
 

Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal 

Sciences 

University of Oxford 

 

 

 

 

 

 

 

 

 

Mapping the pro-inflammatory epitope of 
tenascin-C  

 

 

 

Lorena Zuliani Alvarez 

St Cross College 

DPhil in Musculoskeletal Sciences 

 

 

 

 

Trinity Term 2016 

 

 

 



 

 

2 

 

Lorena Zuliani Alvarez 

 St. Cross College, DPhil in Musculoskeletal Sciences 

Trinity Term 2016 

Mapping the pro-inflammatory epitope of tenascin-C 

Abstract 

 

Endogenous molecules, including extracellular matrix (ECM) proteins, have 

been shown to induce inflammation via toll-like receptor (TLR) activation in order to 

drive an immune response to tissue damage. Tenascin-C, an ECM glycoprotein 

transiently induced in injury and persistently expressed during chronic inflammatory 

diseases, stimulates cytokine synthesis via activation of TLR4 by its C-terminus 

fibrinogen-like globe (FBG-C) domain. However, the specific epitope of FBG-C that 

activates TLR4 is not known. Unlike tenascin-C, other tenascin family members 

(tenascin-R, -W and -X) are constitutively expressed in healthy adult tissues but also 

contain a highly homologous FBG domain. I have used comparative analysis of the 

tenascin family FBG domains to elucidate the molecular mechanism by which FBG-C 

activates TLR4.  The ability of each tenascin FBG domain to activate NF-κB in ThP1 

cells and cytokine synthesis in primary human macrophages was assessed. Direct 

binding to TLR4 was evaluated in vitro using a solid phase binding assay. Peptide 

mapping and site-directed mutagenesis were used to elucidate specific residues within 

the FBG domain involved in TLR4 binding and activation.  Molecular modelling and 

docking simulations were performed to analyse the structural basis of the FBG-TLR4 

interaction. I’ve shown for the first time that, in addition to tenascin-C, other tenascin 

family members (-R and -W) can induce a TLR4 mediated inflammatory response, 

whereas tenascin-X cannot.  The active FBG domains bound directly to TLR4, in the 

absence of any co-receptor, with low nM affinity. The pro-inflammatory epitope of the 

FBG domain of tenascins lies in loop 5 in the P-subdomain, where positively charged 

amino acids are necessary for the activation of TLR4, whilst two other regions in loops 

7 and 10 assist in mediating high affinity binding to this receptor.  Introducing these 

sites into FBG-X enabled this domain to bind to TLR4 and to induce an inflammatory 

response. Together these data revealed how endogenous molecules can induce an 

immune response and may help in the design of specific inhibitors of TLR stimuli that 

contain FBG domains. 
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Chapter 1. Introduction 

 

1.1. The immune response: stranger vs danger 

 

An immune response is activated by both exogenous infectious agents as well as 

sterile tissue damage. The stranger model suggested by Charles Janeway in 1989 [1] 

proposed that upon infection the immune system recognises “infectious non-self” or 

molecules from pathogens that are not part of the host, and which activate the innate 

immune response. These pathogen-associated molecular patterns (PAMPs) are diverse 

microbial structures that are unique to microorganisms and necessary for their survival, 

but which also alert the host to pathogen invasion [2]. PAMPs activate the 

inflammatory machinery which recruits immune cells to the site of infection, destroys 

pathogens and infected cells and modulates the adaptive immune response [3]. 

However, this model did not explain how the immune system becomes activated 

in the absence of infectious stimuli such in the case of sterile injury, cell necrosis, 

tumours, transplants or autoimmune diseases [4]. In 1994, Polly Matzinger [5] 

described the danger theory, which proposed that the immune system not only 

recognises pathogenic stimuli but that it can also be activated by endogenous danger 

signals.  Damage-associated molecular patterns (DAMPs) are molecules generated upon 

tissue trauma caused by mechanical forces or chemical insults, among other factors [6]. 

They are not normally active in healthy tissue but they are released or induced upon 

tissue damage. DAMPs can be located intracellularly and released under conditions of 

cellular stress or injury. DAMPs can also be found outside the cell, for example one 

extracellular source of DAMPs are matrix fragments, which are generated as a result of 

proteolysis by enzymes released from dying cells or by proteases that participate in 

tissue remodelling and repair. In addition, another source of DAMPs are extracellular 
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matrix (ECM) proteins that are induced upon tissue injury [7].  Inflammation triggered 

by endogenous danger signals is a vital physiological cellular response, but it can 

become a problem when it is excessive or persistent, leading to chronic inflammation 

that causes further cellular and tissue damage. 

In the last two decades, numerous studies have presented strong evidence that 

supports both models, and shown how both PAMPs and DAMPs are recognized by 

overlapping subsets of cellular pattern recognition receptors (PRRs).  

 

1.2. Pattern recognition receptors (PRRs) 

 

PRRs are expressed by cells of the innate immune system, including 

macrophages, monocytes and dendritic cells, but have also been shown to be expressed 

by a wide variety of other cell types including endothelial cells, epithelial cells and 

fibroblasts [8]. After the recognition of PAMPs or DAMPs, PRRs induce the activation 

of signalling pathways that result in the release of pro-inflammatory cytokines, type I 

interferons, chemokines and antimicrobial proteins. In addition, PRRs can induce other 

cell processes such as phagocytosis, cell death and autophagy, and together this initial 

response limits the spread of pathogens or damage, and triggers the activation of the 

adaptive immune system [3, 9]. 

There are five classes of PRRs: NOD-like receptors (NLRs), C-type lectin 

receptors (CLRs), Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and AIM2-

like receptors (ALRs). TLRs and CLRs are located in the cell membrane or in the 

endosome and NLRs, RLRs and ALRs are present in the cytoplasm. In this way, PRRs 

can sense both intracellular and extracellular pathogens or DAMPs and activate the 
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innate immune response. Table 1-1 summarises key examples of each of these PRR 

families and highlights their role in detecting different inflammatory stimuli.  

Table 1-1. Examples and functions of the five different classes of mammaliam PRRs.  

PRR Examples Functions 

CLRs DEC-205, dectin 1, dectin 2, dendritic 

cell-specific ICAM3-grabbing non 

integrin (DC-SIGN) 

 

Macrophage-inducible C-type lectin 

(Mincle), DC NK lectin group receptor-1 

(DNGR-1) 

 

 

Recognise carbohydrate epitopes from 

bacteria and viruses including mannose, 

fucose and glucan structures [10, 11]. 

  

Recognise DAMPs associated with 

necrotic cell death including 

spliceosome-associated protein 130 and 

exposed actin filaments [12-14] 

NLRs Nucleotide-binding oligomerization 

domain-containing protein 1 (NOD1)  

 

 

NLR family pyrin domain containing 

(NLRP) 3, NLRP7, NLRP1, NLR family 

CARD domain containing (NLRC) 4  

 

 

NLRP3 

Recognises peptidoglycan motifs from 

the bacterial membrane of gram-positive 

and negative bacteria [15-18] 

 

Recognise diverse bacterial components 

including flagellin, lipopeptides and 

toxins and are involved in the activation 

of the inflammasome [19] 

 

Recognises bacterial RNA, virulence 

factors and DAMPS such as hyaluronan 

and uric acid crystals [20-23] 

 

TLRs TLR1, TLR2, TLR4, TLR5, TLR6 

 

 

TLR3, TLR7, TLR8, TLR9  

Recognise pathogenic molecules 

including lipopeptides, flagellin and 

lipopolysaccharides. Recognise proteins, 

proteoglycans and fatty acids [24] 

 

Recognise pathogenic and self-nucleic 

acids [24] 

 

RLRs Retinoic acid-inducible gene-I (RIG-I) 

and melanoma differentiation-associated 

gene 5 (MDA5)  

 

Laboratory of genetics and physiology 2  

(LGP2) 

 

Recognise short and long double 

stranded (ds) RNA from viruses [25, 26] 

 

 

Negative regulator of antiviral response 

and RIG-I activation [27] 

ALRs Absent in melanoma 2 (AIM2) gamma-

interferon-inducible protein (IFI16) 

 

 

Recognise double stranded DNA from 

bacteria and viruses [28] 

 

 

 

CLRs are calcium-dependent carbohydrate-binding lectins, which can recognise 

different sugar epitopes derived from bacteria and viruses. Detection of these 
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carbohydrate-derived structures by CLRs results in pathogens being internalised, 

degraded and presented as antigens [11]. CLRs contain at least one carbohydrate 

recognition domain, which has conserved residues that determine the carbohydrate 

specificity of the CLR [29]. NLRs can recognise a diverse range of pathogenic 

molecules such as peptidoglycan, flagellin, viral RNA and fungal hyphae [30]. They 

contain a central nucleotide-binding and oligomerization domain (NACHT) and C-

terminal leucine rich repeats (LRRs) domain involved in ligand binding. At the N-

terminus NLRs contain a caspase recruitment domain (CARD), a baculoviral inhibitory 

repeat (BIR)-like domain, an acidic transactivation domain or a pyrin domain [31]. The 

pyrin domain is involved in the assembly of the inflammasome, a multiprotein complex 

that activates procaspase-1 and participates in the maturation of IL-1 cytokine family 

[19]. RLRs can recognise short and long double stranded (ds) RNA from viruses and 

are essential for interferon (IFN) antiviral responses in different types of cells such as 

fibroblasts, dendritic cells and epithelial cells [32]. RLRs comprise two caspase 

recruitment domains (CARDs) at the N-terminus, a central box helicase/ATPase 

domain and a regulatory domain at the C-terminal region [33]. Finally, ALRs are 

cytosolic DNA sensors. They comprise a HIN200 domain that can bind to pathogenic 

double stranded DNA and a pyrin domain that confers the ability to associate with other 

pyrin-containing proteins that leads to assembly of the inflammasome [28]. A new 

DNA sensor has been discovered recently named cGAS, which in the presence of DNA 

is able to generate cyclic di-GMP/AMP that binds to stimulator of interferon genes 

(STING) inducing an antiviral response [34]. A few of these PRRs have also been 

shown to sense DAMPs. For example, CLRs can detect DAMPs released by necrotic 

cells such as spliceosome-associated protein 130 and exposed actin filaments [13], 

while NLRs can recognise hyaluronan and uric acid crystals [30]. 
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1.3. Toll-like receptors 

 

One of the best characterized groups of PRRs is the toll-like receptor family. The 

protein Toll was initially found in D. melanogaster and associated with dorsoventral 

polarity in the developing embryo [35, 36]. The human homologue called hToll was 

then discovered [37] and found to be involved in pro-inflammatory signalling in 

mammals. This receptor was later renamed TLR4 when other family members were 

also characterised [38].  Eleven TLRs have been described to date in humans but only 

ten are expressed. TLRs have a variety of ligands including exogenous and endogenous 

danger signals. TLR 1, 2, 4, 5, 6 and 10 are located in the cell membrane and recognise 

pathogenic molecules including lipopolysaccharide, lipopetides, peptidoglycans, 

zymosan and flagellin, as well as endogenous molecules such as hyaluronan fragments, 

S100 proteins, uric acid, HMGB1, heat shock proteins and fatty acids. TLR 3, 7, 8, 9 

are located intracellularly in the endosomal compartment and recognise pathogenic and 

self nucleic acids (Table 1-2).  TLRs are expressed by immune cells including 

macrophages, dendritic cells and mast cells, but they are also found in the epithelial 

lining of organs providing the first line of defense against pathogens and lesion. TLRs 

can be also expressed by fibroblasts, keratinocytes and endothelial cells. TLRs play an 

essential role in triggering the innate immune response against pathogenic infection and 

tissue damage. TLR activation also promotes the release of antimicrobial peptides [39], 

reactive oxygen species [40] and induces cell phagocytosis [41] to enhance microbial 

killing.  Knock out mice have been generated for all TLRs, and have shown that they 

play an important role against infection in vivo. For example, deletion of TLR4, 

TLR1/TLR2 or TLR2/TLR6 resulted in reduced cytokine synthesis and impaired 

immune response against pathogenic stimuli such as lipopolysaccharide (LPS) and 

lipoproteins respectively [42-44].  Additionally, TLRs contribute to tissue homeostasis 
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being involved in regeneration and tissue repair, providing anti-apoptotic signals and 

regulating cell proliferation [45-47].  

Table 1-2. Human TLRs with their exogenous and endogenous activators. HSP: heat shock 

protein. HMGB1: high mobility group box 1. LPS: lipopolysacharide. LDL: low density 

lipoprotein. GPI: glycosylphosphatidylinositol. EDA: extra domain A. FBG: fibrinogen-like 

globe. Adapted from [48], [49] and [50]. 

Receptor PAMPs  DAMPs  

TLR1 Triacyl lipopeptides β-defensin-3 

TLR2 Virus envelop protein, GPI-

linked proteins, lipoproteins, 

lipoteichoic acid, peptidoglycans, 

zymosan 

HSP, HMGB1, β-defensin-3, 

eosinophil-derived neurotoxin, 

antiphospholipid antibodies, serum 

amyloid A, biglycan, versican, 

hyaluronic acid fragments, 

fibronectin EDA domain, oxidised 

LDL, uric acid 

TLR3 Pathogenic dsRNA  Self-mRNA 

TLR4 LPS, mannan, 

glycoinositolphospholipids 

HMGB1, fibronectin EDA domain, 

fibrinogen, tenascin-C FBG domain, 

surfactant protein A, D, β-defensin-

2, HSP, S100 proteins, neutrophil 

elastase, antiphospholipid antibodies, 

lactoferrin, serum amyloid A, 

oxidised LDL, saturated fatty acids, 

biglycan, uric acid, hyaluronic acid 

fragments, fetuin A 

TLR5 Flagellin   

TLR6 Diacyl lipopeptides, lipoteichoic 

acid, zymosan 

 Versican 

TLR7 Pathogenic single-stranded RNA 

  

Self-single-stranded RNA, 

antiphospholipid antibodies 

TLR8 Pathogenic single-stranded RNA 

  

Self-single-stranded RNA, 

antiphospholipid antibodies 

TLR9 CpG containing DNA HMGB1, osteopontin, IgG-

chromatin complexes, mitochondrial 

DNA 

TLR10 Unknown Unknown 
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However, increased TLR expression and/or persistent activation has been linked 

to autoimmune diseases, cancer and other pathologies [3, 51] (Table 1-3).  

Table 1-3. Examples of TLRs driven pathologies and ligands involved in the activation of 

TLRs in disease. RA: rheumatoid arthritis, OA: osteoarthritis, SLE: systemic lupus 

erythematosus.  

TLR Disease TLR Disease 

TLR2 Irritable bowel syndrome [52] 

RA [53] 

OA [54] 

Atherosclerosis [55] 

Diabetic nephropathy  [56] 

Multiple myelomas [57] 

Colorectal cancer [58] 

Type-2 diabetes [59] 

TLR7 RA [60, 61] 

SLE [62] 

Multiple myelomas [57] 

Pancreatic cancer [63] 

TLR3 RA [64, 65] 

Type-2 diabetes [66] 

Allergic contact dermatitis [67] 

Nasopharyngeal carcinoma [68] 

TLR8 RA [69] 

SLE [62] 

Pancreatic cancer [63] 

TLR4 Sepsis [70] 

RA [71] 

OA [54] 

Non-alcoholic steatohepatitis [72] 

Alcoholic liver disease [73] 

Atherosclerosis [74, 75] 

Type-2 diabetes [59] 

Allergy [76, 77] 

Ischemia/reperfusion injury [78] 

Multiple myelomas [57] 

Colorectal cancer [79, 80] 

Prostate cancer [81] 

TLR9 SLE [82] 

Chronic obstructive pulmonary 

disease [83] 

Colorectal cancer [84] 

Prostate cancer [85, 86] 

 



 

 

26 

 

PAMPs have been associated with the development of infectious diseases, but 

other chronic inflammatory diseases have no pathogen related aetiology.  In this 

context, DAMPS are thought to play a role. Several TLR endogenous ligands have been 

associated with chronic conditions. Endogenous ligands of TLR4 and TLR2 including 

HMGB1 [87, 88], tenascin-C [89] and hyaluronan fragments [87, 90, 91] can sustain 

inflammation in autoimmune diseases such as rheumatoid arthritis (RA). In addition, 

RNA released from necrotic cells can activate TLR3 in synovial fibroblast and also 

contributes to inflammation in RA [92]. Self RNA and DNA have been associated with 

the development of systemic lupus erythematosus (SLE) via the activation of 

endosomal TLR7-9 [93]. Biglycan can exacerbate chronic inflammation in 

ischemia/reperfusion injury by triggering TLR-2 and TLR-4-signalling [94], while 

fibronectin extra domain A (EDA) [95, 96] and saturated fatty acids [97] promote 

atherosclerosis via activation of TLR4-mediated inflammatory response. Together these 

data show that TLRs are key players contributing to the inflammatory response in 

diverse pathologies. Moreover, the induction or release of endogenous ligands as a 

result of tissue damage triggers TLR signalling and perpetuates inflammation in these 

conditions. 

 

1.3.1. Overall structure and mode of activation of toll-like receptors 

 

The TLR family members have a conserved structure, which is composed of an 

N-terminal ectodomain formed by 20-25 leucine rich repeats (LRRs), a transmembrane 

domain and a cytoplasmic Toll/IL1R homology (TIR) domain (Figure 1-1). TLR7, 8 

and 9 are the largest members of the family containing 25 LRRs. Each LRR module is 

20–30 amino acids long and contains one LxxLxLxxN sequence motif. The central LxL 

part of the module creates a β sheet that forms a concave surface. The leucines in this 
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region pointing towards the interior of the protein generate a hydrophobic core. The 

other 9 residues in this sequence are exposed to solvent, making them available to 

mediate interactions with ligands. The structure of the TLR proteins resembles a 

horseshoe in which the central β strands are stacked together making up the entire 

concave surface of the horseshoe. Different amino acids outside the conserved 

LxxLxLxxN motif of each LRR module generate the convex part of the structure, 

which is composed of a mixture of α-helices and random loops. The LRR modules have 

cysteine-rich structures at the N-terminus and C-terminus named LRRNT and LRRCT 

[98, 99] (Figure 1-1). The extracellular domain of the TLRs is connected via a 

transmembrane helix to the intracellular TIR domain, which comprises a central β sheet 

surrounded by α helices [100-102].  

 

Figure 1-1. Structure of toll-like receptors. Overall structure of a TLR monomer showing the 

extracellular and intracellular domains. Amplification of one leucine-rich repeats (LRR) module 

where the side chains of the conserved leucines and asparagine are shown. The LRR N-terminal 

(LRRNT) and LRR C-terminal (LRRCT) modules are coloured pink and green, respectively. 

Adapted from [103].  
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TLRs recognise a variety of different ligands including lipopolysaccharides, 

lipopeptides, nucleic acids, peptidoglycans, proteins and fatty acids. The crystal 

structures of cell surface TLRs (Figure 1-2) and endosomal TLRs (Figure 1-3) have 

been published in complex with pathogenic ligands and the crystal structure of TLR4 

will be discussed in detail later in the introduction. These studies have highlighted both 

differences and similarities in the mode of ligand recognition by the TLRs.  

TLR1, TLR2, TLR6 and TLR4 showed a similar sub-domain organization which 

is not present in the other members of the family. The extracellular domain of TLR1, 

TLR2, TLR6 and TLR4 are divided into three regions: N-terminal, central and C-

terminal sub-domains. The N-terminal sub-domain comprises the typical 24 residues 

LRR modules, which include conserved asparagines that form a continuous hydrogen-

bonding ladder and the phenylalanines which form a hydrophobic spine. The asparagine 

and phenylalanine ladders are not present in the central sub-domain, and both the 

central and C-terminal region contain LRR modules of variable length ranging from 20-

30 amino acids [104-106]. This domain organization is not present in other members of 

the TLR family. TLR7, 8 and 9 also exhibit a common structural feature not found in 

other TLRs; they contain a ~40 amino acids insertion between LRR14- LRR15. This 

region was named Z-loop and comprises an α helix and random loops that are exposed 

in the concave surface of these TLRs. Biochemical and structural studies have shown 

that proteolytic processing of the Z-loop is essential for TLR9 dimerization and DNA 

sensing [107, 108]. 

 Crystal structures revealed that all TLRs exist in complex with their ligands as 

dimers, creating an “M” shape structure. However, some TLRs form homodimers, 

whilst others form heterodimers. TLR2 forms heterodimers with TLR1 or TLR6 to 

recognise triacyl or diacyl-lipopeptides respectively, while the other members of the 
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family form homodimers. Using Förster resonance energy transfer (FRET) to measure 

the distance among two molecules, it was found that TLR2 was associated with TLR1 

and TLR6 before cell stimulation, existing as pre-formed dimer, but the number of 

heterodimers increased after cell stimulation [109].  This technique was also used to 

demonstrate that TLR9 is also found as an homodimer prior to cell stimulation, and 

conformational changes after ligand binding bring the C-terminal regions closer 

together to induce receptor activation [110].  This has also been demonstrated by the 

crystal structure of TLR8 and its synthetic agonistic ligand resiquimod (R848). Gel 

filtration showed that un-ligated TLR8 is found as a dimer in solution, and the crystal 

structure revealed that the distance between the C-terminal regions of ligand-free TLR8 

homodimer is 53Å. When R848 binds to TLR8, it brings the C-terminus of the two 

receptors into close proximity shortening this distance to 30 Å [111].   However, in 

solution, purified TLR1, TLR2, TLR6 and TLR3 have been found mainly as a 

monomer, and when the agonistic ligand is added, it enhances dimer formation [104, 

105, 112]. In summary, strong evidence suggest that endosomal TLRs exist as pre-

formed dimers (with the exception of TLR3) and ligand binding induces conformational 

changes that activate the receptor. In contrast, cell membrane TLRs exists mainly as 

monomers, but ligand recognition leads to dimerization and stabilisation of the dimeric 

complex.  

Ligand recognition doesn’t induce major structural changes in the TLR overall 

horseshoe-like structure, and only minor adaptations of flexible loops or amino acid 

side chains are observed. TLR4 is the only family member that has been crystallised 

with a co-receptor, myeloid differentiation factor 2 (MD-2), which is essential for 

binding to its ligand LPS. The TLR4-MD-2 heterodimer can bind two molecules of 

LPS, and ligand binding with 2:2 stoichiometry has also been observed for TLR5, 
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TLR8 and TLR9 homodimers. In contrast, TLR1-TLR2, TLR2-TLR6 and TLR3 dimers 

interact only with one ligand molecule per dimer. As well as differences in ligand-

receptor binding ratios, the location of the ligand binding sites and the types of residues 

and bonds formed also differs between TLRs.  TLR1-TLR2 and TLR2-TLR6 

recognised triacyl or diacyl-lipopeptides mainly via hydrophobic interactions, involving 

the central LRRs (LRR9 to LRR12) of TLR2 [104] [105]. TLR3 has two RNA binding 

sites, one at the N-terminus and other at the C-terminus, where ligand binding is driven 

by hydrogen bonding and electrostatic interactions [113]. TLR5 complex with flagellin 

is dominated by hydrophilic interactions, where this pathogenic molecule binds to a 

large area from the N-terminal region all the way up to the LRR9 module of TLR5 

[114]. TLR8 synthetic agonist R848 binds to a hydrophobic pocket at LRR11 in TLR8 

[111] and the same binding site has been reported for the degradation product of single-

stranded RNA uridine [115]. CpG DNA binds via hydrophobic and hydrophilic 

interactions to the N-terminal region of the first TLR9 and to loop regions in the C-

terminal part of the second TLR9 [108].  

In all TLRs, the interaction of the ligand with two TLR monomers simultaneously 

induces the convergence of the C-terminus of the ectodomains to a distance of 20-40 Å. 

These data has supported the hypothesis that the dimerization of the TLRs induces the 

juxtaposition of the intracellular domains of the receptors, leading to their 

oligomerization and recruitment of adapter molecules for the initiation of signalling 

cascades [104, 105, 113, 114, 116]. In summary, the ectodomains of TLR are formed by 

LRRs and can recognise a variety of ligands of diverse structure. TLRs form dimers 

when they are in complex with their ligands, and dimerization of the receptor induces 

the activation of downstream signalling pathways.  



 

 

31 

 

 

Figure 1-2. Crystal structure of cell surface TLRs. A. 3D structure of TLR1/TLR2 in 

complex with Pam3CSK4. B. 3D structure of TLR2/TLR6 in complex with Pam2CSK4. C. 

Crystal structure of TLR4 in complex with MD-2 and LPS D. 3D structure of TLR5 homodimer 

in complex with flagellin. C and N denote the C-terminal and N-terminal region. * indicates the 

second TLR of the dimer. Adapted from [99]. 
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Figure 1-3. Crystal structure of endosomal TLRs. A. 3D structure of TLR3 in complex with 

double stranded RNA (dsRNA). B. 3D structure of TLR8 in complex with uridine or RNA 

degradation product UG. C. 3D structure of TLR9 in complex with DNA. C and N denote the 

C-terminal and N-terminal region. * indicates the second TLR of the homodimer. Adapted from 

[99]. 
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1.4. TLR4 

 

TLR4 was the first pattern recognition receptor to be discovered [38]. 

Lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative 

bacteria, was the first described activator of TLR4 and has been extensively studied [42, 

117]. LPS is a glycolipid composed of a hydrophobic lipid A region followed by a core 

oligosaccharide and a variable O-antigen (Figure 1-4 A). The lipid A has two 

glucosamine sugars, where phosphate groups are attached giving the molecule a 

negative charge. Large variability has been observed in this region, four to seven lipid 

chains can be connected to the glucosamine sugars in lipid A, and the phosphate groups 

can be deleted or modified [118]. Lipid A has been identified as the region responsible 

of the pro-inflammatory activity of LPS [119, 120]. The carbohydrate chain of LPS is 

divided into two areas: the inner and the outer core. The inner core has conserved 

oligosaccharide chains containing multiple copies of the sugars 3-deoxy-D-manno-oct-

2-ulosonic acid (Kdo) and L-glycero-D-mannoheptose (Hep). The outer core region 

contains the O-specific chain which is formed by multiple copies of galactoses, 

galactosamines, and other sugars. This structure is different among bacterial species and 

can change depending on culture conditions in vitro [120].  

TLR4 requires carriers and co-receptors to recognise LPS (Figure 1-4 B). LPS is 

first sensed and recruited by the LPS-binding protein (LBP) in the bloodstream, and in 

vivo studies have shown that this protein is essential for a rapid induction of 

inflammation after injection of LPS or Gram-negative bacteria to mice [121].  LBP 

forms a complex with LPS and transfer monomeric units of LPS to CD14, a co-receptor 

of TLR4 expressed in immune cells [122]. CD14 belongs to the LRR family and is able 

to bind LPS at picomolar concentration. CD14 interacts with LPS via a hydrophobic 
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pocket located between the LRRNT and first LRR module of the protein [123].  CD14 

then presents and transfers monomer units of LPS to MD-2 [124], which can exist in a 

soluble form or in a preformed complex with TLR4.  MD-2 is part of the superfamily of 

lipid binding proteins, and is essential for the binding of LPS to TLR4 [125]. The 

TLR4-MD-2 complex has been shown to bind with higher affinity (3 nM) to LPS than 

soluble MD-2 (65 nM) [126]. LPS recognition by TLR4-MD-2 assembly leads to TLR4 

dimerization and activation of the receptor [127]. Different studies have shown that 

LPS is essential for TLR4 dimerization in solution, by analysing heterodimer formation 

using gel filtration and native PAGE gels, and these finding were corroborated by the 

crystallography data [106, 116, 128].  

 

 

Figure 1-4. Structure of LPS and detection by TLR4. A. Chemical structure of LPS showing 

three modules: lipid A, a core oligosaccharide and a highly variable O-antigen. The core is 

covalently linked to lipid A and can be further divided into inner and outer core. Sugar 3-deoxy-

D-manno-oct-2 ulosonic acid (Kdo) is linked to lipid A. Adapted from [129]. B. Schematic 

representation of LPS recognition. Soluble LPS-binding protein (LBP) extracts and 

disaggregates LPS from the outer membrane of bacteria that have infected the host. The cell-

surface receptor CD14 then transfers LPS to a heterodimeric complex of MD-2 bound to TLR4, 

which triggers an intracellular response. Adapted from [130].  
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1.4.1. Crystal structure of TLR4 and PAMPs  

 

The crystal structure of TLR4 in complex with MD-2 and LPS was published by 

Park et al. in 2009 [116]. MD-2 is an 18 kDa glycoprotein formed by two anti-parallel β 

sheets, which create a hydrophobic pocket that can accommodate lipid ligand such as 

LPS. MD-2 has two interaction interfaces with TLR4, a primary and a dimerization 

interface (Figure 1-5 B). The primary interface consists of ionic and hydrogen bonds, 

where an edge of MD-2 binds to the concave surface close to the N-terminus of the first 

TLR4 (TLR4-1). This interaction doesn’t require LPS binding, and allows the 

formation of a stable heterodimer composed of one molecule of TLR4 and MD-2. The 

binding of LPS to MD-2 facilitates the dimerization of the TLRs ectodomains. The 

dimerization interface occurs between the opposite region of MD-2 and the convex 

surface of the second TLR4 (TLR4-2), at the C-terminal region between the LRR 

modules 15-17 (Figure 1-5 A). In this region, hydrophobic interactions occur between 

TLR4-2, MD-2 and one lipid chain of LPS. In addition, hydrophilic interactions 

between TLR4-2 and MD-2 support this hydrophobic core. The two phosphate groups 

of LPS contribute to the stability of the dimerization interface interacting with a 

positive cluster of amino acids in TLR4-1 (R263, K341, K362), TLR4-2 (K388) and 

MD-2 (K58, K122). Protein-protein interactions, mainly via polar residues, among the 

two TLR4 molecules are also observed in this interface. The dimerization of the 

receptor brings into close proximity the C-terminal region of the ectodomains, which is 

predicted to initiate the signalling cascade.  



 

 

36 

 

 

Figure 1-5. Crystal structure of TLR4-MD-2 heterodimer in complex with LPS. A. 3D 

structure of TLR4-MD-2-LPS complex. The lipid A component of LPS is coloured in red, and 

the inner core carbohydrates of LPS are coloured in pink. The module numbers of the LRRs in 

TLR4 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. * 

denotes the second TLR4 or MD2. Adapted from [116]. B. Schematic representation of TLR4 

in complex with MD-2 showing key amino acids involved in the interaction of these proteins.  
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The numbers of lipid chains of LPS has an impact on TLR4 activation. The 

crystal structure of hexa-acyl immunogenic LPS with TLR4-MD-2 showed that 5 acyl 

chains are accommodated in the hydrophobic pocket of MD-2, creating a 

conformational change in this protein and the position of the hydrophobic amino acid 

F126. This amino acid locates in the core of the dimerization interface, and together 

with surrounding hydrophobic residues of MD-2, interacts with the free exposed acyl 

chain of LPS and TLR4-2 [116]. Mutations in F126 inhibit the ability of LPS to induce 

TLR4 dimerization [131, 132]. Less than six lipid chains have an effect on TLR4 

activation and dimerization as observed in the crystal structures of the TLR4 antagonist 

eritoran with TLR4-MD2 and lipid IVa with MD-2 [106, 133]. Eritoran and lipid IVa 

have only 4 acyl-chains, which are buried inside of the hydrophobic pocket of MD-2. 

This structure lacks the exposure of a free lipid chain that is part of the dimerization 

interface. In addition, the phosphate groups are positioned downwards compared to 

hexa-acyl LPS and cannot interact with the positively charged residues in TLR4 

stabilizing the dimerization of the receptor [78]. The phosphate groups of LPS are also 

essential for its immunogenic activity and deletions of these groups result in a reduction 

of the endotoxin activity by ~100 fold [134, 135].  

Two single-nucleotide polymorphisms of human TLR4, D299G and T399I have 

been associated with LPS hyporesponsiveness [136]. The structure of polymorphic 

TLR4 with MD-2 and LPS has been determined by Ohto et al. [128]. They found that 

the SNPs were localized far from the binding site of MD-2 and LPS to the receptor, and 

the overall structure of polymorphic TLR4-MD-2-LPS complex was very similar to the 

wildtype determined structure.  Differences were observed in loop structures in the 

region around D299G (LRR10-13) compared to wildtype TLR4. In contrast, T399I 

SNP site was almost structurally identical in polymorphic and wildtype TLR4. These 
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few differences in the SNPs regions didn’t affect TLR4 dimerization as shown by 

native PAGE analysis. For that reason, the authors suggested that these TLR4 SNPs 

could be affecting other functional processes such as binding affinity, protein folding 

efficiency and stability, and cell surface expression. Other studies have found that 

D299G and T399I SNPs reduced cell surface accumulation of functional TLR4 in 

HEK293 cells [137], while D299G mutation decreased expression of TLR4 in human 

airway epithelial cells [136]. In addition, D299G SNP has been shown to modify TLR4 

signalling by interfering with the recruitment of adaptor molecules to the intracellular 

domain [138]. 

Publication of TLR crystal structures has shed light on the molecular mechanisms 

by which PRRs sense inflammatory stimuli. These studies have also contributed to the 

development of inhibitors to limit excessive inflammation driven by these receptors in 

different diseases. Detailed information of TLR antagonists under development and 

their stage in clinical trials are reviewed in [139-141], but perhaps the best example of 

where detailed knowledge of the mode of action of a TLR has accelerated drug design 

is TLR4. The TLR4 antagonist eritoran has been used for the treatment of patients with 

severe sepsis [142]. The crystal structure of eritoran in complex with TLR4 and MD-2 

has highlighted the difference in receptor activation by this molecule compared to LPS. 

