly 

established, it was found that TLR4 and TRIP did not interact directly with each other and 

another TLR4-specific adaptor TRAM  was discovered.

TRAM (TICAM-2) showed 75 % sequence identity to TRIP (Pitzgerald, Rowe et al. 2003; 

Oshiumi, Sasai et al. 2003) and was found to bind to TIR domains o f  TLR4, Mai and TRIP 

and is involved in TLR4 signalling only (Pitzgerald, Rowe et al. 2003; Yamamoto, Sato et 

al. 2003). TRAM  also requires a number o f  post-translational modifications for successful 

signal transduction. Thus, TRAM undergoes N-terminal myristoylation, which “anchors” 

the protein to the membrane enabling it to co-localize with the TLR4 at the cell membrane 

and Golgi apparatus (Rowe, McGettrick et al. 2006). The myristoylation site at the first 7 

amino acids is followed by a stretch o f  13 polybasic amino acids. These two distinct 

domains comprise the bipartite localisation m otif  o f  TRAM, which enables it to shuttle 

between the plasma membrane and the late endosomes (Kagan, Su et al. 2008). This 

endosomal localisation o f  TRAM  is necessary for efficient signalling o f  TLR4 via TRAM- 

TRIP signalling pathway to induce type I IPNs (Kagan, Su et al. 2008). As well as 

modification with fatty acids TRAM  also requires LPS-induced phosphorylation on its 

serine 16 (S e r i6) by Protein Kinase Ce (PKCs) for efficient TLR4-TRIP pathway 

signalling. Phosphorylation o f  S16 by PKCe causes dissociation o f  TRAM  from the 

membrane allowing further downstream interactions via TRIP to occur (McGettrick, Brint 

e ta l .  2006).
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A s previously  m en tioned  A46 full length protein inhibits T L R  signalling  by binding to the 

T IR  dom ains  o f  the  T L R  adaptors (Stack, Haga et al. 2005), thus  preventing  interactions 

be tw een  the T IR -con ta in ing  proteins (J. Stack unpublished  data). It w as established that 

A 4 6  not only  b inds to T IR  domains o f  Mai, M y D 8 8 , T R A M , T R IP  and T LR 4 but also 

prevents  interactions betw een  the TIR dom ains o f  T L R 4  and its adaptors. Interestingly, 

A 4 6  failed to b ind to S A R M , which is consistent with  its role o f  a negative regulator o f  

T L R  signalling  (Carty , G oodbody  et al. 2006). Therefore, it is possib le  that V IPE R  adopts 

the  full length p ro te in ’s strategy and also prevents T L R 4  signalling  by targeting its 

s ignalling  adap to r  proteins. Similarly, the decoy peptides derived  from the B B-loops o f  

T R A M  and M yD 88  also inhibited TLR4 signalling (T oshchakov  et al., 2007).

In this chapter  I show  that VIPER dually targets both adaptor pro te ins  Mai and T R A M , but 

no t M yD 88 or T R IP , thus  conferring its specificity for T L R 4  and preventing activation o f  

e i ther  M yD 88-  o r  T R IP-dependen t pathways.
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5.2 Results

5.2.1 VIPER has cytoplasmic localisation

As previously mentioned TLR4 initiates signal transduction upon binding o f LPS to the 

LBP/MD2/CD14 triad, which then bind to and promote dimerisation o f the LRR domains 

o f two TLR4 (Akashi, Shimazu et al. 2000). It was shown that novel inhibitor o f TLR4 

Eritoran exerts its inhibitory effect by binding to MD2 thus interfering w ith LPS binding 

to MD2 and activation o f TLR4. It is possible that VIPER acts in a similar manner or by 

disrupting interactions between the TLR4 and other members o f the triad. Therefore, I first 

investigated the localisation o f VIPER within the cell. VIPER was labelled with FITC at 

the N-terminus (also having the 9xR delivery sequence at the C-terminus) and was added 

to the wt iBM D M  at 5 (jM for 1 h. A fter fixing and mounting the cells as described in 

Materials and Methods images were taken on the Olympus FVIOOO Point-Scanning 

Confocal Microscope. FITC-VIPER was found to be localised distinctively inside the 

cytoplasm and not on the surface o f the cells (Figure 5.1).

5.2.2 VIPER requires internalisation in order to inhibit TLR4 signalling

To investigate whether VIPER required internalisation to inhibit TLR4 we used VIPER 

peptide with and without the 9R delivery sequence. In this experiment both VIPER and 

CP7 contained a polyhistidine tag (6xHis) fused to the N-termini, and therefore peptides 

without the delivery sequence were termed His-VIPER or His-CP7 and the peptides with 

the 9R delivery sequence were termed His-VIPER-9R or His-CP7-9R. It was established
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that VIPER required the delivery sequence to be present in order to inhibit LPS-induced 

TNFa secretion (Figure 5.2).

5.2.3 VIPER inhibits TLR4 signalling in the MyD88- and TRIF-deficient BMDM

TLR4 is the only TLR that signals via both adaptor proteins MyD88 and TRIP (O'Neill 

and Bowie, 2007). Therefore, next I investigated whether the absence o f either o f these 

proteins would impair VIPER’s ability to inhibit TLR4 signalling. MyD88- and TRIF- 

deficient BM D M  were seeded at 2x10^ and treated with 1 and 5 |aM o f VIPER and CP7 as 

previously described for w t BMDM. As expected, levels o f TN Fa produced by these cells 

were significantly reduced compared to the wild type cells when stimulated with 20 ng/ml 

LPS. Thus, both M yD88- and TRIF-deficient cells produced only 2-3 ng/ml TNFa (Figure 

5.3) whereas w t BM D M  produced cn average 10-12 ng/ml TN Fa (Figure 4.6). 

Interestingly, VIPER still inhibited LPS-induced TNFa production in the absence o f either 

MyD88 (Figure 5.3.A) or TRIF (Figure 5.3B) with the potency o f inhibition comparable to 

the w ild  type cells.

5.2.4 VIPER inhibits TLR4 signalling in the Mal-deficient BMDM and less 

potently in the TRAM-deficient BMDM

Both MyD88 and TRIF require the bridging adaptor proteins Mai and TRAM  in order to 

receive the signal from TLR4 (Fitzgerald, Palsson-McDermott et al. 2001; Kagan, Su et al. 

2008). Since the absence o f neither MyD88 nor TRIF affected VIPER’s ability to inhibit

202



Chapter 5 -VIPER targets TLR adaptor proteins M ai and TRAM

LPS-induced signalling, I next investigated whether Mai or TRAM  are possible targets o f 

VIPER.

Mai and TRAM-knock out (KO) BM DM  cells were treated with the peptides as described 

above. Again, levels o f TNFa produced by these cells in response to LPS were 

significantly reduced compared to wt BM DM  which was also seen in the MyD88 KO and 

TRIP KO cells. Interestingly, VIPER strongly inhibited TNFa production in Mai KO cells 

at both concentrations. On the other hand in the absence o f TRAM  VIPER did not inhibit 

TNFa at 1 |aM and at concentration o f 5 |nM TNFa production was reduced by only 50% 

(Figure 5.38). This result suggested that TRAM  was the peptide’ s possible target, 

although targeting only one arm o f the TLR4-mediated signalling cannot account for the 

complete inhibition o f LPS-induced activation o f NFk B and MAP kinases and cytokine 

production described in Chapter 4.

5.2.5 Effect of VIPER on LPS-induced activation of transcription factors and 

MAPKs in the Mai KO and TRAM KO cells

In order to further investigate the effects o f VIPER on TLR4 signalling in the absence o f 

Mai and TRAM ; I first assessed the time course o f Ik B degradation and JNK 

phosphorylation upon LPS treatment in the Mai KO and TRAM  KO BM DM . I previously 

showed that in wt iBM D M  degradation o f Ik B was seen at 15 and 30 min after stimulation 

with LPS, while /?-JNK appeared at 15 min and sustained for at least 60 min after 

treatment with LPS.
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Mai KO and TR A M  KO BMDMs were seeded at 2x10^ cell/ml in 6 well plates 24 h 

before stimulation with LPS. On the next day the cells were treated with 20 ng/ml LPS for 

5, 15, 30, 45 and 60 min. The untreated control was noted as 0 min o f  LPS treatment. 

Degradation o f  endogenous Ik B as well as phosphorylation o f  endogenous MAP kinase 

JNK was measured by Western blot. Consistent with the reports that the Mal-MyD88 

pathway induce early NFkB activation, whereas the TRAM -TRIF-dependent pathway 

activates late N FkB  (Yamamoto, Sato et al. 2003), I found that in Mai KO BMDM 

degradation o f  IkB was detected at 30 min and .sustained up until 60 min o f  stimulation 

with LPS (Figure 5.5A). Meanwhile in the TRAM KO cells the degradation o f  IkB started 

as early as 10 min and was back to control levels at 45 min (Figure 5.5B).

This division between early and late phase o f  signal activation was even more prominent 

when phosphorylation o f  the MAP kinase JNK was assayed. Thus, in the Mai KO cells 

phosphorylated JNK was not detected until 30 min o f  stimulation with LPS, ahhough this 

phosphorylation was sustained for at least an hour (Figure 5.6A). In the TRAM  KO cells, 

p -JN K  peaked at 15 min and was only detectable at 15 and 30 min (Figure 5.6B). Based on 

these results, 30 min o f  LPS stimulation was chosen as the only time point at which 

activation o f  N F kB via IkB degradation and activation o f  M AP kinases via 

phosphorylation o f  JNK was detectable in both Mai- and TRAM -deficient iBMDMs.

Mai KO BM DM  were treated with 5 |iM VIPER and CP7 for 1 h before stimulation with 

20 ng/ml LPS for 30 min. The cells were lysed in Ix SB (See Methods 2.2.12) and the 

lysates were assayed for Ik B u  and p-JNK by Western blot. Consistent with the previous
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results from the Mai KO BM DM  cells, whereby VIPER inhibited T N F a  production 

(Figure 5.4A), VIPER also completely prevented degradation o f  iKBa (Figure 5.1 A) and 

phosphorylation o f  JNK (Figure 5.7B) in response to LPS in the absence o f  Mai. The 

TRAM KO BMDMs were treated as described above in 5.2.6. Interestingly, in these cells 

VIPER strongly inhibited appearance o fp - JN K  (Figure 5.8B) but had no effect on IkBo 

degradation (Figure 5.8A). Again, this result was consistent with the data that VIPER 

inhibited T N F a  production in the TRAM  KO cells in the absence o f  TRAM at 

concentration 5 |aM only (Figure 5.4B).

All o f  the above indicated that TRAM  is a possible target o f  VIPER, although it did not 

explain V IPER’s ability to completely inhibit LPS-induced signalling. By targeting only 

TRAM the inhibition would have to be partial. Even though absence o f  Mai did not seem 

to affect the peptides abilities to inhibit LPS it was still possible that Mai was a second 

target as well as TLR4 itself. The indirect evidence that Mai is a possible target came from 

the previous experiment in which VIPER enhanced TLR3-mediated activation o f  ISRE 

(Figure 4.20). Recently the O ’N eil’s group presented evidence that Mai is the negative 

regulator o f  TLR3 signalling (Kenny et al., 2009). Therefore, the enhancement o f  

Poly(I:C)-induced ISRE in the presence o f  VIPER may indicate that Mai was being 

targeted by the peptide. Overall, it was possible that the peptide may target the intracellular 

domain o f  TLR4 or both Mai and TRAM simultaneously.
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5.2.6 Comparison of the levels of fluorescence intensity of the free FITC- 

labelled peptides and in the presence of GSH-beads

In order to identify which o f the adaptor proteins is targeted by VIPER I attempted to 

examine the ability  o f VIPER to directly interact with Mai, TR A M  and TLR4. To do this I 

designed an assay in which FITC-labelled peptides were incubated with the GST-tagged 

TIR domains o f Mai, TRAM , TLR4 while the GST fusion proteins were immobilised on 

the GSH-beads. Then after the incubation, the free or non-specifically bound FITC- 

peptides were removed by washing and remaining “ bound fluorescence”  was measured, as 

an indicator o f specific binding.

At first the intensity o f the unbound (free) FITC-VIPER and FITC-CP7 was measured and 

compared to the intensity o f the fluorescence in the presence o f GSH beads with and 

without washing them with the buffer. Thus, 10 mM stock solution o f FITC-VIPER was 

diluted in Ix  TBS to a range o f concentrations from 0.8 to 100 |iM  (TBS was used for all 

the experiments with FITC-labelled peptides as they were found to precipitate in PBS). 

Each o f these working stocks was divided in three 300 |al samples: 1) free FITC-VIPER or 

CP-7; 2) w ith 30 |j,l/well o f GSH-beads incubated with the FITC-labelled peptides (GSH- 

beads); 3) 30 |j,l/well GSH beads incubated with the FITC-labelled peptides for 2h at 4°C 

and then the beads were washed 3 times in Ix TBS. After the incubation and washes all the 

samples were plated out onto the black opaque 96-well plate in triplicates (100 |il each) 

and fluorescence was measured on the microplate spectrofluorometer.
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I found that fluorescence intensity o f FITC-VIPER increased in a dose-dependent manner 

until it reached a concentration o f 25 |aM after which the fluorescence intensity reached a 

plateau when an increase in the concentration o f FITC-VIPER no longer correlated with 

the increase in the fluorescence (Figure 5.9A). This, however, was not due to reaching the 

upper measuring lim its o f the spectrofluorometer, as fluorescence for FITC-CP7 was not 

limited at any point and in fact was at least 10 times more intense then for FITC-VIPER 

(Figure 5.9B). Also, I established that the presence o f the beads in the solution reduced the 

intensity o f the fluorescence o f both peptides by 50% at 25 |.iM  and by up to 80% at 6.25 

laM FITC-VIPER (Figure 5.9A).

5.2.7 Levels of fluorescence from FITC-VIPER did not vary when incubated 

with GST-tagged proteins immobilised on GSH-beads

In order to use this system the GST and GST-tagged TIR domains o f TLR3, Mai, TRAM 

and TLR4 were expressed in the bacterial system and affin ity purified as described in 

2.2.18 and 2.219. Levels o f the protein bound to the GSH-beads were assayed by 

Coomassie staining (Figure 5.10A). Beads containing GST-Mal, GST-TRAM and GST 

were further diluted with the clean GSH-beads 1:30 and GST-TLR3 and GST-TLR4 were 

used undiluted. Based on the results from 5.2.8, I decided to use 25 |aM o f FITC-labelled 

peptides for this experiment as the intensity o f FITC-VIPER was as potent at this 

concentration as at any higher concentration tested, while quenching with the beads was 

most minimal (approx. 50%) (Figure 5.9). Similarly to the above described experiment, 35 

|iM  o f the GSH-beads with or without the bound protein were incubated with 25 |iM  o f
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either FITC-VIPER or FITC-CP7. The clean unbound GSH-beads and beads with GST 

were included as the control for non-specific binding, while GST-TLR3 was used as the 

negative control since it is unlikely that VIPER would interact with TLR3. 

Disappointingly, all o f the samples including the clean GSH-beads emitted similar levels 

o f fluorescence, which also were about 10 times lower then in the previous experiment 

(Figure 5.1 OB). Since the fluorescence from the unbound GSH-beads was as intensive as 

from the beads with the immobilised GST-proteins I hypothesised that the peptide was 

non-specifically deposited inside the pores o f the GSH-beads, masking any possible 

differences in the intensity o f fluorescence between the GST-tagged proteins. I also tried 

optimising various conditions such as decreasing the number o f washes, decreasing 

concentration o f the FITC-peptides, changing incubation time and temperature, etc. 

Unfortunately, none o f these adjustments helped to improve the assay and I was unable to 

identify the target by using this assay (data not shown).

5.2.8 Fluorescence polarisation assay is not suitable for immobilised 

proteins

Fluorescence polarisation was first described as a method for measuring the relative size o f 

a molecule depending on the speed o f its free rotation in solution due to Brownian 

movement (Jameson and Seifried, 1999). The assay is based on the fact that a small 

molecule tagged with a fluorofore (e.g. FITC-VIPER ~2 kDa) would rotate in the solution 

very fast and therefore low levels o f polarized light w ill be detected. Meanwhile, the larger 

molecules, such as TIR-TRAM  (~50 kDa) would tumble in the solution at a much slower
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rate. Therefore, if FITC-labelled peptide binds to the larger molecule its FP will increase 

(see Figure 5.19). A num ber o f  sensitive and rapid assays were developed for 

identification o f the interactions between the proteins by using fluorescence polarization 

(FP) (M orais, O 'M alley et al. 2003; Seethala, Golla et al. 2007).

Unfortunately as m entioned before, TIR dom ains are prone to aggregation and 

precipitation unless immobilised. In order to elim inate the possibility o f  FITC-labelled 

peptides depositing in pores o f the GSH-beads I used glutathione-coated 96-well plates to 

immobilise the GST-tagged proteins (Craig, Ciufo et al. 2004). The designated wells were 

incubated with 100 |il o f  the whole-cell bacterial lysates, containing equal am ounts o f each 

o f the recom binant GST-TIR as assayed by Coom assie staining (Figure 5.11 A). The 

lysates were incubated in the wells for 1 h at room tem perature according to the 

m anufacturer’s instructions. Then the wells were washed 3 times and incubated with 200 

|il o f  5, 10, 25, 50 and 100 nM FITC-VIPER for 1 h before m easuring changes the FP to 

assay which o f  the proteins was targeted by the peptide. Surprisingly the levels o f  FP o f 

FITC-VIPER were inversely proportional to its concentrations in all sam ples. As a result, 

the highest FP levels were detected at 5 )a,M o f  FITC-VIPER (Figure 5.1 IB). This was 

possibly due to saturation o f  the system with the peptide at as low as 5 i^M. Thus, by 

adding more FITC-VIPER which had low polarisation values, the threshold for FP was 

increased, m asking the detection o f  the polarised fluorescence.

In the next assay I assayed the change in the FP upon addition o f  unlabellcd VIPER in 

order to investigate whether the presence o f the unlabelled peptide would decrease the FP
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due to displacement o f FITC-VIPER from its target. The rationale behind this approach 

was that by displacing the FITC-VIPER from its target protein by adding the non-labelled 

VIPER at various concentrations the levels o f FP w ill decrease as the concentrations o f 

VIPER increase.

Again, this assay did not yield any conclusive results, as addition o f unlabelled VIPER did 

not change the FP significantly. The only hint o f a possible peptide displacement came 

from the GST-TRAM containing samples, as there was a reduction in mP values when 1 

nM o f VIPER was added to the wells (Figure 5.12). However, this result was not 

reproducible.

5.2.9 VIPER binds to both Mai and TRAM

Since the FP experiments did not yield any conclusive results I decided to investigate 

which o f the TLR4 receptor-adaptor complex proteins are targeted by the VIPER by using 

immobilized metal ion affin ity chromatography (IM A C ) (Smith et al., 1988). Fusing a 

hexa-histidine (Hise) tag to the N-terminus o f a protein is a widely used technique for one- 

step purification o f recombinant proteins with purity o f up to 97% possible (Ljungquist, 

Breitholtz et al. 1989; Crowe, Dobeli et al. 1994; Henry, Zwieb et al. 1997). For this assay 

VIPER and CP7 were fused with His6 tag on their N-termini and were termed His-VIPER 

or His-CP7. The peptides contained no delivery sequence as the assay was performed with 

cell lysates.
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HEK293_T cells were transfected with either 8 |ig  o f  Flag-tagged TLR4, 2 jag Flag-M al, 8 

|jg  Flag-TRAM , 8 |j.g Flag- TRIF and 8 |ig  HA-tagged M yD88 and cellular lysates were 

prepared 24 h after the transfection as described in 2.2.12. The lysates were incubated with 

25 |iM  o f either H is-VIPER or His-CP7. To control for possible non-specific binding the 

lysates were also incubated with the N i'^  agarose beads only. After the incubation, the 

beads were washed with the lysis buffer containing 50 mM im idazole to remove any 

proteins that may have bound to the beads non-specifically due to the presence o f  the 

histidine am ino acids in the sequence. This concentration o f im idazole was chosen over the 

course o f  optim ising experim ents as the lowest concentration able to clear the non- 

specifically bound proteins from the control beads. The peptide-protein com plexes 

immobilised on the beads were analysed by SDS-PAGE and W estern blotting. 

Unfortunately I was unable to detect overexpressed Flag-TLR4 in the lysates and therefore 

I did not perform His-peptide pulldown with the TLR4. However, the four adaptor proteins 

were successfully detected in the cell lysates (Figure 5.13 lane 1), and therefore these 

lysates were assessed for peptide-adaptor interactions.

The result clearly showed that VIPER interacted with both Mai and TRAM , but not with 

MyDSS or TRIF (Figure 5.13 lane 3). The am ounts o f the overexpressed proteins in the 

lysates were equal (Figure 5.13 lane 1) and none o f  the proteins were pulled down by the 

beads nor by the control peptide (Figure 5.13 lanes 2 & 4).
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5.2.10 VIPER interacts with both Mai and TRAM directly but not with TLR4

Since 1 found that VIPER interact with both TLR4-binding adaptors, I next decided to 

investigate whether VIPER binds to TLR4 directly by expressing the GST-tagged TIR 

domain o f TLR4 in a bacterial system. This would exclude the possibility o f indirect 

interaction between the peptide and TLR4 due to presence o f endogenous Mai or TRAM  in 

mammalian lysates. As a positive control I included GST-tagged TIR  domains o f Mai and 

TR AM  and also overexpressed GST protein alone to rule out non-specific binding. In this 

system, the interaction between VIPER and Mai or TRAM  observed in mammalian cell 

lysates was recapitulated for GST-Mal and GST-TRAM strongly suggesting a direct 

peptide-adaptor interaction, while GST-TLR4 failed to interact w ith VIPER (Figure 5.14).

5.2.11 Pro125His mutation does not prevent interaction between VIPER and 
Mai

Since VIPER was found to target Mai, I decided to investigate whether the BB-loop o f the 

adaptor was involved in the interaction.

It was proposed that Mai interacts with the TIR  adaptors o f various proteins via 

distinctively different interfaces. Thus, Dunne et al. suggested that Mai interacts with the 

BB-loop o f TLR4 via its DD- and DE-loops, while Mai own BB-loop is engaged in the 

homotypic interactions with MyD88. Meanwhile, both Mai and MyD88 interact with the 

BB-loop o f TLR2 via a third different site on their surface (Dunne, Ejdeback et al. 2003; 

Watters, Kenny et al. 2007). However, a more recent study o f the interactions between the 

TIR domains o f the TLR4, Mai and TARM predicted that they all interact via their BB-
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loops, while DE- and EE-loop o f Mai was important for its interactions with the MyD88 

(Nunez Miguel et al., 2007). In order to investigate whether BB-loop o f Mai was targeted 

by VIPER, I performed a His-pulldown with the HA-tagged Mai which contained a 

mutation o f w ithin the centre o f its BB-loop, as Proline 125 substituted by Histidine (Mai 

Pro/His) (the plasmid described in (Dunne, Ejdeback et al. 2003)). Interestingly, the 

mutation did not prevent VIPER interaction between the peptide and Mai (Figure 5.15), 

suggesting that a different interface o f the adaptor is targeted.

5.2.12 VIPER does not prevent interaction between GST-TLR4 and over

expressed Mai or TRAIVI

The parental protein A46 inhibits TLR signalling by binding to the TlR-containing 

proteins (Stack, Haga et al. 2005) and disrupting interactions between the receptor and 

adaptor proteins (J. Stack, unpublished data). Therefore, 1 hypothesised that it was possible 

that VIPER also executes its inhibitory action by preventing interactions between TLR4 

and its adaptors Mai and TRAM.

To investigate this hypothesis I carried out the GST-pulldown assays used to dissect the 

mechanism o f TLR signalling inhibition by A46. The GST-tagged TIR domain o f TLR4 

was expressed in Rosetta-Gami bacterial cells as described in 2.2.18 and purified using the 

GHS-coated beads. 2 ^g o f each Flag-TRAM, HA-Mal and A46 was ectopically expressed 

in HEK293_T cells and the lysates prepared as described in 2.2.12 in Chapter 2. 300 |il o f 

the lysates containing either Flag-TRAM or HA-Mal were incubated with 30 |al o f GST-
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TLR4-containing beads alone or in the presence o f either 25 |iM  VIPER or A46 (300 |̂ 1 o f 

the adaptor-containing lysates were mixed with 300 |al o f  A46-containing lysates in vitro. 

O f note, this sample contained 600 |̂ 1 o f total volume o f the lysate to ensure the total 

amount o f the protein present in the vial was equal to the rest o f the samples. In order to 

control for non-specific interactions due to the presence o f GST, the lysates were also 

incubated w ith GST-containing beads. As seen in the Figure 5.16, TIR  domain o f TLR4 

interacted w ith TR AM  (A ) and Mai (B) (lane 1) and this interaction was specific as there 

was no Mai or TR AM  detected in the samples incubated with the GST-containing beads 

(lane 6 in Figure 5.16A for TRAM and lane 4 in Figure 5.16B for Mai). The presence o f 

A46, however impaired interactions between the TLR4 TIR and TRAM  (Figure 5.16A 

lane 2) and significantly reduced the ineraction between the TLR4 and Mai (Figure 5.168 

lane 2). Howere, the presence o f VIF’ER had no effect on the receptor-adaptor interactions 

(Figure 5.16A and B lane 3).

5.2.13 VIPER does not inhibit ligand-independent TLR4 signalling

Although VIPER potently inhibits LPS-induced signalling it was unable to disrupt the 

physical interaction between the TLR4 and its adaptor proteins Mai and TRAM  in the 

GST-pulldown assay. In this assay both the receptor and the adaptors are ectopically 

expressed and therefore the stoichiometry o f the interactions is far from the physiological. 

Also, in the cell these proteins interact only upon binding o f the ligand to the receptor, 

while in the GST-pulldown assay the interactions between the GST-TLR4 TIR doamin 

and the adaptors are not ligand-induced.
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Therefore, I decided to investigate w hether  V IPE R  w as able to inhibit non-ligand  induced 

activation o f  N F k B by overexpressing  C D 4/T L R 4 , a T L R 4 construct which has 

ectodom ain  o f  T L R 4 substituted with ectodom ain  o f  C D 4. V IPE R  w as added  to the cells 2 

h (Figure 5 .17A) or 9 h (Figure 5 .17B) post-transfection with the C D 4/T L R 4-express ing  

plasmid. Thus, in the first instance I hypothesised that the peptide w ould  be present in the 

cells at the initial stages o f  the C D 4/T L R 4 protein expression, w hereas  in the second, 

V IPER  w ould  be added to the cells which already have the receptor expressed  on the 

surface. H owever, in both cases V IPE R  did not inhibit N F k B activation in response to 

ectopically  expressed TLR 4. O n the other hand, LPS-induced N F k B was strongly 

inhibited in both experiments.