Eritoran is a synthetic form of lipid A, which is composed by only 4 acyl-chains and 

cannot induce TLR4 dimerization. The crystal structure shows that eritoran binds to 

only one TLR4-MD-2 heterodimer, as it lacks the exposure of a free lipid chain and the 

phosphate groups essentials for binding to the second TLR4 and induce receptor 

dimerization [106]. Another examples is the TLR4 antibody (NI0101) developed by 

NovImmune, which has recently completed phase I in clinical trials and will be used for 

the treatment of chronic inflammatory conditions including RA [141]    
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[http://www.novimmune.com/pipeline/ni-0101.html]. Mutagenesis and structural 

analysis revealed that this antibody binds to a cluster of positively charged amino acids 

close to the dimerization interface of TLR4 preventing dimer formation and receptor 

activation [143]. In this way, a better understanding of TLR activation has had real 

impact on drug design for a number of inflammatory diseases.  The structure of TLR4 

has been published in complex with pathogenic stimuli. However, no crystal structure 

has been published of TLR4 with other activators (DAMPs and allergens), and this 

information could be useful for the development of new TLRs inhibitors that could 

reduce endogenous activation of TLR4 in chronic inflammatory diseases.  

 

1.4.2. Mode of activation of TLR4 by metals and allergens 

 

In recent years, TLR4 has emerged as a receptor involved in allergen recognition. 

TLR4 is involved in the development of allergies to metals such as Ni
2+

, which can 

directly bind and activate this receptor inducing an immune response. Mutagenesis 

studies revealed that Ni
2+ 

induces TLR4 dimerization and activation by binding to 

histidines (H431, H456 and H458) located in the dimerization interface and cross-

linking the two TLR4 ectodomains (Figure 1-6 A). Ni
2+

 can activate human TLR4 but 

not mouse TLR4, as these histidines residues are only found in the human protein [77]. 

Similar results were found with the metal Co
2+

, which can also induce TLR4 

dimerization and activation [144]. Interestingly, both Ni
2+ 

and Co
2+

 require MD-2 to 

induce an inflammatory response via TLR4; however, they can induce receptor 

homodimerization in the absence of MD-2 in vitro. The authors suggested that MD-2 

might be involved in further shaping the metal-TLR4 receptor complex to induce 

effective signalling, but additional structural studies are necessary to answer this 

question [144].  
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The house dust mite allergen Der p 2 is a protein structurally similar to MD-2 

comprising a β sheet sandwich with a hydrophobic core, which can bind to lipid ligands 

[145] (Figure 1-6 B). Trompette et al. [146] proposed that Der p 2 can recognise LPS 

and mimic MD-2 function, activating TLR4 and inducing an allergic response to low 

levels of endotoxin. The study showed that endotoxin contaminated Der p 2 

preparations can activate HEK cells expressing TLR4 only, but also could augment 

cytokine production in cells expressing TLR4 and MD-2. In addition, Der p 2 was able 

to induce experimental allergic asthma in a TLR4-dependent manner. This results were 

confirmed by another study from Hammad et al., where house dust mite allergen 

activated lung cells via TLR4, leading to the development of asthma and activation of 

mucosal dendritic cells [147]. Co-immunoprecipitation experiments have shown that 

Der p 2 can be pulled down in complex with TLR4. In addition, mutations in Y91 in 

Der p 2, an amino acid conserved in MD-2, halts the ability of Der p 2 to induce 

cytokine synthesis via this receptor [146].  

Another allergen that signals through TLR4 is the cat allergen Fel d 1. 

Structurally, this protein is composed mainly of α helices and doesn’t resemble MD-2, 

but it can also bind to lipid ligands [148]. Unlike Der p 2, this protein doesn’t interact 

directly with TLR4 or MD-2, but it can enhance the signalling downstream of the 

receptor when it is bound to LPS [149]. Similar results were found with another animal 

allergen from dog, the protein Can f 6, suggesting that a lipid transfer mechanism might 

be involved in the induction of airway hypersensitivity reactions to these allergens 

[149]. Further structural studies will elucidate the mechanism of activation of TLR4 by 

these allergens, which is still poorly understood. 
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Figure 1-6. Allergens that activate TLR4. A. Model of Ni
2+ 

in complex with TLR4 showing 

the position of the bound Ni
2+

. Adapted from [77]. B. Crystal structure of Der p 2 and MD-2. 

Taken from protein data bank (PDB), accession numbers: Der p 2: 1KTJ and MD-2: 2E56.   

 

Table 1-4 summarises the modes of TLR4 activation that have been described for 

bacteria, metal ions and other allergens. Pathogen recognition by TLR4 requires the co-

receptor MD-2. Metal ions and the allergen Der p 2 can bind to TLR4 in the absence of 

MD-2 in vitro. However, they still can activate TLR4-MD-2 heterodimer and induce an 

inflammatory response.  
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Table 1-4. TLR4 mode of activation by pathogenic stimuli, allergens and metals.  

Ligand Type  Mode of activation of TLR4 

LPS Component of the 

bacterial outer 

membrane 

Requires MD-2 to induce TLR4 dimerization 

Nickel Metal Binds to histidines in the dimerization interface and 

induces activation of the receptor 

Der p 2 House dust mite 

allergen 

Lipid binding protein that mimics MD-2. In vitro can 

bind to TLR4 only but can also activate TLR4-MD-2 

complex 

Fel d 1 

Can f 6 

Animal allergens Lipid binding proteins composed of α helices, which 

could transfer lipid ligands to TLR4-MD2 complex 

 

 

1.4.3. Mode of activation of TLR4 by DAMPs 

 

Different endogenous stimuli can also activate TLR4 such as fibronectin EDA 

domain, fibrinogen, S100 proteins, oxidised LDL and uric acid, among others. Direct 

interaction between DAMPs and TLR4 have been reported in biochemical studies 

including HMGB1 [150], surfactant protein D [151], biglycan [94] and decorin [152]. 

No crystal structures have been published of DAMPs in complex with TLR4, but 

studies have suggested a different mode of TLR4 activation by DAMPs compared to 

PAMPs or allergens. Endogenous stimuli require different co-receptors compared to 

pathological stimuli like LPS. Some DAMPs do require MD-2 and CD-14 to activate 

TLR4 including heat-shock protein 60 and 70 [153, 154], biglycan [155], S100 proteins 

[156, 157] and oxidised LDL [158]. However, other DAMPs require only CD14 to 

activate the receptor such as lactoferrin [159] and surfactant protein A, D [151, 160]; or 

only MD-2, such as fibronectin extra domain A [161].  Other DAMPs such as tenascin-

C don’t require CD14 or MD-2 to activate TLR4 [89]. Another group of DAMPs 
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require a different subset of co-receptors. Hyaluronan requires CD44 to form a complex 

with TLR4 [162] and biglycan can activate NLPR3 inflammasome in mouse 

macrophages via TLR2/4 and P2X4/P2X7 receptors [155].  

Little is known about how DAMPs activate TLRs and to date HMGB1 is the best 

characterised endogenous TLR4 ligand.  HMGB1 requires MD-2 to bind to TLR4 and 

site-directed mutagenesis revealed that cysteine 106 in HMGB1 is essential for binding 

to the TLR4-MD-2 complex [150]. In addition, the peptide tetramer FSSE comprising 

the residues 105-108 in HMGB1 can block the interaction of HMGB1 and MD-2. This 

peptide is predicted to accommodate inside the hydrophobic pocket of MD-2; however, 

it doesn’t affect the binding capability of LPS to MD-2, suggesting a different mode of 

binding of HMGB1 to this region [150, 163].  The immune activity of HMGB1 also 

depends on the redox state of three cysteine residues at positions 23, 45 and 106. 

HMGB1 can interact with TLR4-MD-2 and induce cytokine production when having a 

disulphide bond at positions 23 and 45 and a free thiol at position 106 [164, 165]. The 

carbohydrate domain of surfactant protein D can also bind directly to TLR4. Mutations 

in this domain which reduce the ability of surfactant protein D to bind to 

phosphatidylinositol or LPS, did not affect the interaction to TLR4, suggesting a 

different mechanism of binding to this receptor compared to other ligands [151].  

Mutations in TLR4 also have a different effect on PAMPs and DAMPs. The 

common polymorphism mutations D299G and T399I reduce the ability of TLR4 to 

respond to LPS, but increase the activation of TLR4 signalling by fibrinogen [166]. 

These data suggest a diverse mechanism of interaction between fibrinogen and TLR4 

compared to LPS, which results in a different response and activation of the signalling 

pathways downstream of the receptor. The large variety of TLR4 endogenous ligands 
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and their structural diversity highlight the complexity of DAMPs-TLR4 interactions and 

the different requirements for receptor activation. Further studies are necessary to 

understand the molecular mechanism of TLR4 activation by endogenous stimuli.  

 

1.4.4. Signalling pathways activated downstream of TLR4: differences in PAMPS and 

DAMPS 

 

After ligand recognition, TLRs activate signalling pathways that induce 

inflammatory mediators such as cytokines, chemokines and tissue-degrading enzymes. 

The formation of TLR4 ectodomain complex leads to the dimerization of the TIR 

domain. TLR4 is the only TLR member able to activate both the myeloid differentiation 

factor 88 (MyD88) dependent pathway and the TIR domain containing adapter inducing 

interferon-β (TRIF) pathway. The MyD88 dependent pathway is activated at the plasma 

membrane and involves the recruitment of adaptor molecules including MyD88-adaptor 

like (Mal), the IL-1R-associated kinase (IRAK) 4 and 1, and TNF receptor-associated 

factor 6 (TRAF-6). This complex called “the Myddosome” [167] leads to the 

phosphorylation of signalling kinases and activation of transcription factors such as 

nuclear factor-κB (NF-κB) and activator protein 1 (AP1) to induce the synthesis of pro-

inflammatory cytokines [168]. TLR4 activation of the TRIF pathway occurs later when 

the receptor is endocytosed and trafficked to the endosome, where the TIR domain of 

TLR4 forms a complex with other adaptor molecules such as TRIF and TRIF-related 

adaptor molecule (TRAM) [169]. The activation of this pathway results in the 

phosphorylation of interferon-regulatory factor (IRF) 3 and the production of 

interferons [170], in addition to the late-phase activation of NF-κB and mitogen-

activated protein kinases (MAPK) [171, 172].  
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Pathogenic stimuli such as LPS activate both the MyD88 dependent pathway and 

the TRIF pathway. Endogenous TLR4 stimuli can signal through the MyD88 pathway 

including tenascin-C [89], biglycan [155] and heat shock protein  (HSP) 60 [173] or 

induce the activation of MyD88 and TRIF pathways such as HMGB1 [174].  Formation 

of different receptor complexes of DAMPs and PAMPs with TLR4 suggests that each 

stimulus triggers a signature response that is translated to diverse cellular responses. 

Indeed, the cytokine profiles induced by LPS differ from the ones induced by DAMPs.  

For example, LPS induces TNF, IL-6 and IL-8 in primary human macrophages as well 

as IL-6 and IL-8 in synovial fibroblasts. However, tenascin-C induces TNF, IL-6, IL-8 

in primary human macrophages, but only induces IL-6 in synovial fibroblasts [89]. 

S100A12 protein induces more strongly IL15RA, IL-7, and IL-18 in monocytes 

compared to LPS [157]. Hyaluronan induces a different set of genes in MH-S 

macrophages compared to LPS. Only hyaluronan promotes matrix metalloproteinase 

(MMP)-3, MMP-13, and suppressor of cytokine signalling 3 (Soc3) synthesis, while 

LPS induces chemokine receptor 6 and defensin β5 [162]. Similarly, intrathecal 

injections of the endogenous ligand HSP60 or LPS to the brain of mice generated a 

different effect after activation of TLR4. HSP60 produced neurodegeneration and 

demyelination but did not induce an exacerbated inflammatory response as observed 

with the injection of LPS, which did not cause neuronal injury [173]. The different 

outcomes from PAMPs and DAMPs suggest a different mode of receptor complex 

formation and activation of the signalling pathways downstream of TLR4. However, 

compared to PAMPs, the signalling pathways activated by DAMPs are still poorly 

understood. Therefore, TLRs inhibitors that have been developed against PAMPs may 

not prevent DAMPs activation of the receptors and further studies will be needed to 

establish the differences among endogenous and pathogenic-induced TLR4 signalling.   
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1.5. Tenascin-C as a DAMP 

 

During tissue injury or infection, a subset of ECM proteins is specifically induced 

that contribute to tissue repair. One example is the ECM glycoprotein tenascin-C. This 

protein is highly expressed during embryogenesis in the nervous, skeletal and vascular 

system and in areas of organ morphogenesis. In adulthood, tenascin-C is down-

regulated and expressed only in restricted areas [175]. However, tenascin-C expression 

is induced as a consequence of tissue damage or infection independently of the location 

of the insult [176].  

 

1.5.1. Structure and physiological role of tenascin-C 

 

The tenascin-C monomer comprises diverse structural domains. The N-terminal 

region contains a chaperone-like sequence that forms a coiled coil structure and 

interchanges disulphide bonds necessary for oligomerisation.  Next are the epidermal 

growth factor (EGF)-like repeats, of which there are 14.5 in human tenascin-C, 

followed by 17 fibronectin type III-like repeats (FNIII).  Finally in the C-terminal 

region is the fibrinogen-like globe (FBG) [177] (Figure 1-7 A). The FNIII domain 

contains a region that is alternatively spliced and the molecular weight of tenascin-C 

may vary from 180 to 330 KDa depending on the number of alternatively spliced 

domains [178]. The tenascin monomers assemble into a 6-armed hexabrachion structure 

(Figure 1-7 B) via the N-terminal region to form a large protein of approximately 1.5 

million Daltons. The protein also undergoes post-translational modification including 

N- and O-glycosylation, and most of the glycosylation sites are predicted to be in the 

FNIII domain [178, 179].  
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Figure 1-7. Tenascin-C structure. A. Each tenascin monomer comprises an N-terminal 

assembly domain, epidermal growth factor-like repeats, fibronectin type III-like repeats 

(constitutively expressed in white boxes and alternatively spliced in grey boxes) and a C-

terminal fibrinogen-like globe (FBG). B. Electron micrographs from tenascin-C hexabrachion. 

Taken from [180].  

 

Tenascin-C was first described as an ECM protein with anti-adhesive properties. 

Initial studies found that cells that were plated on a tenascin-C substratum showed a 

proliferative phenotype and did not adhere well [181, 182]. When cells were plated on a 

combination of tenascin-C and fibronectin, tenascin-C inhibited cell adhesion and 

spreading via blocking the interaction of syndecan-4 and fibronectin, reducing the 

activities of RhoA and focal adhesion kinase and compromising the formation of focal 

adhesion complexes [183, 184]. Tenascin-C can also interact with other extracellular 

matrix proteins, including versican, aggrecan, brevican and neurocan [185]. Lundell et 

al., showed, using electron micrographs and structural models, that tenascin-C can 

cross-link aggrecan-hyaluronan complexes playing a role in the structural organisation 

of extracellular matrix networks [186]. Tenascin-C can also influence cells behaviour 

via interaction with different receptors modulating cell signalling, migration and 

proliferation. As a multidomain protein, tenascin-C is able to bind different cell 

receptors and proteins, which translates into diverse functions some of which are 

highlighted in Table 1-5.  
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Table 1-5. Examples of the diverse functions of tenascin-C domains.  

Tenascin-C domain Function 

N-terminus assembly domain Involved in hexamer formation [187] 

EGF-like repeats Interacts with EGF receptor and induces its 

phosphorylation promoting migration [188, 189] 

Promotes mesenchymal stem cell (MSC) survival by 

activating EGF receptor [188] 

FNIII-like repeats FNIII 3 interacts with β1 and β3 integrins to promote cell 

adhesion [190-192] 

FNIII A1A2 interacts with fibronectin and inhibits T-cell 

activation [193] 

FNIII A-D interacts with annexin II to promote loss of 

focal adhesion, mitogenesis and migration [194] 

FNIII D interacts with contactin and α7β1 integrin to 

promote neurite outgrowth [195, 196] 

FNIII 1-2, A, B and 6-8 interacts with sodium channel to 

modulate their localization and activity at nodes of Ranvier 

[197] 

FBG  Interacts with αvβ3 to promote cell adhesion [198] 

Interacts with phosphacan/protein-tyrosine phosphatase-ζ/β 

and modulates neural cells adhesion and neurite outgrowth 

[199] 

 

In the adult, tenascin-C is expressed in regions of high cell turnover or sites which 

undergo constant remodelling such as stem cells niche and tendons, but also is 

upregulated as a result of tissue damage and infection. During physiological tissue 

repair after injury, tenascin-C expression is transient and down-regulated with the 

resolution of inflammation and tissue repair [200]. In normal wound healing, tenascin-C 

is expressed by keratinocytes [201] and fibroblasts during the phases of inflammation, 

re-epithelisation and granulation tissue formation [202]. Tenascin-C promotes adhesion 

and migration of keratinocytes [201]  and fibroblasts [203] and each domain within this 

protein can interact with a wide variety of binding partners to mediate diverse effects on 
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cell behaviour during wound repair. For example, the FBG domain of tenascin-C can 

modulate endothelial cells adhesiveness and migration enhancing neovascularisation of 

the wound and endothelial sprouting via binding to αvβ3 integrin [198, 204, 205]. The 

EGF-L repeats of tenascin-C promote mesenchymal stem cell (MSC) survival in wound 

healing by activating EGF receptor and protecting from Fas ligand (FasL)-induced 

nuclear DNA damage [206]. Tenascin-C knock-out mice showed only minor defects in 

wound healing, exhibiting temporarily reduced fibronectin on the granulation tissue 

[207]. However, impaired tissue repair was observed in these mice after corneal incision 

injury [208] and articular cartilage damage [209], implying a possible role for tenascin-

C in remodelling during repair. Tenascin-C levels return to normal after wound 

contraction and cannot be detected in scar tissue [210-212], suggesting a restricted and 

controlled pattern of expression during wound healing.  

Different factors have been shown to drive the expression of tenascin-C such as 

cytokines (TNF, IL-4, IL-1), growth factors (FGF, TFGβ, PDGF), mechanical stress 

and reactive oxygen species [213]. In addition, tenascin-C expression can be up-

regulated during acute infection by the activation of the NF-κB transcription factor 

downstream of TLRs. LPS, lipoteichoic acid (LTA), PAM3, and flagellin could induce 

the expression of tenascin-C in human monocyte-derived dendritic cells and protein 

levels peaked at 24 h [214]. In vivo data showed that intraarticular injections of 

zymosan, a TLR2 ligand, resulted in up-regulation of tenascin-C in the mice joints after 

24 h, and the expression of the protein increased overtime up to 4 days after injection 

[89]. In this study, tenascin-C knock out mice showed faster resolution of inflammation 

after zymosan injection than wild-type mice, suggesting that tenascin-C could be 

involved in the maintenance of acute inflammation. Indeed, our group found that 

tenascin-C was essential for the pro-inflammatory response to LPS in vivo, as tenascin-
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C null mice presented impaired cytokine production. Tenascin-C modulates the 

translation of TNF via controlling the expression of the microRNA miR-155, which is a 

post-transcriptional regulator of TNF production following LPS stimulation [215].  

 

1.5.2. Tenascin-C in chronic inflammation 

 

Tenascin-C expression is tightly regulated during acute infection or injury. 

However, persistent expression of this protein has been linked to chronic inflammatory 

conditions. For example, low levels of tenascin-C are found in joints of healthy 

individuals. In contrast, high levels of tenascin-C have been detected in the synovium, 

synovial fluid and cartilage of patients with rheumatoid arthritis [216-218]. Up-

regulation of tenascin-C has also been associated with fibrotic diseases [219, 220], 

keloids [221], atherosclerosis [222], asthma [223],  multiple sclerosis [224], colitis 

[225], diabetes [226] and cancer [227]. Serum levels of tenascin-C correlate with 

disease severity in different inflammatory conditions including inflammatory bowel 

disease [228], rheumatoid arthritis [229], chronic kidney disease [230], myocardial 

infarction [231] and pneumonia [232].  

Studies using tenascin-C null mice have highlighted the role of tenascin-C in the 

maintenance of inflammation. In a model of antigen-induced arthritis, our group found 

that tenascin-C knock out mice are protected from joint destruction, showing less cell 

infiltration, pannus formation and bone erosion compared to wild type mice [89]. 

Tenascin-C deficiency also impaired the polarization of Th17 cells and the induction of 

IL-17 in a mouse model of arthritis, suggesting that this protein has a role driving 

adaptive immune responses [233, 234]. In a model of OVA-induced allergic asthma,  

tenascin-C null mice develop less severe bronchial asthma compared to wild type mice, 
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presenting less numbers of eosinophils and decreased Th2 cell activation and cytokines 

such as IL-5 and IL-3 in plasma and bronchoalveolar lavage fluids. Furthermore, 

tenascin-C could increase the secretion if IL-5 and IL-13 by splenic lymphocytes in 

vitro, suggesting that it might be involved in the activation of Th2 cell in this disease 

[235]. Another example was reported in a mouse model of hepatic ischemia and 

reperfusion injury, where tenascin-C knock out mice had a reduction in liver damage, 

lower leukocyte recruitment and decreased expression of cytokines compared to wild-

type mice [236]. Tenascin-C null mice showed less amyloid beta (Aβ) plaque formation 

and reduced neuroinflammation when crossed with the amyloid precursor protein 

mouse model of Alzheimer, indicating that tenascin-C contributes to the inflammatory 

pathology of this disease [237].  

 

In the last years different studies have looked at the mechanism involved in 

tenascin-C induced inflammation. As a multidomain protein, tenascin-C can interact 

with different cell surface receptors inducing cytokine synthesis and contributing to 

pro-inflammatory responses. Integrins have been identified as one of these receptors. 

Tenascin-C promoted the migration of macrophages in a mouse model of cardiac 

fibrosis and induced the expression of IL-6 by these cells. This was mediated by the 

engagement of αVβ3 integrin in macrophages that resulted in the activation of the NF-

κB signalling pathway and the production of pro-inflammatory cytokines [238]. 

However, the domain mediating these effects is still not known. In addition, the FNIII 3 

repeat of tenascin-C can induce cytokine synthesis in murine myeloid cells and human 

synovial fibroblasts from arthritic joints via activation of α9 integrin [239, 240]. 

Tenascin-C can also induce inflammation via activation of PRRs. Tenascin-C induces 

the expression of TNF, IL-6 and IL-8 in primary human macrophages and IL-6 in 

synovial fibroblasts, as well as TNF, IL-6 and IL-8  in mixed populations of cells from 
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synovial membranes of individuals with RA [89]. Our group identified the FBG domain 

as the region of tenascin-C that induces cytokine synthesis in primary human cells, and 

found that this is mediated in vitro and in vivo by activation of TLR4 [89]. Tenascin-C 

activation of TLR4 also induces the expression of IL-6 and IL-8 in human chondrocytes 

[241] and MMP-9 in mouse isolated neutrophils [236]. Tenascin-C contributes to 

atherosclerosis in a TLR4-dependent manner by promoting foam cell formation and up-

regulating the expression of CD36, which is involved in the uptake of oxLDL [242]. In 

addition, it can induce constriction of cerebral arteries in rats via activation of TLR4 

and downstream signalling pathways [243]. Finally, tenascin-C contributes to the 

development of autoimmune myocarditis via activation of TLR4 in murine dendritic 

cells, which leads to Th17 differentiation and enhance the pro-inflammatory response in 

this model [244]. These data from our group and from other labs indicate that tenascin-

C is a pro-inflammatory molecule, acting through TLR4 and being involved in the 

maintenance of the inflammatory response. However, very little is known about the 

mechanism of activation of TLR4 by tenascin-C. My thesis seeks to answer this 

question and one approach I will take relies upon a comparative analysis of tenascin-C 

with other tenascin family members. 

 

1.6. The tenascin family 

 

The tenascins are a family of four extracellular matrix glycoproteins comprising 

tenascin-C, -R, -W and -X. Each family member has a distinct pattern of expression and 

function. However, all the tenascin members have a conserved domain organisation 

comprising an N-terminal assembly domain, followed by the EGF-like repeats, the  

FNIII-like repeats, and the C-terminal FBG domain (Figure 1-8) [245].  Tenascin-C was 
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the first family member to be discovered and is the only tenascin that has been 

associated with chronic inflammatory conditions and shown to mediate TLR4 activation 

via its FBG domain.  It is not known if the FBG domains of the other tenascin family 

members are able to activate TLR4 like tenascin-C. 

 

Figure 1-8. Domain organisation of the tenascin family. Each tenascin monomer comprises 

an N-terminal assembly domain, followed by epidermal growth factor (EGF)-like repeats, 

fibronectin type III-like repeats (FNIII) (constitutively expressed in white boxes and 

alternatively spliced in grey boxes) and a C-terminal fibrinogen-like globe (FBG).  

 

1.6.1. Tenascin-R 

 

Tenascin-R was the second family member to be discovered and has a restricted 

pattern of expression in embryogenesis and adult, being present only in the central 

nervous system (CNS). During development tenascin-R is found within the pathways of 

oligodendrocytes precursor migration, during the phases of active myelination and 

plays a role in the organization of axonal tracts. In adult, tenascin-R is located in the 

nodes of Ranvier, myelinated axon and the perineuronal nets of interneurons and 

motorneurons [246-249].  Tenascin-R is expressed as two major isoforms of 160 kDa 

and 180 kDa generated by alternative splicing of the FNIII-like repeats. The smaller 

version of the protein dimerises, while the 180 kDa isoform tends to form trimers [250].  
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Tenascin-R has a role in normal development and contributes to the homeostasis 

of the central nervous system. Tenascin-R deficiency in mice results in abnormal 

behaviour such as cognitive deficit, reduced coordination and increased anxiety in open 

field tests [251, 252]. In humans, homozygous deletion of tenascin-R is associated with 

global development delay, cognitive deficit and transient hyperkinetic movement 

disorder [253]. Structural changes in the CNS were observed in tenascin-R knock out 

mice including abnormal organization of perineuronal nets [254, 255], reduced 

extracellular space in the brain [256] and abnormal hippocampus [257]. In vitro assays 

using hippocampus slices from tenascin-R null mice showed impaired synaptic 

plasticity and defects of long-term potentiation that might contribute to the observed 

cognitive deficits [258]. Moreover, tenascin-R has been proposed as a biomarker for 

dementia as it is  down-regulated in the hippocampus of patients with Alzheimer’s 

disease and could be a direct cause of cognitive impairment in neurodegenerative 

disorders [259]. 

 In the perineuronal nets, tenascin-R is able to interact with other extracellular 

matrix proteins cross-linking hyaluronan and chondroitin sulphate proteoglycans such 

as aggrecan, brevican and lecticans via its EGF and FNII-like repeats [186, 255, 260]. 

Perineuronal nets are found around inhibitory neurons and regulate interneuronal 

excitability. In addition, they have been suggested to control the diffusion of cationic 

ions and synapsis formation being involved in synapsis plasticity [261]. Tenascin-R has 

been shown to modulate voltage-gated sodium channel potentiation via the interaction 

of the FNIII 1-2 and 6-8 repeats with the β2 subunit of the ion channel, thus regulating 

its localization and function in neurons [197, 262]. Tenascin-R also controls glutamate 

uptake by astrocytes as it up-regulates the expression of the glutamate aspartate 

transporter (GLAST), which is a major component of astrocytic glutamate transporters 
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and modulates glutamatergic neurotransmission [263]. In addition, tenascin-R is 

essential for the transport of the carbohydrate human natural killer-1 (HNK-1), involved 

in perisomatic inhibition. Deficiency of tenascin-R results in reduced long-term 

potentiation and increased excitatory transmission, suggesting that tenascin-R, as a 

carrier of HNK-1, may regulate inhibitory transmission and synaptic plasticity in the 

hippocampus [258, 264].  

The adhesive effects of tenascin-R play a role in the development of the CNS and 

in synaptic plasticity. Tenascin-R is anti-adhesive for oligodendrocytes precursors 

expressing disialoganglioside GD3 during development, affecting the phosphorylation 

of focal adhesion kinases and increasing their migration [265].  Later, tenascin-R 

becomes an adhesive substratum for oligodendrocyte by interacting with cell membrane 

sulfatides and promotes their differentiation [266]. Tenascin-R can inhibit neurite 

outgrowth via the interaction of its EGF-like repeats with the adhesion molecule 

contactin (F3/F11) [267]. In this manner, tenascin-R acts as a repellent molecule for 

neurites and promotes axonal defasciculation, creating a barrier for the formation of 

new neuronal pathways during development and CNS repair [268-270]. Initial studies 

showed that tenascin-R purified from adult rat brain is an anti-adhesive substratum for 

microglia cells in vitro, and when it is present in brainstem cryosections [271]. 

However, Liao et al. [272] later found that distinct domains of tenascin-R have a 

diverse effect on microglia adhesion and migration. The EGF-like repeats are anti-

adhesive for microglia and this effect is mediated by the activation of the protein kinase 

A signalling pathway. In contrast, FNIII 6-8 repeats of tenascin-R induce microglia 

adhesion and migration in a protein kinase C-dependent manner. These data suggest 

that the different domains of tenascin-R may modulate adhesion and migration of 

microglia via activation of different receptors on these cells.  
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In summary, tenascin-R is a member of the tenascin family involved in CNS 

development and homeostasis. Research focus on understanding the role of the 

perineuronal nets will reveal new functions of extracellular matrix proteins such as 

tenascin-R in CNS function.  

1.6.2. Tenascin-X 

 

Tenascin-X was the third family member to be discovered. During 

embryogenesis, tenascin-X is mainly expressed in the epicardium, developing skeletal 

muscle, connective tissue and tendons [273]. In adults, tenascin-X is constitutively 

expressed in loose connective tissue, especially in tendons, ligaments and skin, and in 

some smooth muscle and epimysium [274]. Tenascin-X is the largest member of the 

tenascin family and has a molecular weight of 450 kDa. Tenascin-X is able to form 

trimers [275]; however, it is not capable of assembling into a hexamer due to lack of 

amino-terminal cysteines found in tenascin-C, which allow two trimers to assemble into 

the hexabrachion structure [276].  

Tenascin-X has a structural role in connective tissue integrity. Deficiency of this 

protein in humans results in Ehlers-Danlos syndrome (EDS), characterized by joint 

hypermobility, skin hyperextensibility, easy bruising and muscle weakness [277, 278]. 

This phenotype was confirmed in tenascin-X null mice, which also presented similar 

features as the human deficiency: hypermobile joints, muscle weakness and decreased 

number of collagen fibrils in the dermis [279, 280]. Indeed, in vivo and in vitro studies 

have involved tenascin-X in the regulation of collagen deposition. Biopsies of dermal 

tissue from mice or patients lacking tenascin-X have lower amounts of collagen I 

compared to wild type mice or healthy individuals [279, 281]. In vitro, fibroblasts from 

tenascin-X null mice showed a decreased expression of collagen type I and VI, and 



 

 

57 

 

other collagen-fibril associated molecules such as collagen type XII, XIV, lumican and 

fibromodulin [279, 282]. Tenascin-X participates in the architecture of collagenous 

networks acting as a bridge between collagen fibrils by directly or indirectly interacting 

with fibrillar collagens or other matrix component. Tenascin-X can directly bind to 

collagen type XII N-terminal NC3 domain [283], and the FNIII repeats 10 and 11 of the 

protein interact with dermatan sulfate chains of decorin contributing to the integrity of 

the extracellular network [284]. These results correlate with cell-free experiments 

where recombinant tenascin-X could increase the stiffness of 3D collagen gels, 

suggesting a role in sustaining molecular interactions between fibrils [285]. In addition, 

the EGF-like repeats and FBG domain of tenascin-X participate in collagen type I 

fibrillogenesis, as deletion of these domain resulted in lower rates of collagen fibril 

formation [286]. The FBG domain and FNIII 29 of tenascin-X can also interact with 

tropoelastin in vitro and the protein has been localised to the elastic fibres in vivo, 

suggesting that it could be involved in skin elastic fibres stability and maturation [287, 

288]. However, no major differences have been found in the healing process of EDS 

patients, although wounded tenascin-X knock out mice exhibit lower wound strength 

than wild type mice.  Unlike tenascin-C, tenascin-X is expressed during the late phases 

of wound remodelling suggesting a role in matrix assembly and maturation and 

correlating its expression with tissue homeostasis [289].   

Tenascin-X has anti-adhesive properties as the other members of the tenascin 

family do. When used as a substratum in vitro, cells do not attach well and present a 

rounded morphology. The FBG domain of tenascin-X was shown to mediate the 

interaction between osteosarcoma (MG63) and bladder carcinoma (ECV304) cells and 

β1-containing integrin in cell adhesion assays [290]. Mouse fibroblast L cells were also 

able to attach loosely to tenascin-X substratum, but cells did not spread and showed 
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lower phosphorylation of the focal adhesion kinase [291]. The mechanism by which 

tenascin-X modulates cell adhesion is not well understood, however a study 

demonstrated that phosphorylation of p38 mitogen-activated protein (MAP) kinase 

induced by tenascin-X might mediate cell detachment [291].  

More recently, tenascin-X has been also shown to influence epithelial-to-

mesenchymal (ETM) transition converting polarized epithelial cells into motile 

mesenchymal ones [292]. This process is mediated by the interaction of its FBG domain 

with the small latent complex of TGF-β (SLC), producing a conformational change that 

exposes mature TGF-β to activate type I and II TGF-β receptor and induce ETM 

transition.  This mechanism is dependent on the binding of the FBG domain to α11β1 

integrin in the cell surface [293] and this interaction may play a role in tissue repair. 

Together these data indicates that tenascin-X is required for the normal assembly 

and maintenance of the extracellular matrix of connective tissue, although recent studies 

have suggested an additional role in ETM transition.  

 

1.6.3. Tenascin-W 

 

Tenascin-W is the most recently discovered family member, first described in 

zebrafish [294] and then found in mammals [295]. Tenascin-W is expressed in 

embryogenesis during palate formation, smooth muscle and skeletal development. In 

adult, its pattern of expression is restricted to bone, kidney, smooth muscle and stem 

cell niches [295]. The tenascin-W monomer has a molecular weight of 130 kDa and no 

spliced variants in the FNIII repeats have been reported. Like other tenascin family 

members, it can oligomerise forming hexamers via the di-sulphide bonds of the N-

terminal domain [294, 295].  
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Tenascin-W knock out mice haven’t been reported to date and the protein 

function is not completely understood. Like the other tenascins, tenascin-W can 

modulate cell adhesion and spreading when used as a substratum. Mouse embryonic 

fibroblast, C2C12 precursor osteoblast cells and human umbilical vein endothelial cells 

(HUVEC) attached loosely to plates coated with tenascin-W. Cells showed a rounded 

phenotype, failed to spread and did not form focal adhesion complexes [296-298]. This 

effect might be mediated by the interactions of integrins including α8β1 [295], α4β1 and 

αVβ1 [297] and FNIII repeats of tenascin-W, as culture of osteoblast in plates coated 

with KGD peptides from this domain induced the same cell phenotype as full-length 

tenascin-W [299]. A role of tenascin-W in osteogenesis has been proposed, as this 

protein is induced by the bone morphogenetic protein 2 (Bmp-2) in C2C12 and in 

mouse embryonic fibroblasts, and is expressed at sites of bone morphogenesis [295, 

300, 301]. Tenascin-W can increase bone mineralization in vitro and promote osteoblast 

migration. In addition, frontal bones explants from chicken were thicker after 24 h in 

culture with recombinant tenascin-W, suggesting that this protein can stimulate bone 

growth ex vivo [299, 302].  

Expression of tenascin-W has also been associated with cancer. Tenascin-W is 

found in solid tumours including melanomas, breast, colon, pancreas, kidney, and lung 

carcinomas [303]. Tenascin-W has been suggested as potential biomarker for solid 

tumour, as it is absent in healthy adults but is up-regulated in the serum of patients with 

breast and colon cancer, where higher levels correlated with unfavourable disease 

progression [304]. Tenascin-W is expressed in the stroma and around blood vessels of 

tumours [297, 303]. In contrast with tenascin-C, fibroblasts partially adhere to tenascin-

W when used as a substratum, while breast cancer cells did not attached in the presence 

of this protein. Tenascin-W promotes breast cancer cell migration suggesting that it 
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might support cancer cell invasion [297]. Indeed, a recent study has shown that 

tenascin-W contribute to breast cancer cell proliferation in the bone metastatic niche.  

Growth factors such as TGF-β release by breast cancer cells can induce the expression 

of tenascin-W in human bone marrow stromal cells. In turn, tenascin-W increased the 

proliferation and migration of the cancer cells promoting further growth and invasive 

behaviour [305].  

To date tenascin-W has been associated with osteogenesis and cancer. Further 

research including analysis of the tenascin-W null mice will be needed to determine the 

functions of this protein as part of the extracellular matrix during development and in 

adults.  

The tenascin family is involved in cell adhesion and signalling in mammals and 

their members are able to interact with multiple receptors and proteins to exert their 

functions. A summary of their expression in adult, function and reported role of the 

FBG domain of these proteins is presented in Table 1-6 
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Table 1-6. Summary of the expression and functions of tenascin-C, -R, -W and –X.  

Family member Expression in adult Function FBG role 

Tenascin-C Absent from most 

tissues but induced 

upon tissue injury and 

infection 

Influences cell 

behaviour, migration 

and proliferation. 

Contributes to tissue 

repair 

Modulates cell adhesion 

and migration via 

interaction with integrins 

Induces cytokine synthesis 

via activation of TLR4 

Tenascin-R Central nervous 

system 

Organization of 

perineuronal nets. 

Contributes to the 

homeostasis of the 

CNS and synaptic 

plasticity 

Interacts with myelin 

associated glycoprotein 

Induces microglia 

adhesion and migration 

Tenascin-W Bone, kidney, smooth 

muscle and stem cell 

niches 

Osteogenesis  Unknown 

Tenascin-X Loose connective 

tissue, smooth muscle 

and epimysium 

Assembly and 

maintenance of the 

ECM of connective 

tissue 

Interacts with tropoelastin 

and β1 integrins 

Participates in collagen 

type I fibrillogenesis 

Involved in ETM 

transition  

 

 

1.7. Aims 

 

We and others have shown that tenascin-C is associated with the maintenance of 

inflammation in autoimmune diseases such as RA, and that it can induce pro-

inflammatory cytokine synthesis via activation of TLR4. However, it is unknown how 

tenascin-C activates or interacts with this receptor. The aim of my project is to identify 

the key residues within tenascin-C FBG that activate TLR4.  

This aim will be achieved by: 1) comparing the immune activity of the FBG domain 

of tenascin-C (FBG-C) with the FBG domains of the other tenascin family members; 2) 
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determining the active site of FBG-C by peptide mapping; and 3) creating chimeric 

FBG proteins by site-directed mutagenesis to asses gain or loss of the ability to activate 

TLR4.  

The activity of the FBG domains, peptides and mutant proteins will be assessed by 

measuring NF-κB activation in a ThP1 reporter cell line and cytokine synthesis in 

primary human macrophages. Direct binding to TLR4 will be evaluated in vitro using a 

solid phase binding assay.  

Together these results will establish the specific epitopes necessary for the 

activation of TLR4 and the induction of an inflammatory response by the FBG domain 

of tenascin-C. This information will contribute to a better understanding of how 

endogenous molecules activate PRRs. These data might also aid the design of specific 

inhibitors against the pro-inflammatory epitope of tenascin-C.  Inhibitors which target 

tenascin-C-TLR4 signalling may be useful in reducing persistent inflammation in 

chronic inflammatory conditions where tenascin is involved in disease pathogenesis.  
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Chapter 2. Materials and Methods 

 

2.1. Reagents 

 

All reagents were purchased from Sigma unless stated otherwise below. 

Cloning and molecular biology reagents: dNTPs, Phusion HF buffer, Phusion Hot Start 

II DNA Polymerase, T4 DNA ligase, Nde1 and XhoI restriction enzymes, rapid 

digestion buffer, pCRBlunt vector, GeneRuler DNA ladder, 6X DNA gel loading dye 

and GeneJET gel extraction kit were purchased from Thermo Scientific. All the primers 

and agarose were purchased from Invitrogen. IMAGE consortium cDNA clones of 

tenascin-R, -W and -X were purchased from Source bioscience.  

Protein assays reagents: LB broth was purchased from Invitrogen. Carbenicillin was 

purchased from Novagen. HCl and pET32b vector was purchased from Merk.  Ni
2+

 

ProBound resin was purchased from Life technologies. Urea, Coomassie brilliant blue 

R-250, formic acid, acetic acid and tween were purchased from BDH. 30% acrylamide/ 

0.8% bisacrylamide was purchased from Severn Biotech. Imidazole was purchased 

from MP biomedicals. Silver nitrate was purchased from Fisher chemicals. Phosphate 

buffered saline 10 X was purchased from VWR. TMB substrate was purchased from 

KPL. QuikChange II XL Site-Directed Mutagenesis Kit was purchased from Agilent 

Technologies. MAb hTLR4 (clone HTA125) was purchased from Invivogen. Anti-

mouse IgG-HRP was purchased from Biorad. Nunc, Maxisorp 96 well plates was 

purchased from Thermo Scientific. Tetra-his antibody was purchased from Qiagen. 

Recombinant human TLR4 and TLR4-MD-2 were purchased from R&D systems. 

Recombinant TLR4 purity was >95% according to manufacturer and was verified by 

Dr. Anna Piccinini by SDS-PAGE and silver staining.  
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Cell culture reagents: RPMI 1640 was purchased from Lonza. FBS and 

penicillin/streptomycin were purchase from Gibco. LPS from E. coli, Serotype EH100 

(Ra) (TLRgrade™) was purchased from Enzo, life sciences.  Polymyxin B solution was 

purchased from Fluka. Blasticidin, Normocin™, PAb hTLR4 antibody, IgG isotype 

control and CLI-095 TLR4 inhibitor (TAK 242) were purchased from Invivogen. 

 

2.2. Buffers and recipes 

 

TAE buffer 50X: 2 M Tris, 1 M acetic acid, 50 mM EDTA pH 8. 

TBS buffer:  50 mM Tris pH 8, 150 mM NaCl, 0.02 % Na Azide. 

Urea buffer: 8 M urea, 20 mM Tris pH 8.0. 

SDS-PAGE loading buffer: 125 mM Tris HCl pH 6.8, 20% glycerol, 4% SDS, 0.2% 2-

β-ME, 0.001% bromphenol blue. 

TN buffer: 50 mM Tris pH 8, 150 mM NaCl. 

Tris-glycine buffer: 0.06 M Tris base, 0.48 M glycine, 1% w/v SDS. 

SDS-PAGE 12% gel: 

Separating gel 12%: 3 mL of 30% acrylamide/ 0.8% bisacrylamide, 1.87 mL of 4X Tris 

HCl/ SDS pH 8.8, 2.62 mL of H2O, 25 µL of 10% ammonium persulfate, 5 µL of 

TEMED.  

Stacking gel 3.9%: 0.32 mL of 30% acrylamide/ 0.8% bisacrylamide, 0.62 mL of 4X 

Tris HCl/ SDS pH 8.8, 1.52 mL of H2O, 12.5 µL of 10% ammonium persulfate, 2.5 µL 

of TEMED.  
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1.5% Agarose gel: 0.75 g of agarose, 1 mL of TAE buffer 50X, 8 µL ethidium bromide 

in 49 mL of H2O.  

Coomassie blue solution: 0.1% coomassie blue, 50% methanol, 20% acetic acid in H2O. 

Coomassie destainer: 30% methanol, 1% formic acid in H2O. 

 

2.3. Cloning tenascin-R, -W, -X FBG domains 

 

The FBG domains of tenascin-R, -W and -X were cloned as described for 

tenascin-C [89]. The boundaries of the FBG domains of tenascin-R, -W and -X were 

determined using the domain sequences published in Uniprot for the human tenascin-R, 

-W and -X sequence (accession numbers in Table 2-1). Primers were designed by 

adding a His-tag at the N-terminus of the proteins, and a restriction site in the forward 

primer for NdeI and in the reverse primer for XhoI (Table 2-2). PCR was performed 

using 400 nM of each primer, 1 μg DNA template, 200 μM dNTPs, 1X Phusion HF 

buffer and 0.02 units/μL of Phusion Hot Start II DNA Polymerase in a final volume of 

50 μL. The templates used were IMAGE consortium cDNA clones containing full 

length sequence of tenascin-R (ID: 40114168), tenascin-W (ID: 9020609) and tenascin-

X (ID: 5179997). PCR was performed as described in Table 2-3 in Thermocycler PCR 

machine (Biometra). 
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Table 2-1. Features of the FBG domains of tenascin family members. 

FBG Domain Accession 

number 

Amino acid 

position 

Molecular 

Weight (kDa) 

Number of 

amino acids 

pI 

FBG-C human P24821 1974-2201 26.1 229 8.78 

FBG-R human Q92752 1128-1359 27.0 232 8.63 

FBG-W human Q9UQP3 1060-1300 27.6 240 9.18 

FBG-X human P22105 4013-4243 26.1 231 5.54 

 

Table 2-2. Forward and reverse primer sequences of tenascin -R, -W and -X FBG. Each 

sequence has a His-tag (underlined) and a restriction site in the forward primer for NdeI (bold) 

and in the reverse primer for XhoI (bold).  

 

Gene Accession 

number 
Number of 

base pairs  

of FBG 

Base pairs 

position 

Primer 

name 
Sequence Size of 

PCR 

product 
FBG-

R 
NM_0032

85.2 
696 3937-4632 TNR 

FBG 

Forward 

GCC CAT ATG CAT CAT 

CAT CAT CAT CAT GGA 

GGC CGG GTG TTC CCT CAT 
735 

 TNR 

FBG 

Reverse 

GCC CTC GAG TTA GAA 

CTG TAA GGA CTG CCG TTT 

TCT 
FBG-

X 

NM_0191

05.6 
693 12239-

12931 

TNX 

FBG 

Forward 

GCC CAT ATG CAT CAT 

CAT CAT CAT CAT 

ACCTCTTTCACCACGGGT 

732 

 TNX 

FBG 

Reverse 

GCC CTC GAG TTA GCC 

TCC CCC CGC TGG GGA G 

FBG-

W 
NM_0220

93.1 
723 3291-4013 TNW 

FBG 

Forward 

GCC CAT ATG CAT CAT 

CAT CAT CAT CAT  GTT GGT 

GCC CGT TTC CCA 
762 

 TNW 

FBG 

Reverse 

GCC CTC GAG TTA GAA 

CGT TCG CAG CCT TCC TCT 

CAG 
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Table 2-3. Touch down PCR protocol. PCR protocol used to amplify tenascin-R, -W and -X 

FBG domain sequence using IMAGE consortium clones as templates. 

Step Temperature Time Cycles 

Denaturation 94ºC 10 min 1 
1 94ºC 

69ºC 
72ºC 

1 min 3 

2 94ºC 
67ºC 
72ºC 

1 min 6 

3 94ºC 
65ºC 
72ºC 

1min 20 

4 94ºC 
62ºC 
72ºC 

1min 3 

5 94ºC 
60ºC 
72ºC 

1min 3 

Elongation 72ºC 10 min 1 

 

 

5 µL of PCR products were ligated into pCRBlunt vector (1 µL) according to 

manufacturer’s instructions. The clones were sequenced (Eurofins, UK) to ensure no 

errors had been introduced by PCR. The plasmids with the correct inserts were digested 

adding 1 µL Nde1 and XhoI to 5 µL DNA, 4 µL rapid digestion buffer and 39 µL H2O 

(total volume = 50 µL). The reaction was incubated at 37°C for 1 h. To visualise the 

DNA, samples were loaded with 6X DNA gel loading dye in 1.5% agarose gels stained 

with ethidium bromide. Next to the samples, 5 µL DNA ladder (GeneRuler) was loaded 

to determine the band size. Gel tank (Mupid One gel electrophoresis system) was filled 

with 1X TAE buffer and the gel was run for 1 h at 100 V.  Inserts were extracted from 

the agarose using GeneJET gel extraction kit according to manufacturer’s instructions. 

Inserts were then ligated into pET32b using Nde1 and XhoI restriction sites, using 1 µL 

T4 DNA ligase and 2 µL rapid ligation buffer (topped up to 10 µL with H2O) for 1 h at 

room temperature.. The inserts were verified by enzyme restriction digestion as 

explained above. DNA was visualised in 1.5% agarose gels stained with ethidium 
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bromide. pET32b vector was transformed into E. coli BL21 (DE3) cells by heat shock. 

100 ng of DNA was added to 45 µL of bacterial cells and incubated on ice for 30 min. 

Cell were then incubated for 30 s at 42°C and then placed on ice for 2 min. 500 µL of 

LB media was added to the cells and they were grown for 1 h at 37°C, 220 rpm. 

Bacterial cells were plated in LB agarose plates + carbenicillin to select transformed 

colonies. Glycerol stocks were made of the colonies containing the pET32b vector for 

protein expression.  

 

2.4. Expression of the FBG domains in E. coli 

 

2.4.1. Small scale expression 

 

E. coli BL21 (DE3) cells containing pET32b vector including FBG-C, -R, -W or -

X, were inoculated in 2 mL of LB media + 1% glucose and 100 µg/mL carbenicillin, 

and grown overnight at 37 °C, 220 rpm. The next day, the bacterial culture was 

centrifuged for 10 min, 3000 rpm and resuspended in 1 mL of fresh LB media. This was 

used to inoculate 20 mL of LB + 100 µg/mL carbenicillin. The culture was incubated at 

37 °C, 220 rpm until bacterial growth reached an O.D.600 between 0.6 and 0.8. 1mM of 

IPTG was added to induce protein expression for 3 h at 37 °C, 220 rpm. A sample of 

100 µL was taken each hour to monitor protein expression. 

Bacterial culture was centrifuged for 15 min, 3000 rpm and the pellet was washed 

with TBS buffer. Bacterial pellet was resuspended in 1 mL of TBS buffer and cells 

were lysed by sonication using Bioruptor water bath (Diagenode) for 4 cycles (30 sec 

ON, 30 sec OFF). Bacterial solution was centrifuged at 13000 rpm for 5 min at 4°C.  

The supernatant was collected and the pellet was resuspended in 1 mL of TBS buffer. 
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10 µL of each sample + 10 µL of loading buffer were loaded into 12% SDS-PAGE and 

samples were run for approximately 1 h at 20 mA (for details see section 2.6.1). 

2.4.2. Large scale expression 

 

E. coli BL21 (DE3) cells containing pET32b vector including the FBG domain of 

the tenascin family members, were inoculated in 20 mL of LB media + 1% glucose and 

100 µg/mL carbenicillin and grown overnight at 37 °C, 220 rpm.  The culture was 

centrifuged for 10 min, 3000 rpm and resuspended in 10 mL of fresh LB media. This 

was used to inoculate 1 L of LB + 100 µg/mL carbenicillin. The culture was incubated 

at 37 °C, 220 rpm until bacterial growth reached an O.D.600 between 0.6 and 0.8. 1mM 

of IPTG was added to induce protein expression for 3 h at 37 °C, 220 rpm.  

Bacterial culture was centrifuged for 15 min, 3500 rpm and the pellet was washed 

with TBS buffer. Bacterial pellet was resuspended in 40 mL TBS and lysed with French 

Press (Thermo Spectronic) at 1500 pound per square inch (PSI) four times. Bacterial 

solution was centrifuged at 10000 rpm for 15 min at 4°C. The supernatant was 

discarded and the pellet (inclusion bodies) stored at -20 °C until protein solubilisation. 

 

2.5. Purification of FBG domains using Ni
2+

 chromatography 

 

2.5.1. Protein solubilisation 

 

 Inclusion bodies were resuspended in urea buffer + 5 mM β-mercaptoethanol (β-

ME).  The solution was left overnight on a rotator at 4°C to solubilize the proteins in the 

inclusion bodies.  
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2.5.2. Ni
2+

 column chromatography under denaturing conditions 

 

5 mL of Ni
2+ 

beads were placed in a Poly-Prep chromatography column (Bio-

Rad). Beads were washed with 5 column volumes of ultrapure water and equilibrated 

with 5 column volumes of urea buffer. 40 mL of solubilised protein pool was loaded 

into the column and the flow through was collected. The column was washed with 5 

column volumes of urea buffer followed by 20 column volumes of 0.1% triton-X114 in 

urea buffer to remove LPS, and 20 column volumes of urea buffer.  Finally, the FBG 

protein was eluted using 300 mM imidazole in urea buffer. 5 fractions of 5 mL were 

collected. 10 µL of each sample + 10 µL of loading buffer were loaded into 12% SDS-

PAGE gel to visualised protein yields.  

2.5.3. Protein refolding  

 

 After purification, the protein fractions were pooled together and the 

concentration measured at O.D.280 by Nanodrop (Thermo Scientific). The protein 

solution was diluted until O.D.280nm < 0.2 in urea buffer + 20 mM cystamine to avoid 

protein precipitation during dialysis. The diluted protein solution was dialyzed for 4 

days: 

 Day 1 and 2: dialysed for 24 h against TN buffer + 5 mM β-ME, 1 mM 2-

hydroxyethyldisulphide at 4 °C. 

 Day 3 and 4: dialysed for 24 h against TN buffer at 4 °C. 

After refolding, the protein solution was filtered through 0.45 µm Corning® 

Vacuum Filter (CN Membrane) to remove any precipitated protein.  
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2.5.4. Ni
2+

 column chromatography under native conditions 

 

1.5 mL of Ni
2+ 

beads (Bio-Rad) were placed in a Poly-Prep chromatography 

column (Bio-Rad). Beads were washed with 5 column volumes of ultrapure water and 

equilibrated with 5 column volumes of TN buffer. The refolded protein solution was 

loaded into the column and the flow through was collected. The column was washed 

with 5 column volumes of TN buffer followed by 50 column volumes of 0.1% triton-

X114 in TN buffer and 30 column volumes of TN buffer. 20 mM imidazole (in TN 

buffer) was added to remove any unspecific bound protein.  Finally, the FBG protein 

was eluted using 300 mM imidazole in TN buffer. 5 or 6 fractions of 1 mL were 

collected in total and 10 µL of each sample + 10 µL of loading buffer were loaded into 

12% SDS-PAGE gel to visualise protein yields. Fractions were then dialyzed against 

TN buffer to remove imidazole. The concentration of the protein was measured at 

O.D.280 by Nanodrop (Thermo Scientific) and by Bradford assays according to 

manufacturer’s instructions (Bio-rad).  

 

2.6. FBG-C, R, -W, -X protein characterization 

 

2.6.1. Tris-glycine sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

 Protein samples were prepared using 2X loading buffer and boiled for 5 min 

before loaded into the gel. Proteins were separated using 12% SDS-PAGE gels. 6 µL of 

PAGE-ruler plus pre-stained protein ladder were loaded alongside the protein samples 

to estimate their molecular weight. Gels tank (ATTO) was filled with 1x Tris-glycine 

buffer and the gel was run for approximately 1 h at 20 mA. 
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2.6.2. Coomassie staining 

 

Protein gels were stained with Coomassie blue solution for 15 min at RT with 

shaking. Gels were then rinsed and de-stained with Coomassie destainer until bands 

were clear above the background.  

2.6.3. Silver staining  

 

1 µg of each protein was separated by SDS-PAGE and samples were fixed with 

50% methanol, 5% acetic acid solution. Gel was stained with 0.1% silver nitrate 

solution and bands were developed using 0.04% formalin and 2% sodium carbonate 

solution. The reaction was stopped using 5% acetic acid.  

2.6.4. Western blot 

 

Proteins were separated by SDS-PAGE and were electrotransferred using Trans-

Blot
®
 Turbo™ Transfer System to Trans-Blot

®
 Turbo™ Mini Nitrocellulose 

membranes (BioRad). Membranes were blocked with 5% BSA in phosphate buffered 

saline, 0.05% tween-20 (PBST) and then incubated with primary antibody in 2% BSA 

PBST: tetra-his (Qiagen, 1:10000 dilution), anti-human FBG-C (1:500 dilution), anti-

human FBG-R (Santa Cruz, 1:3000 dilution) or anti-human FBG-X (Santa Cruz, 1:3000 

dilution). Membranes were then incubated with secondary antibody in 2% BSA PBST: 

anti-mouse IgG-HRP (Biorad, 1:20000 dilution), anti-rabbit IgG-HRP (Dako, 1:3000 

dilution), or anti-goat IgG-HRP (Santa Cruz, 1:5000 dilution). Protein bands were 

visualized using ECL (Amersham).  

 

 

http://www.bio-rad.com/en-uk/sku/170-4158-trans-blot-turbo-mini-nitrocellulose-transfer-packs
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2.6.5. Circular Dichroism (CD) spectroscopy 

 

200 µL of each sample in TN buffer were analysed using the J-815 Circular 

Dichroism Spectrometer (Jasco). The CD spectrum was measured in the “far UV” 

spectral region (190-250 nm) at 20°C or 85°C. Five repeated measured were taken and 

the average plotted and analysed using Spectra Manager™ II software. CD 

spectroscopy measures the secondary structure of protein in the “far UV” region. 

Characteristic spectra from α-helix, β-sheet and random coils are presented in Figure 

2-1.  

 

Figure 2-1. CD spectrum of α-helix, β-sheet and random coils. α-helix spectrum has a peak 

at 208 and 222 nm, β-sheet spectrum peaks at 215 nm and random coils spectrum show a 

negative peak at 195 nm.  

 

2.6.6. LPS test 

 

The LPS content was measured using the Endpoint Chromogenic LAL Assays 

(Lonza) according to manufacturer’s instructions. 
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2.7. Mutagenesis  

 

Mutant proteins were made using QuikChange II XL Site-Directed Mutagenesis 

Kit (Agilent Technologies). Mutant proteins were designed for FBG-C and FBG-X and 

the amino acids changed are shown in Table 2-4 and Table 2-5.  

Table 2-4. Sequence of FBG-C mutant proteins. Wild type amino acids are coloured in blue 

and mutations are highlighted in red.   

FBG-C   

loop 5 WT 

DKFSVGDAKTRYKLKVEGYSGTAGD 

FBG-C 

mutant 1 

DKFSVGDAATAYKLKVEGYSGTAGD 

FBG-C 

mutant 2 

DKFSVGDAKTRYALAVEGYSGTAGD 

FBG-C 

mutant 3 

DKFSVGDAATAYALAVEGYSGTAGD 

FBG-C 

loop10 WT 

RPSNFRNLEGRRKRA 

FBG-C 

mutant 4 

RPSNFRNLEGGG 

FBG-C 

mutant 5 

DKFSVGDAATAYALAVEGYSGTAGD + 

RPSNFRNLEGGG 

FBG-C  

loop 7 WT 

KDTDSAITNCAL  

FBG-C 

mutant 6 

KDTPSALTSCAL             

FBG-C 

mutant 7 

DKFSVGDAATAYALAVEGYSGTAGD + 

KDTPSALTSCAL    
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Table 2-5. Sequence of FBG-X mutant proteins. Wild type amino acids are coloured in blue 

and mutations are highlighted in red. 

FBG-X loop 5 WT DSFHVDSAAEYYRLHLEGYHG 

FBG-X mutant 1 DSFHVDSAKAKYRLHLEGYHG 

FBG-X mutant 2 DSFHVGDAKTKYRLKLEGYHG 

FBG-X loop 10 WT RNFRSPAGGG  

FBG-X mutant 3 DSFHVGDAKTKYRLKLEGYHG + 

RNFRSPAGRRKRA 

FBG-X loop 7 WT DRDPNSLLISCAVS 

FBG-X mutant 4 DSFHVGDAKTKYRLKLEGYHG + 

RNFRSPAGRRKRA + 

DRDDNSLIINCAVS 

 

 

Specific primers were designed for each mutation; in some cases, the mutations 

were introduced in two steps using 2 sets of primers (Table 2-6). PCR was run 

according to manufacturer’s instructions and adapted to the pET32b vector (Table 2-7). 

The PCR products were transformed into XL10-Gold ultracompetent cells by heat 

shock. Plasmids were isolated using QIAprep Spin Miniprep Kit (Qiagen) and were 

sequenced (Eurofins, UK) to validate the insertion of the mutations. The clones with the 

correct mutant sequences were transformed into E. coli BL21 DE3 cells for protein 

over-expression and purification as described above (section 2.4 and 2.5). Proteins were 

also biochemically and biophysically characterised using SDS-PAGE gels, western 

blots, CD spectroscopy and LPS content was measured as described in section 2.6.6. 
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Table 2-6. Primer sequences used to insert specific mutations in FBG-C and FBG-X.  

Protein Primer sequence 

FBG-C mutant 1 Forward Primer  GTG GGA GAT GCC GCG ACT GCC TAC 

AAG CTG AAG GTG GAG 

Reverse Primer  CAC CTT CAG CTT GTA GGC AGT CGC 

GGC ATC TCC CAC GC 

FBG-C mutant 2 Forward Primer  GCC AAG ACT CGC TAC GCG CTG GCG 

GTG GAG GGG TAC 

Reverse Primer  GTA CCC CTC CAC CGC CAG CGC GTA 

GCG AGT CTT GG 

FBG-C mutant 3 Forward Primer  GTG GGA GAT GCC GCG ACT GCC TAC 

GCG CTG GCG GTG GAG GGG TAC 

Reverse Primer  GTA CCC CTC CAC CGC CAG CGC GTA 

GGC AGT CGC GGC ATC TCC CAC 

FBG-C mutant 4 and 5 Forward Primer  AGC AAC TTC AGA AAT CTT GAA GGC 

GGG GGC TAA CGG GC 

Reverse Primer  GC CCG TTA GCC CCC GCC TTC AAG 

ATT TCT GAA GTT GC 

FBG-C mutant 6 and 7 Forward Primer  GAC AAG GAC ACA CCT TCA GCC CTC 

ACC AGC TGT GCT CTG 

Reverse Primer  CAG AGC ACA GCT GGT GAG GGC TGA 

AGG TGT GTC CTT GTC 

FBG-X mutant 1 Forward Primer  CAC GTA GAC TCG GCT AAG GCG AAG 

TAC CGC CTC CAC TTG 

Reverse Primer  CAA GTG GAG GCG GTA CTT CGC CTT 

AGC CGA GTC TAC GTG 

FBG-X mutant 2 Forward Primer 1 GAC TCC TTC CAC GTA GGC GAT GCT 

AAG GCG AAG TAC CGC  

Reverse Primer 1 GCG GTA CTT CGC CTT AGC ATC GCC 

TAC GTG GAA GGA GTC 

Forward Primer 2 GTA GGC GAT GCT AAG ACG AAG TAC 

CGC CTC AAG TTG GAG GGC 

Reverse Primer 2 GCC CTC CAA CTT GAG GCG GTA CTT 

CGT CTT AGC ATC GCC TAC 

FBG-X mutant 3 Forward Primer 1 TCC CCA GCG GGG AGA CGC AAA CTC 

GAG CAC CAC CAC 

Reverse Primer 1 GTG GTG GTG CTC GAG TTT GCG TCT 

CCC CGC TGG GG 

Forward Primer 2 CCA GCG GGG AGA CGC AAA CGC GCG 

TAG CAC CAC 

Reverse Primer 2 GTG GTG CTA GCG CGC TTT GCG TCT 

CCC CGC TGG 

FBG-X mutant 4 Forward Primer  CGT GAT CGG GAC GAC AAC AGC TTG 

ATC ATC AAC TGC GCT GTC TCC 

Reverse Primer  GGA GAC AGC GCA GTT GAT GAT CAA 

GCT GTT GTC GTC CCG ATC ACG 
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Table 2-7. Mutagenesis PCR steps.  PCR protocol for QuikChange II XL Site-Directed 

Mutagenesis Kit used to amplify FBG-C and FBG-X mutant proteins.   

Step Temperature Time Cycles 

1 95 °C 1 min 1 

2 95 °C 50 s 18 

60 °C 50 s 

68 °C 6 min 

3 68 °C 7 min 1 

 

 

2.8. Peptides 

 

Peptides 1-9 were designed to comprise the entire FBG-C sequence with 

overlapping regions among two contiguous peptides. Additional peptides were made 

including scrambled versions of P5, P6 and P9, different version of FBG-C loop 5 and 

mutant versions of FBG-C loop 5. All peptides were synthesised by BioGenes, they had 

a purity >90% and were provided as a TFA-salt, lyophilised powder. Peptides were 

reconstituted in sterile PBS, and DMSO was added when required for their 

solubilisation. The list of all peptides used is presented in Table 2-8. 
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Table 2-8. Sequences of peptides used in cell and in vitro assays. 

P1 TIGLLYPFPKDCSQAMLNGDTTSGLYTIYL 

P2 YTIYLNGDKAEALEVFCDMTSDGGGWIVFL 

P3 WIVFLRRKNGRENFYQNWKAYAAGFGDRRE 

P4 GDRREEFWLGLDNLNKITAQGQYELRVD 

P5 ELRVDLRDHGETAFAVYDKFSVGDAKTRYK 

P6 KTRYKLKVEGYSGTAGDSMAYHNGRSFST 

P7 RSFSTFDKDTDSAITNCALSYKGAFWYRN 

P8 WYRNCHRVNLMGRYGDNNHSQGVNWFHWKG 

P9 FHWKGHEHSIQFAEMKLRPSNFRNLEGRRKRA 

P5S KGVFLTRYVTDARDVHFDKYGASRELEAKD 

P6S YKGTSDHFRVGSNSRYETSMGKGAATLKY 

P9S AFERHMKWKRKLRGAGHREPELHSNSNRIFQF 

Loop 5-1 KTRYK 

Loop 5-2 GDAKTRYKLKVEG 

Loop 5-3  DKFSVGDAKTRYKLKVEGYSG 

Loop 5-4 AFAVYDKFSVGDAKTRYKLKVEGYSGTAGD 

Loop 5- 

deletion 

GETAFAVYDKFSVGDAVEGYSGTAGDSMAY 

Loop 5-

mutant 1 

AFAVYDKFSVGDAATAYKLKVEGYSGTAGD 

Loop 5-

mutant 2 

AFAVYDKFSVGDAKTRYALAVEGYSGTAGD  

Loop 5-

mutant 3 

AFAVYDKFSVGDAATAYALAVEGYSGTAGD 
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2.9. FBG proteins and peptides activity 

 

2.9.1. ThP1 NF-κB cells 

 

ThP1-Blue™ NF-κB cells (Invivogen) were cultured in RPMI 1640, 10% FBS, 

1% penicillin/streptomycin, 10 µg/ml blasticidin and 100 µg/ml Normocin™.  Cells 

were plated (10
5
 cells/mL) in 96 wells plate and stimulated with different doses of LPS, 

recombinant FBG proteins or peptides. As a control for LPS contamination, the 

different stimuli were pre-incubated for 30 min with 10 µg/mL polymyxin B or boiled 

for 15 min prior cell stimulation. After 24 h, supernatant was collected and the presence 

of SEAP was detected using QUANTI-Blue™ (Invivogen). Absorbance was read at 

620 nm on FluoStar Omega plate reader. Tetrazolium salt (MTT) assay was performed 

to verify cell viability. 10% v/v MTT was added to the cell media and cells were 

incubated for 2 h at 37ºC. Cells were lysed with 10% SDS, 0.01 M HCl and the 

formation of purple formazan was measured at 620 nm on FluoStar Omega plate reader.  

2.9.2. TLR4 protein activity dependency in ThP1 NF-κB cells 

 

ThP1-Blue™ NF-κB cells were culture as explained above. Cells were incubated 

with PAb hTLR4 antibody or IgG isotype control (Inivogen) for 1 h at 37ºC, or with 3 

µM of TLR4 inhibitor TAK 242 (Invivogen) for 6 h at 37ºC prior to cell stimulation. 