Knowing that V IPE R  does not target TL R 4 itself but its adaptor proteins Mai and T R A M , 

1 tested w hether peptide was able to inhibit N F k B activation induced by overexpressed 

Mai and T R A M . H E K 293_T L R 4  cells were transfected with 30 ng M ai or T R A M . 

Stimulation with LPS w as also included as a positive control. Interestingly, V IPER  also 

failed to inhibit N F k B activation induced by overexpressed  proteins, a lthough it 

com pletely  inhibited induction by LPS (Figure 5.18).

Collectively  these results suggest that in oreder to inhibit T L R 4 signalling  V IPE R  

possibly requires conform ational changes within the recep tor-adaptor com plex  w hich  

occur upon ligand binding in order to activate the signal t ransduction (Jiang, Georgel et al. 

2006; Latz, V erm a et al. 2007). Also, inability o f  the peptide to prevent interactions and 

the signal induction by the ectopically  expressed proteins is likely due  to the non-
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physiological am ounts o f  the protein in the lysates and incorrect stoichiometry o f  the 

formed com plexes.
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5.3 Discussion

In the previous chap ter  V IPE R  was identified as a specific inhibitor o f  T L R 4 signalling 

which was active in both murine and hum an cells at very low concentrations. Thus, the 

next step w as then to investigate which o f  the host proteins involved in the T L R 4  signal 

transduction pathw ay is targeted by the peptide. This w ould  provide a valuable  insight into 

m echanism s utilized by viruses to target host proteins. A lso  it w ould  aid in the 

identification o f  the region o f  the TL R 4 signalling pa thw ay  that is targeted by V A C V  in 

order to obtain the most efficient inhibition o f  this receptor. Surprisingly, it was found that 

not one but two signalling  proteins are targeted by V IPE R , w hich  confers  the specificity 

and potency o f  the peptide to inhibit TLR4 signalling.

Firstly, it w as established that the peptide lost its inhibitory abilities w ithou t the delivery 

sequence, as it was not able to internalise into the cell in o rder  to interact with its 

intracellular target. Furtherm ore, confocal im aging show ed that V IP E R  has strictly 

cytoplasmic distribution inside the cell and formed distinct c lusters (see Figure 2a and b). 

The confocal images o f  the FITC-labelled  V IPE R  inside the cells are som ew hat similar to 

the images o f  CD 4/T L R 4 , G F P -T R A M  and G FP-M al show n by J.C, K agan  (K agan, Su et 

al. 2008), suggesting that V IPE R  m ay bind to these proteins, a lthough co-sta in ing  o f  the 

proteins w ould  be required to verify this postulation.

Secondly, by s tudying effects o f  the peptide on LPS-induced  cytokines  and activation o f  

signalling m olecules  in the TIR  adaptor-deficient cells I narrow ed d ow n  the area o f  the 

TLR4 signalling pathw ays targeted to the receptor-adaptor com plex . Thus, data from the 

TR A M -defic ien t cells show ed that V IPE R  lost its potency to inhibit LPS-induced  T N F a
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and Ik B degradation  in the absence o f  TRAM . This c learly  suggested  T R A M  as V lP E R ’s 

target, a lthough it could  not explain the fact that the peptide  com ple te ly  inhibited TLR4 

signalling. T he  absence  o f  Mai, M yD88 and TR IP  on the o the r  hand did not seem to affect 

v i p e r ’s ab ility  to inhibit TLR4 signalling, clearly  indica ting  that the peptide acts at the 

recep tor or recep to r-adap to r level. However, the fact that ac tivation  o f  JN K  was also 

s trongly  inhibited in the T R A M  KO cells indicates that T R A M  w as not the only  V lP E R ’s 

target.

N ex t I perfo rm ed  a series o f  fluorescence polarisation assays by using the FITC-labelled  

peptide supposed ly  bound  to the protein. U nfortunately  due  to the abilities o f  the TIR 

dom ains  to hom od im erise ,  it was impossible to purify any  o f  the TIR  dom ain-conta in ing 

proteins, as they  tend to form highly insoluble aggregates and precipitate. Therefore, 1 tried 

using im m obilised  G ST -tagged  I'lR dom am s o f  the T L R 4, Mai and T R A M , which 

regrettably did not yield any conclusive results. 1 suggest that the reason for unsuccessful 

a ttem pt to utilize this assay was the fact that both the target protein  and the fluorofore must 

be in the  solution. B ecause, in order to assay the changes  in the f luorescence polarisation 

the light em itted  by the fluorofore is measured in tw o perpend icu la r  channels  (A and B) 

therefore  it is necessary  for both the tracer and the target to  be in the m iddle  o f  the wells to 

be detected  b y  both  channels , while binding o f  the target to the walls  o f  the wells restricts 

m easurem ents  to  on ly  one  o f  the channel resulting in inaccurate  non-specific  data (Figure 

5.19).
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Nevertheless, by perform ing  histidine pull-down assays w hereby  H is-V IPE R  was 

incubated with ectopically  expressed tagged TL R 4 adaptors H A -M al,  F lag -M yD 88 , Flag- 

T R A M  and F lag-TRIF, I identified both Mai and T R A M  as the pep t id e ’s target proteins. 

C onsistent with  the fact that A 46 binds to the TIR  dom ains (Stack, H aga  et al. 2005) it 

cam e as no surprise that V IPER , which  is derived from the A46, executed  its inhibitory 

potential in a sim ilar m anner  by b inding  to the T IR  dom ains o f  the T L R 4  adaptors M ai and 

T R A M . However, in contrast to the parental protein, V IP E R  did not target M yD 88 and 

TRIF, which are also involved in signalling via other TLRs, thus conferring  specificity  o f  

the peptide for TLR4.

Although it was previously  reported that Mai was also involved in T LR 2 signalling  (Horng, 

Barton et al. 2001); recent reports from O ’Neil, Henneke and Vogel g roups  show ed that 

Mai is redandant in T L R 2 signalling under certain c ircum stances and is ra ther required for 

sensitisation o f  T L R 2 to low doses o f  the agonist (Cole et al., 2010; K enny  et al., 2009; 

Santos-Sierra et al., 2009). A lso  Mai was shown to be m ore important in T L R 2/6  then the 

T L R l /2  signalling (Santos-S ierra  et al., 2009). N evertheless, even though  it was 

established that V IP E R  targets Mai, signalling via both TLR2/1 and T L R 2/6  w ere  not 

inhibited. In the light o f  the proposed model that M ai interacts w ith  different TIR- 

containing proteins via distinct interfaces (Dunne, E jdeback et al. 2003). To test this 

hypothesis  I perform ed his-pulldow n with the P ro l2 5 H is  m utant o f  M ai, w hich  was 

previously shown to im pair  T L R 4  signalling (Fitzgerald et al., 2001). H ow ever,  I found 

that V IPER was still able to interact with this mutant. This can be expla ined  by e ither the 

possibility that this region o f  Mai is not involved in the interactions with  the T IR  dom ain  o f
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TLR4 or that this mutation is not sufficient to impair the interaction between VIPER and 

Mai. Consistent with the former the proposed model for the interactions between the TLR4 

and Mai TIR domains, in which the BB-loop o f  Mai is involved in interaction with the TIR 

domain o f  M yD88 rather then with the TLRs, while its DD- and DE-loops interact with 

BB-loop o f  TLR4 (Dunne et al., 2003). Meanwhile, both Mai and MyD88 were proposed 

to interact with the BB-loop o f  TLR2 via a third unidentified site on their surface (Dunne, 

Ejdeback et al. 2003; Watters, Kenny et al. 2007). However, another model proposed by 

Nunez Miguel et al. for the TLR4-Mal or TRAM complex formation, states that BB-loops 

o f  both Mai and TRAM  are involved in the interactions with the TLR4 homodimer (Nunez 

Miguel et al., 2007) and the decoy peptides derived from the BB-loops o f  either Mai or 

TRAM inhibited TLR4 signalling (Toshchakov et al., 2005). It was also predicted that at 

least 49 residues from Mai BB-loop region are involved in the receptor-adaptor 

heterodimer formation (Nunez Miguel et al., 2007), therefore it is possible that VIPER 

binds to a region o f  Mai which does not include proline 125.

However, even though VIPER was able to directly bind to Mai and TRAM  in the histidine 

pull-down assay and strongly inhibit LPS-induced TLR4 signalling it did not interfere with 

the TLR4/Mal or TLR/TRA M  interactions in the GST-pull down assays. This can be due to 

the fact that T IR  domains interact via at least two distinct sites: the BB-loop region and the 

Poc m otif (Jiang, Georgel et al. 2006). Therefore, if  VIPER does target the region o f  Mai 

important for signalling via TLR4 the remaining interactions between the Poc sites would 

prevent the dissociation o f  the TIR domains o f  the TLR4 and the adaptor.
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Another reason may lay in the nature o f  the GST-pulldown assay, as the interactions 

between the TLR4 TIR and Mai or TRAM TIR domains seen in this assay are non-ligand 

induced and amounts o f  the proteins involved in the complex formation are unlikely to 

reflect the physiological levels. Therefore, further optimisation o f  this assay, such as 

reducing the amount o f  the proteins and/or increasing concentration o f  VIPER may be 

required. Even better still to use a more sensitive assay such as fluorescence resonance 

energy transfer (FRET) which would allow to assay interactions between TLR4 and Mai or 

TRAM or lack o f  such 1 the presence o f  VIPER at the endogenous levels.

Nevertheless, the fact that VIPER binds to Mai and TRAN and the fact that the peptide 

does not inhibit signalling via other TLRs, which use MyD88 or TRIP, which utilizes 

TRIP, I suggest that VIPER targets the distinct surface o f  Mai TIR domain is responsible 

for its interactions with TLR4, but not to the surface o f  Mai involved in interactions with 

the TLR2 signalling complex.

Furthermore, VIPER did not inhibit activation o f  N Fk B induced by ectopic expressions o f  

either Mai or TRAM. At the same time VIPER strongly inhibited LPS-induced N Fk B in 

the same assay. This supports the suggestion that VIPER possibly binds to the region o f  the 

Mai and TRAM involved in the interactions with the TLR4, and not to the area responsible 

for interactions between the Mai and MyD88 or TRAM and TRIP. The model for possible 

VIPER interactions is proposed and discussed in Chapter 7.
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Figure 5.1. VIPER has cytoplasmic localisation

wt iBMDM were seeded in 6 well plates on slides 24 hours before treatment. 

FITC-VIPER was added to the cells at concentration 5 )iM for Ih. Cells were 

fixed with 4% parafomialdehyde and mounted onto the coverslips using DAPI- 

containing Mowiol. Confocal images taken on an Olympus FVIOOO Point- 

Scanning Confocal Microscope. Figure is representative of three experiments. 

Scale bar is 10 )im.
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Figure 5.2. His-VIPER requires an internalisation delivery 

sequence to inhibit LPS- Induced mTNFa In wt IBMDM

wt iBMDM cells were treated with His-VIPER or His-CP7 without the 

delivery sequence (A) or with His-VIPER-9R and His-CP7-9R peptides with 

the delivery sequence (B) at 1 and 5 )iM concentrations 1 hr before stimulating 

with 20 ng/ml LPS. VIPER was added at 5 )aM as a positive control. 

Supernatants were collected 6 hrs after stimulation with the agonist and 

assayed for mTNFa by ELISA. indicates control wells with no peptide. 

The data are mean ± SD of triplicate samples and representative of at least 

three experiments. *p<0.005, ** p<0.0001 compared to LPS-treated control 

samples.



a

o>c

M yD88

Unstimulated

V IPER  

20 ng/ml LPS

CP7

4

au. 3
z
H

1 2
O)c 1

0

TR IP

>
Unstimulated

V IPE R  

20 ng/ml LPS

CP7

Figure 5.3. Effect of A467 and A464 peptides on LPS-induced TNFa 

in MyD88- and TRIF-deficient murine cells

M yD88-deficient iBMDM (MyD88'^‘) (A) and TRIF-deficient iBMDM (TRIP' 

(B) were seeded (1.5x10^ cells/ml) in 96 well plates 24 hours before 

treatment. VIPER and CP7 were added to the cells at concentrations o f 1 and 

5 |iM  1 hour before stimulating with 20 ng/ml LPS. The peptides were added 

into the unstimulated control wells at 5 |aM. Supernatants were collected 6 

hours after stimulation with the agonist and assayed for m T N Fa production by 

ELISA. indicates control wells w'ith no peptide. The data are mean ± SD of 

triplicate samples and representative o f at least three experiments. *p<0.05, 

**p<0.0005 compared to LPS-treated control samples.
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Figure 5.4. Effect of A467 and A464 peptides on LPS-induced 

TNFa in IVIal- and TRAM-deficient murine cells

Mal-deficient iBMDM (Mal'^‘) (A) and TRAM-deficient iBMDM (TRAM'^') 

(B) were seeded (1.5x10^ cells/ml) in 96 well plates 24 hours before 

treatment. VIPER and CP7 were added to the cells at 1 and 5 |aM 

concentrations 1 hour before stimulating with 20 ng/ml LPS. The peptides 

were added into the unstimulated control wells at 5 fiM. Supernatants were 

collected 6 hours after stimulation with the agonist and assayed for mTNFa 

production by ELISA. indicates control wells with no peptide. The data 

are mean ± SD of triplicate samples and representative o f at least three 

experiments. *p<0.005, **p<0.0005 compared to LPS-treated control 

samples.
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Figure 5.5. Time course for LPS-induced k B a  degradation in Mal- 

and TRAM-deficient iBMDMs

Wt iBMDM (A), Mal-deficient (B) and TRAM -deficient iBMDM (C) were 

seeded in 6 well plates 24 hours before stimulation with 20 ng/ml LPS for 0, 5, 

15, 30, 45 and 60 min. The cells were harvested on ice and lysed in 1% NP-40 

Lysis Bufl^er. Cell lysates were subjected to SDS-PAGE and immunoblotted for 

iKBa. Equal protein loading was demonstrated by re-probing the blots for P- 

actin. The blotss are representative of at least two experiments.
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Figure 5.6. Time course for LPS-induced phosphorylation of JNK 

in Mai- and TRAM-deficient iBMDMs

Wt iBMDM (A), Mal-deficient (B) and TRAM-deficient iBMDM (C) were 

seeded (2x105 cells/ml) in 6 well plates 24 hours before stimulation with 20 

ng/ml LPS for 0, 5, 15, 30, 45 and 60 min. The cells were harvested on ice 

and lysed in 1% NP-40 Lysis Buffer. Cell lysates were subjected to SDS- 

PAGE and immunoblotted for />-JNK. Equal protein loading was 

demonstrated by re-probing the blots for total JNK. The blotss are 

representative of at least two experiments.
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Figu re  5.7. VIPER inhibits  LPS-induced  k B a  d e g r a d a t io n  an d  JNK 

p h o s p h o r y l a t i o n  in Mal-deficient iBMDM

M al-deficient iBMDM were seeded (2x105 cells/ml) in 6 well plates 24 hours 

before treatment. VIPER and CP7 were added to the cells at 5 |iM  

concentrations 1 hour before stimulating with 20 ng/ml LPS. After 30 min the 

cells were harvested on ice, lysed in 1% NP-40 Lysis Buffer. Lysates then were 

denatured using 5x Sample Buffer with DTT and resolved on 10% SDS-PAGE 

. The proteins were transferred to PVDF membrane using Biometra semi-dry 

transfer system. Cell lysates were subjected to SDS-PAGE and immunoblotted 

for either iKBa (A) or /?-JNK (B). Equal loading was demonstrated by re

probing the blots for either p-actin or total JNK accordingly. The figures are 

representative o f at least three experiments.
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Figure 5.8. VIPER inhibits LPS-induced k B a  degradation and JNK 

phosphorylation in TRAM-deficient iBMDM

TRAM-deficient iBMDM were seeded (2x105 cells/ml) in 6 well plates 24 

hours before treatment. VIPER and CP7 were added to the cells at 5 |j.M 

concentrations 1 hour before stimulating with 20 ng/ml LPS. After 30 min the 

cells were harvested on ice, lysed in 1% NP-40 Lysis Buffer. Lysates then were 

denatured using 5x Sample Buffer with DTT and resolved on 10% SDS-PAGE 

. The proteins were transferred to PVDF membrane using Biometra semi-dry 

transfer system. Cell lysates were subjected to SDS-PAGE and immunoblotted 

for either IkBa (A) or /?-JNK (B). Equal loading was demonstrated by re

probing the blots for either b-actin or total JNK accordingly. The figures are 

representative of at least three experiments.
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Figure 5.9. Comparison of the levels of fluorescence intensity of 

free FITC-labelled peptides and in the presence of GSH-beads

FITC-labelled VIPER (A) and CP7 (B) were diluted to a range of 

concentrations between 100 and 0 |j,M and intensity of fluorescence was 

measured (Free FITC). Then 30 |al of 50% slurry o f GSH-beads was added to 

each sample and fluorescence was measured (FITC-peptide + GSH-beads). 

The beads then were washed 3 times in PBS and remaining fluorescence was 

measured (washed GSH-beads). The figures are representative of two 

experiments.
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Figure 5.10. Levels of fluorescence from FITC-VIPER did not vary 

when incubated with GST-tagged proteins immobilised on GSH- 

beads

GST-tagged TIR-containing proteins and GST were immobilised on GSH- 

beads. Levels of the protein bound to the beads were compared by Coomassie 

staining (A). Beads containing GST, GST-Mal and GST-TRAM were diluted 

1:30 with clean GSH-beads and GST-TLR3 and GST-TLR4 were used 

undiluted. 25 |aM FITC-labelled VIPER and CP7 were incubated with beads 

only or with the beads containing either GST-Mal, GST-TRAM, GST-TLR4, 

GST-TLR3 or GST for 2 h. Then the supernatants were removed and the 

beads were washed 3 times in PBS before measuring the fluorescence (B). 

The data are mean ± SD of triplicate samples and representative o f two 

experiments each performed in triplicates.
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Figure 5.11. Levels of fluorescence polarisation for FITC-VIPER 

did not vary significantly when incubated with GST-tagged 

proteins immobilised on GSH-coated plate

GST-tagged TIR-containing proteins and GST were immobilised on GSH- 

coated 96-well plate. Levels of the protein in the lysates were compared by 

Coomassie staining (A). FITC-labelled VIPER was added to the wells 

containing either GST, GST-Mal, GST-TRAM, GST-TLR4 or none at 

concentrations 5, 10, 25, 50 and 100 nM. The FP was measured after 

incubation for Ih (B). The figures are representative of two experiments.
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Figure 5.12. Levels of fluorescence polarisation for FITC-VIPER 

did not vary significantly when incubated with GST-tagged 

proteins immobilised on GSH-coated plate in competitive binding 

assay

GST-tagged TIR-containing proteins and GST were immobilised on GSH- 

coated 96-well plate. Levels of the protein in the lysates were compared by 

Coomassie staining (A). 5 nM of FITC-labelled VIPER was added to the 

wells containing either GST, GST-Mal, GST-TRAM and GST-TLR4 (GST- 

BVRa was used as size control) and non-labelled VIPER was added at 

concentrations 0.1, 1, 10, 100 and 1000 nM. The FP was measured after 

incubation for Ih (B). The figures are representative o f two experiments.
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Figure 5.13. VIPER interacts with both Mai and TRAM

HEK293 cells were seeded in 100 mni dishes at 1x105 cell/ml. On the next 

day the cells were transfected with 2 |xg o f Flag-Mal and 8 |^g o f either HA- 

MyD88, Flag-TRAM or Flag-TRIF. Afiter 24 h cells were lysed in 1% NP-40 

Lysis Buffer with 50 mM imidazole. Levels o f protein expression shown in 

lane 1. Lysates (lane 1) then were incubated with either Nî "̂  agarose beads 

only (lane 2), beads with 25 |aM His-VIPER (lane 3) or beads with 25 |iM 

His-CP7 (lane 4). Peptide-protein complexes were then denatured using 5x 

Sample Buffer with DTT and resolved on 10% SDS-PAGE . The blots were 

im m unoblotted for either Flag or HA. The blots are representative o f at least 

three experiments.
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Figure 5.14. VIPER interacts with both Mai and TRAM directly but 

not with TLR4

GST, GST-Mal, GST-TRAM and GST-TLR4 were expressed as described in 

Materials and Methods. Levels of expressed protein shown in lane 1. Lysates 

were incubated with either Ni^”̂ agarose beads only (lane 2), beads with 25 |j,M 

His-VIPER (lane 3) or beads with 25 (iM His-CP7 (lane 4). Peptide-protein 

complexes were then denatured using 5x Sample Buffer with DTT and 

resolved on 10% SDS-PAGE . The blots were immunoblotted for GST. The 

blots are representative of at least three experiments.
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Figure 5.15. VIPER interacts with Mai P125H mutant

HEK293 cells were seeded in 100 mm dishes at 1x105 cell/ml. On the next 

day the cells were transfected with 8 |ag o f HA-Mal P125H. After 24 h cells 

were lysed in 1% NP-40 Lysis Buffer with 50 mM imidazole. Levels of 

protein expression shown in lane 1. Lysates (lane 1) then were incubated with 

either agarose beads only (lane 2), beads with 25 His-VIPER (lane 

3) or beads with 25 |iM  His-CP7 (lane 4). The figures are representative o f at 

least three experiments. Peptide-protein complexes were then denatured using 

5x Sample Buffer with DTT and resolved on 10% SDS-PAGE . The blots 

were im munoblotted for either Flag or HA. The blot is representative o f two 

experiments.
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Figure 5.16. VIPER does not prevent interaction between GST- 

TLR4 and over-expressed IVIal or TRAIVI

A: HEK293 cells were transfected with 2 |ag of either HA-Mal or A46. After 

24 h cells were lysed in 1% NP-40 Lysis Buffer. Top panel; lysates containing 

HA-Mal then were incubated with either recombinant GST-TLR4 only (lane 

1), GST-TLR4 and lysates containing A46 (1:1) (lane 2), GST-TLR4 and 25 

|iM VIPER (lane 3) or GST only (lane 6). Levels of HA-Mal expression in the 

lysates are shown in the lane 4 and 5. Bottom panel: levels of A46 expression 

in the lysate is shown in the lane 5.

B: HEK293 cells were transfected with 2 |u.g o f either Flag-TRAM or A46. Top 

panel: lysates containing Flag-TRAM then were incubated with either 

recombinant GST-TLR4 only (lane 1), GST-TLR4 and lysates containing A46 

(1:1) (lane 2), GST-TLR4 and 25 mM VIPER (lane 3) or GST only (lane 4). 

Levels of Flag-TRAM expression in the lysates are shown in the lane 5 and 6. 

Bottom panel: levels of A46 expression in the lysate is shown in the lane 6.
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Figure 5.17. VIPER does not inhibit ligand-independent TLR4 

signalling

HEK293_TLR4 cells were transfected with 60 ng NpKB-luciferase and 20 ng 

TK-Renilla reporter gene plasmids. NFkB activation was induced by either 

transfecting 50 or 100 ng of CD4/TLR4 encoding plasm ids or by stimulating 

with 10 ng/ml LPS. VIPER was added to the cells at concentrations 5 and 25 

|iM  either 2 hours (A) or 9 hours (B) after the transfection or LPS-stimulation. 

Cells were assayed for NFkB activation 24 hours post-transfection. 

indicates control wells with no peptide. The data is a representative o f two 

experiments, each performed in triplicate. Data are expressed as mean fold 

induction SD relative to control levels.
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Figure 5.18. VIPER does not inhibit activation of NFkB induced by 

over-expressed Mai or TRAM

HEK293_TLR4 cells were transfected with either 60 ng NpKB-luciferase and 

20 ng TK-Renilla reporter gene plasmids. NFkB activation was induced by 

either co-transfecting 30 ng o f Mai or TRAM encoding plasmids or by 

stimulating with 10 ng/ml LPS. VIPER was added to the cells at 5 and 25 |aM 

concentrations 6 h after the transfection or LPS-stimulation. Cells were 

assayed for N FkB activation 24 hours post-transfection. indicates control 

wells with no peptide. The data is a representative o f two experiments, each 

performed in triplicate. Data are expressed as mean fold induction SD 

relative to control levels.
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Figure 5.19. A schematic representation of FP assay and its 

limitations

A: A polarised excitation light is reflected from the fluorophore and the 

emitted light either remains polarised if  fluorophore moving slowly ( large 

molecule) or becomes depolarised if moving fast (small molecule)

B: The fluorophore-tagged molecule (tracer) and the potential target must 

remain in solution in order to be detected by both channels
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Chapter 6 -  Exploring VIPER’s therapeutic potential

6.1 Introduction

The importance o f the TLRs in combating infection cannot be underestimated. A process 

o f inflammation triggered by TLR signalling in response to various pathogens is essential 

for clearance o f the pathogen from the organism (O 'Neill, 2000). However, overactive 

immune responses can be harmful and even lethal for the host. For example septic shock as 

a result o f septicaemia kills over 200,000 people a year in the USA alone (Lolis and Bucala 

2003) with a mortality rate o f 30-50% (Wittebole, Castanares-Zapatero et al. 2010). 

Involvement o f TLRs in the development o f sepsis is becoming more apparent. Thus, it 

was found thas expression o f TLR4, MD2 and TLR2 is increased in the patients with sepsis 

and in healthy volunteers challenged with intravenous administration o f LPS linking 

involvement o f the TLRs to the development o f septic shock (Brandi et al., 2005; 

Tsujimoto et al., 2008; Wittebole et al., 2005). The only available prescription drug for 

sepsis is Drotrecogin A lfa  (Activated) or DrotAA (Xigris, E li L illy ) is raising numerous 

concerns over safety o f its use due to adverse side effects (Toussaint and Gerlach 2009; 

Mackenzie 2010). Therefore the search for novel therapeutic agent to combat development 

o f the sever sepsis is one o f the top priorities o f many pharmaceutical companies. One o f 

the approaches to combating this problem is developing a TLR4-specific inhibitor to 

prevent TLR4-mediated activation o f pro-inflammatory cytokines which can cause tissue 

damage and multiple organ failure (Tsujimoto et al., 2008; Wittebole et al., 2010).

Furthermore, TLR4 was also shown to play a key role in the development o f sterile

inflammation, which leads to development o f such autoinflammatory diseases as

bleomycin-induced lung inflammation (Kanzler at al, 2007), multiple organ
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ischemia/reperfusion (1/R) injury and hemorrhagic shock/resuscitation (HS/R) (Gill, Tsung 

et al. 2009), atherosclerosis (Stewart, Stuart et al. 2010), rheumatoid arthritis (RA) (Wu, 

Chen et al. 2007) and acute lung injury (Imai, Kuba et al. 2008). The underlying sterile 

inflammation in these conditions is triggered by TLR4 in response to endogenous ligands, 

such as oxidised Low Density Lipoprotein (oxLDL), heat-shock proteins, cellular matrix 

fragments, fibrinogen and p-defensin (Kanzler, Barrat et al. 2007). The number of 

autoimmune diseases in which TLR4 is implicated is rapidly growing and therefore 

development o f  therapeutically applicable TLR4 inhibitory agents is in demand (O'Neill 

2003; Kanzler, Barrat et al. 2007). Current therapeutic approaches to treating the 

autoinflammatory disorders involve blocking pro-inflammatory effector cytokines such as 

TNFa. Infliximab, a mouse-human chimeric anti-human TNF antibody, and Etanercept, a 

soluble p75 TNF receptor coupled to the Fc portion o f  IgG, are two widely used T N F a  

inhibitors in the treatment o f  RA (Wong, Ziring et al. 2008). In spite the fact that T N F a  

inhibitors do weaken symptoms o f  RA and bring relief to the patients with RA, the side 

effects include activation and development o f  tuberculosis (Tb), development of  

opportunistic infections, demyelination and sometimes patient’s death (Han and Cohen 

2004; Yazisiz, Avci et al. 2008). Also, lL-1 and TNF are key pro-inflammatory cytokines 

essential for combating infection and therefore inhibiting recognition and signalling in 

response to these molecules renders patients immunocompromised. For these reasons, 

TLRs rather than the effector molecules become a new target for drug development to fight 

inflammatory and autoimmune conditions. Thus, by inhibiting signalling or ligand 

recognition by a specific TLR the degree o f  inflammation can be significantly reduced 

while other PRRs remain functional, leaving the host immunocompetent.
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In light o f  the above I undertook preliminary investigations to assess V IPER ’s potential for 

development as a TLR4-inhibitory therapeutic agent. Although there are a number of 

therapeutic peptides, such as insulin, cyclosporine, leptin and glucagon-like peptide-l 

(G L P-1) (Edwards, Cohen et al. 1999), generally peptides still present a difficult material 

for successful drug development. One of the many disadvantages o f  peptides as therapeutic 

agents is their short half-live in vivo due to the presence o f  hydrolysable peptide bonds, 

which are subject to proteolytical and enzymatic degradation, leading to a rapid clearance 

from the organism through liver and kidneys, resulting in low bioactivity and poor 

pharmacokinetics. Also, the flexibility of  the peptides’ structure may result in loss of 

specificity for the target and inhibition or activation o f  non-specific receptors with adverse 

effects (Fletcher and Campbell 1998).

Development o f  peptidomimetics where possible has a greater potential for overcoming 

these problems. Peptidomimetics based on the structural and/or physical-chemical 

characteristics o f  the parental peptides allows controlled development o f  synthetic 

compounds that possesses properties of the parental peptide (Barrow and Thompson 1997).

Thus, a short sequence o f  the peptide involved in the binding to the target protein can be 

substituted by a synthetic molecule with the tertiary structure that resembles the parental 

peptide. Such mimetic compounds after binding to the target can then act as a hindrance to 

the oligomerisation between the proteins and therefore interfere with the signal 

transduction (Allen et al., 2005). Thus, Barfti el al. reported synthesis o f  a low molecular 

weight compound based on the structure o f  the three key amino acids from the BB-loop of
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MyD88, previously identified to be important for IL -IR  signal transduction (Bartfai, 

Behrens et al. 2003). This com pound called 4a was reported to adopt a conform ation close 

to the parental BB-loop and selectively inhibited the M yD 88-IL -lR  interaction, but had no 

effect on the interactions between M yD88 and TLR4 (Bartfai, Behrens et al. 2003).

Another method for developm ent o f stable peptids is synthesis o f  the retro-inverso (RI) 

form o f  peptides. These peptides have the reversed linear sequence o f  the parental peptide 

with inversed chirality o f  the amino acids. Since proteases are stereospecific they become 

unable to recognise and cleave the peptide bond which has an inverse orientation o f NH- 

CO instead o f the correct CO-NH:

Ca H

/
N

o Ca
Natural peptide bond Reversed peptide bond

Simultaneously the chirality o f the am ino acids must be changed from the naturally 

occurring L-(laevorotatory)-form  to the D-(dextrorotatory)-form , which preserves the 

correct orientation o f  the side chains o f  the am ino acids, thus enabling binding o f  the RI 

peptide to its target (Fletcher and Campbell 1998). RI peptides were reported not only be 

stable in vivo but also able to cross the blood-brain barrier (Taylor et al., 2000). Overall, 

peptidomimetics possesses many advantages, am ongst which are: lack o f  immunogenicity, 

water solubility, resistance to proteolytical degradation resulting in pro-longed h a lf - liv e  in 

vivo and resistance to enzym atic degradation allowing possibility for oral adm inistration.
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In this chapter I investigated V lPER ’s potential for the development o f  peptidomimetics 

and also its bioactivity in the physiological conditions o f  LPS-induced septic shock in vivo. 

I also assessed the degree o f  involvement of the TLR4 in the oxLDL-induced T N F a  and 

IL - ip  production, since TLR4-induced production o f  the pro-inflammatory cytokines was 

proposed to underlie the development o f  atherosclerosis (Stewart et al., 2010). 

Furthermore, it was reported that TLR4 can detect a component o f  VAC V and the presence 

o f  TLR4 was essencial for survival o f  mice infected with VACV. Therefore, I assayed 

whether TLR4 contributed to induction of pro-inflammatory cytokines in the murine wt 

iBMDM s upon infection with live VACV.
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6.2 Results

6.2.1 The D-enantiomer of VIPER inhibits LPS-induced TNFa in murine cells

In order to increase the half-live o f peptides in vivo such modification as changing the 

chirality o f the amino acids from the L- to D isomers is recommended. The peptides 

composed o f the D-enantiomers are resistant to the natural L-proteases in vivo and can only 

be degraded by the D-proteases, which can be explained by the Koshland’ s “ induced f it ”  

theory between the proteins (Gerber et al., 2005). Therefore, the D-form o f VIPER was 

designed to eventually be used in in vivo assays, and in order to explore whether this 

modification would have any effect on the peptide’s inhibitory potential I first tested it in 

the cell-based assay in wt iB M D M  (Figure 6.1). As before, the peptides were added at 

concentrations 1, 5 and 25 (^M and the cells were stimulated with 10 ng/ml LPS for 6 h. I 

found that D-VIPER with the delivery sequence at C-terminus strongly inhibited LPS- 

induced TNFa in murine wt iBM DM s at all concentrations with the potency comparable to 

the parental L-form (Figure 6.1 A). D-VIPER was also tested in human PBMC as this 

modification may also improve the peptides bioactivity in these cells (Figure 6.2). 

However, in human PBMC this modification dramatically reduced the peptides ability to 

inhibit cytokine secretion at 1 and 5 (o,M (Figure 6.2A), while L-form o f VIPER inhibited 

TNFa production by the PBMCs at all concentrations in the same assay (Figure 6.4A). 

Also, this modification did not affect cell viability as was shown by the M TT assays 

(Figure 6.IB  and 6.2B).

227



Chapter 6  -  E xploring  VIPER's therapeutic po ten tia l

6.2.2. Inhibitory properties of VIPER with the  9R delivery seq u e n c e  at N- 

term inus are enhanced  in wt iBMDMs but not in hum an PBMCs

N ex t  1 tested w h e th e r  the ability o f  VIPER to inhibit w as  dependen t on the position and 

nature o f  the de livery  sequence. Thus, V IPER and C P7 w ere  synthesised  with the 9xR 

delivery  sequence  a t tached to the N-terminus rather then  the C -te rm inus  as was in the case 

in all p revious experim ents . The peptides were te rm ed 9R -C P 7  and 9R-V1PER (see Table 

2.2 for sequence  details). The peptides were tested in both m urine  w t iB M D M  (Figure 6.3) 

and hum an  P B M C  (Figure 6.4). The cells were seeded (P B M C  at 1x10^ cell/ml and 

B M D M  at 1.5x10^ cell/m l) 24 h before the treatm ent and the peptides were added at 

concen tra tions 1, 5 and 25 |iM  1 hour before stimulation w ith  10 ng/m l LPS for 6 h. To the 

unstim ula ted  w ells  the peptides were added only at the h ighest concentra tion  o f  25 |iM  to 

m onito r  for any non-specif ic  effects which may arise due to m odifica tions to the peptides’ 

sequences.

Figure 6.3A show s that changing  the position o f  the delivery  sequence  to the N-term inus 

did not p revent inhibition o f  TLR4-mediated signalling  by V IPE R . In hum an cells 9R- 

V IP E R  had a s im ilar  effect on LPS-induced h T N F a  as the original V IP E R  with the 9R at 

the C -te rm inus  (F igure  4 .13A), in that strong inhibition w as  observed  at 5 ^M . In murine 

cells, inhibition w as even  m ore potent then previously  (com pare  Figure 6 .4A to Figure 

4 .6A ) since 9 R -V IP E R  com pletely  inhibited T N F a  secretion  at 1 | iM  dose reproducibly 

(F igure 6 .4A), w hile  the  original VIPER reduced T N F a  p roduction  by approxim ate ly  70% 

at th is  concentra tion  (Figure 4.6A). Also, 9R -V IP E R  did not affect cell v iability as shown
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by MTT (Figure 6.3B and 6.4B).

I also tested the D-form o f  VIPER with the delivery sequence at the N -term inus (9R-D- 

VIPER see Table 2.2), seeing that changing the position o f  the delivery sequence 

previously improved the peptide’s inhibitory activity in m urine cells (Figure 6.4A). In wt 

iBMDMs 9R-D-V1PER inhibited TLR4 at all concentrations as seen before (Figure 6.5A) 

and it did not reduce num bers o f  the viable cells as found by M TT assay (Figure 6.5B). 

However, this m odification did not improve, but rather decreased the peptide’s potential to 

inhibit LPS-induced cytokine production in human PBM Cs (Figure 6 .6 A), since the 

peptide repeatedly failed to inhibit production o f  hT N F a in response to LPS at both 1 and 5 

|iM  concentrations. In addition, it appeared that cells’ viability was decreased by 

approximately 40% when treated with 9R-D-VIPER at all concentrations (Figure 6 .6 B).

One o f the first cargo delivery peptides described was the peptide TA T 4 q.5 7 , derived from 

the translocation dom ain o f  the TA T protein o f HIV-1, which allow s the protein to 

efficiently cross the plasm a m em brane o f  the cells (Vives et al., 1997). Covalently attached 

TAT 4 9 .5 7  was reported to be used for successful delivery o f  various cargoes into cells, such 

as peptides, proteins, liposomes, nanoparticles and siRNA (W ender, M itchell et al. 2000; 

Heitz, M orris et al. 2009). Therefore, I also tested TA T 4 9 .5 7  as a delivery sequence for 

VIPER to investigate w hether it would improve the delivery o f  the D-isoform o f  VIPER 

and consequently its bioactivity in the PBM C. Also, by using a different delivery sequence 

1 was able to test whether the inhibitory properties o f  VIPER depended on the poly

arginine sequence.
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The D-isomer o f  VIPER with TAT 4 9 .5 7  attached to the N-terminus (TAT-D-VIPER) was 

tested in both murine iBMDMs (Figure 6.7) and human PBM Cs (Figures 6 .8 ). The cells 

were seeded (BM D M  at 1.5x10^ cell/ml and PBMC at 1x10^ cell/ml) 24 h before the 

treatment and the peptides were added at concentrations 1, 5 and 25 |aM 1 hour before 

stimulation with 10 ng/ml LPS for 6  h. Figure 6.7 shows that for murine cells changing the 

delivery sequence to TAT did not prevent VIPER from inhibiting TLR4 signalling, as it 

inhibited T N F a  production at 5 and 25 (Figure 6.7A). However, the potency o f  

inhibition o f  LPS-induced T N F a  was somewhat decreased since there was no inhibition at 

1 i^M. This is likely due to the less efficient delivery o f  the peptide into the cells by TAT 4 9 . 

5 7 as compared to 9R, which also as previously reported (Wender, Mitchell et al. 2000). 

Furthermore, D-TAT-VIPER completely failed to inhibit TLR4 signalling in PBMCs at all 

concentrations (Figure 6 .8 A). When tested for effects on cell viability in PBMC there was 

no reduction in the percentage o f  viable cells in contrast to what was previously seen with 

the D-emantiomer in Figure 6 .6 B, which suggests that the peptide was not delivered as 

effectively into the cells. Hence, TAT 4 9 .5 7  was excluded as a potential delivery candidate 

for testing VIPER in vivo.

6.2.3 VIPER inhibits LPS-induced IL-12/23 p40 secretion in vivo

From the previous experiments it was decided to test the natural L-form o f  9R-VIPER, 

since this modification was found to be the most effective in both murine and human cells 

(Figure 6.1 and 6.2). In case the L-form o f  the peptide was not potent in vivo due to 

susceptibility to proteosomal degradation the D-VIPER was also tested (data not shown).
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Groups o f five female BALB/c mice were injected i.v. (tail vein) with either PBS, 1 mg/kg 

LPS, 1 mg/kg LPS with 3.3 mg/kg 9R-V1PER, 1 mg/kg LPS with 10 mg/kg 9R-V1PER, 1 

mg/kg LPS with 3.3 mg/kg 9R-CP7 or 1 mg/kg LPS with 10 mg/kg 9R-CP7. Blood was 

harvested after 4 h and serum was assayed for IL-12p40, TNFa, KC and IL-6 by ELISA. 

As presented on Figure 6.9, 9R-VIPER effectively inhibited LPS-induced secretion o f IL- 

12 p40 at both doses in vivo, while 9R-CP7 showed no significant effect. Apart from IL-12 

p40, TNF, IL-6 and KC was also measured. However the data obtained for these cytokines 

was not as robust and reproducible as that shown for p40 at the doses o f peptide used. For 

example, for IL-6, although VIPER inhibited this, the control peptide also had some effect. 

For TNFa, there was inhibition seen 50% o f the time. For KC, the inhibition by VIPER 

was milder than that shown for p40. Given these results, I presented the p40 data in order 

to demonstrate that VIPER has a statistically significant effect on LPS signaling in vivo. 

The D-VIPER mirrored the effects seen for the L-form o f VIPER (data not shown).

The in vivo experiment described here was performed by Dr Brian Keogh from Opsona 

Pharmaceutics Ltd.

6.2.4 Identification of VIPER amino acids crucial for inhibition

The previous results, that V lPER’s inhibition o f TLR4 was largely independent o f the 

nature or position o f the delivery sequence, and that VIPER had activity against LPS in 

vivo suggested that the development o f a peptidomimetics based on VIPER would be 

worthwhile. In order to pursue this approach it was next important to identify the amino
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acids  in V IP E R  critical for inhibition and the minimal inhibitory  sequence  for developing 

small pep tidom im etic s  compound.

Firstly  peptides  with  deletions o f  flanking amino acids from the N - and C-term ini were 

tested  in w t iB M D M s. Thus, VIPER lacking I aa or 2 aa from  the N -te rm inus  was named 

N-1 or N -2  respectively , while  peptides with deleted 3 and 6 aa  from the C -term inus were 

n am ed  C-3 and C -6  (see Table  2.2). The experiment was perfo rm ed  in the form at described 

in 6.2.1. F igure 6 .10 show s that deleting the first two and the last 3 aa from the V IPER 

sequence  on ly  s lightly  affected its ability to inhibit LPS-induced  T N F a  in w tB M D M s. All 

three pep tides  N -1 , N -2  and C-3 lost the ability to inhibit T L R 4 signalling  at 1 |iM  dose but 

were  e ffec tive  w hen  added  at concentrations 5 and 25 |iM  (F igure  6 .10A  and B). However, 

w hen  6 am ino  ac ids  w ere  deleted from the C-term inus (C-6), the pep tide  w as not able to 

prevent L PS -induced  T N F a  secretion even at 25 )iM (Figure 6.1 OB). T he  results obtained 

from  the m urine  iB M D M s were recapitulated in the hum an  P B M C s, as here C-6 also lost 

the abili ty  to inhibit LPS-induced T N F a  (Figure 6.1 IB), w hile  N -1 , N -2  and C-3 still 

e ffec tively  inhibited production o f  the cytokine (Figure 6 .11A and B). O f  note, the peptides 

had no cy to tox ic  effect at all concentrations used (data not show n). T hese  results suggest 

that the  key aa are located in the middle o f  the V lP E R ’s sequence  be tw een  the third and the 

e ighth  aa, i.e K Y S F K L I L AEY.

N ex t 1 assayed  the effect o f  the smallest V lPER-derived inhibitory  peptides (N-2 and C-3) 

on N F k B activa tion  via TLR4- and TLR3-mediated signalling. I included TLR3 in this
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experiment as a negative control to ensure the peptides did not inhibit N F k B activation in a 

non-specific manner.

HEK293 cells stably expressing either TLR4 or TLR3 were seeded and transfected with the 

NpKB-Luciferase and TK-Renilla reporter plasmids as previously described. N-2 and C-3 

peptides were added to the cells at 1, 5 and 25 |iM  1 h before the cells were stimulated with 

10 ng/ml LPS or 25 |ig/ml Poly(I:C). Activation o f  N FkB was measured 6 h after 

stimulation. Both N-2 and C-3 peptides completely inhibited LPS-induced activation of 

N FkB at all concentrations (Figure 6.12A), while neither inhibited TLR3 signalling at any 

given concentration (Figure 6.12B).

In order to further investigate which amino acids within VIPER sequence areparticularly 

important for TLR4 inhibition, 10 VlPER-derived peptides were synthesised, each with a 

substitution o f  one o f  the amino acids in the VIPER sequence for alanine (Table 2.2). 

These peptides were assayed for inhibition o f  LPS-induced T N F a  in RAW264.7, and 

compared to the parental VIPER at 5)iM as a positive control. Figure 6.13A shows that 

mutation o f  four central aa F4, K5, L6, 17, and o f  ElO affected V lP E R ’s ability to inhibit 

LPS-induced T N F a  production in PBMCs, with mutation o f  L6 having the biggest effect 

as compared to the parental VIPER. In the murine cells the importance o f  L6 for TLR4 

inhibition was even more dramatic, as only L6A had reduced ability to inhibit TLR4 

signalling at 5 fxM compared to the parental peptide (Figure 6.1 IB).
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Monkeypox (M PX V ) is a member o f Orthopoxvirus genus like V AC V  and VARY and 

causes disease in humans, which clinically similar to smallpox, although with reduced 

mortality rate (Fine et al., 1988). Like VACV MPXV-ZRE strain expresses an orthologue 

o f A46 called A47R, A AL40615 (also called TIR-like protein, GenBank: AAY97758), 

which differs from V AC V  A46 by only 6 amino acids, including one change in the region 

o f VIPER sequence, L93 (the L6 o f VIPER) is changed to Pro93 in M PXV A47R (Figure 

6.14A) (Chen et al., 2005). Therefore, 1 decided to test whether this naturally occurring 

substitution can affect the peptide’s ability to inhibit TLR4. I designed a peptide from 

MPXV_ZRE A47R protein (aa 88-98) termed MPX4 with 9R delivery sequence at N- 

terminus (see Table 2.2), which corresponded to the VAC V sequence that the VIPER was 

designed from and assayed its ability to inhibit TLR4 signalling in RAW264.7. Peptides 

9R-VIPER, MPX4 and 9R-CP7 were added to the cells at concentrations 1 and 5 |iM  prior 

stimulation w ith LPS. Interestingly, MPX4 peptide failed to inhibit LPS-induced TNFa 

production in contrast to A46-derived peptide 9R-VIPER, which again emphasises the 

importance o f L6 for inhibition o f TLR4 (Figure 6.14B).

6.2.5 A short peptide derived from VIPER also inhibits TLR4

Based on the results from the deletion and alanine scan experiments a short VIPER 

(sVIPER) composed o f only 6 aa was synthesised, namely SFKLIL. This peptide was 

lacking the 2 aa from the N-terminus and 3 aa from the C-terminus o f VIPER. The peptide 

was synthesised with the 9R delivery sequence at either C-terminus (sVIPER) or the N- 

terminus (9R-sVIPER) (Table 2.2). The control peptide CP7 also had its first two and last

234



Chapter 6 -  Exploring VIPER’s therapeutic potential

three aa deleted and two variants o f  the peptide with the delivery sequence at C- or N- 

termini (sCP7 and 9R-sCP7 respectively) were synthesised to control for possible non

specific effects. All the short peptides were tested for their ability to inhibit LPS-induced 

T N F a  production in the murine wt BMDM and human THP-1 cell lines. The parental full 

length VIPER was included at 5 j^M concentration as a positive control. Figures 6.15A and 

6.16A showed that when the wt iBMDM cells were treated with 1 and 10 |aM peptide at 1 

)iM dose neither sVIPER nor 9R-sVIPER were able to inhibit T N F a  production, while at 

10 |iM both peptides almost completely inhibited the cytokine release (Figure 6.15A and 

6.16A). The MTT assays performed simultaneously showed that these short peptides did 

not reduce cells’ viability at these doses (Figure 6.15B and 6.16B). In the human cells the 

peptides were used at 5 and 25 |aM concentrations and it was found that the effect was 

somewhat less potent. Thus, the sVlPER inhibited hT N F a  production only by 30% at its 

highest dose tested (Figure 6.17A), while 9R-sVlPER inhibited h T N F a  production up to 

50 %. In comparison, full length VIPER at 5 |aM concentration inhibited hT N F a secretion 

in these cells completely. (Figure 6.17B). Thus the short version o f  VIPER only inhibited 

secretion o f  T N F a  in human cells when the delivery sequence was at the N-terminus, while 

the effect was less potent than that seen in the murine cells (Figure 6.15A and 6.16A).

235



Chapter 6 -  Exploring VIPER’s therapeutic potential

6.2.6. Short VIPER inhibits LPS-induced k B a  degradation and p38 

phosphorylation in RAW264.7

It was quite intriguing to see that shortening the peptide to only 6 aa-long did not prevent 

its ability to inhibit LPS-induced cytokine production. Therefore the next step was to 

examine whether sVIPER was capable o f inhibiting TLR4-mediated activation o f the 

transcription factors and MAP kinases. Firstly, the ability to inhibit iKBa degradation and 

p38 phosphorylation was tested in RAW264.7 cells. sVlPER and sCP7 were added to the 

cells at 5 )iM  concentrations 1 hour before stimulating with 10 ng/ml LPS for 0, 15, 30 and 

45 min. As a positive control full length VIPER and CP7 were also added to the cells 

which were then stimulated with LPS for 15 min and assayed for iKBa degradation (Figure 

6.18 top panel). Indeed, sVIPER did prevent degradation o f iKBa (Figure 6.18 top panel) 

and appearance o f />-p38 (Figure 6.18 bottom panel). sVIPER on the other hand, inhibited 

phosphorylation o f p38 only at early time points o f LPS stimulation while had no effect on 

p-p38 after 45 min o f LPS stimulation (Figure 6.16 bottom panel). When tested in wt 

iBM DM s sVIPER also was found to completely inhibit iKBa degradation (Figure 6.19 top 

panel) and phosphorylation o f JNK (Figure 6.19 bottom panel) at 5 )aM after 30 min 

stimulation with LPS.
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6.2.7 sVIPER weakly inhibits LPS-induced TNFa in Mai-deficient iBMDM but 

does not inhibits in TRAM-deficient iBMDM

Seeing that sVIPER was somewhat less potent then the parental peptide, I decided to 

investigate whether using sVIPER would dissect the peptide’s preference to inhibit either 

Mai- or TRAM-dependent pathways o f TLR4 signalling. sVIPER and sCP7 were added to 

the wild type, Mai KO and TRAM  KO cells at 5 (iM concentrations and the cells were 

stimulated with LPS for 30 min. Similarly to the previous experiment performed with full 

length VIPER (see Figure 5.8), sVIPER did not inhibit iKBa degradation in the absence o f 

TRAM (Figure 6.20 top panel), however unlike parental peptide, which strongly inhibited 

appearance of/>-JNK, sVIPER only slightly reduced />-JNK activation (Figure 6.20 bottom 

panel). A t the same time sVIPER strongly inhibited both iKBa degradation and p-JNK 

activation in Mai KO BMDMs (Figure 6.20).

The experiment was also performed in the 96-well plate to analyse effect o f sVIPER on 

TNFa secretion at 1 and 5 |.iM  doses. Consistent with the previous result, adding 5 |^M o f 

sVIPER inhibited mTNFa in Mai KO cells only (Figure 6.21).

Thus, sVIPER may be more dependent on the presence o f TRAM  (in Mai KO cells) rather 

than presence o f Mai (in TRAM  KO cells) for TLR4 inhibition.
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6.2.8 Exploring the possibility to further reduce inhibitory sequence

For the successful development o f peptidomimetics o f VIPER it is important to identify the 

minimal inhibitory sequence within the peptide which make it easier to construct the 

mimetics o f this sequence by using small molecule non-immunogenic substitutes to the aa. 

For example, tripeptide mimetic compound 4a was synthesised based on the three aa 

consensus shared by all BB-loops F/Y-V/L/I-P/G shown to be important for the TIR 

domain interactions (Bartfai, Behrens et al. 2003). Therefore, 3 peptides with the deletion 

o f 1 aa from either N- or C-termini or 2 aa from both termini o f sVIPER were synthesized. 

In addition, another sVIPER peptide was synthesized with substitution o f the isoluecine to 

proline (SFKLPL), which due to increasingly rigid peptide bond between the X aa and 

proline can stabilise the conformation o f the peptide. Achieving a more stable structure o f 

the peptide can then aid in search o f a compound with the similar conformation from the 

small molecule database for further development o f a novel TLR4 inhibitor. Also, 

introducing proline into a flexible structure such as a peptide or loop o f a protein offers 

resistance to the proteolytical degradation as it restricts the access for the proteosome to the 

peptide bond o f the peptide (Markert et al., 2003).

Thus, peptides SFKLI, FKLIL, FKLI and SFKLPL with the 9R delivery sequence at the C- 

terminus were tested in the wt BMDM cells at concentrations 50, 25, 12.5, 6.25, 3 and 1 

|iM . The only peptide that retained the ability to inhibit LPS-induced TNFa secretion in a 

dose-dependent manner was FK LIL  (Figure 6.22A), while the rest o f the peptides including 

the SFKLPL lost the ability to inhibit TLR4 (Figure 6.22A and B). In this experiment 

F K LIL  inhibited LPS-induced TNFa at concentrations 50, 25, 12.5 and 6.25 |j,M (Figure
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6.22A), but also it reduced cells viability by 50% at concentration 25 |iM  while at 50 |aM 

the remaining % o f  viable cells was down to 10% in both control unstimulated and LPS- 

treated wells (Figure 6.23A). The peptides SFKLl and FKLl did not have any cytotoxic 

effect (Figure 6.23A and B), while peptide SFKLPL significantly reduced cells’ viability 

only at concentration 50 |j M (Figure 6.23B).

6.2.9 FKLIL inhibits all TLRs due to cytotoxicity

Since the peptide FKLIL showed such a potent inhibition o f  LPS-induced T N F a  at 

concentrations 6 and 12.5 |aM dose range I decided to assay whether this peptide retained 

the specificity o f  the parental peptide VIPER for TLR4. FKLIL was added to the wt 

BMDMs at concentrations 5 and 15 |aM and the cells were stimulated with LPS, 

PAM3csk4, MALP2, Poly(I:C), CpG and CL075. After the 6 h the supernatants were 

removed and assayed for amounts o f  T N F a  while the cells were assayed for viability. 