Cells were stimulated with 1 ng/mL of LPS, 1 µM of FBG proteins or 100 µM of 

peptides. After 24 h, supernatant was collected and the presence of SEAP was detected 

using QUANTI-Blue™. Absorbance was read at 620 nm on FluoStar Omega plate 

reader. 

  

 



 

 

81 

 

2.9.3. Co-stimulation of ThP1 NF-κB cells with FBG-C and peptides 

 

ThP1-Blue™ NF-κB cells were cultured in RPMI 1640, 10% FBS, 1% 

penicillin/streptomycin, 10 µg/ml blasticidin and 100 µg/ml Normocin™.  Cells were 

plated (10
5
 cells/mL) in 96 wells plate and stimulated with 100 µM of different peptides 

for 30 min at 37ºC. The cells were then stimulated with FBG-C for 24 h at 37ºC. 

Supernatant was collected and the presence of SEAP was detected using QUANTI-

Blue™. Absorbance was read at 620 nm on FluoStar Omega plate reader.  

2.9.4. Primary human macrophages 

Human monocytes were isolated from peripheral blood (London Blood Bank) by 

ficoll gradient and counterflow centrifugation. Cells were plated (1 million cells/mL) in 

RPMI 1640, 5% (v/v) FBS, 1% penicillin/streptomycin and differentiated into 

macrophages for 5 days with 100 ng/mL of M-CSF (Peprotech).  

Macrophages were plated (10
5
 cells/mL) in RPMI 1640, 3% (v/v) FBS and 1% 

penicillin/streptomycin for 24 h before stimulation with different doses of LPS, 

recombinant FBG proteins or peptides. As a control for LPS contamination, the 

different stimuli were pre-incubated for 30 min with 10 µg/mL polymyxin B or boiled 

for 15 min prior cell stimulation. Macrophages were stimulated for 24 h, the media was 

collected and cytokines levels detected by ELISA (BD Biosciences) according to the 

manufacturer’s instructions. Absorbance was read at 450 nm on FluoStar Omega plate 

reader and data analysed using Omega software.  

MTT assay was performed to verify cell viability. 10% v/v MTT was added to the 

cell media and cells were incubated for 2 h at 37ºC. Cells were lysed with 10% SDS, 
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0.01 M HCl and the formation of purple formazan was measured at 620 nm on FluoStar 

Omega plate reader.  

2.9.5. TLR4 protein activity dependency in primary human macrophages 

 

Primary human macrophages were obtained and cultured as explain above. Cells 

were incubated with PAb hTLR4 antibody or IgG isotype control for 1 h at 37ºC, or 

with 3 µM of TLR4 inhibitor TAK 242 for 6 h at 37ºC prior to cell stimulation. 

Macrophages were stimulated with 1 ng/mL of LPS, 1 µM of FBG proteins or 100 µM 

of peptides. After 24 h, the media was collected and cytokines levels detected by 

ELISA according to the manufacturer’s instructions. Absorbance was read at 450 nm on 

FluoStar Omega plate reader and data analysed using Omega software.  

 

2.10. Solid phase binding assay 

 

2.10.1. Equal coating with FBG and TLR proteins 

 

Nunc, Maxisorp 96 well plates were coated with 1 µg/ml solution of recombinant 

FBG proteins, TLR4 or TLR4-MD-2 in PBS. The plate was incubated with shaking 

overnight at 4°C. Non-specific binding was blocked with 10% BSA in PBST for 2 h at 

room temperature with shaking. MAb hTLR4 (Invivogen), FBG-C antibody or tetra-his 

(Qiagen) was added at a final concentration of 1 µg/ml in 2% BSA/PBST and incubated 

with shaking for 1 h at room temperature. Secondary antibody anti-mouse IgG-HRP 

(Biorad) or anti-rabbit IgG-HRP (Dako) (1:1000 dilution) in PBST was added and 

incubated with shaking for 1 h at room temperature. Colorimetric reaction was started 

adding TMB substrate and incubating for 5 min in the dark. Colour development was 
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stopped using 6% sulphuric acid solution and plates were read at 450 nm in FluoStar 

Omega plate reader.  

2.10.2. Solid phase binding assay detecting TLR4 

Nunc, Maxisorp 96 well plates were coated with 1 µg/ml solution of recombinant 

FBG proteins in PBS and incubated with shaking overnight at 4°C. Unspecific binding 

was blocked with 10% BSA in PBST for 2 h at room temperature with shaking. TLR4 

was added at a maximum concentration of 27 µg/ml followed by a series dilution 1:3 in 

2% BSA/PBST and incubated with shaking for 2 h at room temperature. MAb hTLR4 

(Invivogen) was added at a final concentration of 1 µg/ml in 2% BSA/PBST and 

incubated with shaking for 2 h at 4°C. Secondary antibody anti-mouse IgG-HRP 

(Biorad, 1:1000 dilution) in PBST was incubated with shaking for 1 h at room 

temperature. Colorimetric reaction was started by adding TMB substrate and incubated 

for 10 min in the dark. Colour development was stopped using 6% sulphuric acid 

solution and plates were read at 450 nm in FluoStar Omega plate reader.  

2.10.3. Blocking TLR4-FBG-C in vitro binding with peptides  

 

Nunc, Maxisorp 96 well plates were coated with 1 µg/ml solution of recombinant 

FBG proteins in PBS and incubated with shaking overnight at 4°C. Unspecific binding 

was blocked with 10% BSA in PBST for 2 h at room temperature with shaking. TLR4 

was pre-incubated with 200 µM of peptides for 1 h at room temperature. This was then 

added at a maximum concentration of 27 µg/ml followed by a series dilution 1:3 in 2% 

BSA/PBST and incubated with shaking for 2 h at room temperature. MAb hTLR4 was 

added at a final concentration of 1 µg/ml in 2% BSA/PBST and incubated with shaking 

for 2 h at 4°C. Secondary antibody anti mouse IgG-HRP 1:1000 dilution in PBST was 

incubated with shaking for 1 h at room temperature. Colorimetric reaction was started 
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by adding TMB substrate and incubated for 10 min in the dark. Colour development 

was stopped using 6% sulphuric acid solution and plates were read at 450 nm in 

FluoStar Omega plate reader.  

 

2.11. In-silico analysis of homology and protein modelling.  

 

All protein sequences were obtained from the UniProt Knowledge database and 

the accession numbers are presented in Table 2-9, with the exception of the FBG 

domain of B. floridae and C. savignyi, which predicted sequences were taken from 

[306]. Pairwise alignments were performed using Clustal Omega 1.2.1. Alignments 

were coloured using Jalview software. Multiple sequence alignments were performed 

using Clustal Omega and coloured according to the Clustal colour scheme. 

SWISSMODEL [307] was used to generate tenascin FBG structural models based on 

the structure of the C-terminus fibrinogen γ chain (PDB: 1FID) [308].  Protein models 

were coloured and structurally analysed using Pymol Molecular Graphics System, 

Version 1.7.4 Schrödinger. Docking of TLR4 and FBG-C was performed in the 

automated docking software ClusPro [309] and using ICM. ICM protein docking was 

performed by Brian D. Marsden. Briefly, the model of the FBG-C domain was docked 

into the TLR4 dimer using the fourier transform protein:protein docking method within 

ICM using standard parameters and with post-prediction refinement enabled. The 

structure of TLR4-MD-2-LPS (PDB code 4G8A) [128] was used as a basis for 

protein:protein docking with the tenascin FBG domain homology model generated 

within ICM. The MD-2-LPS components of this structure were removed. The 

glycosylations of the TLR4 molecules were retained but all waters and crystallographic-

condition molecules were removed. 5000 models were generated and those with loop 5 

and 7 interactions within 3.5Å with TLR4 were retained.  
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Table 2-9. FBG domains examined by multiple sequence alignment analysis. 

FBG Domain Accession number 

FBG-C S. scrofa Q29116 

FBG-C M. musculus Q80YX1 

FBG-C R. norvegicus B2LYI9 

FBG-C B. taurus A0JN60 

FBG-C G. gallus P10039 

FBG-C D. rerio Q4FAI8 

FBG-C T. rubripes Q7SZG1 

Angiopoietin 1 Q15389 

Angiopoietin 2 O15123 

Angiopoietin 4 Q9Y264 

Angiopoietin-related protein 1 O95841 

Angiopoietin-related protein 2 Q9UKU9 

Angiopoietin-related protein 3 Q9Y5C1 

Angiopoietin-related protein 4 Q9BY76 

Angiopoietin-related protein 5 Q86XS5 

Angiopoietin-related protein 6 Q8NI99 

Angiopoietin-related protein 7 O43827 

Fibrinogen β chain C-terminus P02675 

Fibrinogen ϒ chain C-terminus P02679 

Fibroleukin Q14314 

FIBCD-1 Q8N539 

Ficolin-H 075636 
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Ficolin-L Q15485 

Ficolin-M O00602 

Tenascin-C P24821 

Tenascin-R Q92752 

Tenascin-W Q9UQP3 

Tenascin-X P22105 

FreP P. parvimensis P19477 

FreP B. glabrata G3LHF9 

FreP T. tridentatus Q9U8W8 

FreP S. domuncula Q5W4Y8 

 

2.12. Statistics 

 

The data mean ± standard error of the mean (SEM) or standard deviation (SD), 

and statistical analysis were calculated using GraphPad Prism 6 software. Multiple 

group means were analysed by one-way analysis of variance, followed by the Dunnett 

multiple comparisons test, where appropriate. Two-tailed, un-paired or paired t-test was 

used for experiments involving only two groups. P values less than 0.05 were 

considered significant. 
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Chapter 3.  Comparative analysis of the immune function of the 

tenascin family members 

 

3.1.  Introduction 

 

The aim of my project is to determine the key amino acids within tenascin-C FBG 

domain (FBG-C) that activate TLR4 to better understand how endogenous molecules 

trigger the immune system. In addition, this information will be used to design specific 

inhibitors of tenascin-C-TLR4 signalling that may be useful in treating RA.  

To identify specific sequences of FBG-C essential for TLR4 activation, the first 

approach I will use is to compare the immune activity of the tenascin family members. 

The tenascin family comprises tenascin-C, -R, -W and -X and they all have an FBG 

domain at the C-terminus. Pairwise alignment of the sequences of the FBG domain of 

the tenascin family members revealed that they are highly conserved, exhibiting 50-

60% sequence identity (Table 3-1). The ability of the FBG domains of tenascin-R, -W 

and -X (FBG-R, -W and -X) to induce an inflammatory response hasn’t been 

determined, but tenascin-C is the only member that is induced during tissue damage and 

infection independently of the injury site. Here, I will assess the activity of the FBG-C, 

-R, -W and -X by measuring NF-κB activation in ThP1 cells, cytokine synthesis in 

primary human macrophages and direct binding to TLR4 in a solid phase binding assay. 

I will then look for common sequences among the proteins that can activate TLR4 and 

differences among the proteins that lack inflammatory activity. In this manner, I will be 

able to establish which specific sequences are required for TLR4 activation. Moreover, 

these data will reveal for the first time if other members of the tenascin family are able 

to induce an inflammatory response.  
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Table 3-1. Identity among the FBG domains of human tenascin-C, -R, -W and -X (FBG-C, 

-R, -W and -X). Pairwise alignment analysis was performed with Clustal Omega software to 

determine the % of identity among the FBG protein sequences.   

  FBG -C FBG -X FBG -R 

FBG-X 52.89 % - - 

FBG-R 59.65 % 54.67 % - 

FBG-W 53.02 % 49.56 % 55.74 % 

 

 

3.2. Cloning of FBG-R, -W and –X 

 

FBG-C was expressed and purified as described previously [89]. The same 

approach was used to recombinantly synthesise FBG-R, -W and -X. PCR was 

performed to amplify the sequences of human FBG-R, -W and X and primers were 

designed to add an His-tag at the N-terminus for purification, and restriction sites (NdeI 

and XhoI) for cloning.  

 

The DNA sequence of each FBG domain was first ligated into the pCRblunt 

vector, cloning validated by restriction enzyme digestion and verification of the correct 

size of the insert by gel electrophoresis (Figure 3-1). DNA was extracted from the gel 

and sequenced. The sequences of FBG-R, FBG-W and FBG-X were correct for all the 

clones validated. FBG-R, -W and -X were then cloned into the pET32b expression 

vector and the insert was verified by restriction enzyme digestion (Figure 3-2). This 

vector was transformed into E. coli BL21 (DE3) cells for protein over-expression. 
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Figure 3-1. Cloning FBG -R, -W and -X into the pCRblunt vector. Each tenascin FBG was 

cloned initially into pCRblunt vector and the insert was verified by restriction digestion. On 

each gel, lane 1: Control, undigested vector. Lane 2: Vector digested with NdeI and  XhoI. 

FBG-R (735 bp), FBG-W (762 bp) and FBG-X (732 bp) were successfully cloned into 

pCRblunt vector. 1.5% agarose gel stained with ethidium bromide. 

 

 

Figure 3-2. Cloning FBG-R, -W and -X into the pET32b vector. Each tenascin FBG was 

cloned into pET32b vector using NdeI and XhoI restriction sites and the insert was verified by 

restriction digestion. On each gel, lane 1: Control, undigested vector. Lane 2: Vector digested 

with NdeI and  Xho. FBG-R (735 bp), FBG-W (762 bp) and FBG-X (732 bp) were successfully 

cloned into pET32b vector. 1.5% agarose gel stained with ethidium bromide.  
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3.3.  Expression of FBG-R, -W and -X protein 

 

The expression of FBG-R, -W and -X was assessed first in a small scale (20 mL) 

culture. Protein expression was induced by adding IPTG and monitored for 3 h. After 3 

h, bacteria were lysed and the soluble and insoluble fraction (inclusion bodies) 

separated by centrifugation. FBG-R, -W and -X were successfully expressed and 

located in the inclusion bodies fraction (Figure 3-3 A) similarly to FBG-C [89]. 

Western blotting with an anti-His antibody confirmed that the induced bands at ~27 

kDa were the proteins of interest (Figure 3-3 B).   

 

Figure 3-3. Successful small scale expression of FBG -R, -W and -X. E. coli BL21 DE3 cells 

were cultured + or – IPTG for 3 hours. A sample of the bacterial culture was taken every hour 

to monitor protein expression (1, 2 and 3 hours). Bacterial lysate was centrifuged at 3 h to 

separate supernatant (S/N) or soluble fraction from the inclusion bodies (pellet).  A. 12 % SDS 

gel stained with Coomassie blue. B. Anti- His tag Western blot. FBG-R (27.0 kDa), FBG-W 

(27.6 kDa), FBG-X (26.1 kDa) FBG proteins are located in the inclusion bodies of the bacterial 

lysate. 10 µL of each sample was loaded on each well. 

 

After verifying protein expression, the bacterial cultures were scaled up to 1 L to 

produce larger amounts of FBG-R, -W and -X. Large scale protein expression during 3 
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h was confirmed by SDS-PAGE gel electrophoresis and most of the protein was found 

in the inclusion bodies. Different levels of expression were observed for each FBG, 

where the expression of FBG-W was higher than FBG-R and –X (Figure 3-4). The 

inclusion bodies were solubilised in urea buffer for protein purification.  

 

Figure 3-4. Large scale expression of FBG-R, -W and -X. Protein expression was induced 

during 3 h by adding IPTG to 1 L of bacterial culture. Lane 1: sample of bacterial culture 3 h 

after protein expression induction with IPTG. Lane 2: Soluble fraction from bacterial lysate. 

Lane 3: Inclusion bodies from bacterial lysate. FBG-R (27.0 kDa), FBG-W (27.6 kDa), FBG-X 

(26.1 kDa). FBG proteins are located in the inclusion bodies fraction. 12 % SDS gel stained 

with Coomassie blue. 10 µL of each sample was loaded on each well.  

 

3.4.  Protein purification and characterization  

 

3.4.1. Protein purification  

The recombinant FBG proteins contain an N-terminal His-tag sequence that 

allows purification using Ni
2+

 chromatography.  The first step in the purification of the 

FBG domain of tenascin family members was a Ni
2+

chromatography under denaturing 

conditions. This enables protein purification from other contaminant proteins in the 

inclusion bodies, after which it was refolded for 4 days by dialysis. The protocol was 

optimised for each protein according to their isoelectric points as this could affect the 

recovery of the protein after refolding.  
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Once the protein was refolded, the protein solution was loaded into a second Ni
2+ 

column to concentrate and remove LPS contamination.  Triton X-114 was added to the 

2
nd

 wash to remove LPS. A solution of 0.1% triton X-114 has been proved to be an 

effective method to remove LPS from protein samples without affecting protein activity 

[310, 311]. Protein was eluted with imidazole and 5 or 6 fractions of 1 mL each were 

collected (Figure 3-5).  

 

Figure 3-5. FBG-C, -R, -W, -X purification using Ni
2+

 chromatography. On each gel, lane 1: 

start material, refolded protein solution. Lane 2: Flow through. Lane 3: first wash with TN 

buffer. Lane 4: Triton X-114 wash. Lane 5: second wash with TN buffer. Lane 6: 20 mM 

Imidazole wash. Lane 7: 1° FBG fraction. Lane 8: 2° FBG fraction. Lane 9: 3° FBG fraction. 

Lane 10: 4° FBG fraction. Lane 11: 5° FBG fraction. Lane 12:  6° FBG fraction. 12 % SDS gel 

stained with Coomassie blue. 10 µL of each sample was loaded on each well.  

 

Western blot using antibodies against the His-tag or specific for the FBG domain 

of each protein were used to confirm protein identity of each of the fractions after 

protein purification (Figure 3-6). Antibodies against the FBG domain of tenascin-W are 

not commercially available, therefore only anti-His tag western blot was performed for 

this protein. The fractions free from protein contaminants were pooled and dialysed 



 

 

94 

 

against TN buffer to remove the imidazole and afterwards, the protein concentration 

was measured. On average the yields for each protein per 1 L of bacterial culture were: 

FBG-C: 5.3 mg; FBG-R: 2.31 mg; FBG-W: 2.46 mg; and FBG-X: 1.2 mg.  

 

Figure 3-6. Anti-His tag western blot of FBG-C, -R, -W and -X and anti-FBG western 

blots of FBG-C, -R and -X protein fractions from Ni
2+

 chromatography. Protein identity 

was confirmed by western blots using antibodies against the His tag (A) or the FBG domain 

(B).  Lane 1: start material, refolded protein solution.  Lane 2: flow through. Lane 3: first wash 

with TN buffer. Lane 4: Triton X-114 wash. Lane 5: second wash with TN buffer. Lane 6: 20 

mM Imidazole wash. Lane 7: 1° FBG fraction. Lane 8: 2° FBG fraction. Lane 9: 3° FBG 

fraction. Lane 10: 4° FBG fraction. Lane 11: 5° FBG fraction. Lane 12:  6° FBG fraction. 10 µL 

of each sample was loaded on each well.  
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3.4.2. Protein characterization 

 

To verify the protein purity after Ni
2+

 chromatography, 1 µg of protein was 

loaded into a SDS gel. Silver staining showed that all the proteins after purification are 

pure and do not contain contaminants from other proteins (Figure 3-7 A). An additional 

band was observed in FBG-W sample, which could correspond to a protein variant 

formed during the refolding process; or to incomplete protein reduction after treatment 

with β-ME resulting in two contiguous bands when run in the SDS gel. Anti-His 

western blot was performed to confirm protein identity on these samples (Figure 3-7 B).  

 

 

Figure 3-7. SDS PAGE characterization of FBG-C, -R, -W and -X. A. Protein purity was 

verified by silver staining of 1 µg of FBG-C, -R, -W and -X. B. Anti-His tag western blot of 1 

µg of FBG-C, -R, -W and -X. 
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The LPS content of each FBG was measured using the chromogenic LAL assay 

and all proteins were found to contain less than 10 pg/mL of LPS.  To verify protein 

refolding, circular dichroism (CD) spectroscopy was used. This technique allows 

assessment of changes in protein secondary structure. Each tenascin FBG domain had a 

negative peak in their spectra near 220 nm at 20 ºC (Figure 3-8 A), which was lost at 

85°C, indicating that these proteins were originally refolded (Figure 3-8 B). Together 

these data showed that the purification of the FBG domain of the tenascin family 

members was successful, all the protein samples contain less than 10 pg/mL of LPS and 

are refolded.  
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Figure 3-8. Circular dichroism (CD) spectroscopy measurements of FBG-C, -R, -W and -

X. 200 µL of each sample in TN buffer were analysed using the J-815 Circular Dichroism 

Spectrometer. The CD spectra were determined in the “far UV” spectral region (190-250 nm).  

FBG-C CD spectra A. Negative control: TN buffer (red); positive control: reference refolded 

FBG-C (brown); and FBG-C sample (blue) B. CD spectra of FBG-C sample at 20 °C (red) and 

at 85 °C (blue). FBG -R, -W and -X C. CD spectra of negative control: TN buffer (blue); FBG-

R, -W and -X sample (red) D. CD spectra of FBG-R, -W and -X sample at 20 °C (red) and at 85 

°C (blue).  
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 Correct protein refolding was also assessed by gel filtration to verify that the 

samples obtained were not refolded as protein aggregates. Gel filtration showed a small 

peak corresponding to the protein dimer and a large peak corresponding to the protein 

monomer, which is the most abundant form in the refolded material (Figure 3-9 A). 

These results were corroborated by SDS gel under non-reducing conditions, where it is 

shown that the protein is refolded mainly as a monomer using these conditions (Figure 

3-9 B).  

 

Figure 3-9. Gel filtration chromatography of FBG-C. A. Chromatograph of FBG-C fractions 

during gel filtration purification using Superdex 75 column (GE healthcare). First peak 

correspond to fractions containing protein dimer and second peak correspond to fractions 

containing protein monomer. B. SDS-PAGE gel under non-reducing conditions showing 

fractions from gel filtration column corresponding to the first peak (protein dimer) and second 

peak (protein monomer). 12 % SDS gel stained with Coomassie blue. 10 µL of each sample 

was loaded on each well.  
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3.5. Protein activity in ThP1 NF-κB cells 

 

3.5.1. Optimisation of protein activity assay in ThP1 NF-κB cell line 

 

The ThP1 NF-κB cell is a monocytic cell line, which has an NF-κB reporter gene. 

Upon activation of TLR4, NF-κB transcription factor is translocated to the nucleus to 

activate the transcriptional machinery of pro-inflammatory genes. This cell line has a 

soluble embryonic alkaline phosphatase (SEAP) gene downstream of NF-κB activation 

which is secreted to the media. The amount of SEAP in the media correlates with the 

activation of NF-κB and it is measured using QUANTI-Blue™, a colorimetric reagent. 

The cell line was optimised to be used as a screening protocol to determine FBG protein 

activity, as it is a quick method to assess activation of NF-κB transcription factor 

downstream of TLR activation. To determine the optimal dose and time point for 

assessing NF-κB activation in this cell line, ThP1 NF-κB cells were stimulated with 

different doses of LPS or FBG-C, and NF-κB activation was measured at different time 

points. The results showed that 0.5 ng/mL of LPS or 0.5 µM of FBG-C is sufficient to 

induce similar levels of NF-κB activation, and a robust reading after cell stimulation 

was obtained at 24 h (Figure 3-10). 
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Figure 3-10. Time course and dose response of NF-κB activation in ThP1 NF-κB cells. A. 

Cells were stimulated with different doses of LPS or FBG-C or left unstimulated (-) and after 24 

h NF-κB activation was measured using QUANTI-Blue™. B. Cells were stimulated with 1 

ng/mL of LPS or 1 µM FBG-C and NF-κB activation was measured using QUANTI-Blue™ at 

different time points. Data shown as mean ± SEM, N=3 independent experiments. One-way 

ANOVA vs time 0 h or non-stimulated, *p<0.05, **p<0.01, ***p<0.001. 
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To confirm that the FBG-C activity was not due to LPS contamination, LPS and 

FBG-C were pre-incubated with polymyxin B for 30 min, or boiled for 15 min prior to 

cell stimulation. Polymyxin B binds to lipid A chain of LPS and inhibits pathogenic 

activation of TLR4, however it doesn’t affect the FBG-C activity. Boiling the samples 

doesn’t affect LPS activity but denatures the protein, inhibiting FBG-C activity (Figure 

3-11).  

 

Figure 3-11, Effect of polymyxin B (PMB) and boiling on LPS and FBG-C activity in 

ThP1 NF-κB cells. Cells were left unstimulated (-) or stimulated with LPS or FBG-C pre-

incubated with PMB for 30 min or boiled for 15 min. NF-κB activation was measured using 

QUANTI-Blue™. Data shown as mean ± SEM, N=4 independent experiments. Paired t-test vs 

non-treated, ***p<0.001. 

 

Further characterisation of this cell line revealed that the levels of SEAP in the 

media and NF-κB activation diminished after several passages (Figure 3-12 A). In 

addition, ThP1 NF-κB cells expressed very low levels of pro-inflammatory cytokines 

(IL-6, IL-8 and TNF), even when NF-κB transcription factor was activated (Figure 3-12 

B).  
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Figure 3-12. Characterization of ThP1 NF-κB cells. A. Cells from different passages were 

stimulated with 0.5 ng/mL of LPS or left unstimulated (-) and NF-κB activation was measured 

after 24 h using QUANTI-Blue™. Data shown as mean ± SEM, N=3. B. Cells were stimulated 

with different doses of LPS or left unstimulated (-) and NF-κB activation was measured after 24 

h using QUANTI-Blue™; or cytokine synthesis was measured by ELISA. Data shown as mean 

± SD, N=2 independent experiments. 

 

Together these data demonstrated that the ThP1 NF-κB cell line is a quick 

screening method to measure FBG protein activity via activation of the NF-κB 

transcription, but it is not suitable to measure cytokine synthesis by FBG-C. 
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3.5.2. Activity of the FBG domain of tenascin family members in ThP1 NF-κB cells 

 

The activity of the recombinant proteins FBG-R, -W and -X was measured in the 

ThP1 NF-κB cells. FBG-R and -W can induce the activation of NF-κB in a dose 

dependent manner similarly to FBG-C, but very little activation was observed for FBG-

X. In addition, MTT assay was performed to check cell viability in the presence of the 

recombinant proteins. No effect was observed in cell viability after stimulation with the 

FBG domain of the tenascin family members compared to non-stimulated cells (Figure 

3-13).  

 

Figure 3-13. FBG-C, -R, -W and -X activation of NF-κB in ThP1 NF-kB cells. A. ThP1 NF-

κB cells were left unstimulated (-) or stimulated with different doses of FBG-C, -R, -W and -X 

for 24 h and NF-κB activation was measured using QUANTI-Blue™. B. MTT assay of ThP1 

NF-κB cells stimulated with different doses of FBG-C, -R, -W and -X or left unstimulated (-) 

for 24 h. Data shown as mean ± SEM, N=3 independent experiments. One-way ANOVA vs 

non-stimulated, *p<0.05, **p<0.01, ***p<0.001. 
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FBG-C, -R, -W and -X were treated with polymyxin B or boiled to verify that 

protein activity was not due to LPS contamination. The activity of FBG-C, -R and -W 

was not inhibited by the treatment with polymyxin B; however it was lost by boiling 

due to protein denaturation. FBG-X activity was affected by polymyxin B treatment 

indicating that the low activity of FBG-X could be due to low levels of LPS 

contamination (Figure 3-14).  

 

 

Figure 3-14. FBG-C, -R and -W activity in ThP1 NF-κB cells is not due to LPS 

contamination. ThP1 NF-κB cells were left unstimulated (-) or stimulated with 0.5 ng/mL of 

LPS or 0.5 µM of FBG-C, -R, -W and -X incubated for 30 min with polymyxin B (PMB) or 

boiled for 15 min. NF-κB activation was measured after 24 h using QUANTI-Blue™. Data 

shown as mean ± SEM, N=3 independent experiments. Paired t-test PMB or boiled vs non-

treated, *p<0.05.  
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3.6. Protein activity in primary human macrophages 

 

Measuring protein activity in ThP1 NF-κB cell line is an effective and quick 

method to determine the activation of NF-κB transcription factor by inflammatory 

stimuli. However, these cells produce low levels of cytokines after FBG or LPS 

stimulation and a more relevant system is required to measure the protein ability to 

induce pro-inflammatory cytokines. Thus, the protein activity of FBG-R, -W and -X 

was also evaluated in primary human macrophages and cytokine synthesis was 

measured by ELISA. Similarly to FBG-C, FBG-R and -W could induce IL-6, IL-8 and 

TNF in a dose dependent manner. However, FBG-X did not induce IL-6, and induced 

very little TNF and IL-8 compared to the other FBG domains of the tenascin family 

members (Figure 3-15 A). MTT assays were performed and showed that stimulation of 

primary human macrophages with the FBG domain of the tenascin family members 

didn’t affect cell viability compared to non-stimulated cells (Figure 3-15 B).  
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Figure 3-15. FBG-C, -R and -W can induce pro-inflammatory cytokines in primary 

human macrophages. A. Primary human macrophages were left unstimulated (-) or stimulated 

with different doses of FBG-C,-R, -W and -X pre-treated with PMB for 30 min. Cytokine 

synthesis was measured after 24 h by ELISA. B. MTT assay of primary human macrophages 

non-stimulated (-) or stimulated with different doses of FBG-C, -R, -W and -X for 24 h. Data 

shown as mean ± SEM, N=3 independent donors. One-way ANOVA vs non-stimulated, 

*p<0.05, **p<0.01, ***p<0.001. 

 

To verify that cytokine induction was not due to LPS contamination of the protein 

samples, FBG-C, -R, -W and -X were treated with polymyxin B for 30 min or boiled 

for 15 min. Polymyxin B treatment inhibited LPS cytokine induction but did not affect 

the activity of FBG-C, -R and -W. However, FBG-X activity was affected by 

polymyxin B indicating low levels of LPS contamination. Boiling did not inhibit LPS 

cytokine induction in macrophages but denatured FBG-C, -R, -W and -X and reduced 

their pro-inflammatory activity (Figure 3-16).  
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Figure 3-16. FBG-C, -R and -W activity is not due to LPS contamination. Primary human 

macrophages were left unstimulated (-) or stimulated with 1 ng/mL of LPS or 1 µM of FBG-C, 

-R, -W or -X for 24 h. Samples were previously incubated for 30 min with polymixyn B (PMB) 

or boiled for 15 min. Cytokine synthesis was measured by ELISA. Data shown as mean ± SEM, 

N=3 independent donors. Paired t-test vs non-treated, *p<0.05, **p<0.01, ***p<0.001. 
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3.7. TLR4 dependency of FBG-C, -R and -W  

 

3.7.1. ThP1 NF-κB cells  

 

FBG-C has been shown to induce cytokine synthesis by activating TLR4 in 

immune cells [89]. For that reason, I investigated if the pro-inflammatory activity of 

FBG-R and -W is also TLR4 dependent. The first approach was to use a polyclonal 

TLR4 function-blocking antibody. TLR4 antibody doses were titrated in ThP1 NF-κB 

cells stimulated with LPS or FBG-C. TLR4 antibody was effective at inhibiting LPS 

activity at a concentration of 1, 10 and 25 µg/mL, but no significant effect was observed 

in the cells stimulated with FBG-C. MTT assay was performed to verify that the doses 

used didn’t affect cell viability (Figure 3-17).  

 

Figure 3-17. Titration of anti-human TLR4 antibody (Ab) in ThP1 NF-κB cells. A. ThP1 

NF-κB cells were pre-incubated for 1 h with different doses of the TLR4 Ab or isotype control, 

prior to stimulation with 0.5 ng/mL of LPS or 0.5 µM of FBG-C. NF-κB activation was 

measured after 24 h using QUANTI-Blue™. B. MTT assay of ThP1 NF-κB cells pre-incubated 

for 1 h with different doses of the TLR4 antibody or isotype control, prior stimulation with 0.5 

ng/mL of LPS or 0.5 µM of FBG-C during 24 h. (-) unstimulated cells. Data shown as mean ± 

SEM, N=3 independent experiments. 
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 Another approach used to determine TLR4 dependency was pre-incubating the 

cells with a TLR4 inhibitor (TAK 242). A titration of doses of TAK 242 was performed 

in the ThP1 NF-κB cells using LPS and FBG-C as positive controls. TAK 242 is 

dissolved in DMSO, and a DMSO solution at the highest equivalent concentration used 

was added as a control. TAK 242 was very efficient at inhibiting LPS activity at a 

concentration >1 µM, but it didn’t inhibit FBG-C activity in ThP1 NF-κB cells. The 

MTT assay confirmed that the TLR4 inhibitor is not toxic to the cells, even at high 

concentration (10 µM). A similar pattern of inhibition was observed when the cells 

were stimulated with the different FBG domains of the tenascin family members. While 

TAK 242 was not able to significantly reduce the activity of these proteins, it could 

successfully inhibit LPS-induced NF-κB activation in ThP1 NF-κB cells (Figure 3-18). 

Together, these data showed that the activation of NF-κB by FBG-C is different 

compared to LPS and confirm LPS-independent activity of FBG-C, -R and -W.  
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Figure 3-18. Titration of the TLR4 inhibitor TAK 242 in ThP1 NF-κB cells. A. ThP1 NF-

κB cells were pre-incubated for 6 h with different doses of the TLR4 inhibitor TAK 242 or 

DMSO control, prior stimulation with 0.5 ng/mL of LPS or 0.5 µM of FBG-C. NF-κB 

activation was measured after 24 h using QUANTI-Blue™. B. MTT assay of ThP1 NF-κB cells 

pre-incubated with TAK 242 or DMSO and stimulated with 0.5 ng/mL of LPS or 0.5 µM of 

FBG-C during 24 h. C.  ThP1 NF-κB cells were pre-incubated for 6 h with 3 µM of TAK 242 

or DMSO control, PMB for 30 min or boiled for 15 min, prior stimulation with 0.5 ng/mL of 

LPS or 0.5 µM of FBG-C, -R, -W or -X during 24 h. NF-κB activation was measured after 24 h 

using QUANTI-Blue™. Data shown as mean ± SEM, N=3 independent experiments. 