Unfortunately it was established that this bioactive version o f  VIPER decreased the amount 

o f  T N F a produced by the cells in response to all the TLRs when used at a 15 )aM dose 

(Figure 6.24A), which also proved to be very cytotoxic (Figure 6.24B). On the other hand, 

at the dose o f  5 p.M the peptide did not affect cell’s viability but did inhibit T N F a  

production in response to LPS and PAM3csk4 only (Figure 6.24A and B). The results in 

the human THP-1 cells were very much similar to the ones described herein (data not 

shown). Even though the peptide was able to inhibit TLR4- and TLR2/1-induced cytokine 

secretion at 5 |tiM concentration its strong cytotoxic effect at fairly low concentrations was 

o f  a concern and therefore 1 decided to discontinue its testing.
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6.2.10 VIPER does not inhibit VACV-induced TNFa mRNA

In the final phase o f this project I used VIPER as a biochemical tool in order to investigate 

the degree o f involvement o f TLR4 in the induction o f pro-inflammatory cytokines in 

response to infection with VACV.

It was recently found that TLR2 was the key receptor for induction o f bone- 

marrow/splenocyte type I IFN in response to VAC V, while TLR4-mediated signalling 

limited viral replication and increased animal survival during a VAC V infection (Hutchens, 

Luker et al. 2008; Barbalat, Lau et al. 2009). However, the extent o f the involvement o f 

TLR4 in pro-inflammatory cytokine induction by V AC V  is yet to be determined. 

Therefore, I decided to use VIPER to inhibit TLR4 signalling in VAC V infection 

experiments in order to investigate whether 1'LR4 contributes to the induction o f the pro- 

inflammatory cytokines in response to infection with VAC V.

W t iB M D M  were treated with 5 o f VIPER and CP7 1 h before infection with 10 MOI 

o f live VAC V, which was previously optim.ised and used by I. Haga and L. Unterholzner. 

This concentration o f the inhibitory peptide was previously established to be sufficient to 

inhibit TLR4 signalling completely in these cells, while it was low enough not to affect 

other cellular functions. The cells were harvested after 3 or 6 h after the virus was added to 

the cells and the cells were analysed for induction o f TN Fa mRNA (Figure 6.25). As seen 

in Figure 6.25 the presence o f the peptide did not inhibit levels o f the TNFa mRNA 

induced in response to VAC V at either time points. The increase in the levels o f mRNA 

seen at 3 h infection was not deemed significant as both peptides have caused this effect.
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6.2.11 VIPER does not inhibit induction of IVIIP-2 and IFNp mRNA upon 

stimulation with oxLDL

There are several reports that suggest that atherosclerosis is caused by chronic 

inflammation induced by CD36 upon recognition o f oxLDL (Janabi et al., 2000; Rahaman 

et al., 2006; Stewart et al., 2010). Furthermore, CD36 was shown to induce pro- 

inflammatory cytokines by engaging with a TLR4/TLR6 heterodimer (Stewart, Stuart et al. 

2010). Therefore, 1 decided to investigate the effect o f VIPER on cytokine induction upon 

stimulation with oxLDL. The oxLD L used for the in vitro sterile inflammation assays is 

oxidised by incubation with 5 )aM copper sulphate for various lengths o f time, yielding 

three levels o f intensity o f LDL oxidation; minimal (M M ) oxidised LD L is oxidised for 2 

h, moderately oxidised LD L (M D ) is exposed to copper ions for 6 h and extensively 

(EXT) oxidised LD L is incubated with the copper sulphate for >24 h (Anthonsen et al., 

2000). However it is only M M  and M D oxLDL that cause the induction o f pro- 

inflammatory cytokines and differentiation o f the monocytes into macrophages (Lourida, 

Georgiadis et al. 2007; Stewart, Stuart et al. 2010).

Thus, wt iBM DM  cells were treated with 5 )j,M VIPER and CP7 1 h before adding the M M  

and MD oxLDL for 12 h. The non-oxidised and extensively oxidised LD L were used as 

negative controls for possible activation due to contamination with LPS. Cells were 

analysed for induction o f MIP-2 and IL - ip  mRNA by qRT-PCR. Thus, stimulation with 

M M  oxLDL and M D oxLDL induced 20- and 5-fold induction o f IL - ip  mRNA 

respectively (Figure 6.26A), while MlP-2 mRNA was induced by both M M  and MD 

oxLDL to about 4-fold (Figure 6.26B). In both cases non-ox and EXT oxLD L had no effect
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on cytokine induction confirm ing that cytokines were induced in the sterile inflammation 

m anner. Interestingly, even though TLR4 was reported to be involved in activation o f these 

cytokines in response to oxLDL stimulation, the presence o f  V IPER showed no inhibitory 

effect on induction o f  either o f  these cytokines, but rather enhanced levels o f  the mRNA 

(Figure 6.26). There also was increased background levels o f  the cytokine mRNA detected 

in the unstim ulated cells treated with the peptide, which can account for the increased 

m RNA levels in the stim ulated cells.
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6.3 Discussion

In this chapter I investigated the potential for development o f the peptidomimetics of 

VIPER as the basis for a therapeutic agent or a biochemical tool.

It was of utmost importance to investigate the potential of VIPER to inhibit LPS-induced 

cytokine production in vivo in order to consider further advances in the development o f this 

peptide as a potential candidate for drug development. Thus, a number o f various 

modifications to the peptide’s sequence were performed in order to improve its inhibitory 

properties and increase its half-life in the cells. I found that the position o f the delivery 

sequence was not important as VIPER inhibited equally well when the 9R sequence was 

linked to either the C- (VIPER) or N-terminus (9R-VIPER). Next in order to prolong the 

half-live of the peptide in vivo, 1 designed and tested a D-form o f VIPER (D-VIPER), as 

this modification prolongs the half-life o f the peptides both in vitro and in vivo as it 

becomes resistant to proteases (Chorev et al., 1979; Taylor et al., 2000). However, even 

though D-VIPER still retained its inhibitory properties in murine cells it became less 

efficient in the human PBMCs as it failed to inhibit at 5 )iM concentration. Changing the 

position of the delivery sequence from the C- to the N-terminus did not aid in increasing 

the D-9R-VIPER’s potential to inhibit TLR4. In fact, changing chirality o f the aa in the 

peptide’s sequence caused the peptide D-9R-VIPER to become cytotoxic for the human 

cells even at low concentrations. A similar observation was reported for D-enantiomers of 

JNK inhibitory peptides, which became cytotoxic after changing the chirality o f the aa 

inducing p38 activation, which resulted in the cell death by necrosis at dose o f only 10 |iM 

(Fornoni, Cobianchi et al. 2007). Therefore, this modification could not longer be
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considered  for further developm ent o f  the peptide for use  in hum an  cells. Another 

m odif ica tion  to V IP E R ’s sequence explored herein was chan g in g  the delivery  m o tif  from 

the  9 a rg in ines  to T A T 4 9 .5 7  translocation m otif  from HIV-1 protein T A T  (Vives et al., 

1997). E ven  though  T A T 4 9 .5 7  was reported as a successful de livery  vehicle for num erous 

b iological ca rgos  (H eitz  et al., 2009), it reduced the potency  o f  D -V IP E R  in m urine  cells as 

it no longer inhibited at 1 |iM  concentration, and com pletely  abo lished  inhibition o f  TLR4- 

m edia ted  cy tok ine  induction in human PBMCs. This likely w as  due to less efficient 

de livery  o f  the peptide  into the cell by TAT 4 9 .5 7  when com pared  to 9R  w hich  is consistent 

w ith  the reports  that T A T 4 9 .5 7  crosses the cell m em brane  abou t 20-fold  slow er then the 

po ly -arg in ine  m o t i f  (W ender ,  Mitchell et al. 2000). In addition , the fact that D-TAT- 

V IPE R  caused  no cytotoxicity  even though it was com posed  o f  D-enantiomers, which 

caused  c>1 :otoxicity before, supports the presumption that T A T 4 9 .5 7  does not deliver peptide 

as effic ient as 9R  and therefore  is not suitable translocation sequence  for delivering VIPER 

into the hu m an  cells.

In the light o f  the above, the L-isoform o f  9R-V1PER w as  shortlisted for in vivo 

experim en ts ,  w hich  show ed that the peptide is indeed capab le  o f  inhibiting LPS-induced 

p ro - in f lam m ato ry  cy tokine  production in mice system atically . T he  peptides  9R-V1PER 

and 9 R -C P 7  w ere  injected at relatively low doses o f  3.3 and 10 m g /kg  in the m ixture with 

the sub-le thal dose  o f  LPS (1 mg/kg). Therefore, the m ice  w ere  not pre-treated with the 

peptide. N ev e r th e le ss  the peptide reduced levels o f  lL-12 p40 produced  in response to LPS 

cha llenge  in the serum  by up to 50%. lL-12 p40 (also often no ted  as IL-12), is a part o f  the 

he te rod im er IL12 p75, which is composed o f  the two d isu lf ide-linked  peptides p35 and
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p40. Transcriptional activation of p40 is considered to be the hallmark of inflammation 

activation, which bridges the innate and adaptive immune systems. While p35 peptide is 

constitutively transcribed and dependent on T-cell signalling, the p40 unit is produced by 

the APCs in early response to PAMP and independently of p35 promotes activation of the 

Thl cells (Abdi, 2002).This highlights the fact that the peptide is able to cross the plasma 

membranes of monocytes and macrophages almost instantaneously and inhibit the LPS- 

induced onset of inflammation in vivo as well as in vitro.

Upon binding of LPS TLR4 induced strong pro-inflammatory response by initiating two 

major signalling cascades via Mal/MyD88 and TRAM/TRIF-depending pathways, leading 

to induction of numerous pro-inflammatory cytokines as well as type I and type II 

interferons (O'Neill and Bowie, 2007). As established in Chapter 5, VIPER binds to two 

TLR4 bridging adaptors Mai and TRAM consequently interfering with the signal 

transduction from the receptor to MyD88 and TRIP adaptors. By conducting a series of 

deletions of the flanking aa and alanine scan I identified the 6-aa long motif SFKLIL 

(sVIPER) as important for inhibition of TLR4 signalling (although its effect on other TLRs 

remains to be assessed) with the first leucine (L6 of VIPER’s sequence corresponds to 

L I03 of the A46) being the key inhibitory aa. Intriguingly, there is a naturally occurring 

substitution of the L103 to P103 in the MPXV orthologue of A46 a Toll/IL-l-like protein. 

When MPX4 peptide derived from the MPXV Toll/IL-l-like protein (KYSFKPILAEY-9R) 

which is analogous to VIPER was tested in human cells it was unable to inhibit TLR4 

(Figure 6.12). Therefore, MPXV protein A47R may be less efficient in inhibiting host 

TLR4, which may have consequences for monkeypox pathogenesis.
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Based on the successful developm ent o f  the small m olecule  m im etics  o f  the tripeptide 

derived from the B B -loop  o f  TIR domain (Bartfai, B ehrens et al. 2003), 1 investigated the 

possib ility  to inhibit T L R 4 signalling by even shorter versions o f  V IPE R . However, further 

deletion  o f  the aa  from either the C- or N-term ini caused the peptide to either lose its 

b ioactiv ity  o r  increased the peptide’s cytotoxicity. Thus peptides  SFKLI and FKLI no 

longer inhibited L PS-induced  T N F a ,  while peptide F K L IL  appeared  toxic at concentration 

15 | iM . A n o th er  approach  to aid in peptidomimetics deve lopm ent w as  to substitute the very 

flexible iso leucine (I) with  a more rigid proline (P) to lock the s V IP E R ’s conformation. If 

successful it w ou ld  allow  performing a small m olecule  data base search in order to identify 

co m p o u n d s  with a similar structure. Unfortunately, as p rev iously  seen with the M PX4 

peptide, this substitu tion  rendered the peptide inactive, w hich  w as possib ly  due to the fact 

that P is ra ther  hydrophilic  with hydropathy index (HI) o f  -1.6, w hereas  L and I are tw o o f  

the m ost hydrophob ic  aa with the HI o f  3.8 and 4.5 respectively  (K yte  and Doolittle, 1982). 

T herefore  P could  have disrupted the hydrophobic stretch w ith in  the V IP E R ’s sequence 

formed by the  LIL motif, which is likely to be involved in hydrophob ic  interactions with 

the target proteins. It also seems that the presence o f  the K, one o f  the m ost hydrophilic  aa 

with  HI o f  -3 .9 (K yte  and Doolittle, 1982) also required for these interactions, as neither o f  

the ne ighbouring  peptides  A463 (TYLY NK YSFK L) nor A465 (U L A E Y IR H R N ) could inhibit 

cytok ine  p roduc tion  in response to LPS, a lthough both contained either the SFK L or the 

LIL stretch (F igure  3.5 and 4.1). Also, the bulky and rigid structure  o f  the pro line’s side 

chain  could  have  disrup ted  the formation o f  a specific secondary  structure the peptide, thus 

interfering w ith  p roper  hydrogen bond formation and therefore  dock ing  o f  the peptide to 

the b inding  site o f  the target. A similar disruptive effect o f  a proline on a pep tide’s
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secondary structure was reported for human islets amyloid polypeptide 20-29 (hIAPP20-29). 

A stretch o f the three hydrophobic aa (A25/I26/L27) within the hlAPP20-29 form a distinct 

P-sheet within the peptide’ s secondary structure, which is important for hydrogen bond 

formation during the oligomerisation o f the peptides. However, introduction o f a proline 

into position 25 and 28 caused loss o f the hydrogen bond formation, and disrupted the 

backbone structure within the P-sheet o f the peptide (Jiang et al., 2009). Therefore, it is 

possible that similar events prevented sVIPER Iso/Pro (SFKLPL) and also MPX4, which 

contains P instead o f I, from inhibiting TLR4 signalling.

Thus, a minimal inhibitory sequence o f VIPER was identified as SFKLIL and this was 

shown to retain the ability to inhibit TLR4, although with somewhat reduced potency. 

Further modifications such as acetylation o f the N-terminus and amidation o f the C- 

terminus may improve sVIPER’s potency to inhibit TLR4. This modification called 

“ capping”  neutralises charges at the termini o f the peptide stabilising its secondary 

structure (Allen et al., 2005).

Meanwhile, I attempted to use the fu ll length peptide VIPER as a biochemical tool to 

investigate the involvement o f TLR4 in pathogenesis o f various disease models, such as 

sterile inflammation or induction o f pro-inflammatory cytokines during the VAC V 

infection. Thus, by introducing VIPER into the system one could explore whether TLR4 

utilises the same signalling pathways as during the response to LPS, which involve Mal 

and TRAM, or whether Mal- and/or TRAM-dependent signalling is not involved in a 

particular TLR4-mediated response.
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The fact that V A CV encodes inhibitors of TLR4 signalling A46 and A52 (Harte, Haga et 

al. 2003; Stack, Haga et al. 2005) strongly suggests that TLR4 is involved in recognition of 

and/or activation o f  immune response against VACV. This was recently supported by 

findings that TLR4 is involved in the VACV infection and confers a protective effect in 

mice during VACV infection (Hutchens et al., 2008). Therefore, I decided to investigate 

whether this protection was due to TLR4-mediated initiation o f  pro-inflammatory 

cytokines in response to VACV, which also would suggest that TLR4 is able to recognise 

the virus. By applying VIPER at 5 ^M concentration (which was established to be 

sufficient to inhibit LPS-induced signalling Figure 4.22) 1 assayed induction o f  pro- 

infiammatory cytokine T N F a  upon infection with VACV. Interestingly, VIPER did not 

inhibit induction o f  T N F a  upon infection with 10 MOI for either 3 or 6 h, which was in 

agreement with the report that TLR4 KO mice also had normal levels o f  IL - ip  production 

(Hutchens et al., 2008). Therefore it appears that TLR4 not only able to induce onset of  

inflammation in the cells, but also plays a different role, which offers a protection during 

the viral infection, although a more detailed investigation into TLR4-mediated protective 

mechanism during VACV infection remains to be determined.

As previously discussed role o f  TLR4 in pathogenesis o f  many chronic inflammations 

becomes more apparent. The recent development in understanding pathogenesis o f  

atherosclerosis led to identification of TLR4/TLR6/CD36 oligomer which is assembled in 

response to oxLD L (Stewart, Stuart et al. 2010). It was shown that presence o f  either TLR4 

or TLR6 was required for induction pro-inflammatory cytokines. However, signalling 

pathway employed by TLR4/TLR6 heterodimer upon CD36 binding is yet to be solved.
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Therefore, I applied VIPER to investigate whether TLR4 was signalling via traditional 

M al/M yD88 and TRA M /TRIF pathways to induce inflammation in response to oxLDL. 

Interestingly, VIPER showed no effect on either MIP-2 or IL - ip  in response to MM and 

MD oxLDL, which strongly suggests that TLR4/TLR6 heterodim er m ay signal directly via 

MyD88 bypassing the Mai and TRAM  adaptor molecules.
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Figure 6.1. D- forms of VIPER is as potent as the L-form in wt 

iBMDIVI

Wt iBMDM were seeded in 96 well plates 24 hours before treatment. L-form 

and D-form o f VIPER was added to the cells at concentrations 1, 5 and 25 i^M 

1 hour before stimulating with 10 ng/ml LPS. Supernatants were collected 6 

hours after stimulation with the agonist and assayed for murine TN Fa 

production by ELISA (A) and the cells were assayed for viability by MTT (B).

indicates control wells with no peptide. The data are mean ± SD of 

triplicate samples and representative o f at least three experiments, ns- not 

significant, *p<0.05, **p<0.0001 compared to LPS-treated control samples in 

(A) and to unstimalated control samples in (B).
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Figure 6.2. d- forms of VIPER is less potent then the L-form in 

human PBMC

Human PBMC were seeded in 96 well plates 24 hours before treatment. L -  

form and D-form of VIPER was added to the cells at concentrations 1, 5 and 25 

|iM 1 hour before stimulating with 10 ng/ml LPS. Supernatants were collected 

6 hours after stimulation with the agonist and assayed for human TNFa 

production by ELISA (A) and the cells were assayed for viability by MTT (B).

indicates control wells with no peptide. The data are mean ± SD of 

triplicate samples and is representative of at least three experiments, ns- not 

significant, *p<0.05, **p<0.005, ***p<0.0001 compared to LPS-treated 

control samples in (A) and to unstimulated control samples in (B).
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Figure 6.3. Inhibitory properties of VIPER with the 9R delivery 

sequence at N-terminus are enhanced in wt iBMDMs

CP7 and VIPER with 9R-delivery sequence at N-teminus were added to 

murine wt iBMDMs at concentrations 1, 5 and 25 |iM  1 hour before 

stimulating with 10 ng/ml LPS. Supernatants were collected 6 hours after 

stimulation and assayed for murine T N Fa production by ELISA (A) and the 

cells were assay for viability by MTT (B). To the unstimulated control wells 

peptides were added at 25 fiM. indicates control wells with no peptide. The 

data are mean ± SD o f triplicate samples and representative o f at least three 

experiments, ns- not significant, *p<0.05, **p<0.0001 compared to LPS- 

treated control samples in (A) and to unstimulated control samples in (B).
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Figure 6.4. Inhibitory properties of VIPER with the 9R delivery 

sequence at N-terminus are enhanced in wtiBMDMs but not in 

human PBMCs

CP7 and VIPER with 9R-deHvery sequence at N-teminus were added to 

human PBMC at concentrations 1, 5 and 25 |iM  1 hour before stimulating with 

10 ng/ml LPS. Supernatants were collected 6 hours after stimulation and 

assayed for human T N Fa production by ELISA (A) and the cells were assay 

for viability by MTT (B). To the unstimulated control wells peptides were 

added at 25 |o,M. indicates control wells with no peptide. The data are mean 

± SD o f triplicate samples and representative o f at least three experiments, ns- 

not significant, *p<0.05, **p<0.0005 compared to LPS-treated control samples 

in (A) and to unstimulated control samples in (B).
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Figure 6.5. D- forms of VIPER with the delivery sequence on N- 

terminus strongly inhibits murine TNFa secretion in response to 

LPS by wt iBMDM

The experiment was performed in the wt iBMDM as described in Figure 6.3. 

The medium was assayed for murine T N F a production by ELISA (A) and the 

cells were assayed for viability by MTT (B) . indicates control wells with 

no peptide. The data are mean ± SD o f  triplicate samples and representative o f 

at least three experiments, ns- not significant, *p<0.05, **p<0.0001 compared 

to LPS-treated control samples in (A) and to unstim ulated control samples in 

(B).
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Figure 6.6. D- forms of VIPER with the delivery sequence on N- 

terminus is less potent in human PBMC

D-form of VIPER and CP7 with 9R-delivery sequence at N-termini were added 

to the human PBMC at concentrations 1, 5 and 25 p,M 1 hour before 

stimulating with 10 ng/ml LPS. Supernatants were collected 6 hours after 

stimulation with the agonist and assayed for human T N Fa production by 

ELISA (A) and the cells were assayed for viability by MTT (B). indicates 

control wells with no peptide. The data are mean ± SD o f triplicate samples 

and representative o f at least three experiments. *p<0.05, **p<0.005 compared 

to LPS-treated control samples in (A) and to unstimulated control samples in 

(B).
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Figure 6.7. D-VIPER with TAT-delivery sequence on N-termlnus is 

less potent then d-VIPER with 9R-delivery in wt iBMDM

Tlie experim ent was performed in the wt iBMDM as described in Figure 6.5. 

The medium was assayed for murine T N Fa production by ELISA (A) and the 

cells were assayed for viability by MTT (B) . indicates control wells with 

no peptide. The data are mean ± SD o f triplicate samples and representative o f 

at least three experiments. *p<0.005, **p<0.0001 compared to LPS-treated 

control samples in (A) and to unstimulated control samples in (B).
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Figure 6.8. d-VIPER with TAT-delivery sequence on N-terminus is 

less potent then d-VIPER with 9R-delivery in PBMCs

Human PBMC were seeded in 96 well plates (1 xlO^ cell/ml) 24 hours before 

treatment. D-TAT-VIPER and D-TAT-CP7 were added to the cells at 

concentrations 1, 5 and 25 |iM 1 hour before stimulating with 10 ng/ml LPS. 

Supernatants were collected 6 hours after stimulation with the agonist and 

assayed for human T N Fa production by ELISA(A) while the cells were 

assayed for viability by MTT (B). indicates control wells with no peptide. 

The data are mean ± SD o f triplicate samples and representative o f at least 

three experiments. *p<0.05 compared to LPS-treated control samples in (A) 

and to unstimulated control samples in (B).
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Figure 6.9. VIPER inhibits LPS-induced IL-12/23 p40 secretion in 

vivo

BALB/c mice were injected i.v. with PBS, 1 mg/kg LPS, 1 mg/kg LPS with 3.3 

mg/kg 9R-VIPER, 1 mg/kg LPS with 10 mg/kg 9R-VIPER, 1 mg/kg LPS with 

3.3 mg/kg 9R-CP7 or 1 mg/kg LPS with 10 mg/kg 9R-CP7. Blood was 

harvested after 4 h and serum was assayed for IL-12p40 by ELISA. Statistical 

analysis was carried out using paired Student’s t-test. Two-tailed p values were 

obtained comparing groups treated with VIPER and LPS versus LPS only. * 

p<0.05, **p<0.005. The figure is representative o f two experiments.
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Figure 6.10. VIPER with 6 amino acids deleted from the C-termini 

lost its inhibitory properties in murine wt IBMDMs

Peptides with deletion of one (N-1) or two (N-2) amino acids from the N- 

terminus of VIPER (A) and three (C-3) or six (C-6) amino acids from the C- 

terminus of VIPER (B) were added to wt iBMDM at concentrations 1, 5 and 25 

I^M 1 hour before stimulating with 10 ng/ml LPS. Supernatants were collected 

6 hours after stimulation and assayed for mTNFa by ELISA. Peptides were 

added to the control wells at 25 |j,M. Full length parental VIPER was used at 5 

fiM as positive control. indicates control wells with no peptide. The data 

are mean ± SD of triplicate samples and representative of at least three 

experiments. *p<0.005, **p<0.0001 compared to LPS-treated control samples.
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Figure 6.11. VIPER with 6 amino acids deleted from the C-termini 

lost its inhibitory properties in human PBMCs

Peptides with deletion o f  one (N-1) or two (N-2) amino acids from the N- 

term inus o f  VIPER (A) and three (C-3) or six (C-6) amino acids from the C- 

term inus o f  VIPER (B) were added to human PBM Cs at concentrations 1, 5 

and 25 |aM 1 hour before stimulating with 10 ng/ml LPS. Supernatants were 

collected 6 hours after stimulation and assayed for m TN Fa by ELISA. 

Peptides were added to the control wells at 25 |aM. Full length parental VIPER 

was used at 5 as positive control. indicates control wells with no 

peptide. The data are mean ± SD of triplicate samples and representative o f at 

least three experiments, ns- not significant, *p<0.005, **p<0.0005 compared to 

LPS-treated control samples.
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Figure 6.12. N-2 and C-3 peptides inhibited TLR4- but not TLR3- 

mediated activation of NFkB

HEK293_TLR4 cells (A) and HEK293_TLR3 cells (B) were transfected with 

60 ng of NpKB-Luciferase and 20 ng o f TK-Renilla reporter gene plasmids. 

N-2 and C-3 peptides were added to the cells at 1, 5 and 25 |aM 

concentrations on the next day and cells were stimulated with either 10 ng/ml 

LPS (A) or 25 )ag/ml Poly(I;C) (B) respectively 1 hour after treatm ent with 

the peptide. Cells were assayed for N FkB activation 6hr after stimulation. 

indicates control wells with no peptide. The data are representative o f  three 

experiments each performed in triplicate. Data are expressed as mean fold 

induction ± SD relative to control levels, ns- not significant, *p<0.0005 

compared to LPS-treated control samples.
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Figure 6.13. Alanine scan in primary human PBMC and murine 

macrophages identified L6 as VIPER’S key inhibitory amino acid

hPBMC (A) and wt iBMDM (B) were seeded in 96 well plates 24 hours before 

treatment. Peptides with alanine substitutions of the various amino acids were 

added to the cells at 5 |uM 1 hour before stimulating with 10 ng/ml LPS. 

Supernatants were collected 6 hours after stimulation and assayed for human 

(A) and murine (B) TNFa by ELISA. Parental VIPER was used at 5 |iM as a 

positive control. indicates control wells with no peptide. The data are mean 

± SD of triplicate samples and representative o f at least three experiments, ns- 

not significant, *p<0.05, **p<0.005, ***p<0.0005 compared to LPS-treated 

control samples.
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Figure 6.14. Peptide MPX4 does not inhibit LPS-induced mTNFa

A: Alignment of the VACV WR A46 protein with MPXV-ZAI-V79 Toll/IL-1- 

like protein. VIPER and MPX4 motifs are in grey. L I03 and P I03 are 

highlighted in white and blue respectively. B: RAW264.7 were seeded 1x10 5 

cell/ml 24 h before the experiment. Peptides 9R-V1PER, 9R-CP7 and MPX4 

were added to the cells at concentrations 1 and 5 |o.M 1 hour before stimulating 

with 10 ng/ml LPS. Supernatants were collected 6 hours after stimulation and 

assayed for mTNFa by ELISA. Peptides were added to the control wells at 5 

|iM. indicates control wells with no peptide. The data are mean ± SD of 

triplicate samples and representative of at least three experiments. *p<0.005, 

**p< 0.0001 compared to LPS-treated control samples.
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Figure 6.15. sVIPER with 9R at C-terminus inhibits LPS-induced 

mTNFa production in wt iBMDM

Wt iBMDM were seeded for 24 hours before sVIPER and sCP7 with 9R 

delivery sequence on C-terminus (sVIPER and sCP7) were added to the cells 

at 1 and 10 |aM concentrations 1 hour before stimulating with lOng/ml LPS for 

6 h. Supernatants were assayed for m TN Fa (A) and the cells were assayed for 

viability by MTT (B). Unstimulated and positive control wells were treated as 

in Figure 4.10. indicates control wells with no peptide. The data are mean 

± SD o f triplicate samples and representative o f  at least three experiments. 

*p<0.0005, **p<0.0001 compared to LPS-treated control samples.
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Figure 6.16. sVIPER with 9R at N-terminus inhibits LPS-induced 

mTNFa production in wtiBMDIVI

wt iBMDM were seeded for 24 hours before sVIPER and sCP7 with 9R 

dehvery sequence on N-terminus (9R-sVIPER and 9R-sCP7) were added to 

the cells at 1 and 10 ^iM concentrations 1 hour before stimulating with 

lOng/ml LPS for 6 h. Supernatants were assayed for mTNFa (A) and the cells 

were assayed for viability by MTT (B). Unstimulated and positive control 

wells were treated as in Figure 4.10. indicates control wells with no 

peptide. The data are mean ± SD o f triplicate samples and representative o f  at 

least three experiments, ns- not significant, *p<0.0001 compared to LPS- 

treated control samples in (A) and to unstimulated control samples in (B).
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Figure 6.17. sVIPER inhibits LPS-induced hTNFa production in THP-1 

more potently when 9R at N-terminus

THP-1 were differentiated with 100 nM with PMA for 24 hours before sVIPER 

and sCP7 with 9R delivery sequence on either N-terminus (9R-sVIPER and 9R- 

CP7) (A) or C-terminus (sVIPER and sCP7) (B) were added to the cells at 5 and 

25 |o.M concentrations 1 hour before stimulating with lOng/ml LPS. Unstimulated 

and positive control wells were treated as in Figure 4.10. indicates control 

wells with no peptide. The data are mean ± SD o f triplicate samples and 

representative o f at least three experiments, ns- not significant, *p<0.05, 

**p<0.005, ***p<0.0001 compared to LPS-treated control samples.
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Figure 6.18. Short VIPER inhibits LPS-induced kBa degradation 

and p38 phosphorylation in RAW264.7

RAW264.7 were in 6 well plates 24 hours before treatment. sVIPER and sCP7 

were added to the cells at 5 concentrations 1 hour before stimulating with 

10 ng/ml LPS for 15, 30 and 45 min. Cells were harvested on ice, lysed in 1% 

NP-40 Lysis Buffer. Lysates then were denatured using 5x Sample Buffer with 

DTT and resolved on 10% SDS-PAGE . The blot was immunoblotted for iKBa 

(top panel) and j9-p38 (bottom panel). The figures are representative o f  at least 

three experiments.
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Figure 6.19. Short VIPER Inhibits LPS-induced iKBa degradation 

and JNK phosphorylation in wt iBMDIVI

wtiBM DM  were in 6 well plates 24 hours before treatment. sVIPER and sCP7 

were added to the cells at 5 |iM concentrations 1 hour before stimulating with 

20 ng/ml LPS. After 30 min the cells were harvested on ice, lysed in 1% NP-40 

Lysis Buffer. Lysates then were denatured using 5x Sample Buffer with DTT 

and resolved on 10% SDS-PAGE . The blot was immunoblotted for iKBa (top 

panel) and />-JNK (bottom panel) and re-probed for p-actin and total JNK 

respectively. The figures are representative o f at least three experiments.
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Figure 6.20. Short VIPER inhibits LPS-induced kB a degradation 

and JNK phosphorylation in the absence of Mai but not TRAM 

adaptor proteins

Wild type, Mal-deficient and TRAM-deficient iBMDMs were seeded in 6 well 

plates 24 hours before treatment. sVIPER and sCP7 were added to the cells at 

5 )aM concentrations 1 hour before stimulating with 20 ng/ml LPS for 30 min. 

The samples were treated as described in Figure 4.17 and probed for iKBa (top 

panel) and p-JNK (bottom panel) and re-probed for p-actin and total JNK 

respectively. The figures are representative o f at least three experiments.
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Figure 6.21. Short VIPER inhibits LPS-induced TNFa in Mai- but 

not in TRAM-deficient iBMDM

sVIPER and sCP7 were added to the M al-deficient iBMDM (M ai’''") (A) and 

TRAM -deficient iBMDM (TRAM‘S') (B) at 1 and 5 |aM concentrations 1 

hour before stimulating with 20 ng/ml LPS. The peptides were added into the 

unstimulated control wells at 5 |>iM. Supernatants were collected 6 hours after 

stimulation with the agonist and assayed for m T N Fa production by ELISA.

indicates control wells with no peptide. The data are representative of 

three experiments each performed in triplicate, ns- not significant, *p<0.05, 

compared to LPS-treated control samples.
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Figure 6.22. FKLIL is the minimal inhibitory sequence within 

VIPER

A: Peptides SFKLI, FKLIL and B: peptides SFKLFL and FKLI were added to 

the wtiBMDMs at concentrations 50, 25, 12.5, 6.25, 3 and 1 )^M 1 hour before 

stimulating with 20 ng/ml LPS. Supernatants were collected 6 hours after 

stimulation and assayed for mTNFa by ELISA. Peptides were added to the 

control wells at 50 )o,M. sVIPER was used at 5 )o,M as the positive control and 

sCP7 was added as the negative control. indicates control wells with no 

peptide. The data are mean ± SD of triplicate samples and is representative of 

two experiments each performed in triplicate.
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Figure 6.23. FKLIL Is cytotoxic at concentrations above 12.5 mM

A: Peptides SFKLI, FKLIL and B: peptides SFKLFL and FK LI were added to 

the W tiBM DM s at concentrations 50, 25, 12.5, 6.25, 3 and 1 |0.M 1 hour before 

stimulating w ith 20 ng/ml LPS. Peptides were added to the control wells at 50 

(J.M. Full length parental VIPER was used at 5 |aM as positive control. The 

cells were assayed for viability by MTT. indicates control wells w ith no 

peptide. The data are mean ± SD o f triplicate samples and representative o f at 

least three experiments
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Figure 6.24. FKLIL inhibits all TLRs due to cytotoxicity

Peptide FKLIL was added to the cells at concentrations 5 and 15 |aM 1 hour 

before stimulating with either 30 ng/ml LPS, 30 ng/ml PAM3csk4, 20 nM 

MALP2, 25 |J.g/ml Poly(I:C), 5 |J.g/ml CpG or 2.5 |o.g/ml CL075. Supernatants 

were collected 6 hours after stimulation and assayed for m T N Fa by ELISA 

(A). Cells were assayed for viability by MTT (B). Peptides were added to the 

control wells at 5 (iM. Full length parental VIPER was used at 5 |j.M as 

positive control in LPS stimulated cells only. indicates control wells with 

no peptide. The data are mean ± SD o f triplicate samples and representative o f 

at least three experiments
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Figure 6.25. VIPER d o e s  not  inhibit induct ion of TNFa mRNA upon 

infection with VACV

Wt iBM DMs were seeded at 2 x 105 cell/ml in 24 well/plates. On the next day 

the peptides VIPER and CP7 were added to the cells at concentration 5 )aM 1 

hour before infecting the cells with 10 MOI o f live VACV. Cells were 

harvested after 3h or 6h and assayed for induction o f T N Fa mRNA by qRT- 

PCR. indicates control wells with no peptide. The data are mean ± SD of 

triplicate samples and representative o f at least three experiments
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Figure 6.26. VIPER increased induction of pro-inflammatory 

cytokines mRNA upon stimulation with oxLDL

VIPER and CP7 were added to RAW264.7 at concentration 5 )u.M 1 hour 

before stimulating with 25 |J.g/ml o f  either minimally (MM) or mildly (MD) 

oxidised LDL. Cell were harvested after 12 hours and assayed for induction o f 

IL -ip  and MIP-2 mRNA by qRT-PCR. Non-oxidised (ctrl) and extensively 

(EXT) oxidised LDL were used as negative control. indicates control wells 

with no peptide. The data are mean ± SD o f triplicate samples and 

representative o f at least three experiments.
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Chapter  7-  Final Discussion

Final discussion

Since the discovery o f  the antifungal role of Toll in Drosophila melanogaster (Lemaitre 

et a!., 1996), followed by the discovery of its human orthologue TLR4, which sensed 

LPS (Medzhitov et al., 1997; Poltorak et al., 1998) the importance o f  innate immunity 

in combating infection has become more apparent. Thus, mutations within the TLR4 

encoding gene were associated with susceptibility to a number o f  bacterial infections, 

such as Salmonella tiphimurium, Mycobacretia tuberculosis. Neisseria meningitides. 

Brucella abortus, E. coli and also some viral infections, such as RSV, murine 

retroviruses mouse mammary tumour virus and murine leukaemia virus (reviewed in 

(O'Neill et al., 2009) as well as VACV (Hutchens et al., 2008), thus highlighting the 

importance o f  TLR4-dependent initiation of the immune response. However, nowadays 

the harmful role o f  TLR-mediated signalling in the pathogenesis o f  many infectious, 

inflammatory and autoimmune disorders also becomes apparent (Gill et al., 2009; 

Ospelt and Gay, 2009; Tsujimoto et al., 2008). For example, a single point mutation in 

TLR4 adaptor protein Mai (S180L) provides protective phenotype in heterozygous 

individuals against pneumococcal disease, bacteremia, malaria and Tb by impairing 

TI,R4-mediated production of pro-inflammatory cytokines (Castiblanco et al., 2008; 

Khor et al., 2007). Furthermore, the whole array of endogenous ligands, also known as 

DAMPs, have been described to activate TLR signalling leading to the onset o f  “sterile” 

inflammation, which underlies development and progression o f  inflammatory and 

autoimmune disorders (Table 1.3).

The current approach to control chronic inflammation is to inhibit actions o f  the 

effector pro-inflammatory cytokines such as 1L-1(3 and TN Fa. For example, the 

inhibitor o f  lL-1 called Anakinra/Kineret and inhibitors o f  T N F a  Infliximab and
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Etanercept are widely used in the treatment of RA (Wong, Ziring et al. 2008). However 

due to the development o f  various side effects such as activation and development of 

tuberculosis (Tb), development o f  Crohn’s disease, susceptibility to infections and 

sometimes patient’s death (Yazisiz et al., 2008), development o f  novel more specific 

drugs is a much sought after goal.

One of the rapidly emerging approaches to combating autoimmune and inflammatory 

disorders is to target the TLRs in order to prevent initial activation o f  inflammation 

(Kanzler, Barrat et al. 2007; Hennessy, Parker et al. 2010). As previously mentioned, 

TLR4 was shown to be involved in the pathogenesis o f  many inflammatory and 

autoimmune diseases, and therefore a whole array o f  new inhibitors o f  TLR4 is 

currently emerging (Nakamura et al., 2007; O'Neill et al., 2009; Wittebole et al., 2010). 

Thus, Eritoran (E5564), a synthetic analogue o f  lipid A from endotoxin o f  Rhodobacter 

capsulates, was shown to bind to an internal hydrophobic pocket o f  MD2 and act as an 

LPS antagonist (Kim, Park et al. 2007). It was shown to reduce clinical signs o f  septic 

shock in human volunteers and decreased mortality during the phase II randomised 

controlled trial by 6.4% (Wittebole et al., 2010). Based on the mechanism o f  action of 

Eritoran its use is confined to inhibiting MD2-dependent TLR4 activation, such as 

stimulation with LPS or lipoproteins. However, it’s been shown that the presence of 

some of the endogenous mediators, such as HMGB-1 and MrpS and M rpI4, which are 

produced and secreted by monocytes and macrophages in response to infection causes 

amplification of TLR4-mediated NFkB activation and TN Fa production resulting in the 

development of severe sepsis (Vogl, Tenbrock et al. 2007; Tsujimoto, Ono et al. 2008). 

In addition, many TLR4-driven autoinflammatory conditions are the result o f  sterile
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inflammation, which do not involve LPS (Gill, Tsung et al. 2009; Masters, Simon et al. 

2009; Glass, Saijo et al. 2010).

A nother novel small molecule inhibitor o f  TLR4 called TA K 242  (Resatorvid) was 

described to inhibit both ligand-dependent and independent activation o f  TLR4 

(Kawam oto, li et al. 2008). It was shown to bind directly to Cys747 o f  the TLR4 

intracellular dom ain thus preventing dimerisation o f  the receptor (Takashima, 

M atsunaga et al. 2009). It was also noted that TA K 242  possibly acts as a Michael 

acceptor which suggests an irreversible binding o f  the com pound to the receptor, a 

rather undesirable property for a therapeutic agent (Dragovich, Prins et al. 2002). 

However, TA K 242  was recently discontinued from the Takeda production line at phase 

111 o f  clinical trials in sepsis, although the reasons were not disclosed 

(ClinicalTrials.gov, 2009).

In spite o f  the intensive search and development o f  various TL R 4 inhibitory compounds 

this niche for the developm ent o f  novel inhibitors remains open. In this project I 

investigated a m uch more specific and targeted approach for the development o f  a 

TLR4 specific inhibitor by using the naturally occurring viral inhibitor o f  TLR 

signalling, V A C V  protein A46, which has been evolutionary tailored for the task 

(Stack, Haga et al. 2005). The targeted evolution o f  A46 to inhibit TLRs is indirectly 

demonstrated by the fact that even though A46 evolved from a distant Bcl-2-like 

ancestoral protein (Gonzalez and Esteban, 2010) during the course o f  evolution it has 

harboured the residues, that are homologous to the TIR  dom ain  conserved motifs called 

Box 1, 2 and 3. These motifs are thought to confer A46 with specificity to disrupt the 

TLR signalling by allowing homotypic interactions between the A 46 and host TIR 

dom ains to occur (Bowie, Kiss-Toth et al. 2000; G onzalez and Esteban 2010). Based on
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the presence o f  these conserved TIR motifs it was initially thought that A 46 also 

assumes a TIR-like fold and engages in homotypic interactions with the TIR  dom ains o f  

the host proteins (Bowie, Kiss-Toth et al. 2000; Stack, Haga et al. 2005). H ow ever the 

recently solved structures o f  a num ber o f  other im m unom odulatory V A C V  proteins 

A52, B14 and K7, which are m em bers o f  the Pox_A 46 family, and also N l ,  a mem ber 

o f  Orthopox_Nl family, revealed that all these viral proteins assum e a Bcl-2-like fold. 

The Bcl-2-like fold spans approximately 110-140 a/a o f  the C-terminus o f  A52, B14 

and K7, and the entire sequence o f  N l ,  in spite o f  a lack o f  sequence similarities with 

the host’s Bcl-2 proteins (Gonzalez and Esteban, 2010). Interestingly, N l  which folds 

into the Bcl-2-like fold entirely, also inherited the ability to bind the BH3 peptides o f  

pro-apoptotic proteins, while others have the BH3-peptide- binding groove obstructed 

(Aoyagi, Zhai et al. 2007; Cooray, Bahar et al. 2007; Graham, Bahar et al. 2008; 

Kalverda, Thom pson et al. 2009). Even though all these V A C V  proteins have a similar 

fold they all evolved to inhibit TLR signalling by specifically targeting different 

signalling proteins. For example, both N l  and B14 were shown to inhibit TLR- 

mediated N F k B and 1RF3 activation by interacting with the IKK com plex (although 

these data are som ew hat conflicting) (DiPerna, Stack et al. 2004; Chen, Ryzhakov et al. 

2008). K7 and A52 also share their targets as both were shown to interact with TRAF6 

and IRAK2, although K7 is also able to bind to DDX3 (Maloney, Schroder et al. 2005; 

Schroder, Baran et al. 2008). One o f  the intriguing examples o f  the fine tuning o f  viral 

proteins to subvert immune signalling is A52. Thus, by interacting with IRAK 2 A52 

strongly inhibits N F kB activation (Keating et al., 2007a), while by binding to the TRAP 

domain o f  TR A F6 it promotes activation o f  p38 and IL-10 production (Maloney, 

Schroder et al. 2005). It is quite obvious that viral proteins often target the key proteins 

o f  the signalling pathways, which can be used as a “hint” for d iscovering novel
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m em bers o f  the signalling pathways. Indeed, by searching for the target o f  K7, which 

shares sequence similarity with the A52, the major m em ber o f  T B K l/ lK K e  complex 

DDX3 w as discovered (Schroder et al., 2008). Therefore, in contrast to A52 K7 is also 

able to inhibit IFNp promoter through its association with DDX 3 (Schroder et al., 

2008). In the light o f  the above, understanding the m echanism s o f  inhibitory actions o f  

the viral proteins holds great potential for the development o f  specific inhibitors o f  

various signalling pathways.

Herein I described the A46-derived peptide VIPER as an exam ple o f  such a strategy. 

A46 was show n to inhibit interactions between TIR-conta ining adaptor proteins, 

nam ely M ai, M yD 88, TR A M  and TRIP, and TLR4 by binding to their TIR domains 

(Stack, H aga et al. 2005), while VIPER interacts with Mai and T R A M  only. Therefore,

I hypothesised that V IPE R  is possibly derived from the specific region on the A46 area 

which is involved in interaction with Mai and TRAM .

Based on the sequence similarities o f  A46 with A52, B14 and K7 it was also predicted

to assum e a Bcl-2-like fold at its C-terminus (90-240), while the structure o f  the N-

terminus rem ains unknow n (Gonzalez and Esteban, 2010). Interestingly, even though

initially V IP E R  and other A46-derived peptides described here were designed based on

the TIR m odel o f  A 46, VIPER, which spans between 89-100 a/a, appears to be on the

first a -h e l ix  o f  the Bcl-2-like fold o f  A46 (90-240 a/a o f  V A C V _W R ) (Figure 7.1

Kindly provided  by Dr T. Monie, Cambridge University, UK). On the cartoon

representation o f  the Bcl-2-like fold o f  A46, which was m odelled onto the template o f

the A 52 crystal structure, the tlrst a-helix  appears on the surface o f  A46, favouring the

assum ption that A46 possibly interacts with Mai and T R A M  through this surface
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(Figure 7.1). Furthermore, by predicting the surface charge distribution on the model of 

A46, it appears that VIPER is located in the middle of a large electropositive patch, 

with the L6 (L I03) in the heart o f  this region (Figure 7.2 kindly provided by Dr T. 

Monie, Cambridge University, UK). In agreement with the fact that VIPER prevents 

signal transduction from TLR4 due to interaction with Mai and TRAM is the fact that 

the area of both Mai and TRAM predicted to interact with the TIR domain o f  TLR4 is 

largely electronegative as shown in the Figure 7.2. It also was previously reported that 

the surface charge distribution o f  both TLR4 TIR and MyD88 TIR are largely positive 

and would repel each other, while Mai TIR domain is largely negative allowing it to 

acts as a bridging adaptor between the two proteins (Dunne, Ejdeback et al. 2003). This 

may explain why VIPER did not form a peptide-protein complex with TLR4 or MyD88 

in the His-pulldown assays, but was found to associate with Mai and TRAM only. 

Interestingly, according to the predicted Bcl-2-like model o f  A46, the motif from which 

the control peptide CP7 was derived forms an unstructured loop between the and 2"‘* 

a-helices o f  the Bcl-2-like domain o f  A46 (Figure 7.3A). Furthermore, this area was 

predicted to have neutral surface charge distribution (Figure 7.3B), which together with 

the lack of defined structure may explain why CP7 did not exhibit any biological 

activity. Similarly, A469 is found within an area with a neutral surface charge (Figure 

7.3B) at the beginning o f  the 4‘̂  a-helix (Figure 3.28B). On the other hand, A4610, 

which is also located on the 4*'’ a-helix (Figure 3.28A) is found in the area o f  an 

electronegative patch (Figure 7.3B). Since A4610 was able to inhibit TLR4 and TLR2 

signalling (Figure 3.22 and 3.24) it may indicate that this region o f  A46 may engage in 

interaction with MyD88. However, the cytotoxic effect exhibited by A4610 must be 

taken into account and further investigation with the full length protein is required to 

support or disprove this suggestion.
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Surprisingly, even though VIPER strongly inhibited TLR4 signalling it was unable to 

disrupt the interaction between the GST-TIR domain o f  TLR4 and GST-TIR domains 

o f  Mai and TRAM as was established by the GST-pulldown assays. This occurrence 

can be explained by the fact that the TIR domains interact via several sites. Thus, the 

mutation in either o f  the two well-described sites the BB-loop and the Poc site was not 

enough to disrupt the interactions between the receptor and the adaptor although the 

signalling was disrupted (Dunne, Ejdeback et al. 2003). Hence, the interaction itself 

between the receptor and the adaptor may not be sufficient for signal activation. 

Alternatively, non-ligand induced interactions caused by ectopic expression o f  the 

proteins may not induce correct conformation of the proteins and/or disobey the 

stoichiometry o f  physiological interactions. Therefore further optimisations of this 

assay, such as varying the concentrations of the proteins and peptide may be required.

It has been proposed that Mai interacts with the region near the BB-loop o f  TLR4, 

while MyD88 interacts with the CD-loop of the TLR4 TIR domain, which is located on 

the opposite side to the BB-loop of the domain. Interestingly, even though the 

conserved motif o f  box 2 (in which the BB-pool is located) is predicted to be absent 

from the A46 sequence (Gonzalez and Esteban, 2010), VIPER was derived from the 

region that was initially predicted to correspond to the sequence slightly upstream of the 

putative BB-loop (Stack et al., 2005). In addition, the dimerisation model proposed by 

Nunez Miguel et al. also predicts that Mai and TRAM bind to the TLR4 TIR within the 

region o f  the BB-loop (Nunez Miguel et al., 2007). Therefore, if VIPER is derived from 

the region of A46 that mimics the BB-loop of the TLR4 TIR domain, then it can act as 

a decoy and therefore disrupt the interactions between the TLR4 and the two adaptors. 

Meanwhile the homotypic interaction between their Poc sites can still hold the complex 

together.
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In addition, it has been calculated that on average protein-protein interactions often 

involve a few contact points each o f which is a linear stretch o f  about 4-5 amino acids 

(Toshchakov and Vogel, 2007). Therefore, taking into account the total area o f the 

possible electrostatic interactions between the TIR domains o f  TLR4 and Mal/TRAM 

(see Figure 7.2 B and C) it is possible that the presence o f VIPER is not sufficient to 

disrupt the interactions between the proteins, but enough to constrain a conformational 

change within the protein required for further signal transduction. For example, 

mutations o f various a/a within the BB-Ioop o f  the TIR domains disrupted the signal 

transduction from TLR4 but not the interaction between the TLR4 TIR domains and 

Mai (Dunne, Ejdeback et al. 2003). Taking into account the possibility that Mai and 

TRAM likely to bind to TLR4 in a sequential manner and the proposed model in which 

both adaptors interact with the same region o f the TLR4 TIR domain (Kagan, Su et al. 

2008; Bryant, Spring et al. 2010) it is likely that Mai and TRAM share a homologous 

region which is involved in interactions with the TLR4 TIR domain. Since VIPER was 

found to target both Mai and TRAM resulting in a specific inhibition o f TLR4 

signalling I suggest that VIPER targets this TLR4-binding region. Translating this 

hypothesis back onto the parental protein, it is possible that VIPER is derived from the 

area o f A46 that targets TLR4-binding region on Mai and TRAM , thus inhibiting 

TLR4-mediated signal transduction. This assumption can be tested by mutating the 

VIPER m otif on the A46 so that both hydrophobicity and charge distribution o f this 

area is reversed in order to disrupt the environment, which was predicted to be required 

for interaction with Mai and TRAM.

Similar “trapping” of a host signalling protein by a VACV protein has been recently 

illustrated at the molecular level by the structural determination o f a complex o f VACV 

protein K7 with a peptide derived from the N-terminal motif of DDX3, which is responsible
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for its interactions with IKKs (Oda et al., 2009). The protruding projection o f  the DDX3 

that contains 2 phenylalanine residues binds into a deep hydrophobic pocket o f  VACV 

protein K7. This hydrophobic interaction between the K7 and DDX3 is also supported by 

electrostatic interactions between the negatively charged surface o f  K7 with the positively 

charged surface o f  DDX3 from which the peptide is derived (Oda et a!., 2009). This 

interaction between the K7 and DDX3 results in inhibition o f  signal transduction via TBK- 

1/IKKs complex and activation of IFNp promoter (Schroder et al., 2008). Similarly, I 

established that the hydrophobic stretch within VIPER (K YSF k L IL a e Y) was important for 

inhibition o f  TLR4 signalling. Also, the predicted surface charge distribution on the A46 

and Mal/TRAM surfaces involved in interaction with TLR4 possibly contribute to the 

electrostatic interactions between the A46 and the adaptors.

Since the targeting o f  these regions by VIPEiR yields such a potent and specific effect o f  

inhibition on TL R 4 signalling, identification o f  these regions will provide a great 

opportunity for identification o f  small molecule com pounds from the available 

databases for deve lopm ent o f  non-immunogenic inhibitors o f  TLR 4 signalling which 

target either one or both o f  the adaptors. Thus, setting up a displacement screen for 

small m olecular com pounds, whereby the existing small molecule com pounds can be 

tested for the ability to bind to the site of Mai and/or T R A M  targeted by V IPER by 

displacing it, m ay lead to a discovery o f  a potent, non-toxic and non-immunogenic 

inhibitor o f  T L R 4-m ediated  Mai- and/or TR A M -dependent signalling pathways. Such 

com pounds once identified may be used for either therapeutics or research. However, 

identification o f  safe and active small molecule com pounds often is a difficult task, as 

not only must they m im ic the properties o f  the peptide’s minimal inhibitory sequence, 

but also have a low cytotoxic and immunogenic profile. Unfortunately, most small 

molecule com pounds are much more toxic than the parental peptides, as they often are
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found in the deep pockets o f the active sites o f vital enzymes (Toshchakov and Vogel, 

2007).