 

 

111 

 

3.7.2. Cytokine synthesis in primary human macrophages  

 

TLR4 dependency was also tested in primary human macrophages, as previously 

reported for FBG-C [89], to determine if FBG-R and -W were inducing cytokine 

synthesis via this receptor. Primary human macrophages were pre-incubated with 3 µM 

of TAK 242, a dose that has been shown to effectively inhibit LPS and DAMP-induced 

TLR4 activation [312-314]. In primary human macrophages, TAK 242 significantly 

inhibited the induction of cytokines by LPS, FBG-C, -R and -W (Figure 3-19). The 

percentage of inhibition of TAK 242 was higher for LPS (>90% inhibition) compared 

to the FBG proteins (65-85 % inhibition). Among all cytokines, IL-8 showed the lowest 

levels of inhibition by TAK 242 when cells were stimulated with the FBG proteins (67-

79% inhibition) (Table 3-2).    

 

Figure 3-19. TAK 242 can inhibit cytokine induction by LPS, FBG-C, -R and -W. Primary 

human macrophages were pre-incubated for 6 h with 3 µM of TAK 242, prior stimulation with 

1 ng/mL of LPS or 1 µM of FBG-C,-R, -W. Cytokine synthesis was measured after 24 h by 

ELISA. (-) unstimulated cells. Data shown as mean ± SEM, N=3 independent donors. Paired t-

test vs non-treated, *p<0.05, **p<0.01, ***p<0.001. 
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Table 3-2. % of inhibition of LPS, FBG-C, -R and -W activity by TLR4 inhibitor TAK 

242. 

Stimulus IL-6 IL-8 TNF 

LPS 93.59 91.97 98.97 

FBG-C 83.53 79.22 82.95 

FBG-R 76.95 67.72 68.23 

FBG-W 72.85 76.18 78.00 

 

A function-blocking anti-TLR4 antibody was also used in primary human 

macrophages to determine TLR4 dependency. A dose of 25 µg/mL was chosen as it 

was shown previously to block effectively protein activity on these cells [89]. TLR4 

antibody significantly inhibited the activity of LPS, FBG-C, -R and -W (Figure 3-20). 

More specifically, it was very effective at inhibiting TNF and IL-6 synthesis by LPS, 

FBG-C, -R and -W. Lower levels of inhibition were observed for IL-8 induction by LPS 

and FBG-W (Table 3-3).  
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Figure 3-20. TLR4 antibody (Ab) can inhibit cytokine synthesis by LPS, FBG-C, -R and -

W. Primary human macrophages were pre-incubated for 1 h with 25 µg/mL of TLR4 Ab or 

isotype control, prior stimulation with 1 ng/mL of LPS or 1 µM of FBG-C,-R, -W. Cytokine 

synthesis was measured after 24 h by ELISA. (-) unstimulated cells. Data shown as mean ± 

SEM, N=3 independent donors. Paired t-test vs non-treated, *p<0.05, **p<0.01, ***p<0.001. 

 

Table 3-3. % of inhibition of LPS, FBG-C, -R and -W activity by TLR4 antibody. 

Stimulus IL-6 IL-8 TNF 

LPS 97.31 67.58 97.83 

FBG-C 99.84 82.71 99.78 

FBG-R 100 98.82 98.48 

FBG-W 95.54 47.39 93.15 

 

Together these data showed that FBG-R and -W also signal through TLR4 and 

induce cytokine synthesis similarly to FBG-C. 
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3.8. Solid phase binding to TLR4 

 

To assess direct binding of FBG-C to TLR4, a solid phase binding assay was 

developed. Dr. Anna Piccinini established a protocol where 96 MaxiSorp well plates 

were coated with TLR4 and different domains of tenascin-C were then added in a dose 

dependent manner to determine their binding affinity to the receptor. The data showed 

that only FBG-C binds to TLR4 while other domains, including the FNIII repeats (1-3, 

3-5 and 6-8), do not bind to the receptor or to wells coated with PBS as a negative 

control. In addition, it was investigated if FBG-C could bind to other members of the 

TLR family. The wells were coated with TLR2, TLR3 or TLR4 and FBG-C was added 

in a dose dependent manner. The results showed that FBG-C binds with the highest 

affinity to TLR4, and with lower affinity to TLR2, while it does not bind to TLR3 

(Figure 3-21).   

 

 

Figure 3-21. Solid phase binding assay of tenascin-C domains to TLRs. A. 96 well plates 

were coated with TLR4 or PBS and different tenascin-C domains were added in a dose 

dependent manner. Curve fitted using one binding site (hyperbola) function and data is shown 

as mean ± SEM, N=3 for FBG-C, N=2 for fibronectin-type 3 repeats. FN 1-3: fibronectin-type 

3 repeats 1-3. FN 3-5: fibronectin-type 3 repeats 3-5, FN 6-8: fibronectin-type 3 repeats 6-8. B. 

96 well plates were coated with TLR4, TLR2, TLR3 or PBS and FBG-C were added in a dose 

dependent manner. Curve fitted using one binding site (hyperbola) function and data is shown 

as mean ± SEM, N=3 for TLR4, N=2 for TLR2 and TLR3. 
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This method relies on detecting the FBG domain using an anti-FBG antibody. 

Due to the lack of antibodies for all the FBG domains of the tenascin family members, 

the solid phase binding assay was then reversed. Specifically, I coated 96 wells plates 

with the FBG domains and TLR4 was added in a dose dependent manner to determine 

the affinity of the two proteins using the dissociation constant (KD value). Additionally, 

it was investigated if FBG-C could bind to TLR4 when it is in complex with MD-2. 

MD-2 is a co-receptor necessary for the activation of TLR4 by LPS. Our group have 

previously found that FBG-C activation of TLR4 does not require MD-2 [89]. Previous 

to assessing the FBG domains affinity to TLR4 in this assay, it was verified that the 

wells were coated to the same extent with TLR4, TLR4-MD-2 and the FBG domain 

proteins as shown in Figure 3-22. These results showed that there is no difference in the 

signal obtained when coated with the FBG domains of the tenascin family members or 

TLR4 proteins.  

 

Figure 3-22. Equal coating of 96 wells plate with TLR4, TLR4-MD-2 and FBG-C, -R, -W 

and -X. A. 96 well plate was coated with 1 µg/mL of TLR4, TLR4-MD-2 and FBG-C and the 

coating was detected using specific antibodies against these proteins. B. 96 wells plate was 

coated with 1 µg/mL of FBG-C, -R, -W and -X and the coating was detected using anti-His 

antibody. Data is shown as mean ± SEM, N=3. 
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Next, I tested the TLR4 affinity to the FBG domains of the tenascin family 

members. TLR4 exhibited similar binding curves to FBG-C, -R and -W, and bound to 

these proteins with a KD ~50-60 nM. However, TLR4 did not bind to FBG-X. These 

data correlate with the protein activity observed in ThP1 NF-κB cells and primary 

human macrophages for each FBG domain of the tenascin family (Figure 3-23).   

 

Figure 3-23. Solid phase binding of TLR4 to FBG-C, -R, -W and -X. 96 well plates were 

coated with 1 µg/mL FBG-C,-R, -W, -X or PBS and TLR4 was added in a dose dependent 

manner. N.d.: not determined. Curve fitted using one binding site (hyperbola) function and data 

is shown as mean ± SEM, N=3 independent experiments. KD was determined using GraphPad 

Prism 6 software.  
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Finally, the ability of TLR4-MD-2 to bind to FBG-C was assessed. TLR4-MD-2 

binding to FBG-C was significantly lower compared to TLR4, with a KD: 251.98 nM 

(Figure 3-24). These results showed a 5 fold difference in binding of TLR4-MD-2 to 

FBG-C compared to TLR4, suggesting that FBG-C could be competing with MD-2 to 

bind to the same place in the receptor. 

 

Figure 3-24. Solid phase binding of TLR4 and TLR4-MD-2 to FBG-C. 96 well plates were 

coated with 1 µg/mL of FBG-C or PBS and TLR4 or TLR4-MD-2 was added in a dose 

dependent manner. Curve fitted using one binding site (hyperbola) function and data is shown 

as mean ± SEM, N=3 independent experiments. KD was determined using GraphPad Prism 6 

software. Paired t-test vs TLR4, **p<0.01. 
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3.9. Discussion 

 

Tenascin-C is highly expressed during tissue injury and infection, and the FBG 

domain of this protein is responsible for inducing inflammation via activation of TLR4 

[89, 213, 214]. In this chapter, I have assessed the ability of the other members of the 

tenascin family to initiate an inflammatory response similarly to tenascin-C. I have 

shown for the first time that FBG -R and -W can induce the activation of the NF-κB 

transcription factor in ThP1 NF-κB cells and the synthesis of pro-inflammatory 

cytokines in primary human macrophages. In contrast, FBG-X was not able to induce 

an inflammatory response to the same extent as the other tenascin family members. 

Blocking TLR4 using a TLR4 antibody and a TLR4 inhibitor (TAK 242), showed 

that FBG-R and -W also signal through TLR4 to induce the expression of cytokine in 

primary human macrophages, similarly to FBG-C. Moreover, solid phase binding 

assays corroborated that FBG-C, -R and -W bind directly to TLR4 with similar affinity, 

while FBG-X did not bind. These data indicate that a common mechanism of action is 

shared among the tenascin family members, which will serve to elucidate how the FBG 

domain is able to activate and interact with TLR4.  

3.9.1. FBG-C, -R and -W can induce an inflammatory response 

 

Human recombinant FBG-R, -W and -X were made as previously described for 

FBG-C using a bacterial expression system.  E. coli protein expression was chosen as it 

generated higher yields of protein per litre of culture compare to a mammalian 

expression system. A disadvantage of the bacterial expression system is that the FBG 

domains are found in the insoluble fraction and proteins required refolding. In addition, 

proteins can be contaminated with LPS as being produced in E. coli.  However, LPS 
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was sufficiently removed from protein preparations using triton-X-114 washes during 

protein purification. In addition, bacterial expression does not introduce any post-

translational modification to proteins compared to mammalian expression systems, and 

it was previously shown that FBG-C does not required any post-translational 

modification to exert its function [89].  

  I have shown that FBG-R can induce the activation of NF-κB transcription 

factor in ThP1 cells as well as cytokine synthesis in primary human macrophages. 

Tenascin-R is constitutively expressed in adulthood in the central nervous system. 

However, it is also up-regulated after spinal cord injury to mice in the lesion area [315, 

316] and tenascin-R mRNA levels increased after optic nerve lesion and astrocytic 

activation by oligodendrocytes [317]. As part of the perineuronal nets, tenascin-R 

restricts synaptic plasticity and inhibits axonal regrowth and remodelling after injury. 

Thus, tenascin-R null mice recovered better after spinal cord injury compared to wild 

type mice [316]. In vitro studies have shown that the inhibitory effect of tenascin-R in 

neurite outgrowth is due to the interaction of the EGF-like repeats with the adhesion 

molecule F3/11 in the neural outgrowth core [267].  Immunization of rats with a 

polyclonal antibody against the EGF-L of tenascin-R resulted in increased axonal 

plasticity and sprouting and improved functional recovery after spinal cord injury [318]. 

Together these data showed that tenascin-R is up-regulated in CNS injury and blocking 

this protein could be beneficial to enhance the recovery after spinal cord injury.  

Different domains of tenascin-R have demonstrated distinct effects in vitro on 

microglial cells.  FNIII 6-8 and the FBG domain of tenascin-R can increase microglia 

adhesion and migration, while the EGF-like repeats is an anti-adhesive substrate for 

microglia and inhibits their migration. Moreover, it was found that FNIII 6-8 and EGF-

L domains can induce the expression of cytokines by microglia including chemokine-
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induced cytokine 3 and TNF, as well as different growth factor such as nerve growth 

factor and brain-derived neutrophic factor [272]. However, in this study it wasn’t 

evaluated if the FBG domain could induce cytokine synthesis in microglia. My data 

suggest that FBG-R can activate macrophages and could potentially induce the 

activation of microglia or astrocytes, since these cells express TLR4 and are essential in 

the inflammatory response in the CNS. However, further studies are necessary to 

experimentally demonstrate this hypothesis.  

Unlike tenascin-C that is little expressed in healthy adults, tenascin-R is 

constitutively expressed in the CNS suggesting that another level of regulation is 

needed to control its inflammatory effects on microglia. Tenascin-R is normally part of 

the perineuronal net, a complex extracellular matrix structure that is degraded as a 

consequence of tissue injury. It could be hypothesised that the proteolysis of the ECM 

may release discrete domains of tenascin-R which have a different biological activity 

compared to full length tenascin-R.  Tenascin-R is also over-expressed after CNS injury 

and the soluble version of the protein compared to the one assemble to the matrix could 

result in a more active version of it. Further studies are required to understand the 

regulation of tenascin-R during inflammation and the role of FBG-R in tissue injury in 

the CNS, specifically the ability of full length tenascin-R vs FBG-R to activate and 

induce the expression of cytokines by microglia both in vitro and in vivo. 

FBG-W was also able to induce NF-κB activation and cytokine synthesis 

similarly to FBG-C. Tenascin-W is not normally expressed in healthy tissue but, like 

tenascin-C, it becomes up-regulated in solid tumours including colorectal and breast 

cancer [304],  oligodendroglioma, astrocytoma and glioblastoma [319], pancreatic and 

kidney carcinomas, melanomas and lung tumours  [303]. Tenascin-W expression in 

different types of solid tumours makes it as a better biomarker than tenascin-C for 
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tumour detection and prediction [303]. Moreover, elevated levels of tenascin-W have 

been found in the sera of patients with breast or colorectal cancer suggesting a link 

between the expression of this protein and the development of cancer [304]. Tenascin-

W is the most recently discovered family member and very little is known about its 

function. However, in the context of cancer, in vitro studies showed that tenascin-W 

may contribute to the metastasis of mammary tumour cells expressing α8 integrin by 

increasing their migratory behaviour, but the domain exerting this function hasn’t been 

determined [300]. TNF can induce the expression of tenascin-W, as well as tenascin-C, 

in mouse embryonic fibroblast, suggesting that tissue injury and inflammation could 

contribute to the expression of this protein [300].  TLR4 has also been shown to be up-

regulated in different types of cancer including colorectal, liver, pancreatic and breast 

cancer [320]. Under inflammatory conditions, the activation of TLR4 and the NF-κB 

pathways have been linked to increased cancer cell migration and invasion [321, 322]. 

Furthermore, LPS activation of TLR4 promoted cancer cell survival and proliferation in 

hepatocellular carcinoma cell lines [323]. It could be speculated that tenascin-W 

expression by stromal cells could activate TLR4 in cancer cells and promote cell 

migration, proliferation and survival.  This effect could be mediated by the FBG 

domain of tenascin-W, which could also participate in the activation of tissue resident 

macrophages and contribute to the pro-inflammatory niche of the tumour stroma.  

FBG-X wasn’t able to activate the NF-κB transcription factor or cytokine 

synthesis at the same level as the other tenascin family members. Tenascin-X is 

expressed in loose connective tissue in adults and in vivo models of wound healing have 

shown that it plays a role in the maturation of the extracellular matrix after wound 

closure increasing the strength of the wound [289]. In vitro, FBG-X is able to interact 

with collagen I and tropoelastin, contributing to the organization of the extracellular 
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matrix and mediating the stability and maturation of the elastic skin fibres [275, 287]. 

Tenascin-X has been also shown to influence epithelial-to-mesenchymal transition via 

the interaction of its FBG domain with the small latent complex of TGF-β (SLC), 

producing a conformational change that exposes active TGF-β.  This mechanism is 

dependent on the binding of the FBG domain to α11β1 integrin in the cell surface [293] 

suggesting a distinct binding site for the integrin and SLC.  

Altogether these data show that similarly to FBG-C, FBG-R and -W can induce 

an inflammatory response. Unlike tenascin-C that is expressed during inflammation 

indistinctively of the injury site, tenascin–W is up-regulated in cancer but tenascin-R 

and -X are constitutively expressed. Further studies are necessary to understand the 

regulation of expression of tenascin-R and tenascin–W in disease, which form of the 

protein is inducing cytokine synthesis (full length vs discrete domains; soluble vs 

matrix-assembled) and corroborate in vitro data in animal models to verify their 

function in vivo.  

3.9.2. FBG-C, -R and -W activity is TLR4-dependent 

 

I have shown that the induction of cytokine synthesis by FBG-C, -R and -W is 

TLR4-dependent in primary human macrophages. Previous work determined that FBG-

C signals through TLR4 using bone marrow derived macrophages from TLR4 null mice 

and a function-blocking anti-human polyclonal TLR4 antibody [89]. The same TLR4 

antibody was also used in this case to determine FBG-R and FBG-W TLR4-dependent 

protein activity in primary human macrophages. Additionally, TAK 242, an 

intracellular specific TLR4 inhibitor, was used to corroborate these results. TAK 242 

binds to Cys747 of TLR4 intracellular domain and hinders the interaction of this 

domain with the adaptor molecules essential to trigger the signalling cascade 
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downstream of TLR4 [324]. TAK 242 is very effective inhibiting TLR4 activation by 

LPS at a lower dose (1 µM) and it has been used as a tool to establish TLR4-dependent 

function of other DAMPs including fibronectin EDA [325] and HMGB1 [313] using 

similar doses to those in this study (3 µM).  

My results showed diverse levels of inhibition for LPS and the FBG domain of 

the tenascin family members. TAK 242 efficiently inhibited LPS-induced cytokine 

synthesis (>90% inhibition). However, different levels of inhibition were observed for 

the FBG domain of the tenascin family member: TAK 242 wasn’t able to inhibit the 

synthesis of IL-8 by more than 79%. Anti-TLR4 antibody was very effective inhibiting 

the expression of IL-6 and TNF, but lower levels of inhibition were observed for the 

induction of IL-8 by LPS and FBG-C and -W. In summary, the expression of IL-8 was 

less affected compared to the other cytokines assessed using the TLR4 blocking agents.  

IL-8 is a cytokine that can be induced also by TNF via the p38 pathway in 

monocytes [326]. A dose of 10 ng/mL of TNF is sufficient to robustly induce IL-8 

mRNA expression more than 20 fold in rheumatoid synovial fibroblasts [327]. Residual 

levels of TNF were observed for FBG-R and FBG-W after TAK 242 treatment (31.77% 

and 22% respectively) and might have contributed to the low expression of IL-8. For 

example, in the presence of TAK 242, 32.28% and 23.82% of IL-8 was expressed by 

cells stimulated with FBG-R and FBG-W respectively compared to non-treated cells. 

The TLR4 antibody was able to inhibit effectively TNF and IL-6 expression in human 

macrophages after stimulation with FBG-C, -R and -W (>90% inhibition). 

Nevertheless, an incomplete inhibition in IL-8 synthesis was observed for FBG-C and 

FBG-W suggesting a different mechanism of TLR activation compared to LPS.  
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Our group found that FBG-C doesn’t require MD-2 or CD14 to activate TLR4 

[89], but it is still not known if it requires other co-receptors to induce an inflammatory 

response. Some DAMPs require only CD14 to activate TLR4 such as lactoferrin [159] 

and surfactant protein A, D [151, 160]; or only MD-2 to activate this receptor such as 

fibronectin extra domain A [161].  Other DAMPs, such as hyaluronan, require different 

co-receptors to form a complex with TLR4 involving CD44 and MD-2 [162].  FBG-C 

can also interact with αvβ3 integrin promoting cell adhesion [198, 328] and the 

sequence involved in integrin binding is highly homologous among the FBG domains 

of the tenascin family members. Other studies have linked αvβ3 with inflammation as it 

is able to contribute to the inflammatory response exerted by primary human 

macrophages. αvβ3 ligation promotes the activation of the NF-κB transcription factor 

inducing the secretion of TNF in primary human macrophages, and can increase the 

mRNA levels of pro-inflammatory cytokines including IL-8 and IL-6. This effect was 

enhanced when primary human macrophages were stimulated with LPS suggesting that 

αvβ3 engagement contribute to the differentiation of macrophages into a sustained pro-

inflammatory phenotype [329]. Tenascin-C has been shown to induce IL-6 in peritoneal 

macrophages from mice via activation of αvβ3 and the NF-κB pathway [238]. It could 

be hypothesised that FBG-C might also be acting through this receptor contributing to 

the inflammatory response already mounted by the activation of TLR4. This theory 

could also explain why blocking TLR4 in ThP1 NF-κB cells didn’t inhibit completely 

the activation of the NF-κB transcription factor by FBG-C.  

Another hypothesis is that FBG-C could also activate TLR2. Other extracellular 

matrix proteins that activate TLR4 can also exert their function via TLR2 including 

biglycan [155], decorin [152], versican [330] and hyaluronan fragments [162, 331]. 

Other DAMPs such as HMGB1 can signal through TLR2 and TLR4 in RAW264.7 
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macrophages [332]. In addition, HMGB1 is able to induced IL-8 expression in mature 

human chondrocytes [333]  which has been shown to expressed TLR1 and TLR2 [334]. 

Triggering the inflammatory response after ligand binding to TLR4 or TLR2 is very 

similar: the intracellular domains of TLR4 and TLR2 recruit the same adaptor 

molecules and they activate similar signalling pathways including MyD88 and NF-κB 

[335]. Moreover, they are confined to microdomains of the lipid rafts on the plasma 

membrane of monocytes after bacterial stimulation [336]. Previously, our group has 

published that bone marrow derived macrophages and embryonic fibroblast from TLR2 

null mice did not present a defect in the expression of IL-6 after FBG-C stimulation. 

Similarly, functional blocking antibody against human TLR2 did not affect TNF 

synthesis in primary human macrophages by FBG-C [89]. However, the impact on IL-8 

production hasn’t been assessed. The solid phase binding assay revealed that FBG-C 

could bind to TLR2 with low affinity compared to TLR4. Activation of TLR2 by FBG-

C could also contribute to the activation of NF-κB and could also explain why blocking 

TLR4 in ThP1 cells didn’t inhibit completely NF-κB activation as observed with LPS. 

Further studies are needed to understand the contribution of αvβ3 and TLR2 in the 

inflammatory response induced by FBG domain of the tenascin family members. Other 

approaches that could be used is assessing the activity of the proteins in TLR4 or TLR2 

null cells, as it has been shown before for FBG-C [89], or using function blocking 

antibodies for αvβ3 integrin. Altogether these data suggest that the FBG proteins have a 

different mechanism of activation of TLR4 compared to pathogenic stimuli.  

In summary, FBG-C, -R and -W can signal through TLR4 to induce the 

expression of pro-inflammatory cytokines in primary human macrophages suggesting a 

conserved mechanism or epitope among these proteins to activate this receptor. This 

hypothesis is going to be assessed and discussed in chapter 4.  
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3.9.3. FBG-C, -R and –W can bind in vitro to TLR4 

 

A solid phase binding assay was developed to assess the ability of the FBG 

proteins to interact directly with TLR4. Firstly, it was confirmed that the FBG was the 

only domain of tenascin-C that could interact with TLR4. These data corroborate 

previous studies where FBG-C was the only domain being able to induce an 

inflammatory response via TLR4 to the same extent as full-length tenascin-C [89]. The 

other domain of tenascin-C that can induce inflammation is the FNIII 3, but it acts 

through the activation of α9 integrin [239]. In addition, the solid phase binding assay 

revealed that FBG-C binds with the highest affinity to TLR4 and with low affinity to 

TLR2, while no biding was observed for TLR3. These results suggest that FBG-C could 

be also a ligand for TLR2 as discussed above. However, FBG-C binds with higher 

affinity to TLR4 and exerts its inflammatory function mainly through this receptor.  

FBG-C, -R and -W could bind in vitro to TLR4; in contrast, FBG-X did not show 

binding to this receptor. These data corroborate the results obtained in ThP1 NF-κB 

cells and in primary human macrophages where FBG-R and -W were able to induce an 

inflammatory response similarly to FBG-C, but FBG-X couldn’t induce the same level 

of activation. The dissociation constants (KD) of the FBG domains of the tenascin 

family members to TLR4 were ~50-60 nM. The solid phase binding assay is a 

commonly used technique to measure affinity constants as it is easy to perform, 

sensitive, quantitative and allows comparison of different samples in the same 

experiment. Another sensitive method commonly used to determine the dissociation 

constant is surface plasmon resonance (SPR).  Briefly, a protein is immobilised on the 

surface of an SPR crystal. Then, a second protein is added in a solution and, as the 

proteins form a complex, an increase in the SPR signal measuring the association rate is 
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registered in response units. Finally, a solution without the protein is added to measure 

the dissociation rate and from these values the equilibrium dissociation constant can be 

calculated. This method allows measuring the interaction among proteins in real time 

but specialised equipment (i.e. BiaCore) is needed to perform the experiments.  Each in 

vitro technique can result in a different value in the KD calculated, and this has to be 

taken into consideration when comparing results obtained using different methods. For 

example, the binding affinity of TLR4-MD-2 measured by SPR is 62.9 nM [337]. 

However, in a solid phase binding assay, the KD estimated was 12 nM for the TLR4-

MD-2 complex [338].   

In the laboratory of Prof. Nick Gay (University of Cambridge) other in vitro 

methods were used to interrogate the direct interaction among FBG-C and TLR4, such 

as analytical gel filtration and gel shift assay. In these experiments, proteins were 

incubated together for 30 min at room temperature and then loaded into a gel filtration 

column or native gel. However, these methods did not show direct binding among the 

proteins, indicating differences in protein interactions in solution compared to methods 

where the proteins are immobilised. It would be interesting and more physiologically 

relevant to measure protein-protein interaction in live cells, especially the interaction of 

cell surface receptors with the extracellular matrix. Endogenous HMGB1 has been 

shown to interact with TLR4 in synovial fibroblast using proximity ligation assay [150]. 

This method consists of targeting the proteins in cells with a specific antibody raised in 

different species. Then, secondary species-specific antibodies are added that contain 

short DNA strands which can interact with each other. After joining of the two added 

oligonucleotides by enzymatic ligation, they are amplified via rolling circle 

amplification, and the duplicated DNA is labelled to highlight the product. This results 

in high concentration of fluorescence in each single-molecule amplification product 
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which is visible with a fluorescence microscope. HMGB1 has also been shown to 

interact with TLR4 and TLR2 using FRET in RAW264.7 cells [339]. This technique 

measures the interaction among two proteins labelled with a donor or acceptor 

chromophore, where the energy transfer only occurs when the molecules are in close 

proximity. FRET has been used to determine TLR dimerization and interaction with 

other molecules [110, 340, 341]. Both of these methods are highly sensitive and specific 

and could be used to corroborate the results obtained in in vitro assays.  

The KD value has been estimated for the LPS and TLR4 complex, including the 

other co-receptors required for the activation of TLR4. LPS binds to TLR4-MD-2 

complex with high affinity (KD= 3nM). Additionally, the KD of other DAMPs in 

complex with TLRs has been determined (Table 3-4). For example, the KD of surfactant 

protein D-TLR4 was 15.8 nM [151] and S100A12 protein affinity to TLR4 was of 92 

nM [157]. Microscale thermophoresis showed that the extracellular matrix protein 

biglycan binds to TLR-4 with a KD of 28 ± 8 nM [94]. These values are in the range of 

the binding affinity of the FBG proteins to TLR4.  
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Table 3-4. Affinity constants (KD) for protein complexes including TLR4.  

Protein complex KD Method used Reference 

LPS-CD14 8.7 µM SPR [342] 

LPS-MD-2 2.33 µM SPR [342] 

LPS-TLR4 14.1 µM SPR [342] 

LPS-MD-2-TLR4 3 nM 
3
H-lipid A binding assay [126] 

TLR4-MD-2 62.9 nM SPR [337] 

TLR4-MD-2 12 nM Solid phase binding assay [338] 

HMGB1-TLR4-MD-2 1.5 uM SPR [150] 

HMGB1- MD-2 12 nM SPR [163] 

Surfactant protein D-TLR4 15.8 nM Solid phase binding assay [151] 

S100A12-TLR4 92 nM SPR [157] 

Biglycan-TLR4 28 nM Microscale thermophoresis [94] 

Decorin-TLR4 37 nM Microscale thermophoresis [152] 

 

In summary, the dissociation constants determined for endogenous molecules are 

higher compared to the KD of LPS to TLR4-MD-2 complex. These findings stress the 

difference in inflammatory processes induced by endogenous and pathogenic stimuli. In 

the context of sterile inflammation, an immune response is favoured towards tissue 

repair, cell proliferation and wound regeneration. In contrast, after infection, the 

immune system needs to mount a quick response to contain the spread of 

microorganisms and prevent more tissue damage. In addition, some of these 

endogenous molecules are constitutively expressed in the tissue in healthy conditions 

and only when they are over-expressed, secreted by cells or degraded from the ECM, 

they become largely available to be detected as a danger signal suggesting that the 

threshold level of detection for these molecules is higher.  
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Finally, the binding assay showed that FBG-C binds with lower affinity to TLR4 

when it is in complex with MD-2 (KD: 251.98 nM). These data corroborate previous 

findings that FBG-C does not require MD-2 to activate TLR4 [89]. The low affinity 

binding observed for FBG-C to TLR4-MD-2 could be due to a small proportion of the 

TLR4 not being in complex with MD-2. The human recombinant proteins are 

purchased already in complex and I was not able to determine the % of TLR4 or MD-2 

that were not bound. MD-2 is the only known protein that has been co-crystallised with 

TLR4, binding to the concave interface of the receptor and bridging with a second 

TLR4 to induce dimerization and activation [116].  It could be speculated that FBG-C 

might not require MD2 to bind to TLR4 because it occupies the same space in the 

receptor. To assess this hypothesis, future work could include competition assay in vitro 

where the ability of TLR4 to form a complex MD-2 could be hindered by pre-

incubating the receptor with FBG-C.  

 

3.10. Summary 

In conclusion, I have shown for the first time that FBG -R and -W can induce the 

activation of the NF-κB transcription factor in ThP1 NF-κB cells and the synthesis of 

pro-inflammatory cytokines in primary human macrophages by activating and binding 

to TLR4, similarly to FBG-C. In contrast, FBG-X was not able to induce an 

inflammatory response or bind to TLR4. In the next chapter, I will perform an in silico 

analysis of the sequences of the tenascin family members to determine the amino acids 

sequences that are common among FBG-C, -R and -W and different to FBG-X. 

Additionally, I will use peptide mapping to determine the region of FBG-C implicated 

in TLR4 activation.  
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Chapter 4. Identification of candidate residues that mediate FBG 

domain activation of TLR4 

 

4.1. Introduction 

 

In the previous chapter, I demonstrated that the FBG domains of tenascin -C, -R 

and -W, but not -X, can induce an inflammatory response via activation of TLR4. In 

this chapter, I aim to determine the amino acids potentially involved in TLR4 activation 

and binding by the FBG domains using in silico analysis and peptide mapping. Multiple 

sequence alignments will be used to identify the common regions in FBG-C, -R and -

W, and differences in the amino acid composition compared to FBG-X. I will also use 

peptide mapping to dissect specifically the regions of FBG-C required for TLR4 

activation. I’ll assess the ability of 9 overlapping peptides comprising the entire 

sequence of FBG-C to activate NF-κB in ThP1 cells and cytokine synthesis in primary 

human macrophages. Together these data will highlight potential amino acid sequences 

in the tenascin FBG domains involved in the activation of TLR4.  
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4.2. Sequence homology of the tenascin family members 

The sequences of the tenascin family FBG domains are 50-60% identical (Table 

3-1). To examine the sequences of active FBG domains (-C, -R and -W) and compare 

them to the inactive FBG-X, I used multiple alignment analysis. In this approach, the 

sequences of FBG-C, -R, -W and -X are aligned according to their identity, but also the 

amino acids are grouped and coloured according to their property (hydrophobic, 

positive or negatively charged, polar, etc.). This analysis confirmed the high degree of 

conservation among the FBG domains of the tenascin family members, especially 

towards the C-terminus of the proteins (Figure 4-1). There are regions of hydrophobic 

amino acids (blue) and columns of positively charged amino acids (red), which are 

highly homologous among the proteins. The positions of the 4 cysteines are also 

conserved suggesting a similar pattern of folding. Regions which are different among 

the FBG domains were also observed, for example in the middle section of the proteins 

(amino acids 100-150), where there is less conservation in their sequence. Looking for 

sequences common for the active FBG proteins (FBG-C, -R, -W) and different to FBG-

X, it was found that, at the C-terminus, FBG-X is the only family member without a 

cluster of positively charged amino acids (see red box, Figure 4-1), suggesting that this 

region could potentially be involved in TLR4 activation or binding. 
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Figure 4-1. Homology between the FBG domains of the human tenascin family members. 

Multiple alignment analysis determined conserved regions between the FBG domains of 

tenascin family members using Clustal Omega software. The alignment was coloured according 

to the Clustal colour scheme. Light blue: hydrophobic. Red: positively charged. Green: Polar. 

Pink: conserved column of cysteine. Violet: negatively charged. Orange: glycine. Yellow: 

proline. Cyan: aromatics. Red box indicates differences in the amino acid composition of FBG-

X compared to FBG-C, -R and –W.  

 

4.3. Modelling the FBG domain of the tenascin family members 

 

Sequence comparison showed regions of high homology, and differences, among 

the FBG domain of the tenascin family members. It is also important to compare the 

structure of the proteins, where similarities and differences might be found in the 

distribution of the amino acids in FBG-C, -R, and -W compared to FBG-X. The 

structure of the FBG domains of the tenascin family members hasn’t been determined. 