Fortunately, VIPER can also be used in its natural state as it was found to be 

biologically active in vitro for over 24 h, and more importantly in vivo. Interestingly, 

both described viral-derived peptides VIPER and A52-derived peptide P I 3 (McCoy, 

Kurtz et al. 2005; Tsung, McCoy et al. 2007), were found to be bioactive in vivo 

without any major alterations to their sequence (except addition o f the delivery 

sequence), as both peptides were able to inhibit LPS-induced cytokine production in 

mice. This requires a significant stability within the peptide’s structure while it is in the 

free unbound state in solution. It was shown that interaction between the proteins or the 

peptide and its target is often an enthalpy-dependent process, which is directly 

proportional to the entropy o f  the peptide-protein association (Frederick, Marlow et al. 

2007). The unstructured peptide undergoes conformational changes during binding to 

its target, which causes loss o f the internal energy resulting in lower entropy o f the 

peptide-protein interaction. Therefore, often non-naturally occurring peptides, which 

can not form a define structure outside their natural environment have much lower 

bioactivity due to weaker interactions with their targets. Therefore such peptides require 

additional modifications in order to confine their structure, such as “peptide grafting” 

(Toshchakov and Vogel 2007; Kliger 2010). “Grafting” involves introduction o f the 

active surface-exposed a/a o f the a-helical epitop o f the parental protein into a naturally 

occurring a-helical avian pancreatic peptide (APP), which is structurally stable in the 

free state (Toshchakov and Vogel, 2007). It appears that in general the a-helical fold is 

the most stable o f the secondary structures and therefore, the peptides derived from the 

a-helices o f the proteins are likely to retain the original fold (Kliger, 2010). Based on
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the Bcl-2-like model o f  A46 VIPER is derived from the a-helix of the Bcl-2-like 

domain (Figure 7 .IB) and therefore it is possible that in solution it also assumes an a -  

helical fold, which confers its stability and bioactivity without additional modifications. 

In contrary to VIPER, P I 3, which in our hands only inhibited TLR signalling in murine 

and not in human cells, is derived from a flexible linear loop between the 4‘̂  and 5*'’ 

helices o f  A52, which it is speculated could be the region o f  A52s interaction with 

1RAK2 (Graham et al., 2008). Therefore, it is possible that due to the lack of confined 

structure the interaction between P I3 and its target is not strong enough to inhibit NFkB 

activation in human cells, however it is specific enough for inhibition in murine cells. 

Also, it can be explained by the species-specific differences between the murine and 

human target surfaces.

One o f  the most fascinating examples of a commercially available unmodified peptide 

o f  viral origin is the HIV entry inhibitor I'uzeon. This peptide was derived from the 

helical region o f  HIV protein gp4l, which is involved in fusion o f  the virus with the cell 

(Kliger, 2010). However, a slight modifications to the Fuzeon peptide - such as a few 

a/a substitutes to E and K and also introduction o f  a point substitution with D- 

enantiomer at the point which is not involved in the interaction with the target -  

stabilised and increased the bioactivity o f  the peptide (Kliger, 2010). A similar 

approach can be applied for the future development o f  VIPER to increase its 

bioactivity, which would allow further decreasing its optimal inhibitory concentration. 

Thus, flanking amino acids KYSFKLILAEY, which were shown to be not necessary for 

v i p e r ’s inhibitory activity, could be changed into D-enantiomers to increase VIPER’s 

resistance to proteases and therefore its half-life in vivo.
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Hence, taking into account the bioactivity of VIPER both in vivo and in vitro it is 

practicable to use unmodified VIPER for research purposes. VIPER may be used as a 

tool for investigation o f TLR4 signalling pathways in non-LPS-induced pathologies, 

such as atherosclerosis or VACV infections as described herein. For example, the 

preliminary data suggests that TLR4 does not recruit Mai or TRAM  for induction of 

sterile inflammation in response to oxLDL. I suggest that oxLDL possibly signals 

directly via MyD88 which can be recruited to the complex by TLR6, consequently by

passing the need for Mai and TRAM. Another possibility is that it does not induce the 

signal at all, but plays a different role in the TLR4/TLR6/CD36 complex, which yet to 

be identified.

Furthermore, it was reported that TLR4 and MyD88 were necessary for survival of 

mice during the infection with VACV although the mechanism o f this action was not 

determined (Hutchens et al., 2008). In agreement with the report from Hatchens e/ al. it 

was confirmed by using VIPER that this was not due to induction o f  pro-inflammatory 

mediators, as there was no reduction in the induction o f cytokine mRNA upon treatment 

with VIPER, while LPS-induced cytokines were strongly inhibited in this experiment.

Overall, the approach to develop a specific TLR inhibitory peptide from an 

evolutionary refined viral TLR inhibitor such as A46 proved to be very successful and 

resulted in a discovery o f a specific biochemical tool as well as a candidate for 

development o f a therapeutic agent.
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Figure 7.1. VIPER is on the first a-helix of the Bcl-2-like domain of 

A46

A: Sequence alignment o f A52, B14 and A46. The a-helices are highlighted in 

grey; VIPER’s sequence is in black and underlined..B: Cartoon representation 

o f  A 46 with a Bcl-2 like fold. The VIPER m otif at the start o f  helix 1 is 

coloured purple and shown as a stick representation. Kindly provided by Dr. T. 

Monie.



Figure 7.2. VIPER is derived form the electropositive patch on the 

surface of A46

Electrostatic potential o f the molecular surface o f A46 (A), Mai (B) and 

TRAM (C), blue is electropositive and red is electronegative. A46 (A) is in the 

same orientation as on Figure 7.1.The L I03 (L6) is indicated by purple patch 

and pointed at with the yellow arrow. Mai and TRAM are orientated to show 

the interface predicted to contact the TIR domain of TLR4. All structural 

figures were generated using PYMOL (The PyMOL Molecular Graphics 

System, Version 1.2r3pre, Schrodinger, LLC). Kindly provided by Dr. T. 

Monie.



Figure 7.3. The peptides A467, A469 and A4610 are located outside 

of the electropositive patch on the Bcl-2 like fold of A46

A cartoon representation of A46 with a Bcl-2 like fold. The motifs of the A467 

peptide is coloured purple and shown as a stick representation (A). 

Electrostatic potential of the molecular surface of A46 (B), where blue is 

electropositive and red is electronegative. A46 (B) is in the same orientation as 

A. The location o f VIPER is indicated by the black oval with L6 indicated by 

purple patch. Location of CP7 is shown by the white oval, and A469 and 

A4610 are surrounded by the blue and yellow ovals respectively. The 

structural figure were generated using PYMOL (The PyMOL Molecular 

Graphics System, Version 1.2r3pre, Schrodinger, LLC). Kindly provided by 

Dr. T. Monie.
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APPENDIX I: Abbreviations

aa amino acid

ABIN A20-Binding Inhibitor o f NFk B

AcP IL-1 Receptor Accessory Protein

ADAR Adenosine Deaminase

AICD Antigen Induced Cell Death

A1M2 Absent In Melanoma 2

AP-1 Activator Protein 1

APAFI Apoptotic Protease Activating Factor I

APC Antigen Presenting Cell

APS Ammonium Persulphate

ARE AU-rich sequence elements

ARM Armadillo Repeat M o tif

ASC Apoptosis-associated Speck-like protein

containing a Caspase activation and recruitment 

domain

ATF3 Activating Transcription Factor 3

ATP Adenosine Triphosphate

BBP BB-loop-derived peptide

bp base pair

BIR Baculoviral Inhibitory Repeat

BH Bcl-2-homology motifs

BM DM  Bone Marrow Derived Macrophages

BP Binding Protein

BSA Bovine Serum Albumin
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CARD Caspase-Recruitment Domain

CARDIF CARDadaptor-inducing IFN P

CBP CREB-Binding Protein

CC2 Coiled Coil 2

C D — Cluster o f  Differentiation -

C/EBP CCA A T/enhancer binding protein

CEV Cell-associated Enveloped Virions

CHOP C/EBP- 1 lomology Protein

CM V Cytomegalovirus

CpG Deoxy-cystidylate-phasphate-deoxy-Guanylate

CPP Cell-Penetrating Peptide

CrmA/B/C Cytokine Response Modifier A/B/C

CT C-terminus

DAI DNA-dependent Activator o f  IRF

DAM P Danger Associated M olecular Pattern

DBD DNA-Binding Domain

DC Dendritic Cell

DD Death Domain

DDX3 DEAD box protein 3

D-Gal N D-Galactosam ine

dKO double Knock Out

DM EM  Dulbecco’s Modified Eagle’s M edium

DM SO Dimethyl Sulphoxide

DNA Deoxyribonucleic Acid

dsRNA double stranded RNA
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DTT Dithiothreitol

DUBs De-Ubiquitinating enzymes

ECD Ectodomain

E.coli Escherichia coli

ECL Enhanced Chemiluminence

ECACC European Collection o f  Animal Cell Cultures

EEV Extracellular Enveloped Virion

EFC Entry/Fusion Complex

ELISA Enzyme-Linked ImmunoSorbent Assay

eIF2a eukaryotic translation Initiation Factor 2 a

ER Endoplasmic Reticulum

ERK Extracellular Regulated Kinase

EV Enveloped Virions

FADD Fas-Associated protein with Death Domain

FCS Foetal Calf Serum

FITC Fluoresceine Isothiocyanate

FSL-I Fibroblast-Stimulating Lipoprotein-1

GOLD Golgi Dynamics domain

GPI Glycosylphosphatidylinositol

GRR Glycine-Rich Region

GST Glutathione-S-Transferase

HBV Hepatitis B virus

HCV Hepatitis C virus

HEK Human Embryonic Kidney

HIV Human Immunodeficiency Virusi
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HLH Helix-Loop-Helix

HMGB-1 High Mobility Group Box 1

HMW High Molecular Weight

Hsp Heat-shock proteins

HSV Herpes Simplex Virus

lAD IRF Association Domain

IBD Inflammatory Bowel Disease

ID Intermediate Domain

lEV Intracellular Enveloped Virion

IFN -a, p, Y Interferon-a, P, y

IFNAR type I IFN receptor

Ig Immunoglobulin

IkB Inhibitor o f  N F kB

IKBKG Inhibitory kB Kinase gam m a Gene

IKK IkB Kinase

IL Interleukin

IL-1 R IL-I Receptor

IMV Intracellular Mature Virions

IPS-1 IFNP-Promoter Stimulator 1

IRAK IL-1 Receptor Associated Kinase

IRF3 IFN Regulatory Factor 3

ISG IFN-Stimulated Genes

ISGF3 IFN-stimulated gene factor 3

ISRE Interferon Stimulated Response E lement

ITR Inverted Terminal Repeat
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JAK Janus Kinase

JNK c-Jun Amino-Terminal Kinase

kbp kilobase pairs

KD kinase-like domain

KO Knock Out

LAK LPS-Activated Kinase

LAL Limulus Am oebocyte Lysate

LAM Lipoarabinomannan

LB Luria-Bertani

LBP LPS-Binding Protein

LDL Low Density Lipoprotein

LPDC Lamia Propria DC

LPS Lipopolysaccharide

s-LPS smooth LPS

r-LPS rough LPS

LRR Leucine-Rich Repeat

LTA Lipoteichoic Acid

L T a Lymphotoxin a

LZ Leucine Zipper

Mai MyD88 Adaptor-Like

M ALP-2 M acrophage-Activating Lipopeptide-2

M A PK Mitogen-Activated Protein Kinase

M C M V Mouse Cytomegalovirus

M DA5 M elanoma-Differentiation Associated gene 5

MEFs Murine Embryonic Fibroblasts
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M EK K l M A PK /E R K  Kinase Kinase 1

MK2 M A PK  Kinase 2

M KK M A P Kinase Kinase

M PK M A P Kinase Phosphatases

Mrp Myeloid-related protein

MS Multiple Sclerosis

MV Mature Virions

MVA Modified Vaccinia virus Ankara

m RNA messenger RNA

MyD88 Myeloid Differentiation M arker 88

N AK NpKB-Aactivating Kinase

N A Pl NpKB-Activating Kinase-Associated Protein 1

N EM O  N F kB Essential Modulator

NES Nuclear Export Signal

N F kB Nuclear Factor-KB

NIK N F k B Inducing Kinase

NLS Nuclear Localisation Signal

NLR Nucleotide binding domain and leucine rich-

containing proteins (former N O D -like  Receptors ) 

N M R  Nuclear Magnetic Resonance

NOD Nucleotide-binding and oligomerisation domain

N T N-Terminus

NTS N uclear Translocation Sequence

OD Optical Density

Opn Osteopontin
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ORF Open Reading Frame

Opn Osteopontin

OTU Ovarian Tum our type domain

oxLD L oxidised LDL

PA G E Polyacrylamide Gel Electrophoresis

Pam 3C SK 4 Palmitoyl-3-Cysteine-Serine-Lysine-4

PAM P Pathogen-Associated M olecular Patterns

PBM C  Peripheral Blood M ononuclear Cells

PBS Phospho-Buffered Saline

PCR Polymerase Chain Reaction

pDC Plasmacytoid dendritic cell

PGN Peptidoglycan

PEST Proline, Glutamic acid. Serine and Threonine-

Rich Region

PI Propidium iodide

P13K Phosphatidylinositol 3-Kinase

P1P2 Phosphatidylinositol 4 ,5-bisphosphate

PK Protein Kinase

P K R  Protein kinase activatable by RNA

PM B Polymixin B

PM SF Phenylmethylsulfonyl Fluoride

Poc phenovariant Pococurante

poly(l;C) Polyinosine-Polycytidylic Acid

PRR  Pattern Recognition Receptors

PV DF Polyvinylidene Difluoride
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PYD PYrin Domain

R-848 Resiquimod

RA Rheumatoid Arthritis

RAGE Receptor for Advanced Gycation End-products

RD Repressor Domain

RHD Rel Homology Domains

RlG-I Retinoic Acid-Inducible Gene I

RIP Receptor-Interacting Protein

RHIM RIP homotypic interaction m otif

RLH RIG-I-like helicases

RLR RIG-I-like Receptors

RNA Ribonucleic Acid

ROS Reactive Oxygen Species

RSK Ribosomal-S6-Kinase

RSV Respiratory Syncytial Virus

RT-PCR Real Time PCR

SAM Sterile a  M otif

SARM Sterile a  and HEAT-Armadillo  motifs

SB Sample Buffer

SDS Sodium Dodecyl Sulphate

SDS-PAGE SDS-Polyacrylamide Gel Electrophoresis

SeV Sendai virus

SFA Saturated Fatty Acids

SINTBAD Similar to N A P l T B K l adaptor

siRNA small interfering RNA
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SLE Systemic Lupus ErytFiematosus

STING Stimulator o f  Interferon Genes

SOCS-1 Suppressor o f  Cytokine Signalling-1

STA T Signal Transducers and Activators o f

Transcription

T2K TRAF2-associated Kinase

TAB TAK Binding Protein

TAG  TRAM Aadaptor with G O L D  domain

T A K l TGF-P-Activated Kinase 1

Tb Tuberculosis

TBD TRAF6-Binding Domain

T B K l TANK-Binding Kinase-1

TBS Tris-Buffered Saline

T G Fp Transforming Growth Factor p

T E M E D  Tetramethylethylenediamine

T. gondii Toxoplasma gondii

T hl and 2 T helper type 1 and 2

T IC A M -1/2 TIR-Containing Adapter M olecule 1/2

TIR Toll/IL-1 Receptor

TIRAP TIR-Domain Containing Adaptor Protein

TIRP TIR-domain containing protein

TLR Toll-Like Receptor

TN F Tumour Necrosis Factor

TOLLIP Toll Interacting Protein

T R A D D  TNF Receptor-Associated Death Domain
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TRAM TRIF-Related Adapter Molecule

TRAF6 TNF Receptor Associated Factor 6

TRIP TIR domain-containing adapter Inducing IFN-P

TRIKA2 TRAF6-regulated IKK activator 2

TRIM25 Tripartite M otif  25

TTP Tristetraproline

Ub Ubiquitin

UG-rich Uridine and Guanodine rich

ULD Ubiquitin-Like Domain

VACV Vaccinia Virus

VCP Viral Complement Control Protein

WR Western Reserve

WT Wild Type

ZBP-1 Z-DNA-Binding P ro te in-1
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APPENDIX II: SUPPLIERS 

Supplier

Alexis Biochemicals

Amersham Biosciences 

Argus Fine Chemicals

Astra-Zeneca Pharmaceuticals

Bio-Sciences

Biosera

Biosynth

Address

AXXORA (UK) Ltd.

P.O. Box 6757 

Bingham

Nottingiiam NG13 8LS 

SE-751 84 

Uppsala 

Sweden

Sussex Innovation Centre

Science Parle Square

Brighton

United Kingdom

Charter Way

Silk Road Business Park

Macclesfield

Cheshire SK10 2NA

2 Charlemont Terrace

Crofton Road

Dun Laoghaire

Co Dublin

Ireland

I Acorn House The Broyle

Ringmer

BN8 5NN

UK

BIOSYNTH AG 

Rietlistr. 4 

Postfach 125 

9422 Staad, Switzerland
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Biotium

Calbiochem

Dunnes Stores

European Collection of 
Animal Cell Cultures

Eurogentec Bel Sa

Gibco BRL
Life Technologies Ltd.

Greiner GmbH

InvivoGen

Invitrogen

LabTech

Biotium, Inc.
3423 Investm ent Blvd., Suite 8 
Hayward, CA 94545

Freepost

Nottingham NG7 2BR 

United Kingdom 

Outlets Nationwide 

Ireland

PHLS Center for Applied M icrobiology

and Research

Porton Down

Salisbury SP4 OJG

United Kingdom

Parc Scientifique du Sort

Tilman

4102 Seraing

Belgium

P.O. Box 35, Trident House 

Renfrew Road 

Paisley PA3 4EF 

United Kingdom 

M aybachstrasse 

P.O. Box 1162 

D-7443 Frichenhausen 

Germany

3950 Sorrento Valley Blvd, Suite 100 

San Diego 

California 92121 

USA

PO Box 2312,

9704 CH Groningen,

Holland 

1 Acorn House

295



A PPENDIX 11-Suppliers

National Diagnostics

New England Biolabs

LabTech

National Diagnostics

New England Biolabs

The Broyle Ringmer 

East Sussex 

BN8 5NN 

United Kingdom 

305 Patton Drive 

Atlanta 

GA 30336 

USA

32 Tozer Road, 

Beverly,

MA 01915-5599, 

USA

1 Acorn House 

The Broyle Ringmer 

East Sussex 

BN8 5NN 

United Kingdom 

305 Patton Drive 

Atlanta 

GA 30336 

USA

32 Tozer Road, 

Beverly,

MA 01915-5599, 

USA
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Novagen

Nunc A/S

Pierce

Promega Corporation

R&D Systems

Santa Cruz Biotechnology Inc.

Sigma-Aldrich

Sorvall

M erck Biosciences Ltd. 

Padge Road 

Beeston/Nottingham 

NG9 2JR  

United Kingdom 

Kamstrupvej 90 

DK-4000 Roskilde 

Denmark

3747 N. Meridian Road

P.O. Box 117

Rockford

IL61105

USA

2800 Woods Hollow Road

Madison

WI 53711-5399

USA

R&D Systems Inc.

614 McKinley Place NE 

Minneapolis 

MN 55413

2161 Delaware Avenue 

Santa Cruz 

CA 95060 

USA

Sigma-Aldrich Ireland Ltd.

Dublin

Ireland

31 Pecks Lane 

Newtown 

CT 06470-2337 

USA
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Stratagene Cloning Systems

Tularik Inc.

Unitech Ltd.

11011 North Torrey Pines Road 

La Jolla 

CA 92037 

USA

San Francisco 

CA 94080 

USA

United Drug House 

Belgard Road 

Dublin 24 

Ireland
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The Journal o f Im m unology

Viral Inhibitory Peptide of TLR4, a Peptide Derived from 
Vaccinia Protein A46, Specifically Inhibits TLR4 by Directly 
Targeting MyD88 Adaptor-Like and TRIF-Related 
Adaptor Molecule

Tatyana Lysakova-Devine,* Brian K eogh/ Barry Harrington,* Kamalpreet Nagpal,*
Annett Haile,* Douglas T. Golenbock,* Tom Monie,^ and Andrew G. Bowie*

TLRs are critical pattern recognition receptors that recognize bacterial and viral pathogen-associated molecular patterns leading to 
innate and adaptive immune responses. TLRs signal via homotypic interactions between their cytoplasmic TollAL-lR (TIR) 
domains and TIR domain-containing adaptor proteins. Over the course o f evolution, viruses have developed various immune eva
sion strategies, one of which involves inhibiting TLR signaling pathways to avoid immune detection. Thus, vaccinia virus encodes the 
A46 protein, which binds to multiple TIR-domain containing proteins, ultimately preventing TLRs from signaling. We have iden
tified an 11-aa-long peptide from A46 (termed viral inhibitor peptide of TLR4, or VIPER), which, when fused to a cell-penetrating 
delivery sequence, potently inhibits TLR4-mediated responses. VIPER was TLR4 specific, being inert toward other TLR path
ways, and was active in murine and human cells and in vivo, where it inhibited LPS-induced IL-12p40 secretion. VIPER also 
prevented TLR4-mediated M APK and transcription factor activation, suggesting it acted close to the TLR4 complex. Indeed, 
VIPER directly interacted with the TLR4 adaptor proteins MyD88 adaptor-hke (Mai) and TRIP’-related adaptor molecule 
(TRAM). Viral proteins target host proteins using evolutionary optimized binding surfaces. Thus, VIPER possibly represents 
a surface domain of A46 that specifically inhibits TLR4 by masking critical binding sites on Mai and TRAM . Apart from its 
potential therapeutic and experimental use in suppressing TLR4 function, identification of VIPER’s specific binding sites on 
TRAM and Mai may reveal novel therapeutic target sites. Overall, we demonstrate for the first time disruption of a specific TLR 
signaling pathway by a short virally derived peptide. The Journal o f  Immunology, 2010, 185: 4261-427L

C ells o f  the innate im m une system  express a num ber o f 
pattern recognition receptors, am ong w hich are the retinoic 
acid-inducible gene l-like helicases, nucleotide-binding 

oligom erization dom ain-like receptors, and T L R s (1 -3 ). There are 
13 m am m alian T LR s reported to date that recognize a w ide array 
o f  pathogen-associated m olecular patterns (4). T LR s are m em bers 
o f  the larger T oll/IL -IR  (TIR) dom ain-contain ing  fam ily o f  pro
teins, w hich also includes IL -lR s , IL -l8 R s , and a group o f  orphan 
receptors (5).

The TLR s are type I transm em brane recep tors that consist o f  
a globular T IR  dom ain-contain ing  in tracellu lar dom ain, a single
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rran i-m em b ran e-sp an n in g  section , and an extracellu lar dom ain 
m ainly m ade up o f  19-25 leucine-rich  repeats, w hich m ediate the 
specificity o f  the lig an d -rece p to r interaction (6). M ost TIR  dom ains 
contain a protruding BB loop, w hich is essential for hom o- and 
heterodim eriza tion  (7 -10 ). Such d im erization  interactions occur 
upon ligand b inding to  the T L R  and are believed to be triggered by 
conform ational changes in the T IR  dom ain  o f  the receptors, which 
prom otes recruitm ent o f  the T IR  dom ain-contain ing  adaptor p ro
teins (11, 12). T here are five such adap tor pro teins known. Thus, all 
TLR s, except T L R 3, signal v ia  M yD 88 (13), T R IP  is em ployed by 
TLR 3 and -4, and M yD 88 adaptor-like (M ai, o r TIR  dom ain- 
contain ing  adap tor protein) is involved in T L R 4 and T LR 2 signal
ing, w here it p lays the role o f  a b ridging adap tor betw een the 
receptor and M y D 88 (14). However, recent publications suggest that 
Mai is redundant in T L R 2 signaling under certain  circum stances 
(15-17). TR IF-related  adaptor m olecule (TR A M ) is recruited by 
T LR 4 only and like M ai is a bridging adaptor, in this case betw een 
T LR 4 and T R IP (18). The fifth adaptor, sterile a  and HEAT-armadillo 
m otifs protein, was show n to  negatively regulate TRIF-dependent 
signaling for T LR 3 and T L R 4 (19). T he form ation o f  recep tor- 
adaptor com plexes triggers stim ulation o f  signal transduction path
ways that ultim ately leads to the activation o f  M A PK s, such as p38 
and JN K , and transcription factors such as N F -kB, IFN regulatory 
factor (IRF) 3 (IR F3), IRF5, and 1RF7, leading to induction o f 
pathw ay-specific gene transcription (4). T hus, T LR 3, -7, -8, and -9, 
which recognize viral nucleic acids, m ount a potent antiviral response 
by inducing type I IFN s (20). T L R 4 and -2, well known to recognize 
bacterial ligands, are also involved in recognition o f  viral glyco
proteins, leading to the induction o f proinflam m atory responses (4). 
Also, recently, T L R 2 w as found to be a key receptor for the induction
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o f  type I IFN in response to vaccinia virus (VACV) in vivo, whereas 
T L R 4-m ediated  signaling lim ited viral replication and increased 
anim al survival during  a VACV infection  (21, 22). G iven the im 
portance o f  such antiviral responses, it com es as no surprise that many 
pathogens have developed w ays to evade recognition and/or signal
ing b y  T L R s (23). VACV encodes for m any im m unom odulatory 
proteins, such as A 46, A 52, N l ,  8 1 4 , and K7, w hich target various 
com ponents o f  innate im m une signal transduction pathw ays (24-28). 
For exam ple, A 46 inhib its T L R  signaling by interacting w ith the TIR 
dom ain-contain ing  proteins M ai, T R A M , M yD 88, and TRIP, 
resulting in inhibition o f  T LR -induced  N F-kB, M A PK , and IRF3 
activation (29).

A part from  th e ir ro les in an tipa thogen  responses, the num ber o f  
au to im m une and in flam m atory  d iseases, in w hich  T L R s p lay  a key 
role, is rapid ly  grow ing. T hus, T L R 4  has been show n to  partic ipate  
in the  developm ent o f  rheum ato id  arth ritis, atherosclerosis, septic 
shock, and m any o thers (30, 31). In ligh t o f th is, T L R s rather than 
the e ffec to r m olecu les they  induce have becom e a new  target for 
drug developm ent to fight in flam m atory  and au to im m une con
ditions. Further, by inh ib iting  signa ling  o r ligand recognition  by 
a  specific T LR , the deg ree  o f  in flam m ation  can be significantly  
reduced  w hile o th er pa ttern  recognition  receptors rem ain  func
tional, leaving the host im m unocom peten t.

T he design  o f  decoy  ce ll-penetra ting  pep tides (C PPs) is one 
rational approach to develop ing  T L R  inh ib ito rs, w hereby peptides 
derived  from  signaling  pro teins act as a dom inan t negative o f  the 
paren tal pro tein  to p reven t signal transduction  by a specific sig
naling pathw ay. Such pep tides w ere derived  from  the BB loop of 
the T IR  dom ains o f  T L R 2 , -4, -1, and -6, M ai, and M yD 88 and were 
show n to in terfere w ith  hom odim eriza tion  o f  the T IR  dom ains, thus 
block ing  signal transduction  (3 2 -3 6 ).