For that reason, the proteins were modelled using the published structure of the C-
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terminus fibrinogen γ chain. Fibrinogen is a large glycoprotein comprising pairs of 

three non-identical polypeptide chains (α β γ)2, which radiate out from a central nodule 

containing the N-terminus of each peptide (Figure 4-2 A). The C-terminal regions of the 

β and γ chain each form a 30 kDa globular domain that is absent in the chain and 

which exhibits a unique fold and structure containing three distinct sub-domains: A, B 

and P (Figure 4-2 B)  [308].    

 

Figure 4-2. Fibrinogen and its C-terminal globular domain. A. Schematic structure of 

fibrinogen showing the central nodule, coiled coil domain and α, β and γ C-terminus domain. B. 

3D structure of the γ C-terminus globule showing its constituent 3 sub-domains: A (blue), B 

(red) and P (yellow).  The A sub-domain is located in the N-terminus and contains a twisted 

three-stranded antiparallel β sheet flanked by a short helix, and the first disulphide bond 

(Cys153 – Cys182) which anchors the helix to the middle strand of the sheet. The B sub-

domain is located in the centre of the structure and contains a seven-stranded antiparallel β 

sheet with two short helices and a hairpin loop aligned against one its faces. The middle strand 

of the B domain is made up of a segment of residues that appears sequentially after amino acids 

that make up the third sub-domain. The P sub-domain has little regular secondary structure and 

is composed predominantly of loops. One lobe of the P domain contains 2 short helices and the 

second disulphide bond (Cys326 – Cys329) in the structure. This image was modified from 

[308] protein data bank (PDB) number 1FID, and coloured using PyMOL Molecular Graphics 

System.  

 

Pairwise alignment showed 30-40% protein identity among the sequences of the 

FBG domain of the tenascin family members and C-terminus of the fibrinogen γ and β 

chains (Table 4-1). Proteins were modelled using SWISS-MODEL software based on 

the C-terminus fibrinogen γ chain. The models of the FBG domain of the tenascin 

family members showed a pattern of folding and sub-domain organisation similar to 
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fibrinogen γ chain. Sub-domain A is located in the N-terminus and contains β sheets, a 

short helix and the first disulphide bond. The B sub-domain is located in the centre of 

the structure and comprises antiparallel β-sheets with two short helices similar to 

fibrinogen. In the C-terminus is located the P sub-domain, which has little regular 

secondary structure and is composed predominantly of loops. It contains the second 

disulphide bond and only one α-helix, differing from the fibrinogen γ chain that 

contains 2 short helices (Figure 4-3). 

Table 4-1. Identity between the FBG domains of human tenascin-C, -R, -X and -W and 

fibrinogen ϒ and β chain. Pairwise alignment analysis with Clustal Omega was used to 

determine the % of identity of the tenascin family members against C-terminus fibrinogen ϒ 

and β chain. 

  Fibrinogen β  Fibrinogen ϒ  

FBG-C 29.89 % 31.15 % 

FBG-R 33.33 % 31.94 % 

FBG -X 32.06 % 31.91 % 

FBG -W 35.50 % 31.60 % 

Fibrinogen ϒ 39.92 % - 
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Figure 4-3. Modelling the structure of FBG-C, -R, -W and –X. The structures of FBG-C, -R, 

-W and –X were modelled based on C-terminus fibrinogen γ chain crystal structure. Sub-

domain protein organisation is highlighted: A-subdomain in blue, B sub-domain in red and P 

subdomain in yellow. Proteins were modelled using SWISS-MODEL software and coloured 

using PyMOL Molecular Graphics System.  

 

 The models of FBG-C, -R, -W and -X were aligned using PyMOL software to 

determine regions of high homology structurally.  Figure 4-4 A showed that the FBG 

domain of the tenascin family members shared many regions of sequence homology as 

shown previously in the sequence alignments. However, they also present conserved 

regions structurally and a similar pattern of folding, especially in the B and P-

subdomain (Figure 4-4 B).  
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Figure 4-4. Alignment of the structural models of FBG-C, -R, -W and –X. Proteins were 

aligned and coloured using PyMOL Molecular Graphics System. A. Alignment of FBG-C, -R, -

W and –X models highlighting in yellow conserved amino acid sequences. B. Alignment of 

FBG-C, -R, -W and –X models highlighting in red conserved structure.  

 

In summary, the high homology among the sequences of the FBG domain of the 

tenascin family was shown also in the structural models. Alone this makes it difficult to 

select a specific region or set of amino acids that might be involved in TLR4 activation 

or binding. This analysis highlighted only one potential region different in FBG-X 

compared to FBG-C, -R and -W at the C-terminus of the proteins, where FBG-X lacks 

positive residues in this region.  
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4.4. Peptide mapping of the FBG-C pro-inflammatory epitope  

 

Peptide mapping was then used to determine which amino acids of FBG-C are 

required to induce an inflammatory response. Peptide mapping is a method used 

previously to determine the binding site of FBG-C to the integrin αvβ3 [198]. Peptides 

were synthesised, each was ~30 amino acids long and together spanned the entire 

sequence of FBG-C. In addition, their sequence contains an overlapping region among 

two contiguous peptides (Figure 4-5). 

 

P1 TIGLLYPFPKDCSQAMLNGDTTSGLYTIYL 

P2 YTIYLNGDKAEALEVFCDMTSDGGGWIVFL 

P3 WIVFLRRKNGRENFYQNWKAYAAGFGDRRE 

P4 GDRREEFWLGLDNLNKITAQGQYELRVD 

P5 ELRVDLRDHGETAFAVYDKFSVGDAKTRYK 

P6 KTRYKLKVEGYSGTAGDSMAYHNGRSFST 

P7 RSFSTFDKDTDSAITNCALSYKGAFWYRN 

P8 WYRNCHRVNLMGRYGDNNHSQGVNWFHWKG 

P9 FHWKGHEHSIQFAEMKLRPSNFRNLEGRRKRA 

 

Figure 4-5. Amino acid sequences of peptides 1-9. Nine peptides of ~30 amino acids long 

were used to map FBG-C active site. They comprise the entire sequence of FBG-C and each 

peptide contains a sequence that overlaps with the contiguous peptide. A. FBG-C sequence is 

presented highlighting each peptide in a different colour. B. Sequences of peptides 1-9 showing 

overlapping amino acid sequence in bold.  

 

A 

 

B 
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4.4.1. Peptide activity in ThP1 NF-κB cells 

 

The peptides ability to activate NF-κB was assessed in ThP1 NF-κB cells and 

compared to full length FBG-C. Only peptides 5 and 6 were able to induce NF-κB 

activation in a dose dependent manner. Peptide 4 could induce NF-κB activation but 

only at higher doses, and levels of activation were lower compared to peptide 5 and 6 

(Figure 4-6 A). The other peptides assessed did not show activation of NF-κB. MTT 

assays confirmed that the different peptides concentrations used were not affecting cell 

viability, with the exception of P1 which reduced cell viability at the highest 

concentration (Figure 4-6 B).  

 

Figure 4-6. P5 and P6 can induce NF-κB activation in a dose dependent manner. A. ThP1 

NF-κB cells were unstimulated (-) or stimulated with LPS (0.5 ng/mL), FBG-C (0.5 µM) or 20, 

50 or 100 µM of peptides 1-9 for 24 h. NF-κB activation was measured using QUANTI-

Blue™ . B. MTT assay of ThP1 NF-κB cells unstimulated (-) or stimulated with LPS (0.5 

ng/mL), FBG-C (0.5 µM) or 20, 50 or 100 µM of peptides 1-9 for 24 h. Data shown as mean ± 

SEM, N=4 independent experiments. One-way ANOVA vs unstimulated cells, *p<0.05, 

**p<0.01, ***p<0.001. 
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The overlapping region of peptide 5 and 6 corresponds to the amino acids 

KTRYK.  I mapped the secondary structure of the FBG domains of the tenascin family 

members and labelled all α helices, β sheets and loops in the multiple sequence 

alignment. During this analysis, I found that the amino acids KTRYK are part of loop 5 

in the predicted structure of the FBG domains of the tenascin family members. This 

loop is in the surface of the P sub-domain (Figure 4-7).  

 

Figure 4-7. The overlapping sequence of P5 and P6 corresponds to loop 5. A. Sequences of 

P5 and P6 highlighting in blue the overlapping amino acids. B.  Multiple alignment analysis of 

FBG domain of tenascin family members highlighting the secondary structure of the predicted 

protein models. Blue thick line indicates A-subdomain, red thick line indicates B-subdomain 

and yellow thick line indicates P-subdomain. The overlapping region of P5 and P6 (KTRYK) is 

located in loop 5 (red box).  
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Scrambled versions of peptides 5, 6 and 9 as a negative control, were made to 

verify that peptide activity was sequence specific. In addition, short and long peptide 

versions of loop 5 were designed to establish the minimum number of amino acids 

necessary to activate NF-κB in ThP1 cells. Peptide loop 5-1 includes only the 

overlapping region of P5 and P6 (KTRYK). Peptides loop 5-2 and loop 5-3 are shorter 

peptide versions of loop 5, incorporating surrounding amino acids of P5 and P6. Loop 

5-4 is a 30 amino acids long peptide that includes loop 5 and part of loop 6 and the β-

sheet (Table 4-2). 

Table 4-2. Amino acid sequences of scramble peptides (P9S, P5S and P6S) and variations 

of loop 5. Scrambled peptides were designed as controls to determine sequence specificity of 

peptide 9, 5 and 6. Three peptides were designed incorporating peptide 5 and 6 overlapping 

sequence (bold) and varying the number of surrounding amino acids. 

P5S KGVFLTRYVTDARDVHFDKYGASRELEAKD 

P6S YKGTSDHFRVGSNSRYETSMGKGAATLKY 

P9S AFERHMKWKRKLRGAGHREPELHSNSNRIFQF 

Loop 5-1 KTRYK 

Loop 5-2 GDAKTRYKLKVEG 

Loop 5-3  DKFSVGDAKTRYKLKVEGYSG 

Loop 5-4 AFAVYDKFSVGDAKTRYKLKVEGYSGTAGD 

 

Scrambled versions of peptide 5, 6 and 9 showed no activation of NF-κB 

transcription factor in ThP1 cells, indicating that the activity of these peptides is due to 

the specificity of their sequences. Loop 5-1 and loop 5-2 had no activity, only the 

medium and long version of loop 5 (loop 5-3 and loop 5-4) were able to induce NF-κB 

activation. Loop 5-3 showed lower levels of activation, while loop 5-4 could activate 

NF-κB to the same extent as P5 or P6. These results suggest that the amino acids 
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surrounding KTRYK are also required for the activity of the peptides (Figure 4-8 A). 

MTT assays showed that cell viability was not affected by the addition of the peptides 

at different concentrations (Figure 4-8 B). 

 

Figure 4-8. Control peptides and peptide variations in ThP1 NF-κB cells. A. ThP1 NF-κB 

cells were unstimulated (-) or stimulated with 20, 50 or 100 µM of peptide variations for 24 h 

and NF-κB activation was measured using QUANTI-Blue™ . B. MTT assay of ThP1 NF-κB 

cells unstimulated (-) or stimulated with 20, 50 or 100 µM of peptide variations for 24 h. Data 

shown as mean ± SEM, N=3 independent experiments. One-way ANOVA vs unstimulated 

cells, *p<0.05, **p<0.01, ***p<0.001. 

 

Additional tests were performed to determine if lower concentrations of peptide 5, 

6 and loop 5-4 were able to activate NF-κB transcription factor in ThP1 cells. All 

peptides were able to induce NF-κB in a dose dependent manner and the minimum 

concentration required for NF-κB activation was 20 µM (Figure 4-9 A). Polymyxin B 
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and boiling treatment confirmed that the activity of loop 5-4 was not due to LPS 

contamination (Figure 4-9 B).  

 

Figure 4-9. Peptides activate NF-κB in a doses dependent manner, and the peptide activity 

is not due to LPS contamination. A. ThP1 NF-κB cells were left unstimulated (-) or 

stimulated with 1, 5,10, 20, 50 or 100 µM of peptides for 24 h. NF-κB activation was measured 

using QUANTI-Blue™. B. ThP1 NF-κB cells were left unstimulated (-) or stimulated with 0.5 

ng/mL of LPS or 100 µM of loop 5-4 for 24 h. Samples were previously incubated for 30 min 

with polymyxin B (PMB) or boiled for 15 min. NF-κB activation was measured using 

QUANTI-Blue™. Data shown as mean ± SEM, N=3 independent experiments. A. One-way 

ANOVA vs unstimulated cells. B. Paired t-test vs non-treated, *p<0.05, **p<0.01, ***p<0.001. 

 

4.4.2. Peptide activity in primary human macrophages 

 

Peptide activity was also determined in primary human macrophages. Prof. 

Midwood stimulated primary human macrophages with peptides 1-9 and observed that 

only peptides 5 and 6 could induce IL-8 to the same levels as FBG-C (Figure 4-10 A). 

To corroborate these data, I stimulated human macrophages with different doses of 
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peptide 5 and loop 5-4 and found that they could induce IL-8 in a dose dependent 

manner. However, the synthesis of IL-6 and TNF was variable among the donors and 

not significantly induced compared to unstimulated cells (Figure 4-10 B).  

 

Figure 4-10. P5 and P6 induce IL-8 in primary human macrophages. A. Primary human 

macrophages were left unstimulated (-) or stimulated with LPS (1ng/mL), FBG-C (1 µM) or 20 

µM of peptides 1-9 for 24 h, and cytokine synthesis was measured by ELISA. B. Primary 

human macrophages were left unstimulated or stimulated with LPS (1ng/mL) or 20, 50, 100 

µM of peptides 5 or loop 5-4 for 24 h, and cytokine synthesis was measured by ELISA. Data 

shown as mean ± SEM, N=3 independent donors. One-way ANOVA vs unstimulated cells, 

*p<0.05, **p<0.01, ***p<0.001. 

 

The anti-TLR4 function-blocking antibody and TAK 242 were used to determine 

if the activity of peptides 5 and loop 5-4 was TLR4 dependent. TAK 242 significantly 

reduced LPS and FBG-C induction of IL-8, and decreased the synthesis of IL-8 by 

peptides 5 and loop 5-4. However, the TLR4 antibody did not inhibit IL-8 induction by 

peptides 5 and loop 5-4.  
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Figure 4-11. TLR4 dependency of the activity of P5 and loop 5-4. Primary human 

macrophage were pre-incubated for 1 h with 25 µg/mL of TLR4 antibody (TLR4 Ab) or isotype 

control or  6 h with 3 µM of TAK 242 or DMSO, prior to stimulation with 1 ng/mL of LPS or 

100 µM of peptide 5 or loop-5-4. Cytokine synthesis was measured after 24 h by ELISA. (-) 

unstimulated cells. Data shown as mean ± SEM, N=3 independent donors. One-way ANOVA 

vs non-treated, *p<0.05, **p<0.01. 

  

In summary, peptides 5 and 6 can induce NF-κB activation in ThP1 NF-κB cells 

in a dose dependent manner. Scrambled controls showed that the activity of P5 and P6 

is sequence specific. The overlapping region of peptide 5 and 6 (KTRYK) corresponds 

to loop 5 in the sequence of the FBG-C. The peptide containing only the overlapping 

sequence of P5 and P6 (loop 5-1) showed no activity, however, longer versions 

including this loop (loop 5-3 and loop 5-4) could also activate NF-κB in a dose 

dependent manner. These results were corroborated in primary human macrophages 

where peptides 5, 6 and loop 5-4 could induce IL-8 in a dose dependent manner and this 

activity was TLR4 dependent when TLR4 activation was blocked using TAK 242.   
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4.4.3. Blocking assays using peptides  

 

Next, I examined if the peptides 1-9 were able to block the interaction between 

FBG-C and TLR4 in the solid phase binding assay. TLR4 was pre-incubated with the 

peptides prior to being added to plates coated with FBG-C. P5, P6 and P7 could 

significantly block the binding of TLR4 to FBG-C, reducing the binding affinity among 

these proteins. In contrast, P4 and P8 increased the binding affinity of TLR4 to FBG-C 

(Figure 4-12, Table 4-3).  

 

Figure 4-12. Peptides 5, 6 and 7 partially block TLR4-FBG-C interaction in vitro. 

Increasing doses of TLR4 were pre-incubated with 200 µM of peptides before adding them to 

96 well plates coated with FBG-C. Curves were fitted in GraphPad Prism using one binding site 

hyperbola analysis. Data shown as mean ± SEM, N=3. 
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Table 4-3. Changes in the affinity of TLR4 to FBG-C after incubation with peptides. 

Protein KD  (nM) ± SD p value 

TLR4 only 68.85 ± 7.79  

TLR4 + P1 78.75 ± 11.33 0.280 

TLR4 + P2 83.29 ± 5.24 0.056 

TLR4 + P3 64.45 ± 15.67 0.672 

TLR4 + P4 42.63 ± 10.06 * 0.023 

TLR4 + P5 241.22 ± 89.15 * 0.028 

TLR4 + P6 370.82 ± 141.64 * 0.021 

TLR4 + P7 383.71 ± 113.31 ** 0.008 

TLR4 + P8 31.87 ± 8.22 * 0.048 

TLR4 + P9 86.26 ± 16.57 0.17 

 

To determine if any of the peptides could inhibit the activity of FBG-C, ThP1 NF-

κB cells were pre-incubated with the peptides prior to stimulation with FBG-C. Peptide 

5 and 6 increased the activation of NF-κB transcription factor compared to FBG-C only. 

Peptide 7 could reduce the activity of FBG-C (56.6%) but this result did not reach 

significance (p value=0.06) (Figure 4-13).  
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Figure 4-13. FBG-C activation of NF-κB is not blocked by peptides in ThP1 NF-κB cells. 

ThP1 NF-κB cells were left unstimulated (-) or pre-incubated with 100 µM peptides (except P1 

and P3 where 50 µM was used) prior to stimulation with 0.5 µM of FBG-C for 24 h. NF-κB 

activation was measured using QUANTI-Blue™. Data shown as mean ± SEM, N=3 

independent experiments. Paired t-test vs FBG-C only, *p<0.05, **p<0.01, ***p<0.001. 

 

Together these data revealed that peptides 5, 6 and 7 could significantly diminish 

the affinity of TLR4 binding to FBG-C, indicating that these regions are involved in the 

interaction with the receptor. Adding P5 or P6 to ThP1 NF-κB cells prior to stimulation 

with FBG-C, demonstrated an additive effect when the peptides and protein are used 

together to stimulate the cells. In summary, the regions corresponding to peptide 5 and 

6 could be involved in activation and binding to TLR4, while the region including 

peptide 7 may be required for binding to the receptor.  
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4.5. Analysis of loops 5, 7-8 and 10 in the FBG domain of the tenascin family 

members  

 

Multiple sequence alignments of the FBG domain of the tenascin family members 

revealed a positively charged region at the C-terminus of the proteins that was 

conserved in FBG-C, -R and -W but not in FBG-X. Measuring the activity of the 

peptides in ThP1 NF-κB and primary human macrophages showed that peptide 5 and 6 

can induce an immune response. Blocking studies using the peptides revealed that the 

region corresponding to peptide 5 and 6 is also involved in TLR4 binding. In addition, 

these data showed that peptide 7 can block the interaction between FBG-C and TLR4 in 

the solid phase binding assay, and reduced NF-κB activation by FBG-C. Next, I will 

examine and compare these regions in the FBG domains of the tenascin family 

members to establish which amino acids are conserved in the active FBG domains (-C, 

-R and -W) and which are different in the inactive FBG-X.  

4.5.1.  Peptides 5 and 6 

 

The overlapping sequence of peptide 5 and 6 corresponds to loop 5 in the 

structural models of the FBG domains of the tenascin family members. Loop 5 is 

located in the P-subdomain and includes amino acids that are exposed in all the FBG 

domains. Conservation of positively charged amino acids (lysines and arginines) is 

observed for FBG-C, -R and -W, in addition to serines, hydrophobic and negatively 

charged amino acids. However, FBG-X exhibits a different amino acid composition in 

this loop: only one arginine is found in this sequence, and the other positive charges 

have been replaced by hydrophobic amino acids. FBG-X also contains two histidines 

that are not present in the other tenascin family members (Figure 4-14).  
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Figure 4-14. Models of loop 5 in the FBG domain of the tenascin family members. A. 

Sequence of peptide 5 and 6 highlighting overlapping amino acids. B. Sequence alignment of 

the FBG domains of the tenascin family members showing amino acid composition of loop 5 

(red box). Hydrophobic amino acids are in green, positively charged amino acids in blue, 

negatively charged amino acids in red, serines in purple and histidines in cyan. C. Models of the 

FBG domain of tenascin-C, -R, -W and –X highlighting the amino acid composition in loop 5.  
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Electrostatics maps of FBG-C, -R, -W and -X structural models were calculated 

in PyMOL and also showed differences in the region corresponding to loop 5. 

Positively charged regions are conserved in FBG-C, -R and -W, but not in FBG-X. This 

analysis highlights the differences in charges in the overall structure of the proteins and 

correlates with their respective isoelectric points (Figure 4-15).  

 

 

Figure 4-15. Electrostatic maps of FBG-C, -R, -W and -X. The electrostatic maps of FBG-

C,-R, -W and -X were calculated using the vacuum electrostatic function of PyMOL Molecular 

Graphics System. Blue: positively charged. Red: negatively charged. Yellow box indicates the 

region corresponding to loop 5. The isoelectric points of the FBG domains are: FBG-C: 8.78; 

FBG-R: 8.63; FBG-W: 9.18; FBG-X: 5.54.  
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4.5.2. Peptide 7  

 

Peptide 7 couldn’t activate cells but did reduce the binding of TLR4 to FBG-C, 

suggesting that this region could be involved in the interaction of these proteins. Peptide 

7 corresponds to the sequence of loop 7, α helix and loop 8 of the FBG domains of the 

tenascin family members (Figure 4-16).  

 

Figure 4-16. P7 corresponds to loops 7-8. A. Peptide 7 sequence. B. Multiple alignment 

analysis of the FBG domain of tenascin family members highlighting the region corresponding 

to P7 (red boxes).  
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Analysis of the region corresponding to peptide 7 in the structurala models of the 

FBG domain of the tenascin family members showed that it is located in the P-

subdomain and comprised two loops that are in the surface of the proteins. This area is 

highly homologous among the FBG domains and it is characterised by exposed 

hydrophobic and polar amino acids, in addition to positively and negatively charged 

regions (Figure 4-17). There are some differences in specific amino acids between 

FBG-C, -R and -W and FBG-X. For example, FBG-X has R157 where the other FBG 

domains have a hydrophobic amino acid (F), except FBG-R which has a negative 

charged amino acid (E152). FBG-C, -R and –W also have polar and negatively charged 

amino acids (T156, D157 in FBG-C), while in FBG-X this sequence has been 

substituted by a P161 and N162. Finally, a slight variation can be observed in the 

position of the cluster of exposed hydrophobic and polar amino acids in FBG-C (I160, 

T161 and N162) compared to FBG-X (L165, I166 and S167). 
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Figure 4-17. Amino acid composition of peptide 7. A. Sequence alignment of the FBG 

domains of the tenascin family members showing amino acid composition of peptide 7. 

Hydrophobic amino acids are in green, positively charged amino acids in blue, negatively 

charged amino acids in red, serines in purple, histidines in cyan and other amino acids in 

orange. B. Models of the FBG domain of tenascin-C, -R, -W and -X highlighting P7 amino 

acids composition.  
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4.5.3. C-terminus of the FBG domains  

 

Multiple sequence alignments showed a region that was diverse among the FBG 

domain of the tenascin family members, which corresponds to loop 10 at the C-

terminus of the proteins. Structural models of the FBG domains showed that the amino 

acid composition, specifically the positively charged amino acids, is conserved in FBG-

C, -R and -W but not in FBG-X, shortening the C-terminal region of FBG-X compared 

to the other proteins. Loop 10 is part of the B-subdomain and comprises a surface loop 

that protrudes from FBG-C, -R and -W (Figure 4-18).  
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Figure 4-18. Amino acid composition of loop 10 of the FBG domain of the tenascin family 

members. A. Sequence alignment of the FBG domains of the tenascin family members 

showing amino acid composition of loop 10. Hydrophobic amino acids are in green, positively 

charged amino acids in blue, negatively charged amino acids in red, serines in purple, histidines 

in cyan and other amino acids in orange. B. Models of the FBG-C, -R, -W and -X labelling the 

amino acid composition in loop 10.  
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In summary, these analyses have revealed three regions that contain amino acids 

conserved in FBG-C, -R and -W but not in FBG-X, suggesting that these residues could 

be involved in the activation and binding to TLR4. In Figure 4-19, the three regions are 

coloured in the predicted model of FBG-C, to highlight their position in the overall 

model of the protein. Loop 5 and loop 7-8 are in close proximity, while loop 10 is 

protruding at one side of the protein.  

 

Figure 4-19. Position of loop 5, loop 7-8 and loop 10 in the predicted model of FBG-C. The 

regions corresponding to loop 5, loop 7-8 and loop 10 were coloured in red, blue and 

yellow respectively using PyMOL Molecular Graphics System.  
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4.6. Discussion 

 

Using a combination of approaches, in this chapter I identified 3 regions of 

interest that could be involved in the activation of TLR4. Peptide mapping showed that 

peptides 5 and 6 were the only peptides able to activate NF-κB in ThP1 NF-κB cells 

and IL-8 synthesis in primary human macrophages, and this activity was TLR4 

dependent. The overlapping region among these peptides corresponds to loop 5 in the 

FBG domain of the tenascin family members. In addition, peptide 5, 6 and 7 could 

inhibit the interaction between TLR4 and FBG-C in the solid binding assay, reducing 

the affinity of FBG-C binding to the receptor. The region comprising peptide 7 

corresponds to loop 7-8 in the structural models of the FBG domains. Finally, 

comparison of the amino acid sequences and predicted structural models showed a high 

degree of conservation among the FBG domains of the tenascin family members, but 

also highlighted some diverse regions such as loop 10.  These data suggest that loop 5, 

loops 7-8 and loop 10 could be involved in the binding and activation of TLR4 and 

these regions will be further investigated in chapter 5.  

4.6.1. Sequence comparison and modelling of the FBG domains of the tenascin family 

members 

 

I used the multiple sequence alignment software Clustal Omega to compare the 

identity and similarity of the FBG domains of the tenascin family and fibrinogen. The 

new version of this software provides a high quality alignment, based on a “guide tree” 

algorithm, where the sequences are aligned fast and accurately based on their identity 

and similarity [343]. Pairwise alignments showed a high % of sequence identity among 

the FBG domains of the tenascin family members. Multiple sequence alignment 

demonstrated that some regions of the proteins which are not identical, presented 
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conservation in the properties of their amino acid sequences, for example hydrophobic 

or charged regions. These alignments allowed the direct comparison of the FBG 

domains of the tenascin family together and highlighted other regions that were 

different among the proteins. The amino acid composition in loop 10 at the C-terminus 

of the proteins was conserved in FBG-C, -R and -W but not in FBG-X, indicating that 

this could be a potential region involved in TLR4 activation or binding.  

Another in silico approach used was protein homology modelling, due to the lack 

of crystal structure for the FBG domains of the tenascin family. Protein homology 

modelling is a commonly used tool to predict conserved binding or catalytic sites in 

proteins, to design antibody epitopes or inhibitors and to refine NMR structures [344]. 

The data obtained with this analysis could generate new hypotheses that can be tested 

experimentally to be proven. The models of the FBG domains of the tenascin family 

members presented a similar pattern of folding as the fibrinogen γ chain. Alignments of 

the models of the FBG domains of the tenascin family demonstrated conservation also 

at the structural level. However, this analysis is based on theoretical approaches and not 

the crystal structure of the proteins.  For this reason, conclusions from this comparison 

have to be validated experimentally.  

SWISS-MODEL was selected as the modelling software, as it is the most widely 

used structure modeller server that is completely automated. SWISS-MODEL allows 

the user to select the template for modelling the target protein from their PDB template 

library (SMTL), or manually select the template, which was the option used in this 

project. Template-protein alignment can also be entered in the platform, providing 

information to calculate sequence identity and agreement between predicted secondary 

structure and solvent accessibility between target and template, increasing the reliability 

of the model. The model is then generated automatically using Pro-ModII or 



 

 

161 

 

MODELLER software, and the model quality is assessed and scored estimating a value 

of model accuracy [307]. Other automated softwares commonly used are 3D-JIGSAW 

and ROSETTA, the latter being able to create de novo prediction models without a 

protein template [345].  However, SWISS-MODEL has a user-friendly interface and 

can also predict oligomeric structures or ligand and cofactors for the target protein 

based on the conservation between the target protein and the templates in the PDB 

library [307]. MODELLER is the most widely used modelling software and allows 

refinement and optimisation of the structural model, especially the regions with no 

secondary structure [346]. However, it requires that the user has advance programing 

skills as it has a complex interface.  

Protein modelling has limitations as it is based on theoretical analyses and only 

qualitative conclusions can be drawn based on this method. The different softwares 

available can predict diverse protein structures based on the algorithm used and the 

parameters set to create the models. The reliability of the model is also determined by 

the degree of sequence identity among the target and template protein. In this case, the 

% of identity among the FBG domains of the tenascin family members and fibrinogen γ 

chain is approximately 30 %. This is considered the bottom limit to model any protein, 

as below this level of similarity, large numbers of gaps and errors can occur in the 

alignment leading to the generation of inaccurate models [344, 347].  The FBG domains 

were also modelled by Brian Marsden using FIBCD1 as a template, which is 43% 

identical to the FBG domain of the tenascin family, and little differences were observed 

compared to the models made using fibrinogen γ chain as a template.  The global 

quality estimation score (GMQE) is another measurement generated by SWISS-

MODEL, which estimates the quality of the model. GMQE is defined with a number 

between 0 and 1, where higher numbers indicate higher reliability. The models 
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generated for the FBG-C, -R, -W and -X had a GMQE of 0.7, which is acceptable, but 

the software highlighted some regions where the proteins were poorly modelled, such 

as areas of little secondary structure.  In particular, the C-terminal region of the FBG 

domains were not accurately modelled as a structural template is not found in the 

crystal structure of the fibrinogen γ chain. The conformational state of the proteins used 

as a template is another factor that will be retained in the resultant homology model, 

and this is particularly important when modelling protein channels or the Apo 

(unbound) versus Holo (bound) state of a ligand binding site [347]. 

Due to the limitations of the predicted structural models of the FBG domains, I 

started, in collaboration with the group of Prof. Oppermann in the Structure Genomic 

Centre, to establish the conditions to crystallise the FBG domain of tenascin-C. 

Microcrystals were obtained for this protein (Figure 4-20), but further optimization was 

required for X-ray diffraction analysis.  By the time of submission of this DPhil thesis 

the crystal structure of the FBG-C hasn’t yet been determined.  

 

Figure 4-20.  Microcrystal of the FBG domain of tenascin-C. FBG-C was purified and 

concentrated to 9 mg/mL and then transferred to crystallization plates at 20°C and 4°C. 

Microcrystals were obtained after 3 months at 20°C. 

 

 Altogether these data suggest that multiple sequence alignment analysis and 

protein structural modelling are tools which could help to predict the structure of 
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proteins and areas involved in protein interactions; however, they do not provide any 

factual evidence of the significance of these regions in protein complexes.  

4.6.2. Peptide mapping of the active site of FBG-C 

 

Peptide mapping is a technique used before to map the binding site of FBG-C and 

the C-terminus domain of fibrinogen γ chain to αvβ3 integrin. LaFleur et al. [328] found 

that aortic smooth cells adhered to plates coated with the FBG domain but not the FNIII 

repeats of tenascin-C, and this interaction was integrin dependent. To map the specific 

region of FBG-C involved in cell adhesion, they evaluated the same 9 peptides used in 

this DPhil project, and found that only peptide 8 could block the adhesion of cells to 

plates coated with FBG-C or full length tenascin-C. In addition, aortic smooth cells 

could only adhere to plates coated with peptide 8 or FBG-C, but not the other peptides. 

Yokoyama et al. [198] then used peptide mapping to elucidate the specific region of the 

C-terminus domain of fibrinogen γ chain and FBG-C that binds to αvβ3 integrin, which 

contribute to cell adhesion. Using CHO cells expressing αvβ3 and control CHO cells, 

they found that αvβ3 CHO cells can adhere to plates coated with FBG-C and this 

interaction could be blocked using RGD peptides, EDTA or αvβ3  function blocking 

antibody. αvβ3 CHO cells could adhere to plates coated with peptide 8 in a dose 

dependent manner, and this peptide shares a similar sequence with the peptides γC346–

358 and γC190–202 of fibrinogen γ chain. From these data, the authors suggested a 

common binding site of peptide 8 and fibrinogen γ chain to αvβ3 integrin.  

Using this approach, I found that only peptide 5 and 6 could induce the activation 

of NF-κB transcription factor in ThP1 cells and IL-8 expression in primary human 

macrophages. The overlapping sequence of these peptides corresponds to a surface loop 

(loop 5) in the structural model of the FBG domains of the tenascin family members. 
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Analysis of this region in the predicted models of the FBG domains revealed that 

positively charged amino acids are conserved in FBG-C, -R and -W, but not in FBG-X. 

These data correlate with the activity of the FBG domains described in the previous 

chapter, where only FBG-C,-R and -W can induce an immune response, and suggest 

that this loop is involved in the activation of TLR4. Shorter versions of loop 5 (< 20 

amino acids) could not activate NF-κB transcription factor indicating that adjacent 

amino acids could be necessary for the peptide to form a structure to bind to the 

receptor, or they could be also contributing to the activation of TLR4.  