G iven that A 46 likely  represents an evo lu tionary  refined strategy 
to inh ib it T L R  signaling , understand ing  how  it functions at the 
m olecu lar level w ill help  to fu rther exp la in  the m olecu lar in ter
actions underly ing  T L R  signaling  and also  m ay lead to the d e 
velopm ent o f  specific therapeutic  agents. B ased  on this, and the 
success o f  BB loop C PPs, using  p ep tides derived  from  refined viral 
T LR  inhib itory  pro teins m ay be an op tim al approach. M cC oy et al. 
(37) previously  repo rted  that a pep tide  derived  from  the VACV 
pro tein  A52, nam ed P I 3, inhib ited  signa ling  by several T LR s and 
inner ear inflam m ation  in vivo in m ice. H ow ever, P13, like other 
reported  CPPs, lacked  specificity  fo r d istinc t T L R s and also  failed 
to inhibit in hum an ce lls (see Fig. 3 Q .  Furtherm ore, no host target 
for P13 was identified. In this study, w e describe a potent TLR4- 
specific inhibitory peptide nam ed viral inhibitory peptide o f TLR4 
(V IPER) derived from  A46, w hich inhibits m ultiple TLR4-m ediated 
responses. VIPER w as active in m urine and hum an cells and in vivo, 
being inert toward o ther T L R  pathw ays. Furtherm ore, w e identify 
host targets for V IPER as the TLR 4 adaptors Mai and TRAM . To 
our knowledge, V IPER  is the first pathw ay-specific TLR  viral in
hibitory peptide identified, and its discovery increases our under
standing o f  the m olecular interactions involved in TLR signaling, 
whereas identification o f  V IPER ’s specific binding sites on TRAM  
and Mai may reveal novel therapeutic target sites.

Materials and Methods
Cell culture

The human em bryonic k idney (H E K ) ce ll line 293  (H E K 293) and 
H EK 293 ce lls  stably transfected with IL -1 R (H E K 2 9 3 _ R I) were a gift from  
Tularik (San Francisco, C A ). H EK 293 ce lls  stably transfected with TLR 2, 
-3, -4, or -8 (H E K 293_T L R ) w ere a gift from  Dr. K. Fitzgerald (U niversity  
o f  M assachusetts M edical Sch ool, W orcester, M A ). The m ouse leukem ia  
m onocyte-m acrophage ce ll line R A W 264.7  and the hum an acute m onocytic  
leukem ia cell line THP-1 w ere obtained from  the European C ollection  o f

Anim al C ell Cultures (Salisbury, U .K .). Im m ortalized murine w ild-type  
(w t) and M y D 8 8 ” “̂ , M al” ^ ', T R IF” ^", and TRAM "^” bone marrow- 
derived m acrophages (iB M D M s) w ere generated from corresponding  
knockout m ice using J2 recom binant retrovirus carrying v-m yc and v-raf/ 
mil on cogen es as prev iously  described (38 , 39). Human PBM Cs were 
purified from  the buffy coat o f  heparinized w hole-b lood  preparations from  
healthy volunteers by d ensity  centrifugation on low -endotoxin  F icoll- 
Hypaque. Isolated PB M C s w as w ashed three tim es in sterile PBS (137  
mM  NaCI, 2 .7  mM  KCI, ID m M  N a2HP0 4 , 2 mM N aH 2P0 4 ), counted, and 
seeded at a density o f  I X 10*’ cell.s/m l in com plete RPMI 1640 m edium .

Peptide synthesis and reconstitution

Peptides w ere synthesized  by GenScript (Piscataway, NJ) and w ere > 95%  
pure as identified by HPLC. L yophilized  peptides w ere reconstituted  
aseptically  w ith m olecu lar b io logy-grade water lo a concenU'ation o f  
10 mM and stored at —80 'C , W orking stocks o f  0 .2  or 1 mM w ere stored at 
—2()"C or kept at 4"C for a m axim um  o f  2 wk. S ee  Table I for the 
sequences o f  the peptides used.

Receptor agonists

Ultrapure LPS from Gram -negative bacteria (E schericia coli) (> 99 .9%  pure 
in respect to contam inating protein, D N A , and TLR 2 agonists) was pur
chased from A lexis B iochem icals (Plym outh M eeting, PA). Polyinosinic- 
polycytidylic acid (poly-IC ) was purchased from Amersham B iosciences  
(Piscataway, NJ). I L - la  w as obtained from the N ational Cancer Institute 
(Frederick, M D ), and T N F -a  w as a gift from Zeneca Pharmaceutics (M ac
clesfield, U .K.). CpG w as purchased from Eurofins MW G Operon (85560; 
Ebersberg, Germany), and PM A was purcha.sed from Sigma-Aldrich (Dublin, 
Ireland). M ALP2 was purchased from Alpha Technologies (W icklow, Ire
land), and PAM5CSK4 purcha.sed from Autogen Bioclear (Nottingham, U.K.).

Table I. L ist o f  the A 4 6 -d e r iv e d  p e p tid e s  a n d  th e ir  m odifications

No. Name Sequence

1 #1 GCAVNTPVSMT-9R
2 #2 TPVSMTYLYNK-9R
3 #3 TYLYNKYSFKL-9R
4 VIPER KYSFKLILAEY-9R
5 #5 LILAEYIRHRN-9R
6 #6 YIRHRNTISGN-9R
7 CP7 RNTISGNIYSA-9R
8 #8 GNIYSALMTLD-9R
9 #9 DSGLFDFVNFV-9R
10 #10 DFVNFVKDIMC-9R
11 #11 VKDIMCCDSRI-9R
12 #13 VALSSLVSKHW-9R
13 #14 LVSKHWELTNK-9R
14 H is-VIPER 6xHis-KYSFKLILAEY
15 H is-V IPER -9R 6xHis-KYSFKLILAEY-9R
16 His-C P7 6xHis-RNTISGNIYSA
17 H is-C P7-9R 6xHis-RNTISGNIYSA-9R
18 9R -VIPER 9R-KYSFKLILAEY
19 9R -CP7 9R-RNTISGNIYSA
20 D -VIPER d {K Y S F K L IL A E Y )-|G j- 9 x d |R )
21 D -9R -V IPE R 9x{dR)-{G )-d{K Y SFK LILA EY)
22 D-CP7 d(R N T IS G N IY S A )-(G )-9x (dR l
23 D -9R -C P7 9x{dR )-{G )-d{R N TISG N IY SA )
24 D-TAT-VIPER d 1GRKKRRQRRR |-(G )-d(K Y SFK LIL A EY )
25 D-TAT-CP7 d {GRKKRRQRRR) - (G ) -d ( R N T IS G N IYSA)
26 PI3 DIVKLTVYDCI-9R
27 N-1 YSFKLILAEY-9R
28 N-2 SFKLILAEY-9R
29 C-3 KYSFKLIL-9R
30 C-6 KYSFK-9R
31 K IA AYSFKLILAEY-9R
32 Y2A KASFKLILAEY-9R
33 S3A KYAFKLILAEY-9R
34 F4A KYSAKLILAEY-9R
35 K5A KYSFALILAEY-9R
36 L6A KYSFKAILAEY-9R
37 I7A KYSFKLALAEY-9R
38 L8A KYSFKLIAAEY-9R
39 ElOA KYSFKLILAAY-9R
40 Y l l A KYSFKLILAEA-9R
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Celt viability analysis by M TT

M TT was purchased from S igm a-A ldrich  and reconstituted at 1 m g/m l in 
PBS. C ells were seeded into 96 -w ell plates and treated as described in the 
figure legends. M edium  was rem oved, and the ce lls  w ere w ashed once with  
PBS. A total o f  200  jil/w ell o f  1 m g/m l M TT solution  was added directly to 
the ce lls , and the plates w ere incubated at 37"C for 2 h in the dark. 
Postincubation, the M TT solution w as discarded, and 200  jil/w e ll D M SO  
solution was added for 20  min at 37 'C  in the dark and the absorbance read 
at \  = 595 nm.

Reporter gene activation, mRNA, and cytokine analysis

U nless otherw ise stated, peptides w ere added at required concentrations 1 h 
prestimulation with agonists for 6 h. H EK 293 ce lls  w ere seeded  at 1 x  lO"’ 
cell/m l and reporter gene assays perform ed as previously described (29). 
Induction o f  m RNA was assayed in wt iB M D M s by quantitative real-tim e 
PCR. C ells were seeded at 2 X lO’’ ce ll/m l 24 h pretreatment. RNA was 
isolated using High Pure R NA isolation kits from R oche A pplied Science  
(Burgess H ill, U .K .) according to the m anufacturer's instructions. RT-PCR  
was performed using Q iagen ’s O ne-Step RT-PCR Kit (Q iagen , Valencia, 
C A ) according to manufacturer’s instructions. Quantitative real-tim e PCR  
was done using GoTaq qPCR M aster M ix (Prom ega, M adison, W I) 
according to the manufacturer’s in.structions. For cytok ine production.

R A W 264.7 ce lls  and iB M D M s w ere seed ed  at 2 X lO ' ce ll/m l, THP-I  
ce lls  w ere differentiated with 100 nM PM A and .seeded at 5 X lO' ce ll/m l, 
and PBM C s seeded at I X lO'’ ce ll/m l in 9 6 -w ell plates 24  h prior 
to treatment. The supernatants w ere co llected  and assessed  for different 
cytok ines by ELISA  (R & D  System s, M inneapolis, M N ).

Immunoblotting

For analysis o f  IkB degradation and M A PK  activation, iB M D M s were 
seeded at 2  x  lO' ce ll/m l in s ix -w ell p lates 24  h pretreatment. The pep
tides w ere added at 5 fiM  1 h before stim ulating with 20  ng/ml LPS. After 
30  m in, supernatants were rem oved and c e lls  w ashed with ice-co ld  1X 
PBS. C ells  w ere lysed  in 100 |j,l S D S  sam ple buffer [62.5 mM Tris (pH  
6.8), 2% (w /v) SD S, 10% (v /v ) g lycerol, 0.1%  (w /v ) brom ophenol blue, 50  
mM  DTT] and boiled  for 5 min. Thirty m icroliters cooled  lysate was re
so lved  on 10% SD S-PA G E , transferred onto Im m obilon polyvinylidene  
difluoride m em brane (M illipore, Bedford, M A ), and probed with either 
m ouse m A b against IkB u  (a  kind g ift from  P r o f R. Hay, D undee U n i
versity, D undee, U .K .), rabbit anti-p38 phospho.specific Ab (C ell Signaling  
T echnology, D anvers, M A ), or rabbit anti-JNK phosphospecific Ab (B io-  
Source International, C am arillo, C A ). To control for protein loading, the 
m em branes were reprobed with anti-(3-actin Ab (Sigm a-A ldrich), rabbit 
anti-p38 A b (C ell S ignaling  T echn ology), or rabbit anti-JNK Ab (B io 
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Source Inlem alional). Anli-G ST Ab was a kind gift from Dr. T. Mantle 
(Trinity College Dublin, D ublin, Ireland).

Expression o f  GST-tagged proteins

The GEX .4T2 plasm id containing the TIR  domains o f Mai, TRAM , or 
TLR4 or em pty GEX.4T2 were transform ed into Escherichia coli Rosetta- 
Gami B Host Strains (Novagen, EM D C hem icals, Darmstadt, Germany) 
and grown in Tenrific Broth. Protein expression was induced with 0.7 mM 
isopropyl p-D-thiogalactoside at 18'C  for GST-TLR4 and 3()'C for GST, 
GST-M al, and GST-TRAM  for 24 h. Cells were lysed in low-salt extraction 
buffer (300 mM NaCl, 1% Triton X-100, PBS). W hole-cell lysates were 
cleared and levels of protein expression confirm ed by SDS-PAGE and 
Coom assie staining o f the gel.

Peptide-pulldown assays

HEK293 cells were seeded at 1 X lO’ cell/m l in 100-mm dishes 24 h prior 
to transfection. A plasm id encoding Flag-tagged Mai, TRAM , or TR IP or 
H A-tagged M yD88 was transfected into cells (2 ng/transfection) using 
G eneJuice (Novagen). A fter 24 h, supernatants were removed, and cells 
were washed with ice-cold PBS. Cells w ere lysed in 900 |il 1% NETN 
lysis buffer [100 mM NaCl, 50 mM HEPES (pH 7.5), 1 mM EDTA, 1% 
N onidet P-40, 10% glycerol, and 50 mM imidazole] and incubated on ice 
for 40  min. A total o f 300 jj,l w hole-cell lysate was incubated with 25 (j-M 
polyhistidine (6xHis)-tagged VIPER o r CP7 peptides (containing no de
livery sequence) and 40 jjlI N i-agarose beads for 2 h at 4 ’C with rolling to 
avoid sedim entation o f the beads. To exclude nonspecific binding, lysates 
were also incubated with the Ni-agarose beads alone. Postincubation, 
beads were washed five tim es in 1% N onidet P-40 lysis buffer with 50 mM 
imidazole. A fter the final wash, the buffer was com pletely removed, and 
the beads were resuspended in 35 (xl SDS sample buffer. Sam ples were 
boiled for 5 min and resolved with SDS-PAGE. The resolved proteins were 
transferred to polyvinylidene difluoride m em brane and im m unoblotted for 
the corresponding protein.

Determination o f  the effect o f  VIPER in vivo

Groups o f five fem ale BALB/c mice w ere injected i.v. with a single bolus of 
one o f the following: PBS, 1 (jig LPS, 1 jig LPS with 0.1 mg/kg 9 arginine 
(9R)-VIPER, I (ig LPS with 0.3 mg/kg 9R-VIPER, 1 p.g LPS with 0.1 mg/ 
kg 9R-CP7, or 1 jig LPS with 0.1 mg/kg 9R-CP7. Four hours later, blood 
was harvested and serum  derived. The serum was assayed for IL-12p40 
by ELISA.

Statistical analysis

Statistical analysis was carried out using paired Student / test. Two-tailed p  
values were obtained com paring groups treated with peptide and LPS 
versus LPS only.

Structural modeling

Structural homologs to A46 were retrieved using the 3D-Jury metaserver 
(38). Alignments were manually adjusted and a model built using Modeler 
9v7 with A52 as a template (University of California San Francisco, San 
Francisco, CA). All structural figures were generated using PyMOL (PyMOL 
Molecular Graphics System, version I.2r3pre, Schrodinger, Camberley, U.K.). 
Electrostatic potentials were calculated using a nonlinear Poisson-Boltzmann 
equation with APBS tools in PyMOL.

Results
The A46-derived peptide VIPER is a potent TLR4-specific 
inhibitor in murine cells 

VACV pro tein  A 46 w as previously  identified as an inhibitor o f  TLR  
signaling  (29). To test the ability  o f  regions o f  A 46 to recapitulate 
T LR  inhib ition , w e designed  peptides from  tw o regions o f  A46 
protein  that w ere found to be im portant for inhibition o f  TLR 
signaling  by using truncation  m utants o f  A 46 (data not shown).

F IG U R E  2. VIPER inhibition o f 
TLR4 is independent of the nature or 
position of the delivery sequence. 
iBMDMs were treated with 1 o r 5 p.M  

His-tagged peptides VIPER and CP7 
with (B) or without (A) the 9R delivery 
sequence for 1 h prestimulation with 
10 ng/ml LPS. iBMDM s were treated 
with peptides VIPER and CP7 with 
the 9R delivery sequence at the N ter
minus (C), with the D-enantiomer of 
the peptides with the 9R delivery se
quence at either C (D) or N termini (£) 
or with the D-enantiomer o f the pep
tides with a TAT delivery sequence at 
the N terminus (F). The peptides were 
added at 1. 5, and 25 |jlM  for 1 h pres
timulation with 10 ng/ml LPS. In all 
cases, supematants were collected 6 h 
poststimulation and assayed for TNF- 
a  by ELISA. The data are mean ±  SD 
of triplicate samples and are repre
sentative of at least three experiments. 
*p <  0.05 compared with LPS only.

& H is- H is- —  t  His-
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9R  9R

D-VIPER D-CP79R -C P 79R-VIPER
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F IG U R E  3. V IPE R  inh ib its  T L R 4 in p rim ary  hum an  cells. A,  TH P-1 

ce lls  w ere trea ted  w ith  5 |j,M A 46  pep tides  fo r 1 h p restim ula tion  w ith  10 
ng /m l LPS. B.  Pep tides P I 3, V IPE R , and C P 7  w ere  added to  the TH P-1 
ce lls a t 20 and 40  jiM  1 h before LPS  s tim u la tion . C, H um an P B M C s w ere 

trea ted  w ith 1, 5, and  25 p.M pep tide  1 h p res tim u la tion  w ith  10 ng/m l 
LPS. D,  T he  ce lls w ere a.s.sayed fo r v iab ility  using  the M T T  assay. E, 
PB M C s w ere trea ted  w ith  0, 0 .39 , 0 .78 , 1.56, 3 .12 , 6 .25 , 12.5, and  25 jiM  

V IPE R  1 h p restim ula tion  w ith  10 ng/m l L PS . In A - C  and £ , supernatan ts  
w ere co llec ted  6 h poststim ula tion  w ith  LPS  and  a.ssayed fo r T N F -a  by 
EL ISA . In E,  the co ncen tra tion  o f  T N F -a  m easu red  w as expressed  as 
a percentage o f  tha t seen  fo r LPS  a lone . T he data  are m ean ±  SD  o f  
trip licate  sam ples and are represen ta tive  o f  at least th ree  experim ents. *p <  

0 .05 com pared  w ith  LPS  only.

The designed  peptides contained 11 aa from  A 4 6 , and each  pro
ceed in g  peptide w as design ed  to overlap w ith the previous on e by 

5 aa. T hese peptides w ere linked to a 9R  hom opolym er delivery

seq uence at their C term ini, as this w as show n to be an efficient 

w ay to deliver peptides into c e lls  (3 7 , 40). T he peptides were  
num bered depending on the order each  appeared on the protein 

seq uence (Table I). Peptides w ere asep tica lly  reconstitited  in 
water, and on ly  w ater-solub le  peptides w ere assayed  for bio logical 
activity using the m urine m acrophage ce ll lin e R A W 264.7. C ells  

were treated w ith I and 5 jjlM peptide 1 h prestim ulation w ith  
LPS. A m on g the 12 p eptides tested , peptide # 4  (K Y SFK L IL A E Y - 

9R ) w as identified as the on ly  peptide that inh ib ited  LPS-i.nduced  

T N F -a  production (F ig. lA ). In this study, the peptide #4 w as  
term ed VIPER. V IPER  a lso  inh ib ited  L PS-indu ced  T N F -q , M IP- 

2, R A N T E S, and IL - 6  in iB M D M s, w hereas an inert control 
peptide, C P7 (Table I), had no e ffec t (F ig. \ B - E ) .  N either VIPER  

nor C P7 affected  c e ll v iab ility  at the concentrations used (data not 

show n).
N ext, w e  investigated  the e ffec t o f  V IPE R  on other murine 

T LR s and found that in contrast to  the ability  o f  fu ll-length  A 46  to  

inhibit all T L R s (2 9 ) , V IP E R  at concentrations o f  1 and 10 jiM  did 
not inhibit secretion  o f  T N F -a  in respon se to PA M 3 C SK 4  (w hich  

signals via  a T L R 2/T L R 1 heterodim er), M A L P 2 (v ia  T L R 2/ 
T L R 6 ), po ly-IC  (v ia  T L R 3), nor C pG  (via  T L R 9) (F ig. \F- I ) .  
This identified V IP E R  as the first T L R 4-sp ec ific  inhibitor derived 

from  a viral protein.
To investigate  w hether V IP E R  required internalization tc inhibit 

T L R 4, w e used the V IP E R  p eptide w ith and w ithout the 9R  delivery  
sequence. For this experim ent, both VIPER and C P7 contained  

a  polyh istid in e tag (6 xH is) fu sed  to the N  term ini, and therefore 

peptides w ithout the d e livery  seq u en ce  w ere term ed H is-VIPER or 
H is-C P7, and the peptides w ith the 9R  d elivery  sequence were 
term ed H is-V IP E R -9R  or H is-C P 7-9R . Inhibition o f  LPS-;nduced  
T N F -a  secretion  by V IPER  required the delivery  sequence to be 
present (F ig. l A ,  IB) .  In contrast, the p osition  o f  the delivery  

seq uence w as not im portant, as VIPER inh ib ited  equally w ell 
w hen the 9R  seq u en ce  w as lin ked  to either the C term injs (F ig. 
IB) or the N term inus (9R -V IP E R ; Fig. 2C ). W e also  nested a 
D - f o rm  o f  VIPER (D -V IP E R ), com p osed  o f  D - e n a n t io m e r >  o f  the 

L - a m in o  acids o f  the parental seq uence. T his m odification pro
longs the t \!2 o f  peptides both in vitro and in v iv o  by rendering 
them  resistant to p ro teosom es, w hich  often increases a peptide’s 

b io log ica l activ ity  (41 , 4 2 ). D -V IP E R  still retained its im ib itory  

properties (F ig. 2D) ,  w ith sligh tly  reduced po ten cy  when the d e
livery seq uence w as fused to the N  term inus (F ig . IE) ,  \n o th er  

com m on ly  used delivery  seq u en ce, TAT4 9 _5 7 , w hich  is  derived  
from the H lV -1 protein  TAT, w as tested to ensure the im ib itory  

properties o f  V IPER  did not d epend  on the polyargin ine sequence.

I  6
S

P B S  —  9R-VIPER 9R-CP7 

LPS

F IG U R E  4. V IP E R  inh ib its  L P S -induced  IL -12/23 p40  secre tio i in vivo. 
B A L B /c m ice w ere in jec ted  i.v. w ith  PB S, 1 |i,g L PS , 1 jig  LPS w ith  0.1 
m g/kg  9R -V IP E R , 1 (ig  LPS  w ith  0 .3  m g/kg  9 R -V IP E R , 1 ^.g ^PS w ith 
0.1 m g/kg 9R -C P 7 , o r 1 p.g L P S  w ith  0.1 m g/kg  9R -C P 7. B o o d  w as 
harvested  after 4  h, and  serum  w as assayed  fo r IL -12p40  b) E L ISA . 

Statistical analysis w as carried  out using  paired S tudent / test. T h t data  are 

representative o f  tw o experim ents. *p <  0 .05; **p <  0 .005 com pired  w ith 
LPS only.
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TAT4 9 _ 5 7  w as l in k ed  to  th e  N te rm in u s  o f  VIPER, an d  th e  D-iso- 

mer ofTAT-VIPER was tested (Fig. 2F). This peptide still retained 
the ability to inhibit LPS-induced T N F -a  secretion, but with 
a  slightly decreased potency, which likely was due to less efficient 
delivery o f  peptides into ce lls by TAT4 9 _ 5 7  when compared with 
9R, as previously reported (40).

Together, these data indicate that VIPER specifically inhibits 
murine TLR4, that inhibition requires internalization o f  the pep
tide, and that inhibition is independent o f  the nature or position o f  
the delivery sequence.

VIPER inhibits TLR4 in prim ary  human cells

We next tested the inhibitory properties o f  VIPER in human cells. 
The array o f  the A 46-derived peptides w as reassayed in the hu
man m onocyte cell line TH P-I at 5 |j,M and sim ilar to murine 
cells , only VIPER w as found to inhibit LPS-induced T N F -a  
production (Fig. 3A). A peptide derived from the VACV protein 
A 52, termed P I3, w as previously reported to inhibit various 
TLRs including TLR4 in murine ce lls  (37). H owever, compared 
with VIPER, P I3 was ineffective in human cells , because even at 
40 |xM P I3 failed to inhibit LPS-induced T N F -a  production in 
T H P-Is (Fig. 3B) and in PBM Cs (data not shown). In contrast, 
VIPER dose dependently inhibited LPS-induced T N F -a  in pri
mary human PBM Cs betw een 1 and 25 jjlM (Fig. 3C) without 
affecting the c e lls ’ viability  as determ ined by MTT assay (Fig. 
3D). The IC5 0  for T N F -a  production in PBM Cs was determined 
as 5 (xM (Fig. 3E).

VIPER inhibits TLR4-dependent cytokine induction in vivo

To exam ine the ability o f  VIPER to inhibit cytokine production 
in vivo, w e tested the effect o f  the peptide on LPS-induced cytokine 
production in BA L B/c m ice. A s seen in Fig. 4, injection o f  mice 
with LPS induced a 4-fo ld  increase in serum levels o f  IL-I2p40. 
Coinjection o f  VIPER, but not CP7, with LPS resulted in a sig 
nificant and dose-dependent suppression o f  IL-12p40 levels (Fig. 
4). Thus, the VIPER peptide was found to be able potently inhibit 
the induction o f the proinflammatory cytokine IL-12p40 upon LPS 
treatment in vivo.

VIPER inhibits TLR4 signaling a t the recep tor-adaptor level

To investigate the mechanism o f  inhibition o f  TLR4-induced cy
tokine production by VIPER, w e examined its effect on TLR4- 
induced transcription and signaling. Quantitative RT-PCR showed 
that VIPER inhibited induction o f  both LPS-induced TN F-a mRNA  
(Fig. 5A) and LPS-induced IFN-P m RNA (Fig. 5B).

TLR4 is the only known receptor that signals via both the 
M yD 8 8 -dependent pathway to activate NF-kB and M APKs and 
the TRIF-dependent pathway to activate IRF3/7 and late NF-kB  
(4 3 -4 5 ), whereas other IL-I/TLR family members use either 
M yD 8 8  (e.g ., IL -I, TLRS) or TRIF (e.g ., TLR3). To investigate 
which o f  the tw o pathways is targeted by the peptide, w e per
formed reporter gene assays in HEK293 cells stably expressing  
TLR4, -3, and -8 , IL -IR , or T N F -a  receptor I. VIPER com pletely  
prevented activation o f  NF-kB in TLR4-expressing cells upon 
LPS stimulation (Fig. 5C), but had no effect on NF-kB activation

B |F̂ |, C 1 N FvB . DfLLcLJoT N F .i  m R N A

V IP E R V IP E RV IP E R

CL075

NFwB r NFkB r . ^  NF.B

 111 ’m ill
VJPEft CP7 VIPER CP7

[i-actin

V IP E R  -------  V IP E R    V IP E R    V IP E R    V IP E R    V IP E R

IL -1a P o ly (l:C ) TNFi.