One of the limitations of using peptides is that high concentrations are needed to 

obtain an immune response similar to FBG-C. In addition, the addition of higher 

concentration of peptides can result in cell toxicity, such as the case of peptide 1. IL-8 

was the only cytokine induced consistently by the active peptides, indicating that a 30 

amino acids peptide is not sufficient to induce the  synthesis of cytokines similarly to 

FBG-C and other regions of the protein might also be necessary.   

The activity of the peptides was inhibited by the intracellular TLR4 inhibitor 

TAK 242, showing that they are acting via TLR4. However, the TLR4 antibody was not 

able to reduce IL-8 expression by the peptides. These data suggests that the antibody 

could be binding to a region in TLR4 which is not interfering with the activation of the 

receptor by the peptides. The anti-TLR4 antibody is a polyclonal antibody and the 

epitopes to which the antibody is binding are not known. To corroborate the TLR4-

dependent activity of the peptides, experiments could be performed using TLR4 null 

cells, as this approach has been used before to demonstrate that FBG-C was acting via 

this receptor [89].  
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Blocking assays with peptides revealed that in addition to P5 and P6, P7 could 

significantly block the binding of TLR4 to FBG-C reducing the affinity of the protein 

for the receptor. These results suggest that the region corresponding to peptide 7 can be 

involved in the binding of FBG-C to TLR4. In the structural models of the FBG domain 

of the tenascin family members, peptide 7 corresponds to loop7-8, a region comprising 

exposed loops in the P sub-domain of the proteins. This region is highly homologous 

among all the FBG domains of the tenascin family, however only a few amino acids 

were conserved in FBG-C, -R and -W and different in the amino acid sequence of FBG-

X. These data suggest that loop 7-8 could be involved in binding but is not essential in 

the activation of TLR4.  

Other peptides showed the opposite effect compared to peptide 7, such as peptide 

4 and 8, which increased the affinity of TLR4 to FBG-C. Although this effect was 

significant, the increase in the binding affinity of the proteins was modest (<2 fold), 

suggesting that this could be an artificial effect due to the limitations of the assay.  

However, these peptides could be assisting in the binding of TLR4 to FBG-C. The 

peptides could be binding to FBG-C and changing its conformation increasing its 

affinity for TLR4, as we have observed in our lab that FBG-C could form oligomers. 

Peptides could also be binding to TLR4 in a non-specific manner, bridging two TLR4 

monomers and inducing TLR4 dimerization, enhancing then the binding affinity to 

FBG-C. Peptide 4 is able to activate at low levels NF-κB transcription factor in ThP1 

cells; however when it was added in combination with FBG-C, it did not enhance the 

protein activity. The lack of activity of these peptides in ThP1 NF-κB cells and primary 

human macrophages suggests that this effect could be an experimental artefact, but 

further analyses are needed to determine the involvement of these regions in the 

interaction between FBG-C and TLR4. 
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The activity of FBG-C was also assessed in the presence of the peptides in ThP1 

NF-κB cells, by pre-incubating the cells with the peptides prior to stimulation with 

FBG-C.  The results showed that peptide 5 and 6 could enhance the protein activity, and 

peptide 7 could partially block the activation of NF-κB, but this effect was not 

significant. These results suggest an additive effect when the peptides and FBG-C are 

added in combination to stimulate cells, indicating that peptide 5 and 6 do not interfere 

with the activity of FBG-C at the concentrations used. Further analyses could include 

adding higher concentrations of peptides, but this could have an effect on cell viability, 

or use sub-optimal doses of FBG-C or the peptides to assess competition for the binding 

site in TLR4.  

Altogether peptide mapping revealed that loop 5 and loops 7-8 of FBG-C could 

be regions involved in binding and activation of TLR4. Further experiments will be 

performed to corroborate the significance of these sequences in the TLR4-FBG-C 

interaction.  

 

4.7. Summary 

 

Multiple sequence alignment, protein structural modelling and peptide mapping 

highlighted specific regions (loop 5, loops 7-8 and loop 10) involved in binding and 

activation of TLR4 conserved in FBG-C, -R and -W, but different in FBG-X. However, 

further analyses are needed to corroborate the importance of these regions.  In the next 

chapter, mutagenesis experiments will be performed, where specific amino acids in 

loops 5, 7-8 and 10 of FBG-C and -X, will be mutated to dissect their involvement in 

the binding and activation of TLR4.  
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Chapter 5. Identification of the pro-inflammatory epitope of FBG-C 

 

5.1. Introduction 

 

In the previous chapter, I identified 3 regions that could be potentially involved in 

TLR4 activation and binding, which were conserved in FBG-C, -R and –W, but 

different in FBG-X. These regions correspond to loop 5 and loops 7-8 in the P-sub 

domain, and loop 10 at the C-terminus. In this chapter, I will mutate specific amino 

acids in these regions of FBG-C to assess their involvement in TLR4 activation. In 

addition, I will mutate the same regions in FBG-X to attempt to recover its activity. The 

activity of mutant proteins will be assessed in ThP1 NF-κB cells and primary human 

macrophages. The binding affinity of the mutant proteins to TLR4 will also be tested 

using the solid phase binding assay. This analysis will determine which amino acids are 

essential for the activation and binding of FBG-C to TLR4.  

 

5.2. Mutations in loop 5 – peptides  

 

Peptide mapping determined that only peptides 5 and 6 could activate immune 

cells. The overlapping sequence of these two peptides KTRYK locates in loop 5 in the 

active FBG domain of the tenascin family members. In chapter 4, another peptide was 

designed (loop 5-4), which comprises the overlapping region between peptide 5 and 6 

and the adjacent amino acids. This peptide was able to induce the activation of NF-κB 

in ThP1 cells and cytokine synthesis in primary human macrophages (Figure 4-8). In 

loop 5, a cluster of positively charged amino acids are conserved in the sequence of 

FBG-C, -R and –W (KTRYKLK) but not in FBG-X. Mutant peptides were then 

designed to assess the involvement of these residues in the activation of immune cells.  
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Four new peptides were made: loop 5-deletion has the sequence KTRYKLK of loop 5 

deleted; loop 5-mutant 1 or 2 has mutations in the first or second pair of positively 

charged amino acids respectively. Loop 5-mutant 3 has the four positively charged 

amino acids in KTRYKLK substituted by alanine (Table 5-1) 

Table 5-1. Amino acid sequences of loop 5 mutant peptides. The overlapping sequence of 

peptide 5 and 6 locates in loop 5, which corresponds to a cluster of positively charged amino 

acids KTRYKLK. 4 peptides were designed to mutate or delete this sequence (blue). Deletion is 

indicated by a red arrow. 3 peptides were designed containing alanine substitutions (red) to 

positively charged amino acids in this sequence.  

 

Loop 5-4 AFAVYDKFSVGDAKTRYKLKVEGYSGTAGD 

Loop 5-deletion  GETAFAVYDKFSVGDA VEGYSGTAGDSMAY 

Loop 5-mutant 1 AFAVYDKFSVGDAATAYKLKVEGYSGTAGD 

Loop 5-mutant 2 AFAVYDKFSVGDAKTRYALAVEGYSGTAGD  

Loop 5-mutant 3 AFAVYDKFSVGDAATAYALAVEGYSGTAGD 

  

The activity of the mutant peptides was assessed in ThP1 NF-κB cells and 

primary human macrophages. Loop 5-deletion showed a significant reduction in the 

activation of NF-κB and IL-8 induction. Loop 5-mutant 1, 2 and 3 also presented a 

significant reduction in NF-κB activation and IL-8 production compared to loop 5-4 

(Figure 5-1). These data showed that more than 2 positively charged amino acids in 

loop 5 are necessary for the activation of immune cells by the peptides.  
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Figure 5-1. Positive charges in loop 5 are essential for loop 5-4 activity. A. ThP1 NF-κB 

cells were left unstimulated (-) or stimulated with 0.5 µM of FBG-C, 0.5 ng/mL of LPS, 20, 50 

and 100 µM of loop 5-4, loop 5-deletion, loop 5-mutation 1, 2 or 3. NF-κB activation was 

measured after 24 h using QUANTI-Blue™. B. Primary human macrophages were left 

unstimulated (-) or stimulated for 24h with 1 µM of FBG-C, 1 ng/mL of LPS, 20, 50 and 100 

µM of loop 5-4, loop 5-mutation 1, 2 or 3. IL-8 synthesis was measured by ELISA. Data shown 

as mean ± SEM, N=3 independent donors or 3 independent experiments. Paired t-test vs loop5-

4, *p<0.05, **p<0.01, ***p<0.001. 
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5.3. Mutations in loop 5 - FBG-C protein 

 

I also designed 3 mutant FBG-C proteins. FBG-C mutant 1 and 2 have double 

mutations in the sequence KTRYKLK of loop 5 in the first or second pair respectively 

of positively charged amino acids, where they were substituted by alanine. FBG-C 

mutant 3 has all 4 positively charged amino acids mutated to alanine (Table 5-2) 

Table 5-2. FBG-C mutant 1-3 protein sequences. Mutant proteins comprise substitutions in 

loop 5, where positively charged amino acids (blue) were mutated to alanine (red). 

FBG-C   loop 5 VGDAKTRYKLKVEG 

FBG-C mutant 1 VGDAATAYKLKVEG 

FBG-C mutant 2 VGDAKTRYALAVEG 

FBG-C mutant 3 VGDAATAYALAVEG 

 

5.3.1. Biochemical and biophysical characterisation of FBG-C mutant 1, 2 and 3 

 

FBG-C mutant proteins were made using QuikChange site-directed mutagenesis 

kit. Mutant proteins were expressed and purified as described previously for FBG-C, -

R, -W and –X in chapter 3. FBG-C mutant 1, 2 and 3 were biochemically and 

biophysically characterised by silver staining, western blot, CD spectroscopy, and the 

LPS content of these proteins was determined. Silver staining showed that protein 

preparations were pure and anti-His western blot confirmed the identity of the proteins 

(Figure 5-2 A, B). In addition, no significant changes were observed in the CD spectra 

of FBG-C mutant 1, 2 and 3 compared to FBG-C (Figure 5-2 C, D). The LPS content of 

all the mutant proteins was less than 10 pg/mL.  
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Figure 5-2. Biochemical and biophysical characterization of FBG-C mutant 1, 2 and 3. A. 

Protein purity was verified by silver staining of 1 µg of protein sample. B. Anti-His tag western 

blot of 1 µg of each protein.  C. CD spectra in the far UV region of FBG-C mutant 1 (brown) 

and FBG-C mutant 2 (blue) compared to FBG-C (red). TN buffer signal in green. D. CD spectra 

of FBG-C mutant 3 (brown) compared to FBG-C (blue). TN buffer signal in red. 
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5.3.2. Activity in ThP1 NF-κB cells 

 

The activity of FBG-C mutant 1, 2 and 3 was assessed in ThP1 NF-κB cells. 

FBG-C mutant 1 and 2 showed a modest decrease in the activation of NF-κB, while 

FBG-C mutant 3 showed a complete loss of activity, compared to FBG-C (Figure 5-3 

A). MTT assay showed that cell viability was not affected by the FBG-C mutants 

compared to non-stimulated cells (Figure 5-3 B).  

 

Figure 5-3. Positive charges in loop 5 are essential for the activation of NF-κB by FBG-C. 

A. ThP1 NF-κB cells were left unstimulated (-) or stimulated for 24 h with 0.5 ng/mL of LPS or 

increasing doses of FBG-C, FBG-C mutant 1, 2 or 3 pre-treated with PMB for 30 min. NF-κB 

activation was measured using QUANTI-Blue™. B. MTT assay of ThP1 NF-κB cells that were 

stimulated for 24 h with 0.5 ng/mL of LPS or increasing doses of FBG-C, FBG-C mutant 1, 2 

or 3. Data shown as mean ± SEM, N=3 independent experiments. Paired t-test vs FBG-C, 

*p<0.05, **p<0.01, ***p<0.001. 
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5.3.3. Activity in primary human macrophages 

 

The activity of FBG-C mutant 1, 2 and 3 was also examined in primary human 

macrophages. FBG-C mutant 1 and 2 showed a reduction in the induction of IL-6 and 

IL-8, but no difference was observed in TNF production compared to FBG-C. 

However, FBG-C mutant 3 showed a significant reduction in IL-6, IL-8 and TNF 

synthesis compared to FBG-C, even at higher concentrations (Figure 5-4 A). MTT 

assays confirmed that FBG-C mutant proteins do not affect cell viability compared to 

unstimulated cells (Figure 5-4 B). 

 

 

Figure 5-4. Positive charges in loop 5 are essential for the induction of cytokines by FBG-

C. A. Primary human macrophages were left unstimulated (-) or stimulated for 24 h with 1 

ng/mL of LPS or increasing doses of FBG-C, FBG-C mutant 1, 2 or 3 pre-treated with PMB for 

30 min. Cytokines synthesis was measured by ELISA. B.  MTT assay of primary human 

macrophages that were stimulated for 24 h with 1 ng/mL of LPS or increasing doses of FBG-C, 

FBG-C mutant 1, 2 or 3.  Data shown as mean ± SEM, N=3 independent donors. Paired t-test vs 

FBG-C, *p<0.05, **p<0.01, ***p<0.001. 
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To determine if the activity of FBG-C mutant 1 and 2 was TLR4 dependent, cells 

were pre-incubated with TLR4 inhibitor (TAK 242) or TLR4 function-blocking 

antibody. TAK 242 and TLR4 antibody could significantly reduce the induction of 

cytokines by FBG-C mutant 1 and 2, indicating that these proteins are acting via TLR4 

(Figure 5-5) 

 

 

Figure 5-5. Activity of FBG-C mutant 1 and 2 is TLR4 dependent. Primary human 

macrophages were left unstimulated (-) or pre-incubated for 6 h with 3 µM of TAK 242 (A) or 

1 h with 25 µg/mL of TLR4 antibody or isotype control (B), prior stimulation with 1 ng/mL of 

LPS or 1 µM of FBG-C, FBG-C mutant 1 or 2. Cytokine synthesis was measured after 24 h by 

ELISA. Data shown as mean ± SEM, N=3 independent donors. Paired t-test vs untreated, 

*p<0.05, **p<0.01, ***p<0.001. 

 

5.3.4. Solid phase binding assay 

 

The ability of FBG-C mutant 1, 2 and 3 to bind to TLR4 was evaluated in the 

solid phase binding assay. FBG-C mutant 2 showed no significant difference in binding 

to TLR4 compared to FBG-C, while a modest but significant reduction in the affinity to 

TLR4 was observed with FBG-C mutant 1. However, TLR4 bound with the lowest 

affinity to FBG-C mutant 3 compared to FBG-C, suggesting that mutations in the 
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positively charged amino acids in this region affect the binding of FBG-C to TLR4 

(Figure 5-6, Table 5-5) 

 

 

Figure 5-6. TLR4 shows decreased binding to FBG-C mutants in a solid phase binding 

assay. 96 well plates were coated with FBG-C, FBG-C mutant 1, 2 or 3, and TLR4 was added 

in a dose dependent manner. Curves were fitted in GraphPad Prism using one binding site 

hyperbola analysis. Data shown as mean ± SEM, N=4. 

 

Table 5-3. Affinity binding of FBG-C, FBG-C mutant 1, 2 and 3 to TLR4 based on solid 

phase binding assay. Data shows mean ± SD, N=4. Un-paired t-test vs FBG-C.  

Protein KD  (nM) ± SD p value 

FBG-C 58.21 ± 5.24  

FBG-C mutant 1 81.01 ± 15.45 * 0.031 

FBG-C mutant 2 75.92 ± 15.58 0.074 

FBG-C mutant 3 121.10 ± 15.29 *** 0.0002 

 

These results suggest that TLR4 is still binding with low affinity to FBG-C 

mutant 3, and to corroborate this, TLR4 was pre-incubated with increasing doses of 

FBG-C mutant 3 before it was added to plates coated with FBG-C. The results showed 



 

 

177 

 

that FBG-C mutant 3 can block, in a dose dependent manner, the interaction of TLR4 

and FBG-C, indicating that this mutant is still binding to the receptor (Figure 5-7).  

 

Figure 5-7. Blocking FBG-C-TLR4 interaction by FBG-C mutant 3. TLR4 was pre-

incubated with increasing doses of FBG-C mutant 3 before it was added to plates coated with 

FBG-C. Curves were fitted in GraphPad Prism using one binding site hyperbola analysis. Data 

shown as mean ± SEM, N=3.  

 

All together, these data suggest that at least 3 positively charged amino acids in 

loop 5 are needed for the activation of NF-κB in ThP1 cells and the induction of 

cytokine synthesis in primary human macrophages by FBG-C. In addition, these amino 

acids contribute to binding to TLR4, although other regions might be necessary for 

binding efficiently to the receptor. 

 

5.4. Mutations in FBG-C loop 10 

 

Multiple sequence alignment of the FBG domain of the tenascin family members 

revealed a region that was conserved at the C-terminus of FBG-C, -R and –W but not 

FBG-X. This sequence is characterised by positively charged amino acids in FBG-C, 

while these residues in FBG-X are not present. Instead, FBG-X has two glycines in this 

region creating a truncated version at the C-terminus.  To assess the impact of these 
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residues in the activation of and binding to TLR4, two mutant FBG-C proteins were 

designed where the FBG-C sequence RRKRA was substituted with the sequence of 

FBG-X GG. FBG-C mutant 4 has a replacement of the positive charges at loop 10 for 

two glycines. FBG-C mutant 5 has positively charged amino acids substituted by 

glycine in loop 10, in addition to the mutations in loop 5 (Table 5-4).  

Table 5-4. FBG-C mutants 4 and 5 protein sequences. Mutations were introduced in FBG-C 

loop 10, where positively charged amino acids (blue) were substituted by glycine (red) or 

deleted.  

FBG-C   loop 5 VGDAKTRYKLKVEG 

FBG-C loop 10 RNLEGRRKRA 

FBG-X loop 10 RSPAGGG 

FBG-C mutant 4 RNLEGGG 

FBG-C mutant 5 RNLEGGG + VGDAATAYALAVEG  

 

5.4.1. Biochemical and biophysical characterization of FBG-C mutant 4 and 5 

 

FBG-C mutant 4 and 5 were made as described previously for the FBG-C mutants 

1-3. These proteins were expressed in E. coli and purified by nickel chromatography. 

FBG-C mutant 4 and 5 were biochemically and biophysically characterised by silver 

staining, western blot and CD spectroscopy. The LPS content of the protein solutions 

was also measured and found to be less than 10 pg/mL. Silver staining showed that the 

proteins made were pure and anti-His western blot confirmed their identity (Figure 5-8 

A, B). CD spectra of FBG-C mutant 4 and 5  exhibited no significant changes in the 

secondary structure of the mutant proteins compared to FBG-C (Figure 5-8 C, D).  
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Figure 5-8. Biochemical and biophysical characterization of FBG-C mutant 4 and 5. A. 

Protein purity was verified by silver staining of 1 µg of protein sample. B. Anti-His tag western 

blot of 1 µg of each protein.  C. CD spectra in the far UV region of FBG-C mutant 4 (red) 

compared to FBG-C (blue). TN buffer signal in brown. D. CD spectra of FBG-C mutant 5 

(blue) compared to FBG-C (brown). TN buffer signal in red. 
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5.4.2. Activity in ThP1 NF-κB cells 

 

The activity of FBG-C mutant 4 and 5 was measured in ThP1 NF-κB cells. As 

expected, FBG-C mutant 5 could not induce the activation of NF-κB due to the 

mutations in loop 5, which were shown to be essential for NF-κB activation and 

cytokine synthesis. A modest but significant reduction in NF-κB activation was 

observed with FBG-C mutant 4 (Figure 5-9 A). MTT assays confirmed that protein 

viability was not affected by the FBG mutant proteins (Figure 5-9 B)  

 

Figure 5-9. Mutations in loop 10 have a modest effect on FBG-C protein activity in ThP1 

NF-κB cells. A. ThP1 NF-κB cells were left unstimulated (-) or stimulated for 24 h with 0.5 

ng/mL of LPS or increasing doses of FBG-C, FBG-C mutant 4, 5 or 3 pre-treated with PMB for 

30 min. NF-κB activation was measured using QUANTI-Blue™ B. MTT assay of ThP1 NF-κB 

cells that were stimulated for 24 h with 0.5 ng/mL of LPS or increasing doses of FBG-C, FBG-

C mutant 4, 5 or 3. Data shown as mean ± SEM, N=3 independent experiments. Paired t-test vs 

FBG-C, *p<0.05, **p<0.01, ***p<0.001. 
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5.4.3. Activity in primary human macrophages 

 

The activity of FBG-C mutants 4 and 5 was also assessed in primary human 

macrophages.  FBG-C mutant 4 showed no difference in the induction of cytokine 

synthesis compared to FBG-C, while FBG-C mutant 5 was not able to induce IL-6, IL-8 

or TNF, as expected (Figure 5-10 A). MTT assays showed that the mutant proteins had 

no effect in cell viability compared to unstimulated cells (Figure 5-10 B).  

 

Figure 5-10. Mutations in loop 10 have no effect on FBG-C protein activity in 

macrophages. A. Primary human macrophages were left unstimulated (-) or stimulated for 24 h 

with 1 ng/mL of LPS or increasing doses of FBG-C, FBG-C mutant 4, 5 or 3 pre-treated with 

PMB for 30 min. Cytokines synthesis was measured by ELISA. B. MTT assay of primary 

human macrophages that were stimulated for 24 h with 1 ng/mL of LPS or increasing doses of 

FBG-C, FBG-C mutant 4, 5 or 3. Data shown as mean ± SEM, N=3 independent donors. Paired 

t-test vs FBG-C, *p<0.05, **p<0.01, ***p<0.001. 
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5.4.4. Binding assay 

 

The ability of FBG-C mutant 4 and 5 to bind to TLR4 was assessed using the 

solid phase binding assay. TLR4 bound with similar affinity to FBG-C mutant 4 

compared to FBG-C. However, a significant reduction was observed in the affinity of 

TLR4 to FBG-C mutant 5, which contains mutations in loop 5 and 10 (Figure 5-11 and 

Table 5-5).  

 

Figure 5-11. TLR4 shows decreased binding to FBG-C mutant 5 in a solid phase binding 

assay. 96 well plates were coated with FBG-C, FBG-C mutant 3, 4 or 5, and TLR4 was added 

in a dose dependent manner. Curves were fitted in GraphPad Prism using one binding site 

hyperbola analysis. Data shown as mean ± SEM; N=3.   

 

Table 5-5. Affinity of FBG-C, FBG-C mutant 4 and 5 to TLR4 based on solid phase 

binding assay. Data shows mean ± SD, N=3. Un-paired t-test vs FBG-C.  

Protein KD  (nM) ± SD p value 

FBG-C 53.4 ± 7.93  

FBG-C mutant 3 121.10 ± 15.29 ** 0.002 

FBG-C mutant 4 63.03 ± 8.92 0.234 

FBG-C mutant 5 336.4 ± 103.12 ** 0.009 
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In summary, these data show that mutations in loop 10 have little effect on the 

activation of NF-κB and the induction of cytokine synthesis by FBG-C, indicating that 

this region is not essential for TLR4 activation. However, mutations in loop 10 and 5 

have a significant effect on the binding capability of FBG-C, suggesting that loop 10 

could be implicated in stabilizing the binding of FBG-C to TLR4.   

 

5.5. Mutations in FBG-C loop 7 

 

Peptide 7 was able to inhibit the interaction of TLR4 and FBG-C in the solid 

phase binding assay, and could reduce the induction of NF-κB by FBG-C in ThP1 NF-

κB cells. Further comparison of this sequence among the FBG domains of the tenascin 

family members showed that only 3 amino acids in loop 7 were different in FBG-X 

compared to FBG-C, -R and -W.  To examine the contribution of this sequence to the 

binding and activation of TLR4, these amino acids were substituted in FBG-C with the 

residues found in FBG-X. FBG-C mutant 6 has three amino acids substitution: D153P, 

I160L and N162S. FBG-C mutant 7 has these three mutations and the four positively 

charged amino acids in loop 5 changed to alanine (Table 5-6).  

Table 5-6. FBG-C mutants 6 and 7 protein sequences. Mutations were made in FBG-C loop 

7 where the amino acids in FBG-C (blue) were substituted for the residues found in FBG-X 

(red).  

FBG-C loop 5 VGDAKTRYKLKVEG 

FBG-C loop 7 TFDKDTDSAITNCALS 

FBG-X loop 7 DRDPNSLLISCAVS 

FBG-C mutant 6 TFDKDTPSALTSCAL 

FBG-C mutant 7 TFDKDTPSALTSCAL + VGDAATAYALAVEG  
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5.5.1. Biochemical and biophysical characterization FBG-C mutant 6 and 7 

 

FBG-C mutant 6 and 7 were made as described previously for the FBG-C mutant 

1-3. These proteins were expressed in E. coli and purified by nickel chromatography. 

FBG-C mutant 6 and 7 were characterised to assess their purity by silver staining and 

western blots (Figure 5-12 A, B). The LPS content of the protein solutions was also 

measured and found to be less than 10 pg/mL. CD spectra of FBG-C mutant 6 and 7 

confirmed that no significant changes in the secondary structure of the mutant proteins 

were observed compared to FBG-C (Figure 5-12 C).  

 

Figure 5-12. Biochemical and biophysical characterization of FBG-C mutant 6 and 7. A. 

Protein purity was verified by silver staining of 1 µg of protein sample. B. Anti-His tag western 

blot of 1 µg of each protein.  C. CD spectra in the far UV region of FBG-C mutant 6 (brown) 

and FBG-C mutant 7 (green) compared to FBG-C (blue). TN buffer signal in brown.  
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5.5.2. Activity in ThP1 NF-κB cells 

 

The activity of FBG-C mutant 6 and 7 was evaluated in ThP1 NF-κB cells. 

Mutations only in loop 7 showed a slight but not significant reduction of NF-κB 

activation in ThP1 cells. FBG-C mutant 7, which also includes mutations in loop 5, 

showed a complete loss of protein activity as expected (Figure 5-13A). MTT assays 

were performed to confirm that cell viability was not affected by treatment with the 

FBG-C mutant proteins (Figure 5-13 B). 

 

 

Figure 5-13. Mutations in loop 7 have no effect on the activation of NF-κB. A. ThP1 NF-κB 

cells were left unstimulated (-) or stimulated for 24 h with 0.5 ng/mL of LPS or increasing 

doses of FBG-C, FBG-C mutant 6, 7 or 3 pre-treated with PMB for 30 min. NF-κB activation 

was measured using QUANTI-Blue™ B. MTT assay of ThP1 NF-κB cells that were stimulated 

for 24 h with 0.5 ng/mL of LPS or increasing doses of FBG-C, FBG-C mutant 6, 7 or 3. Data 

shown as mean ± SEM, N=3 independent experiments. Paired t-test vs FBG-C, *p<0.05, 

**p<0.01, ***p<0.001. 

 

5.5.3. Activity in primary human macrophages 

 

FBG-C mutant 6 and 7 protein activity was also examined in primary human 

macrophages. No difference was observed in cytokine induction by FBG-C mutant 6 

compared to FBG-C. However, mutations in loop 7 and 5 had an effect in protein 

activity and FBG-C mutant 7 could not induce IL-6, IL-8 and TNF (Figure 5-14 A). 
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Macrophage viability was not affected by treatment with the mutant proteins compared 

to non-stimulated cells (Figure 5-14 B).  

 

Figure 5-14. Mutations in loop 7 have no effect on FBG-C protein activity in macrophages. 

A. Primary human macrophages were left unstimulated (-) or stimulated for 24 h with 1 ng/mL 

of LPS or increasing doses of FBG-C, FBG-C mutant 6, 7 or 3 pre-treated with PMB for 30 

min. Cytokines synthesis was measured by ELISA. B. MTT assay of primary human 

macrophages that were stimulated for 24 h with increasing doses of FBG-C, FBG-C mutant 6, 7 

or 3. Data shown as mean ± SEM, N=3 independent donors. Paired t-test vs FBG-C, *p<0.05, 

**p<0.01, ***p<0.001. 

 

5.5.4. Binding assay 

 

The binding affinity of FBG-C mutants 6 and 7 to TLR4 was evaluated using the 

solid phase binding assay. TLR4 showed a decrease in binding affinity to FBG-C 

mutant 6 but it did not reach statistical significance. TLR4 binds to FBG-C mutant 7 

with lower affinity compared to FBG-C, indicating that mutations in loop 7 and 5 affect 

the binding capabilities of FBG-C to TLR4 (Figure 5-15, Table 5-7).  
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Figure 5-15. TLR4 shows decreased binding to FBG-C mutant 6 and 7 in a solid phase 

binding assay. 96 well plates were coated with FBG-C, FBG-C mutant 3, 6 and 7, and TLR4 

was added in a dose dependent manner. Curves were fitted in GraphPad Prism using one 

binding site hyperbola analysis. Data shown as mean ± SEM, N=3.   

 

Table 5-7. Affinity of FBG-C, FBG-C mutant 6 and 7 to TLR4 based on solid phase 

binding assay. Data shows mean ± SD, N=3. Un-paired t-test vs FBG-C.  

Protein KD  (nM) ± SD p value 

FBG-C 60.48 ± 11.43  

FBG-C mutant 3 121.10 ± 15.29 ** 0.005 

FBG-C mutant  6 86.69 ± 21.25 0.135 

FBG-C mutant 7 123.78 + 28.33 * 0.023 

 

Altogether, these data indicate that mutations in D153, I160 and N162 in loop 7 

have no effect on protein activity, and that this region is not involved in the activation 

of TLR4 by FBG-C. However, mutations in loop 7 and loop 5 resulted in lower binding 

affinity of TLR4 to FBG-C, suggesting that loop 7 contributes to binding of FBG-C to 

the receptor. 

In summary, three regions in FBG-C have been identified that participate in the 

activation of and binding to TLR4. Positively charged amino acids in loop 5 are 

essential for activation of the receptor and also contribute to binding. Basic amino acids 
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in loop 10 are involved in stabilizing the binding to TLR4, while polar amino acids in 

loop 7 contribute to the binding of FBG-C to this receptor.  

 

5.6.  Mutations in FBG-X 
 

To confirm that the three regions identified in FBG-C involved in binding and 

activation of TLR4 are sufficient to create an FBG domain capable of activating this 

receptor, I generated several mutant versions of the inactive FBG-X.  In these mutants, I 

substituted the sequences in FBG-X with the amino acids found in FBG-C in loop 5, 7 

and 10 to be involved in the activation and binding to TLR4.  Four mutant proteins 

were designed: FBG-X mutant 1 has positively charged amino acids substituting 2 

hydrophobic amino acids in loop 5, while FBG-X mutant 2 has the complete sequence 

of loop 5 changed to the sequence of FBG-C. FBG-X mutant 3 includes the mutations 

made in FBG-X mutant 2 plus positively charged amino acids at the C-terminus. 

Finally, FBG-X mutant 4 includes mutations in all three regions showed to be involved 

in activation and binding to TLR4: loop 5 and 10 changed to FBG-C sequence and three 

amino acids substitution in loop 7: P161D, L165I and S167N (Table 5-8). The ability of 

the FBG-X mutant proteins to activate and bind to TLR4 was assessed in ThP1 NF-κB 

cells, primary human macrophages and the solid phase binding assay.  
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Table 5-8. FBG-X mutant 1-4 protein sequences. FBG-X chimeric proteins were designed to 

substitute the residues in FBG-X loop 5, 7 and 10 for the amino acids found in FBG-C to be 

involved in the activation and binding to TLR4. 

FBG-X loop 5 VDSAAEYYRLHLEG 

FBG-X loop 7 DRDPNSLLISCAVS 

FBG-X loop 10 RSPAGGG 

FBG-C loop 5 VGDAKTRYKLKVEG 

FBG-C loop 7 TFDKDTDSAITNCALS 

FBG-C loop 10 RNLEGRRKRA 

FBG-X mutant 1 VDSAKAKYRLHLEG 

FBG-X mutant 2 VGDAKTKYRLKLEG 

FBG-X mutant 3 VGDAKTKYRLKLEG +  RSPAGRRKRA 

FBG-X mutant 4 VGDAKTKYRLKLEG + RSPAGRRKRA + 

DRDDNSLIINCAVS 

 

5.6.1. Biochemical and biophysical characterization FBG-X mutant 1, 2, 3 and 4 

 

FBG-X mutants were made as described previously for the FBG-C mutant 

proteins. These proteins were expressed in E. coli and purified by nickel 

chromatography. FBG-X mutants were biochemically characterised to assess their 

purity by silver staining and western blots (Figure 5-16 A, B). The LPS content of the 

protein solutions was also measured and found to be less than 10 pg/mL. CD spectra of 

FBG-X mutant 1, 2 and 3 showed no significant changes in the secondary structure of 

the mutant proteins compared to FBG-X (Figure 5-16 C, D, E). However, variations in 

the secondary structure were observed in FBG-X mutant 4, suggesting that the insertion 

of these mutations could generate changes in the overall folding of the protein (Figure 

5-16 F).  



 

 

190 

 

 

Figure 5-16. Biochemical and biophysical characterization of FBG-X mutant 1, 2, 3 and 4. 

A. Protein purity was verified by silver staining of 1 µg of protein sample. B. Anti-His tag 

western blot of 1 µg of FBG-X mutant 1, 2, 3 and 4.  C. CD spectra in the far UV region of 

FBG-X mutant 1 (brown) compared to FBG-X (red). TN buffer signal in blue. D. CD spectra in 

the far UV region of FBG-X mutant 2 (red) compared to FBG-X (blue). TN buffer signal in 

blue. E. CD spectra in the far UV region of FBG-X mutant 3 (brown) compared to FBG-X 

(red). TN buffer signal in blue. F. CD spectra in the far UV region of FBG-X mutant 4 (brown) 

compared to FBG-X (red). TN buffer signal in blue. 
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5.6.2. Activity in ThP1 NF-κB cells 

 

The protein activity of the FBG-X mutants was examined in ThP1 NF-κB cells. 

FBG-X mutant 1 could not induce NF-κB activation similar to FBG-X. FBG-X mutant 

2 could partially induce NF-κB activation at high concentration (2 µM). FBG-X mutant 

3, where mutations were made in loop 5 and 10, could induce NF-κB activation in a 

dose dependent manner. In addition, FBG-X mutant 4 that includes mutations  in loop 

5, 7 and 10 could also activate ThP1 NF-κB cells similarly to FBG-C (Figure 5-17 A). 

MTT assays confirmed that cell viability was not affected by FBG-X mutant proteins 

(Figure 5-17 B).  

 

Figure 5-17. Mutations in FBG-X recover protein activity in ThP1 NF-κB cells. A. ThP1 

NF-κB cells were left  unstimulated (-) or stimulated for 24 h with 0.5 ng/mL of LPS or 

increasing doses of FBG-C, FBG-X, FBG-X mutant 1, 2, 3 and 4 pre-treated with PMB for 30 

min. NF-κB activation was measured using QUANTI-Blue™. B. MTT assay of ThP1 NF-κB 

cells that were stimulated for 24 h with 0.5 ng/mL of LPS or increasing doses of FBG-C, FBG-

X, FBG-X mutant 1, 2, 3 and 4. Data shown as mean ± SEM, N=3 independent experiments. 

One-way ANOVA vs FBG-C or FBG-X. *p<0.05, **p<0.01, ns: non-significant.  
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5.6.3. Activity in primary human macrophages 

 

To corroborate the results obtained in ThP1 NF-κB cells, the activity of FBG-X 

mutant proteins was also evaluated in primary human macrophages. Similarly to ThP1 

NF-κB cells, no difference was observed in the activity of FBG-X mutant 1 and FBG-

X. FBG-X mutant 2 could partially induce IL-6, IL-8 and TNF at high concentrations (2 

µM). FBG-X mutants 3 and 4, could induce cytokine synthesis in primary human 

macrophages in a dose dependent manner, similarly to FBG-C (Figure 5-18 A). MTT 

assays confirmed that cell viability was not affected by FBG-X mutant proteins (Figure 

5-18 B).  

 

Figure 5-18. Mutations in FBG-X recover protein activity in primary human 

macrophages. A. Primary human macrophages were left unstimulated (-) or stimulated for 24 h 

with 1 ng/mL of LPS or increasing doses of FBG-C, FBG-X, FBG-X mutant 1, 2, 3 and 4 pre-

treated with PMB for 30 min. Cytokines synthesis was measured by ELISA. B. MTT assay of 

primary human macrophages that were stimulated for 24 h with 1 ng/mL of LPS or increasing 

doses of FBG-C, FBG-X, FBG-X mutant 1, 2, 3 and 4. Data shown as mean ± SEM, N=3 

independent donors. One-way ANOVA vs FBG-C or FBG-X. *p<0.05, **p<0.01, ns: non-

significant. 
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5.6.4. Binding assay 

 

The solid phase binding assay was used to determine if the mutations made in 

FBG-X are able to recover the binding capability of the protein to TLR4. TLR4 

showed no binding to FBG-X as expected, and also did not bind to FBG-X mutant 1. 

Lower binding affinity was observed to FBG-X mutant 2 and 3 compared to FBG-C 

(Figure 5-19, Table 5-9). However, TLR4 binds to FBG-X mutant 4 with similar 

affinity compared to FBG-C, suggesting that mutations in the three regions (loop 5, 

loop 7 and loop 10) are sufficient to recover the binding capability of the protein to the 

receptor (Figure 5-19, Table 5-9).  

 

Figure 5-19. Mutations in FBG-X recover the binding ability of the protein to TLR4. 96 

wells plate was coated with FBG-C, FBG-X, FBG-X mutant 1, 2, 3 and 4 and TLR4 was added 

in a dose dependent manner. Data shown as mean ± SD, N=4 independent experiments. 
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Table 5-9. Affinity of FBG-C, -X, FBG-X mutant 1, 2, 3 and 4 to TLR4 based on solid 

phase binding assay. Data shows mean ± SD, N=4. n.d.: not determined.   

Protein KD  (nM) ± SD 

FBG-C 59.77 ± 7.08 

FBG-X n.d. 

FBG-X mutant 1 n.d. 

FBG-X mutant 2 173.09 ± 56.66 

FBG-X mutant 3 154.96 + 46.74 

FBG-X mutant 4 78.33 + 18.41 

 

Together these data indicates that the addition of only two positively charged 

amino acids in loop 5 of FBG-X is not sufficient to induce NF-κB activation, cytokine 

synthesis or binding to TLR4. Mutating the sequence of loop 5 of FBG-X to that of 

FBG-C could partially recover the activation of NF-κB, induction of cytokine synthesis 

and binding to TLR4, indicating that other regions are necessary for receptor binding 

and full recovery of protein activity. This was confirmed with mutant 3 and 4, where 

the addition of mutations in loop 7 and 10 in FBG-X could induce the activation of NF-

κB and cytokines synthesis to similar levels as FBG-C. In addition, TLR4 bound to 

FBG-X mutant 4 with an affinity constant comparable to that of FBG-C.  
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5.7. Discussion 

 

In this chapter, I identified specific amino acids in FBG-C involved in the 

activation of and binding to TLR4. Positively charged amino acids in loop 5 

(KTRYKLK) were found to be essential for receptor activation, and positive residues in 

loop 10 (RRKRA) stabilised the interaction with TLR4. In addition, polar interactions 

in loop 7 contribute to binding to the receptor (Figure 5-20). These findings were also 

corroborated when the activity of FBG-X was recovered. Changing the sequence of 

FBG-X loop 5 to that of FBG-C partially recovers protein activity and binding. 

However, adding positively charged amino acids at the C-terminus and changing 

specific residues in loop 7 completely recover protein activity and binding to TLR4. 

These data indicates that these three regions are necessary to fully bind to TLR4 and 

induce NF-κB activation and cytokine synthesis by the FBG domains.  

 

Figure 5-20. Model of FBG-C showing the regions involved in binding and activation of 

TLR4. Loop 5 is shown in red, loop 7-8 in green and loop 10 in yellow. The amino acids 

mutated are highlighted in a darker colour.  
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The first region to be evaluated was loop 5. In the previous chapter, I found that 

peptides containing this amino acid sequence were able to activate ThP1 cells and 

primary human macrophages. Comparison of the sequences of the active FBG domains 

(FBG-C, -R and -W) revealed that positively charged amino acids were conserved in 

this loop, but they were not present in the inactive FBG-X. For that reason, these 

residues were mutated to alanine to establish their involvement in TLR4 activation. The 

lack of all positively charged amino acids in FBG-C mutant 3 or in the peptides, 

resulted in complete loss of protein activity, indicating that ionic interactions in this 

region are essential for receptor activation. However, in the solid phase binding assay, it 

was found that the mutant protein was still binding to TLR4 with low affinity, 

suggesting that more than one site is contributing to binding to the receptor. This 

hypothesis was confirmed when TLR4 was pre-incubated with different doses of FBG-

C mutant 3, before adding it to plates coated with FBG-C. FBG-C mutant 3 could block 

completely the interaction between FBG-C and TLR4 at a concentration of 20 µg/mL, 

which is equivalent to 766.28 nM. The maximum concentration of TLR4 added to the 

plate is 27 µg/mL (382.44 nM), suggesting that the molar ratio for this interaction is 

2:1, or two molecules of FBG for one molecule of TLR4, assuming that TLR4 is a 

monomer in the solution. In our lab, we have observed that the FBG domain of 

tenascin-C is able to oligomerise, but additional analyses are necessary to determine if 

dimerization is essential for binding and activation of TLR4.  

To further investigate the contribution of positively charged amino acids in loop 5 

to the activation of TLR4, we replaced hydrophobic amino acids in FBG-X 

(AEYYRLH) with basic residues (KTKYRLH). In FBG-X mutant 1, only two lysines 

were introduced, and these mutations had no effect on the binding or activation of 

TLR4. However, when the complete sequence of FBG-X loop 5 was changed to the 
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sequence of FBG-C, a partial recovery in protein activity was observed at high 

concentrations. These data supported the hypothesis that positively charged amino acids 

in loop 5 plus other sites of the FBG domain are required for receptor binding and 

further activation. In addition, it suggested that these other regions involved in binding 

are also different in FBG-X compared to FBG-C, -R and -W.  

Multiple sequence alignments revealed that at the C-terminus the active FBG 

domains had positively charged amino acids, while FBG-X presented a truncated 

version of this region lacking these residues. I then created mutant versions of FBG-C 

where the sequence at loop 10 was substituted for that of FBG-X. This mutation on its 

own had little effect on protein activity, indicating that it was not involved in the 

activation of TLR4. However, in combination with mutations in loop 5, a significant 

effect was observed in the solid phase biding assay, suggesting that it might contribute 

to the interaction of FBG-C and TLR4. In addition, when positively charged amino 

acids were added to loop 10 in FBG-X in combination with mutations in loop 5, FBG-X 

mutant 3 was able to activate NF-κB and induce cytokine synthesis, corroborating the 

finding in FBG-C. This region at the C-terminus could be exposed on the surface of the 

FBG domains and could potentially interact with TLR4 stabilising the binding of the 

FBG domain to the receptor.  

Peptide mapping also revealed that peptide 7 could interfere in the binding of 

FBG-C to TLR4. Analyses of the FBG domains sequences in this region showed a high 

degree of conservation and it was difficult to select the amino acids for mutagenesis. 

However, multiple sequence alignment and examination of the structural models of the 

FBG domains showed that three amino acids were different in FGB-C compared to 

FBG-X. These changes create a different distribution of polar amino acids and 

structural changes in the exposure of hydrophobic amino acids in FBG-X. Three amino 
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acids in loop 7 were replaced in FBG-C for the ones found in FBG-X to assess their 

contribution to the interaction of FBG-C and TLR4. Mutations only in loop 7 had no 

effect in protein activity, but when they were in combination with mutations in loop 5, 

FBG-C mutant 7 showed a reduction in the affinity to TLR4. Furthermore, mutations of 

these residues in FBG-X, in conjunction with mutations in loop 5 and loop 10, 

completely recovered the protein activity to comparable levels as FBG-C. TLR4 was 

also able to bind to FBG-X mutant 4 in the solid phase binding assay, suggesting that 

the changes introduced in FBG-X in loop 5, 7 and 10 are sufficient to create a chimeric 

FBG domain able to activate and bind to TLR4. These mutations also induced changes 

in the secondary structure of FBG-X, which made it more similar to FBG-C (as shown 

in the CD spectrum of the protein). These data suggest that mutating these three regions 

in FBG-X generate structural changes which might contribute to generate an active 

FBG domain.   

Site directed mutagenesis is a technique extensively used to understand the 

function of specific residues in protein-protein interactions. The amino acids required 

for the activation of TLR4 by other proteins have been determined using this method. 

For example, mutagenesis studies showed that substitution of F123 in MD-2 to alanine 

didn’t affect LPS binding but prevented TLR4 activation [131]. Novimmune has 

determined the mode of action of the TLR4 neutralising antibody Hu 15C1 by site 

directed mutagenesis, both in TLR4 and Hu 15C1, revealing that the antibody 

antagonises the receptor dimerization preventing its activation [143]. Mutations in 

Cys106 in HMGB1 hindered TLR4 activation and cytokine synthesis by this DAMP, 

indicating that this amino acids is essential for HMGB1 binding and activation of the 

receptor [150]. Site direct mutagenesis is a useful tool to determine the role of specific 

amino acids in protein complexes, especially when protein crystallisation is difficult or 
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not possible. However, one disadvantage of this method is that it doesn’t provide 

structural information of protein-protein interactions. In addition, the introduction of 

these mutations could disrupt the correct folding of the protein or generate important 

structural changes that could result in false positive when analysing more than one 

residue. Biophysical characterization of the mutant proteins is necessary to correctly 

interpret the results obtained regarding the role of specific residues in protein 

complexes. 

The FBG domain of tenascin-C has been shown to bind to other receptors such as 

αvβ3 [198], receptor protein-tyrosine phosphatase- ζ /β (RPTP- ζ /β) [199] and chicken 

acidic leucine-rich EGF-like domain containing brain protein (CALEB) [348], and 

components of the extracellular matrix, including heparin [349], and neurocan [199].  

Little is known about the amino acids in the FBG domain involved in these interactions, 

with the exception of αvβ3 and heparin. The integrin αvβ3 has been demonstrated to bind 

to the sequence corresponding to peptide 8 of FBG-C [198]. This region is located in 

the P-subdomain and it doesn’t overlap with the sequences found to be required for the 

activation or binding to TLR4. Fischer et al. [349], by using a short peptide including 

the C-terminal region of the FBG domain (PSSFRNLEGRRKRA), found that these 

resides were required for FBG-C binding to heparin. I’ve shown that this sequence is 

involved in the stabilization of the binding of FBG-C to TLR4, suggesting that this is a 

basic loop at the C-terminus that could be involved in the interaction with different 

binding partners. It would be interesting to examine if heparin binding could prevent 

TLR4 binding to FBG-C.  
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5.8. Summary 

 

In this chapter I found the specific residues within the FBG domain of tenascin-C 

involved in the activation and binding to TLR4. Cationic and polar amino acids in loop 

5, 7 and 10 contribute to the interaction between FBG-C and TLR4. Moreover, 

substituting these amino acids in the inactive FBG-X recovered the activity of this 

protein, suggesting that they are essential for the induction of inflammation by the 

active FBG domains. In the next chapter, I will discuss the mode of activation of TLR4 

by other molecules and compare it to what I found in FBG-C. 
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Chapter 6. Final Discussion 

 

Tenascin-C is an ECM protein that is transiently expressed during physiological 

tissue repair [213], where it triggers an immune response, inducing the synthesis of pro-

inflammatory cytokines via activation of TLR4 by its FBG domain [89].  However, 

persistent tenascin-C expression is associated with chronic sterile pathological 

inflammation [213]. The mechanism of TLR4 activation by the FBG domain of 

tenascin-C is still not well understood. Here, I’ve found three sites within the FBG-C 

that bind to and activate TLR4, mapping key residues at each site. These data reveal a 

unique epitope conserved in the active FBG domains of the tenascin family members 

that is involved in TLR4 activation. 

 

6.1. Modes of TLR4 activation  

 

TLR4 can recognise a variety of ligands including pathogenic stimuli, 

endogenous molecules and allergens. Different modes of activation has been described 

for TLR4 (Figure 6-1). Bacterial LPS requires the co-receptor MD-2 to activate the 

receptor; it exhibits negligible binding to TLR4 alone, but binds with high affinity to 

the TLR4-MD-2 complex (3 nM).   The molecular nature of this complex is well 

defined, with both the ligand interaction site and the TLR4 dimerization site 

experimentally validated [116, 131, 350].  The endogenous molecule HMGB1 also 

requires MD-2 for activity; it also cannot bind TLR4 directly but binds with high 

affinity to MD-2.  This interaction requires one cysteine in HMGB1 and binding, as 

well as activity in vitro and in vivo, can be blocked by the peptide tetramer FSSE, which 

comprises residues 105-108 of HMGB1. This site of HMGB1 is predicted to bind inside 

the hydrophobic pocket of MD-2 [150, 163].  These data suggest a similar mode of 
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TLR4 activation with both HMGB1 and LPS interacting with the hydrophobic core of 

MD-2 (Figure 6-1 A).   A second mode of TLR4 activation has been reported for nickel 

and the cationic lipid diC14-amidine.  They both require MD-2 for their activity; 

however they bind to a different site compared to LPS. Instead, nickel and diC14-

amidine induce TLR4 activation by binding to histidines or polar residues respectively 

in the dimerization interface (Figure 6-1 B) [77, 351].   A third mode of activation is the 

one reported for the house dust mite allergen Der p 2, which binds to TLR4 in the 

absence of MD-2 [146].  Der p 2 is a member of the lipid binding family, exhibiting a 

sandwich β sheet structure enclosing a hydrophobic cavity almost identical to MD-2. 

Based on their structural homology, Der p 2 has been proposed to house LPS in its 

hydrophobic pocket and bind to TLR4 in the same location as MD-2 (Figure 6-1 C), 

driving allergic TLR4 activation upon pathogen sensitization [145, 146]. However, 

participating residues have not been experimentally interrogated.   

The interaction of FBG-C, -R and –W with TLR4 also occurs in the absence of 

MD-2, consistent with previous data showing that FBG-C activation of TLR4 does not 

require this co-receptor [89].   Two other endogenous TLR4 agonists, surfactant protein 

D and biglycan, also bind to TLR4 in the absence of any co-factors, with affinities 

comparable to the tenascin FBG domains, and to the affinity of MD-2, for TLR4 (Table 

3-4).   However, these proteins exhibit a different structure compared to MD-2 and Der 

p 2, suggesting a fourth mode of interaction with the receptor (Figure 6-1 D).  Biglycan 

is a proteoglycan composed of leucine rich repeats [352], while surfactant protein D 

comprises an α helical coil-coiled structure linked to a globular carbohydrate binding 

domain [353]. Tenascin FBG domains do not possess a hydrophobic cavity, consistent 

with them being able to activate TLR4 independently of LPS and with their inability to 

enhance LPS-mediated TLR4 activation [215]. In addition, FBG-C binds with lower 
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affinity to TLR4 in complex with MD-2 (Figure 3-24), suggesting competition for a 

common or overlapping binding site within TLR4.    

In order to study the structural possibility of direct binding modes of FBG 

domains to TLR4, FBG-C homology models were used within protein:protein docking 

procedures, including only models in which the residues of loops 5 and 7 contact TLR4 

(loop 10 has no structural template, therefore was not considered to be modelled 

accurately).  Homology models of FBG-C indicate that the domain is larger in volume 

than MD-2.  However, docking studies suggest that the FBG-C domain may bind in a 

similar mode than MD-2. Analysis using ICM protein:protein docking and ClusPro 

showed high frequency hits in the concave surface of TLR4-1 at the N-terminus and 

central LRR modules, overlapping with some regions of MD-2 interaction with TLR4. 

FBG-C could also induce TLR4 dimerization by binding to the convex surface of 

TLR4-2, in a similar fashion than MD-2 (Figure 6-1 D). MD-2 binds to each TLR4 of 

the receptor homodimer via ionic and polar interactions (TLR4-1: R68, K109, R106, 

D101, S103, S98, D99, G123; TLR4-2: K125, R90, M85, L87); and the same has been 

predicted for Der p 2.  My data indicate several commonalities with TLRs modes of 

activation. Firstly, multiple binding sites participate in mediating a high affinity 

interaction with TLR4, and secondly, similar types of interactions appear to be 

involved. FBG-C requires charged and polar residues, as well as hydrophobic amino 

acids to bind and activate TLR4. The interaction between FBG-C and TLR4 could be 

driven by ionic and hydrophobic bonds similarly to what has been reported for MD-2, 

where FBG-C is binding to a primary interface in TLR4-1 and to a dimerization 

interface in TLR4-2. However, the residues in TLR4 involved in binding to FBG-C are 

still unknown. Future work will include assays using TLR4 mutants to elucidate the 

specific amino acids in TLR4 interacting with FBG-C.  
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Figure 6-1. Structures of direct and indirect binders of TLR4. The structure of TLR4 (PDB 

code 4G8A) is shown in blue together with A. binders of TLR4 that interact with MD-2 (PDB 

code 4G8A – orange): LPS (PDB code 4G8A) and HMGB1 (PDB code 2YRQ - purple); B. 

binders of TLR4 that require but do not bind MD-2: Ni
2+

 (blue circles mapped onto critical 

histidine 456 and 458 of TLR4) and diC14-amidine; C. binders of TLR4 that do not require MD-

2: DERP-2 (PDB code 1KTJ superimposed upon MD-2 of PDB code 4G8A - yellow); and D. 

endogenous ligands that can bind directly to TLR4: biglycan (bovine structure, PDB code 2FT3 

– grey), surfactant protein D (PDB code 1PWB – red; carbohydrate region marked in cyan), 

tenascin-C FBG-like domain (homology model – green; loop 5 – red; loop 7 - blue) with the 

TLR4 structure annotated with a high frequency of observed interactions in ICM protein:protein 

docking with loops 5 and 7 (yellow – TLR4 monomer 1; red – TLR4 monomer 2). Figure 

generate by Brian D. Marsden. 

 

In summary, I found three specific regions in FBG-C involved in binding and 

activation of TLR4, which include loop 5, 7 and 10 in the P-subdomain of the protein. 

Together these data revealed a new mode of TLR4 activation by endogenous molecules, 
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where FBG-C is predicted to occupy the same space that MD-2 in TLR4. In addition, 

this information will contribute to the design of specific inhibitors against the FBG 

domain of tenascin-C, which will be used to treat chronic inflammatory conditions. 

 

6.2. Fibrinogen related proteins 

 

The tenascin family also belong to the group of fibrinogen related proteins 

(FRePs). These proteins have a domain which is highly homologous to the C-terminal 

globular structure of the γ and β chain of fibrinogen. This structure has been defined as 

a fibrinogen-like globe (FBG) domain, also referred to as a fibrinogen related domain 

(FReD) [354]. Typically, FRePs are multidomain proteins where the FBG domain is at 

the C-terminus of the molecule.  

Although the FBG domain was first describe in fibrinogen, it is an ancient 

domain. SMART analysis revealed that there are a total of 2515 FRePs in eukaryote, all 

found in multicellular organism. Whilst some molecules have been found to be 

homologous to the A sub-domain in choanoflagellates [355], it’s in the sea sponge 

(Phylum Porifera) where the first complete FBG domain can be found. In mammals 

there are 541 FRePs with 21 different FRePs in human, including fibrinogen, tenascins, 

ficolins, angiopoietins, angiopoietin-related proteins, fibroleukin, and fibrinogen C 

domain-containing protein-1 (FIBCD-1) (Figure 6-2). 
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Figure 6-2. Domain organization of human FRePs. A.  Angiopoietins contain an N-terminal 

superclustering domain, followed by a coiled-coil domain in which the number of amino acids 

varies between family members, and the C-terminus is capped by the FBG domain. B. 

Angiopoietin-related proteins are structurally similar to angiopoietins. They lack a 

superclustering domain, instead containing a proline rich region before the FBG domain. C. 

Fibroleukin contains a coiled-coil domain and a C-terminal FBG domain. D. Fibrinogen-C 

domain containing protein 1 (FIBCD-1) is the only FReP that is not secreted; it contains a 

transmembrane domain, followed by coiled-coil domain and FBG domain.  E.  Ficolins contain 

an N-terminal collagen like domain, which includes a cysteine rich region and a neck region 

that connects with the FBG domain. F. Tenascins have an N-terminal region involved in 

oligomer formation.  Next are the EGF-like repeats, followed by FNIII domains, which number 

varies among the tenascins, and at the C-terminus is the FBG domain. 

 

There is 30%-40% identity among human FRePs indicating a high level of 

homology among the sequences of these proteins. This is consistent with the crystal 

structures published to date for some of the human FRePs, which revealed a well 

conserved pattern of folding. They all have a common organisation similar to the 

fibrinogen γ chain, each structure comprising a defined A, B and P sub-domain. The A 
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sub-domain is formed with anti-parallel β sheets and an α helix, and it’s where the first 

disulphide bond is located. The B domain is in the centre and comprises β sheets and 2 

α helices. The P domain is formed mainly of loops and has little secondary structure. 

The second disulphide bond is located in this region as well as the calcium binding site, 

which position is conserved among the all structures and involved 2 Asp residues and 

the cysteines from the disulphide bond (Figure 6-3).  

 

Figure 6-3. 3D structure of C-terminus fibrinogen γ chain and other human FRePs. 

Protein sub-domain organisation is highlighted: A-subdomain in blue, B sub-domain in red and 

P subdomain in yellow. Protein structure were obtained in PDB [308, 356-359] and coloured 

using PyMOL Molecular Graphics System.  

 

Crystal structure analyses have also revealed that FBG domains can oligomerise. 

All ficolins form homotrimers when crystallised [356, 357], while angiopoietins 1 and 2 
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can exist as trimeric, tetrameric or pentameric oligomers [360]. Moreover, 

oligomerization of angiopoietins is essential for binding to the Tie2 receptor [361]. 

FIBCD-1 also forms homotetramers in the cell membrane and acts as a receptor for 

chitin binding [362, 363]. The FBG domain of tenascin-C can form dimers and trimers, 

but it is not known if this is required or might interfere with TLR4 activation.  

 Human FRePs have diverse and complex functions, being essential in the 

coagulation cascade, but also involved in cell-cell interaction and signalling. They are 

part of the extracellular matrix and are key molecules in angiogenesis, as well as the 

innate immune system [364]. Ligands identified for FRePs include cell surface 

receptors such as integrins, TLRs and Tie; bacterial components such as sugars; and 

proteins such as “a” peptide, C-reactive protein and β-amyloid.  By direct mutagenesis 

or crystal structure it has been identified some of the binding site of human FRePs to 

their ligands (Table 6-1).  
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Table 6-1. Binding sites of human FRePs ligands. Each ligand is shown with the location of 

the amino acids involved in the interaction.  

FBG domain Ligand  Binding amino acids  Subdomain 

Angiopoietin 1 Tie2 D218, A219, P222, 

K238, K243, Y246 

P [365] 

Angiopoietin 2 Tie2 D218, A219, P222, 

N237-F239, Y245, 

Y246, S250 

P [365] 

Fibrinogen βC β-amyloid 42 N138-G187 B, P [366] 

Fibrinogen  γC Integrin α
IIb

β
3  

 H271-V279  P [367]  

 Integrin α
M

β
2  

 G48-V60 / Y248-G266 A, P [368] 

 Integrin α
v
β

3  
 G217-S229 P [198] 

 Integrin α
5
β

1  
 N236-T254 P [369] 

  “a” peptide GPRP Q245, D246, K254-

H256, Y279-G282, 

R291 

P [370] 

FIBCD-1 Chitin Y250, H260, Y283, 

A284 

P  [363] 

H-ficolin D-fucose C189, Y190, Y208, 

V218 

P [356] 

L-ficolin Acetylated sugars F180, C189, H190, 

G204, F206, Y218, 

N219 

P [356] 

 1,3-β-ᴅ-glucan E226, D53, D55, S34, 

S86 

A, B [356] 

M-ficolin Acetylated sugars F180, C189, H190, 

Y206, A207, Y218 

P [357] 

 C-reactive protein C189-N211 P [371] 

Tenascin-C  Integrin α
v
β

3  
 W151-K189 P [198] 

 TLR4 K123-K129, F152-

N162, R224-R227 

P, B 
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The P domain is the region where most of the binding sites for ligands are 

located. In fibrinogen, this region binds to integrins and also to amino-terminal peptide 

“knobs” originated from the central regions of other fibrinogen molecules, which 

account for the initial step in fibrin polymerization. This same region contains the 

ficolin binding sites for sugars and sugar derivative, as well as the residues that 

angiopoietins required to interact with Tie2 receptor. However, there are key amino 

acids that aren’t conserved and probably confer the proteins their unique function. For 

example, there are some amino acids insertions in fibrinogen β and γ chain that are not 

found in other FRePs and are involved in ligand binding. The tenascins lack the region 

essential for binding acetylated sugars present in ficolins, as a result of a deletion [372].  

Multiple sequence alignments of the human FRePs reveals that the binding sites of the 

tenascin FBG domains to TLR4 are unique to this family, and only the fibrinogen γ 

chain possesses an extended C-terminal sequence akin to the active tenascin FBG 

domains (Figure 6-4 B).  These data are consistent with the ability of fibrinogen to 

activate TLR4 [373] and imply that this domain may do so via a similar mode of action 

to tenascin-C.    

Tenascin proteins appeared first in early chordates such as C. savignyi and C. 

intestinalis [306, 374]. Multiple alignments of the FBG domain of tenascin-C show a 

high level of sequence conservation across species.  Analysis of the evolutionary 

change rate of the P subdomain of human FrePs has suggested that when an FBG 

domain acquires a new function, the rate of change in the P subdomain decreases, and 

the residues involved in the interaction with other proteins remain conserved among 

species [372]. Whilst the sequences of loops 5 and 7 and the C-terminus show some 

divergence in early chordates, they are extraordinarily well conserved in higher 
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eukaryotes (Figure 6-4 A), suggesting that the involvement of the FBG-C domain in the 

innate immune response is a more recent acquired function.  

Analysis of the sequences of FRePs from ancient organisms revealed similarities 

in loop 5 and 7 of the mollusc B. galabrata and human FBG-C, suggesting that this 

FReP might be also able to activate TLR4. In invertebrates, FRePs are essential for 

protection against infection as well as development [375]. The FRePs from B. glabrata 

have been shown to have a role in internal defence, being able to bind and precipitate 

parasitic antigens [376]. Another well studied example is tachylectin 5A from the 

horseshoe crab T. tridendatus.  This FReP can recognise acetyl groups and can 

agglutinate both Gram-positive and Gram-negative bacteria [377]. Tachylectin 5A has 

~40% homology with human ficolins (especially in their ligand binding sites) and these 

FRePs share similar functions in the immune response. The emergence in vertebrates of 

a pathogen-independent means of activating immunity suggests an evolutionary 

pressure to react to threat other than infection. 

.  
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Figure 6-4. Conservation of the FBG-C active epitope across species and in other 

fibrinogen related proteins. A. Multiple sequence alignment of the FBG domain of tenascin-C 

of different species. B. Multiple sequence alignment of all human FRePs. C. Multiple sequence 

alignment of human FBG-C and fibrinogen related domains from ancient invertebrates. The 

amino acids involved in TLR4 activation and binding in loop 5, 7 and 10 are highlighted in a 

black box. The alignment was coloured according to the Clustal colour scheme. Light blue: 

hydrophobic. Red: positively charged. Green: Polar. Pink: conserved column of cysteine. 

Violet: negatively charge. Orange: glycine. Yellow: proline. Cyan: aromatics.    

 

In summary, the fibrinogen-like globe is an ancient domain which has diversified 

to exhibit different functions throughout eukaryotic evolution. Initially involved in 

immune responses and development, the expansion of these proteins in vertebrates 

resulted in the development of new complex roles. Whilst a large degree of homology 

exists among the FBG domains of human FRePs, they interact with multiple diverse 

binding partners via specific amino acids, which are unique to the same family 

members. Precise mapping of FBG-binding sites will enable the development of 
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specific inhibitors that might be useful in controlling diverse processes in human 

diseases including coagulation, inflammation, angiogenesis, and tissue rebuilding.  

 

6.3. Summary and future plans 

 

I have shown for the first time that, in addition to tenascin-C, other tenascin 

family members (-R and -W) can induce a TLR4 mediated inflammatory response, 

where tenascin–X cannot.  The pro-inflammatory epitope of the active tenascins lies in 

loop 5 in the P-subdomain of FBG, where positively charged amino acids are necessary 

for the activation of TLR4, whilst charged residues in loop 10 and polar and 

hydrophobic amino acids in 7, assist in mediating high affinity binding to TLR4.  

Together these data provide the molecular basis of a direct, endogenous TLR4 ligand, 

which will contribute to better understand how endogenous molecules activate this 

receptor, as well as be used for the design of specific inhibitors of FBG domain 

containing TLR stimuli. Future plans will include: 

 

 Determine if FBG-X mutant 3 and 4 activity is dependent on TLR4. TLR4 

antibody and TLR4 inhibitor TAK 242 will be used in primary human 

macrophages prior stimulation with FBG-X mutant 3 and 4 to determine if the 

protein activity is affected by the inhibition of TLR4.  

 Determine the amino acids in TLR4 required for FBG-C recognition. FBG-C 

activity will be assessed in HEK cells expressing TLR4 mutants. Recombinant 

TLR4 mutants could be generated to assess in vitro binding to FBG-C using the 

solid phase binding assay. Together these data will elucidate the specific amino 

acids in TLR4 involved in binding to FBG-C 
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 Elucidate the differences in the mechanism of activation of TLR4 by FBG-C 

and LPS. Our group has shown that FBG-C activates the MyD88 pathway 

downstream of TLR4. However, it is not known if FBG-C could also induce the 

TRIF pathway or TLR4 internalization like LPS. TRIF-induced cytokines such 

as interferon, CCL5 and IP-10 could be determined by ELISA in the supernatant 

from primary human macrophages stimulated with FBG-C or LPS. In addition, 

TLR4 internalization could be measured by fluorescence-activated cell sorting 

(FACS) using wild type and TLR4 null bone marrow derived macrophages. 

These cells will be stimulated with FBG-C and LPS at different time points to 

track changes in TLR4 localization at the cell surface. These data will determine 

the differences in TLR4 internalization and the activation of the TRIF pathway 

induced by LPS or FBG-C, and will indicate a different mode of activation of 

TLR4 by these ligands.  

 Establish if other co-receptors are required for TLR4 activation by FBG-C. The 

FBG domain of tenascin-C has been shown to bind to integrins; however, it is 

not known if they contribute to TLR4 activation. Antibodies against different 

integrin sub-units will be used in cell assays to determine if protein activity is 

affected by inhibiting possible interactions with integrins. These results will 

determine if a specific integrin is required as a co-receptor for the activation of 

TLR4 by FBG-C.  

 Determine the crystal structure of FBG-C and FBG-C-TLR4 complex.  

Recombinant human FBG-C and the extracellular domain of TLR4 will be co-

crystallised to confirm and determine the interaction between specific amino 

acids within these proteins.  
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 Introduce mutations in loop 5, loop 7 and loop 10 of the FBG domain in full-

length tenascin-C.  Assess the effect of these changes in the activity of the full-

length protein when it is used to stimulate primary human macrophages and 

ThP1 cells.  
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