CP7 VIPERVIPER CP7 VIPER CP7 C P 7  VIPER

P-JNK1
P - J N K 2

VIPER ------ VIPER

L P S

F IG U R E  5. V IP E R  inhibit.s m u ltip le  T L R 4  s ig n a lin g  pathw ays. A  and  B,  iB M D M s w ere tre a te d  w ith  5 |xM  p ep tid es  1 h  p re.stim ula tion  w ith  10 ng /m l 

L P S  fo r 6  h. Ind u c tio n  o f  T N F -a  an d  IFN-(3 m R N A  e x p re ss io n  w as as.sayed by q u an tita tiv e  R T -P C R . H E K 2 9 3  c e lls  s tab ly  ex p ress in g  T L R 4  (C ), T L R S  
(D ), IL -IR  (E) ,  T L R 3  (F ) , o r  n o th in g  (C )  and  tra n sfe c te d  w ith  the  N F -kB  lu c ife ra se  re p o rte r  g en e  w ere  tre a te d  w ith  5 and  10 jiM  V IPE R  p re s tim u la tio n  
w ith  10 ng /m l L P S , 3 |xg /m l C L 0 7 5 , 5 0  ng /m l I L - l a ,  25 |xg /m l po ly -IC , o r  50  ng /m l T N F -a , resp ec tiv e ly , fo r 6  h, p rio r to  luc ife rase  a.ssay. / , 293H E K  
ce lls  .stably e x p re ss in g  T L R 4  an d  tra n sfe c te d  w ith  IR F 3 -G a l4  and  p F R -lu c ife ra se  rep o rte r  g en e  w ere  s tim u la te d  w ith  10 ng /m l LPS fo r 6  h p rio r to 

luc ife rase  assay . F o r / l - G  and /, th e  d a ta  are  m e an  ±  SD  o f  tr ip lic a te  sam p les  and  a re  rep re sen ta tiv e  o f  a t le a s t th ree  ex p e rim en ts . H, J,  and  K,  A to ta l o f  
5 p,M V IPE R  and C P 7  w ere  ad d e d  to  iB M D M s pre .stim u la tion  w ith  20  n g /m l L P S  fo r 3 0  m in . L ysa tes  w ere  im m u n o b lo tte d  fo r IkB  ( / / ) ,  p -JN K  (7), and  

/)-p38  (AO w ith  lo ad in g  c o n tro ls  o f  ( i-a c lin , to ta l JN K , and  to ta l p38 , respective ly . Each im m unoblo t is representative o f  at least three experim ents. *p <  0.05 
com pared  with LPS only.
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via the M yD 88-dependent pathw ay in T LR 8 and IL -lR -ex p re ss -  
ing cells (Fig. 5D, 5E)  nor on T R lF -m edia ted  TLR 3-induced 
N F-kB activation (44) (Fig. 5F).  A lso, V IPER  did not affect 
TN F-induced activation o f  N F-kB via T N F -a  recep tor 1 (Fig. 5G). 
Thus VIPER inhibits N F-kB activation, but only  in response to 
TLR4. In addition, V IPER com pletely  prevented degradation  o f 
IkB upon LPS treatm ent o f  RAW 264.7 cells (Fig. 5H).

N ext, the effect o f  V IPER  on IRF3 activation via the TRIF- 
dependent pathw ay (44) was m easured, and it was established 
that LPS-induced activation o f  IRF3 was com pletely  prevented by 
the peptide (Fig. 5/). F inally, L PS-induced activation o f  the MAPKs 
JNK and p38 w ere assayed. V IPER inhibited TLR4-n";ediated 
phosphorylation  o f  JN K  and p38 after 30 m in of s tim ulatim  with 
LPS (Fig. 57, 5 ^ .
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F IG U R E  6. V IPE R  d irec tly  ta rgets  the T L R 4  ad ap to rs  M ai and T R A M . A ,  H E K 293 ce lls  w ere tran sfec ted  w ith  F lag-M al, H A *M yD 88, R a g -IR A M , or 

F lag -T R IF  for 24 h and  ce ll lysates gene ra ted , G S T  p ro te in  o r  G S T -tagged  T IR  do m a in s  o f  M ai, T R A M , and T L R 4  w ere expressed  in R osetta-G am i E. 
c o li p rio r to genera tion  o f  lysates, as desc rib ed  in M a te ria ls  a n d  M ethods. In A and  B , ly sa tes  w ere  in cuba ted  w ith  25 jiM  6xH is-tagged  V IPE ^ o r CP7 

pep tides (con ta in ing  no delivery  seq u en ce ) and N i-ag aro se  beads as d escribed  in M a te ria ls  a n d  M ethods. P ro te in s  w ere e lu ted  from  the beads vith  SDS 
sam ple buffer, reso lved  by S D S-PA G E, and im m unob lo tted  fo r the co rrespond ing  pro te in . C -F , Im m o rta lized  M yD 88~ ^~ , TRIF~^~ , M a r '  , o r 7RAM ~^~  
B M D M s w ere trea ted  w ith  1 and 5 fxM V IPE R  o r C P 7  fo r 1 h and s tim u la ted  w ith  20  ng /m l LPS fo r 6  h. S upernatan ts  w ere co llec ted  and as:ayed for 
T N F -a . The data are m ean ±  SD  o f  trip lica te  sam p les. G  and  H , A to tal o f  5 fiM  V IP E R  and C P 7  w ere  added  to T R A M '^ ~  and M al~^~  BM D^I fo r I h 
p restim ula tion  w ith 2 0  ng/m l LPS  fo r 30 m in. L ysates w ere  im m unob lo tted  for p -JN K  w ith  load ing  co n tro l o f  to ta l JN K . A ll da ta  are  rep resen ta ive  o f  at 
least three experim en ts. *p <  0 .05; <  0 .005  co m p ared  w ith  LPS only.
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C o llec tiv e ly , these data su ggest that V IP E R  prevents activation o f  

all T L R 4-in d u ced  sign a lin g  pathw ays by targeting T L R 4 recep tor-  

adaptor co m p le x  upstream  o f  its adaptors M yD 88  and T R IE

VIPER  d ir e c t ly  ta r g e ts  th e  TL R 4 a d a p to r s  M a i a n d  T R A M

U pon ligand b in d ing, T L R 4 form s a hom od im er that recruits M yD 88  

and T R IP v ia  tw o  bridging adaptors M ai and T R A M , respectively  

(14 , 18). T o  d a te , T R A M  w a s con sid ered  to  b e  in vo lved  o n ly  in  

T L R 4 s ig n a lin g  (1 8 )  and w ou ld  therefore m ake a lik ely  target for 

the peptide to exp la in  iLs T L R 4 specific ity . H ow ever, V IP E R  also  

inhibits the T L R 4 /M y D 8 8 -d ep en d en t pathw ay w ithout affecting  

other T L R -M y D 8 8 -d ep en d e n t respon ses (F ig . 5 ), and therefore, 
M ai w ould  be another p o ssib le  target for the peptide (46 ). A lso , it 

w as p ossib le  th e  peptide targets T L R 4 itse lf, preventing its hom o- 
dim erization  o r  interaction  w ith  the adaptors. To identify  w h ich , i f  

any, o f  the a forem en tion ed  scenarios w ere  p o ssib le , w e  exam ined  

the ability o f  V IP E R  to interact w ith the T IR  proteins in c e lls  by  

a pu lldow n a ssa y  u sin g  V IPER  and C P 7 p eptides linked to  a 6xH is  
tag on the N  term ini. F lag-tagged  M ai, T R A M , and T R IF and 

H A -tagged  M> D 88  w ere  overexpressed  in H E K 293 c e lls , and 25  

(1.M peptide w a s  incubated  w ith  the w h o le -c e ll lysate  in  th e pres
en ce  o f  Ni^* agarose  beads at 4°C . Interestingly, M ai and T R A M  

but not M y D 8 8  nor T R IF  w ere detectab le  in the H is-V IP E R  

com p lex  iso la ted  (F ig . 6/4). Importantly, the non inhib iting peptide  
C P7 did not c o m p lex  w ith  any o f  the T L R 4 adaptors. To investigate  

w hether V IP E R  binds to T L R 4 directly, w e  expressed  the GST- 

tagged TIR d om ain  o f  T L R 4 in a bacterial system , thus exclu d in g  

the p ossib ility  o f  indirect interaction b etw een  the peptide and T L R 4  
due to presence o f  en d ogen ou s M ai or T R A M  in m am m alian lysates. 
A s a positive  con tro l, w e  in clu ded  G ST -tagged  T IR  dom ains o f  M ai 
and T R A M  and  a lso  overexpressed  G S T  protein alone to rule out 
nonspecific  b in d ing. In this system , the interaction b etw een  V IPER  

and M ai or T R A M  observed  in m am m alian  ce ll lysates w as recapit
ulated for G ST -M al and G ST -T R A M , strongly  su ggestin g  a direct 

peptide-adaptor interaction , w hereas G ST -T L R 4 failed  to interact 
with V ll’ER (F ig . 6B ).

In support o f  the dual targeting o f  M ai and T R A M , w e  found that 
the ability  o f  V IP E R  to  inh ib it LPS resp o n ses  w as not d ep en d en t on  

the presence o f  o n e  sp ec if ic  T L R 4  adaptor, b ecau se  L P S -in d u ced  
T N F -a  secretion  w a s s till in h ib ited  in iB M D M s lack in g  M y D 8 8 , 
TRIF, M ai, or T R A M  (F ig . 6 C -F ) .  T h e  iB M D M s lack in g  either  

M yD 88 , TRIF, M ai, or T R A M  used  in the a ssay  sh ow ed  im paired  

lev e ls  o f  T N F-cx secretio n  upon L P S treatm ent com p ared  w ith  the  

w t iB M D M s (F ig . IS ). A lso , V IP E R  in h ib ited  activation  o f  JNK  
eq u a lly  w e ll in the a b sen ce  o f  e ith er  M ai or T R A M  (F ig . 6G , 6H ).

Together, th e se  data sh ow  that V IP E R  d irectiy  targets the TIR  
dom ains o f  b o th  M ai and T R A M .

Iden tifica tion  q /  th e  res id u e s  in V IP E R  c r i t ic a l  f o r  TLR4  
in h ib ition

W e next attem pted  to id en tify  w h ich  am in o  a c id s  w ith in  the V IP E R  

seq u en ce  w ere  critica l for  th e inh ib ition  o f  T L R 4  v ia  M ai and  

T R A M  targeting. From  the in itia l scan  o f  a ll A 4 6 -d er iv ed  pep tid es, 
w e  noted that th e  n e igh b orin g  p ep tid es  #3  and #5  that a lso  overlap  

w ith  either en d  o f  V IP E R  had no  in h ib itory  e ffe c t  on T L R 4  s ig 
naling. Thus, fo ’ur V IP E R  p eptides w ith  d e le tio n s  o f  term inal am ino  

acids w ere sy n th es ized , w ith  the 9R  d e liv ery  seq u en ce  at their N  

term ini: N-1 C 9R -Y S F K L IL A E Y ), N -2  (9 R -S F K L IL A E Y ), C -3  

(9R -K Y S F K L IL ), and C -6  (9 R -K Y S F K ). T h ese  pep tid es w ere  

assayed  for T L R 4  in h ib ition  in iB M D M s, and it w as fou nd  that 

on ly  the p ep tid e  w ith  the d e le tio n  o f  the 6 aa from  the C  term inus  

had significan tly  reduced  ability  to  inhibit L P S-indu ced  T N F -a  
production com pared  w ith  fu ll-length  V IPER  (F ig . 7A ). T h e  sam e  

results w ere fou nd  in P B M C s (data not show n). Thus, the seq u en ce

SFK L IL w ith in  V IP E R  w as esp ec ia lly  im portant for T LR 4 in

hibition. Furtherm ore, w e  perform ed an alanine scan, w hich  in
vo lved  synthesis o f  a series o f  peptides, each  w ith  a substitution o f  

on e o f  the am ino acids in the V IPER  peptide seq uence for alanine. 
Thus, 10 new  peptides w ere  d esign ed  (Table I) and assayed  for inhi
bition o f  L P S-induced T N F -a  in iB M D M s com pared w ith VIPER. 
A s a result, w e identified  leu cin e  at p osition  6  (K Y SF K L IL A E Y ) as 

a critical residue for inh ib ition  o f  T L R 4 b eca u se  L 6A  w as the only  

peptide that lo st T L R 4 inh ibitory potential (F ig . 7B).

P o sitio n  o f  VIPE R  on  an  A 4 6  s tru c tu ra l m o d e l

To further ex a m in e  the m ech an ism  w hereb y  V IP E R  inhibits T L R 4  

s ign a lin g  v ia  targeting M ai and T R A M  and th e relevan ce o f  this 

to  h ow  the V A C V  protein  A 4 6  an tagon izes  T L R 4 function , the 

structure o f  fu ll-len g th  A 4 6  protein  w a s m od eled . H o m ology  

m o d elin g  for A 4 6  produ ced  a B c l-2 - l ik e  fo ld  c o n sistin g  o f  seven  a  

h e lic e s  from  aa 8 7 - 2 1 2 ,  w h ich  in c lu d es  th e  V IP E R  seq uence. T h e  

m ost sign ifican t structural h o m o lo g y  w as fou nd  w ith  the VAC V  

B c l-2 -I ik e  proteins A 5 2  and B 1 4  (4 7 ). A 5 2  w as used  as the final 
m od el tem p late , and the a lign m en t o f  the resu lting  structures and 

m od el is show n in F ig . 8/1. T h e  V IP E R  m o tif  is located  at the very N  

term inus o f  the first h e lix  (F ig . 8 fi). C on sisten t w ith its critical 
inh ib itory  ro le , le u c in e  6 in th e V IP E R  m o tif  is surface exp osed  

and w ou ld  be ava ilab le  for interaction  w ith  other proteins. Inter
estin g ly , the V IP E R  m o tif  sits in an e lectro p o sitiv e  patch on the  

m o d eled  surface o f  A 4 6  (F ig . 8C ). T h is  co m p lem en ts  the proposed  

surfaces used  by th e T IR  d om ain s o f  M ai and T R A M  to en gage  
w ith  T L R 4 (9 ) , both o f  w h ich  are predicted  to  be e lectron egative  

(F ig . SD , 8 £ ) .  C on seq u en tly , e lectrosta tic  attraction m ay play a 
key  role  in  in itia tin g  inh ib itory  protein con tacts betw een  A 46  

and M ai or T R A M .
T ogether, th ese  data in d ica te  that V IP E R  represents a critical 

surface used  by  the p oxvira l protein  A 4 6  to antagon ize T L R 4  

fu nction  v ia  interaction  w ith  T R A M  and M ai.

A  16 
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B 12
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FIG U R E 7. Identification o f residues in VIPER critical for TLR4 in
hibition. A,  iBM DM s were treated with 1, 5, and 25 |xM peptides lacking 
am ino acids from the N or C term ini (N-1, N-2, C-3, and C-6; .see Table I 
for sequences) or 5 (i,M VIPER for 1 h. B, For the alanine .scan, 5 jiM  
peptides (see Table 1 for sequences) w ere added for 1 h. In A and B, cells 
were stim ulated with 10 ng/ml LPS for 6 h and supernatants then collected 
and assayed for T N F -a  by ELISA. The data are mean ±  SD o f triplicate 
sam ples and are representative o f at !ea.st three experiments. *p <  0.05; 
**p <  0.005 com pared with LPS only.
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Discussion
The fact that VACV has developed a number o f effective strategies 
for inhibiting TLRs attests to the importance o f these host receptors 
in antiviral immunity. VACV encodes a number of proteins that 
have been proven or predicted to adopt a Bcl-2-like fold and shown 
to manipulate TLR signaling pathways (48). Thus, NI prevents 
activation of NF-kB and IRF3 by interacting with the IkB kinase 
complex and TANK-binding kinase 1 (28). K7 inhibits TLR- 
mediated IRF3/7 activation by interacting with DEAD box pro
tein 3 (49). A52 inhibits activation o f NF-kB by TLRs by inter
acting with IL-lR -associated kinase 2 (24, 50) and enhances 
MAPK activation via TNFR-associated factor 6 (51). Unlike any 
of the aforementioned proteins, A46 inhibits TLR signaling by 
interacting directly with TIR domain-containing proteins (29). In
deed, A46 has been shown to be able to associate with the TIR 
domains of TLR4, IL-IR accessory protein, MyD88, Mai, TRIF, 
and TRAM, consistent with its ability to inhibit multiple IL-1 and 
TLR pathways (29). However, how exactly A46 antagonizes TIR 
function remains to be determined.

The development o f decoy peptides derived from the BB loop o f 
the TIR domains of TLR2/4/1/6, Mai, and MyD88, which were 
shown to inhibit TLR signaling (32-36), led to the idea of de
signing peptides derived from A46 that might inhibit TLRs and 
thus help to understand the molecular basis whereby A46 func
tions. Furthermore, such peptides might act as more potent TLR 
inhibitors than previous ones, because viral immunosuppressive 
proteins have been finely tuned and honed by evolution to target 
the host immune system with maximal effectiveness. This is

analogous to a naturally occurring drug development program, 
whereby the protein has already undergone cycles of modification 
due to natural selection, leading to enhanced inhibitory function. 
Thus, the identification of such virally derived inhibitory peptides 
would lead to insights at the molecular level as to how TLRs 
function, how they are antagonized by viruses, and also may form 
the basis o f therapeutics either based on the peptides themselves or 
the sites on host proteins they optimally antagonize.

Given the ability o f A46 to inhibit multiple TLR signaling 
pathways, it came as a surprise to identify VIPER, an A46-derived 
peptide that specifically inhibited TLR4 and not IL-1 nor other 
TLRs. This suggests that A46 does not have a generic interaction 
site for all the TIR proteins it antagonizes but rather has specific 
sites for interaction with different proteins, with VTPER repre
senting the region of A46 important for TLR4 inhibition. Con
sistent with this, VTPER was found to directly interact with two 
adaptor proteins essential for TLR4 signaling, namely TRAM and 
Mai, and not MyD88 nor TRIF, and thus VIPER is likely derived 
from a region on the A46 surface that interacts with Mai and TRAM.

Because A46 was originally shown to contain some corserved 
sequence motifs o f a TIR domain (29), it was assumed that A46 
would adopt a TIR fold and thus bind to TIR proteins by engaging 
in homotypic interactions with them. However, since then, the 
crystal structure o f poxviral proteins with some shared sequence 
similarity to A46 has been determined and shown to adopt a Bcl-2 
fold, leading to the suggestion that A46 also adopts such a Bcl-2- 
like fold (47, 48, 52). Consistent with this, the VIPER sequence is 
predicted to be on the surface of A46 when modeled as a Bcl-2

A52 (4 2 )  
B14 (2 2 ) 
A46 (8 7 )

A52 (1 1 0 )  
B14 (7 8 )
A46 (1 4 1 )

A52 (1 6 9 )  
B14 (1 3 7 )  
A46 (1 9 3 )

 I .......................I .......................... I .........................I ........................ I .........................I ............
DRDEMFTILE ElfFMYRGLLG LRIK-YGRLF NEIKKFDNDA EEQFGTIEEL KQK-LRLNSE
SI3DVRQCLT EYIYMSSYAY RNRQCAGQLY STLLSFRDDA ELVFIDIREL VKN-MPW—
NKYSFKLIIA ETIR H R N T IS ----------- GNIY SALMTLDDLA IKQYGDIDLL FNEKLKVDSD

H e l i x  1 H e l i x  2 H e l i x  3
 I .......................I ..........................I .........................t .........................I .........................I ............

151 161 171 181 191 201
RGADNFIDYI KVQKQDTVKT. TVYDCISMIG LCACWDVWR NK-KI.FSRWK YCLRAIKLFT
DDVKDCAEII RCYIPDEQKT - IR E IS A IIG  LCAYAATYWG GEDHPTSNSL NALFVMLEML
SGLFDFVNFV KDM ICCD S  R IW A  LSSLVSKHWE LT-NKKYRCM ALAEHISDSI

H e l i x  4 H e l i x  S H e l i x  6
 I .......................I ............

211  221
NDHMLDKIKS ILQNRLVYVt
NYVDYNIIFR RMN-------------
PISELSRLRY NLCKYLRGHT 

H e l i x  7

B

FIGURE 8. Structural model o f A46 showing position o f VIPER in the protein. A, Structure-based alignment o f A52 and B14 (Brookhaven Protein Data 
Bank identification numbers 2VVW  and 2VVY) with the modeled A46 fold. Helices are highlighted gray. The VIPER m otif is in bold and underlned. B, 
Cartoon representation o f A46 with a Bcl-2-like fold. The VIPER m otif at the start o f helix 1 is colored purple and shown as a stick representation. 
Electrostatic potential o f  the molecular surface of A46 (C), Mai (D) and TRAM  (£)■ Blue is electropositive, and red is electronegative. Leucine 6 from 
VIPER is colored purple (C). A46 (C) is in the same orientation as B. Mai and TRAM  are orientated to show the interface predicted to contact he TIR 
domain o f TLR4. Structural models were generated using PyMOL.
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fold using  the A 52 structure (Fig. 8). Furtherm ore, the am ino acid 
critical for inhibition o f  T L R 4  w ithin V IPER , leucine 6, was shown 
in th is model to be surface exposed and thus would be available for 
interaction w ith host T IR  proteins. T hus, V IPER m ost likely repre
sents a surface on a B c l-2 -fo lded  viral protein that is capable o f 
specific antagonism  o f TLR4. F rom  a m echanistic perspective, one 
can envisage that leucine 6 m ay insert into a  hydrophobic pocket on 
the T IR  dom ain o f  the target proteins M ai and T R A M , thereby 
preventing access to the T LR 4 T IR  dom ain. Interestingly, the VIPER 
m otif sits in an electropositive patch on the m odeled surface o f  A46 
(Fig. 8C). T h is com plem ents the proposed surfaces on the TIR 
dom ains o f  M ai and TR A M  thought to interact w ith T LR 4 (9), 
w hich are predicted to be electronegative (Fig. 8D, 8E). Conse
quently, electrostatic attraction m ay play a  key role in initiating in 
hibitory protein contacts betw een A 46 and M ai or TRA M . This 
trapping o f  a  host signaling protein by VACV has been recently dra
m atically illustrated at the m olecu lar level by the structural deter
m ination o f  a com plex o f  VACV protein K7 with a peptide derived 
from the N -term inal m otif o f  D D X 3 responsible for its interactions 
with I k B  kinases (27).

T he targeting o f  T R A M  by  V IPE R  is consisten t w ith the specif
ic ro le for T R A M  in T L R 4  signaling  (53). In contrast, the second 
target o f V IPER , M ai, is involved in both  T L R 4 and T L R 2 re
sponses. H ow ever, an tagonism  o f  M ai by V IPER  w ithout an effect 
on T L R 2 could  be explained  by the suggested  m odel in w hich Mai 
b inds to T LR 4 and T L R 2  v ia  tw o  d ifferen t interfaces (54). In  T L R 4 
signaling, M ai w as p redicted  to  in teract w ith the surface form ed by 
the BB loops o f  the T L R 4 h om odim er v ia the region near its own BB 
loop (9). In T L R 2 signaling, in con trast, the DD loop o f  M ai seem s to 
play the m ore im portant role in the T L R 2 -M al interaction as the 
SI SOL polym orphism  o f  M ai p revents this interaction (55, 56). 
Therefore, it is  possible that V IPER  targets the interface o f  Mai 
responsible for interactions w ith T L R 4 , leaving the TLR 2-binding 
surface intact. In addition, there are recent reports suggesting that 
M ai is redundant in T L R 2 signaling  (1 5 -1 7 ). Furtherm ore, M ai has 
been reported to  have a negative ro le in T LR 3 signaling  (16), w hich 
m ay explain w hy  V IPER enhanced  T L R 3-m edia ted  N F-kB  activa
tion (Fig. 5F).

A part from  these insights in to  T L R 4  com plex  fo rm ation  and 
disruption  by a  virus, V IPER  itse lf  rep resen ts a h ighly  po ten t and 
specific species-independent an tag o n is t o f  T L R 4. In contrast, the 
previously  repo rted  viral pep tide P I 3, derived  from  another VACV 
T L R -signaling  inh ib itory  p ro te in  A 52, w as show n not to have 
T LR  inh ib ito ry  capac ity  in h um an  cells (Fig. 3fi and data not 
show n). Furtherm ore, in m urine  cells , P I 3 is less po ten t than 
V IPER , and its target(s) is unknow n (37, 57). V IPER  also  inhib its 
LPS-induced activation  o f  transcrip tion  fac to rs and induction  o f 
m RN A  at m uch low er concen tra tio n s than  the host-derived  BB 
loop peptides and  is a sm aller m o lecu la r entity  (32 , 33). Im por
tantly , when tes ted  in m ice, V IP E R  successfu lly  inh ib ited  LPS- 
induced IL -12/23 p40, one o f  the  key cy tok ines involved in the 
pathogenesis o f  au to im m unity  (58 , 59) at a dose o f  0.1 m g/kg 
w hen coadm in istered  w ith L PS , dem onstra ting  rapid  and potent 
T L R 4 antagonism  in vivo.

Indeed, given the ro le o f  T L R 4  in d isease pathogenesis, the 
developm ent o f  specific T L R 4  inh ib ito rs is an im portant goal. T he 
described  properties o f  V IPER  com b in ed  w ith its re latively  sm all 
size lends it to  fu rther developm en t in to  pep tidom im etic  co m 
pounds. Bartfai et al. (60) repo rted  the  successfu l developm ent o f  
a low m.w. com pound  based on the tripep tide sequence from  the 
M yD 88 BB loop  that w as specific fo r IL IR I signaling . A sim ilar 
approach may b e  app lied  to  the  V IP E R  pep tide to develop  a  TLR 4- 
specific small m o lecu le  inhibitor. T L R 4  inhib itors are o f  particu lar 
in terest for use in a num ber o f  cond itio n s includ ing  severe sepsis.

s te rile  in flam m ation  (61), ischem ia/reperfusion  injury (6 2 -6 4 ), 
a therosclerosis (31), rheum ato id  arth ritis (31), acute lung injury 
(65), etc. T raditionally , a ttem pts to contro l sepsis or auto inflam 
m ation  have cen tered  on b lockage o f  proinflam m atory cytokines 
such as T N F -a , a p resum ed critical effec to r o f  T L R 4-m ediated  
in flam m ation  and LPS toxicity ; how ever, T L R 4 itself m ay be 
a m uch m ore effective target fo r in terven tion , as it would prevent 
actual in itia tion  o f  inflam m ation .

In sum m ary, w e have identified  V IPER , a specific T L R 4  in
h ib ito r that acts by d irec tly  targeting  M ai and TR A M . V IPER likely 
rep resen ts a su rface d om ain  o f  A 46 that specifically  inhibits T LR 4 
by  m ask ing  critical b ind ing  sites on Mai and T R A M . A part from  its 
poten tial th erapeu tic  and experim ental use in suppressing T LR 4 
function, identification o f  V IP E R ’s specific b inding sites on TR A M  
and M ai m ay reveal novel therapeutic target sites. Overall, we de
m onstrate for the first tim e, to our know ledge, disruption o f  a spe
cific T LR  signaling pathw ay by a  short virally derived peptide, 
leading to a m olecular explanation as to how a poxviral B cl-2-like 
protein antagonizes T L R 4  function.
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