
 
 

Molecular Dissection of the Chicken 
Toll-like Receptor Repertoire 

 
 
 
 
 
 
 
 
 
 
 
 

Marijke Keestra 

 



Printing of this thesis was financially supported by: 
BioTRADING Benelux BV 
Clean Air Techniek BV 
Corning BV 
EUROGENTEC BV 
F. Dreef, M.D. and drs. J. Dreef-van Loo 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-90-393-4834-5 
 
Cover Design: van Anne (www.vananne.nl) 
Printed by: Atalanta drukwerkbemiddeling, Houten 



Molecular Dissection of the Chicken 

Toll-like Receptor Repertoire 
 

 
Moleculaire Analyse van het Toll-like Receptor  

Repertoire van de Kip 
 

(met een samenvatting in het Nederlands) 

 
 
 
 
 

Proefschrift 
 

ter verkrijging van de graad van doctor aan de Universiteit 
Utrecht op gezag van de rector magnificus, prof. dr. J.C. Stoof, 

ingevolge het besluit van het college voor promoties in het 
openbaar te verdedigen op donderdag 19 juni 2008 

des middags te 2.30 uur 
 

 
door 

 

Arina Marijke Keestra 
 

geboren op 24 juni 1977 te ’s-Gravenzande 



Promotoren: Prof. dr. J.P.M. van Putten 
Prof. dr. J.A. Wagenaar 

   



Contents 
 
   
Chapter 1 General Introduction 

 
7 

Chapter 2 The Central Leucine-Rich Repeat Region of Chicken 
TLR16 Dictates Unique Ligand Specificity and 
Species-Specific Interaction with TLR2 
 

43 

Chapter 3 Unique Properties of the Chicken Toll-like 
Receptor 4/MD-2 Complex: Selective LPS Activation 
of the MyD88-dependent Pathway 
 

71 

Chapter 4 Functional Characterization of Chicken TLR5 Reveals 
Species-Specific Recognition of Flagellin 
 

103 

Chapter 5 CpG DNA Recognition is Mediated by the Chicken 
Toll-like Receptor 21 
 

129 

Chapter 6 Summarizing Discussion 
 

153 

 Samenvatting in het Nederlands 
 

171 

 Dankwoord 
 

181 

 Curriculum Vitae and Publications 
 

187 

 
 



 



Chapter 1 
 

General Introduction 



Chapter 1 

 8 

 
 
 
 
 
 
 
 

 



General Introduction 

 9 

The innate defense against microbial pathogens 
 
The innate host defense is a primordial mechanism of protection against 
invading pathogens. The innate immune system has gained much interest 
after the discovery only ten years ago of distinct innate pathogen 
recognition receptors (PRR) that sense the presence of distinct conserved 
microbial structures. These receptors activate the host innate immune 
response and direct the nature of the much more microbe-specific 
adaptive immune response. The discovery of PRRs and their key regulatory 
role in the development of inflammation and immunity has boosted our 
understanding of the mechanisms and susceptibility to infectious disease 
and related immunopathology and holds great promise for future targeted 
immunomodulation. 
 
Toll-like receptors 
 
The PRR family of innate immune receptors consists of different 
subfamilies including the NOD-like Receptors (NLRs), the RIG-1-like 
Receptors (RLRs) and the Toll-like Receptors (TLRs) (Kanneganti et al. 
2007). The NLR family comprises a number of cytoplasmic PRRs and include 
NODs, NALPs, IPAF and NAIPs (Becker et al. 2007). The ligands for these 
receptors are still unknown with the exception of NOD-1 and NOD-2 that 
recognize peptidoglycan fragments, and IPAF that sense bacterial flagellin 
(Chamaillard et al. 2003; Girardin et al. 2003; Franchi et al. 2006; Miao et 
al. 2006). The RLRs are also cytosolic receptors, of which RIG-1 recognizes 
viral double stranded RNA (Yoneyama et al. 2004; Sandor et al. 2005).  
 The thus far best characterized PRRs are the so-called Toll-like 
receptors (TLRs). Members of this receptor family respond to a series of 
conserved pathogen associated molecular patterns (PAMPs) such as 
acylated peptides, lipopolysaccharide (LPS), bacterial flagellin, and viral or 
bacterial nucleic acids. Activation of TLRs by these ligands ultimately results 
in the production of antimicrobial peptides and pro-inflammatory and 
immunomodulating molecules (cytokines, chemokines) that give rise to an 
effective antimicrobial response and direct the adaptive immune system 
(Ishii et al. 2005; Takeda et al. 2005; Carpenter et al. 2007). TLRs are named 
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after the first identified member of the TLR family, the Toll protein of 
Drosophila melanogaster. This protein confers protection against fungi 
(Lemaitre et al. 1996). Since the discovery of the first active human TLR 
ortholog (Medzhitov et al. 1997), 10 human (hTLR1-10) and 12 murine 
(mTLR1-9 and mTLR11-13) members of the TLR family have been identified 
(Rock et al. 1998; Takeuchi et al. 1999; Du et al. 2000; Chuang et al. 2001; 
Zhang et al. 2004). All TLRs are type I transmembrane receptors with 
molecular masses ranging from 90-115 kDa. The proteins are variably 
glycosylated and this post-translational modification plays an important 
role in the expression and functionality of the TLRs (Ohnishi et al. 2001; da 
Silva Correia et al. 2002). Importantly, some mammalian TLRs are mainly 
expressed at the cell surface (TLR1, TLR2, TLR4, TLR5 and TLR6), while 
others (TLR3, TLR7, TLR8, TLR9) are present in the membranes of cell 
organelles including the endoplasmic reticulum (ER), endosomes and 
lysosomes (Dunne et al. 2005; Sandor et al. 2005). However, both the level 
of transcription and the localization of TLRs are dynamic and can vary 
between cell types (Chuang et al. 2002; Ewaschuk et al. 2007).  
 
Conserved protein architecture of Toll-like receptors 
 
Sequence analysis of the various TLRs indicate that all members of this 
family share a similar protein architecture (Figure 1). They all contain a N-
terminal signal peptide followed by an extracellular leucine-rich repeat 
(LRR) domain. This domain consists of 19-27 repeats with the 24-amino 
acid conserved consensus sequence xLxxLxLxxNxФxxФxxxFxxLx, in which x 
is any amino acid, L (Leu) and F (Phe) are often substituted by other 
hydrophobic amino acids such as I (Ile) or V (Val), Ф is any hydrophobic 
residue, and the N (Asn) at position 10 can be replaced by a C (Cys), T (Thr) 
or S (Ser) (Bell et al. 2003; Matsushima et al. 2007). The LRR consensus 
sequence may be interrupted by insertions after positions 10 or 15. The 
LRR domain is capped on both ends by characteristic N- and C-terminal 
structures (Figure 1, LRR-NT and LRR-CT) that shield the hydrophobic cores 
of the first and last LRR. These caps consist of conserved cysteines that 
from disulfide bridges that stabilize the extracellular structure. The 
extracellular domain of all TLRs is linked to a single transmembrane (TM) 
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domain and an intracellular Toll/IL-1 Receptor (TIR) domain. The TIR 
domain consists of approximately 150 amino acids and is more conserved 
than the extracellular LRR domains of different TLRs. The TIR domain serves 
as a platform for the recruitment of adaptor proteins that facilitate the cell 
signaling events that follow TLR activation. The importance of the TIR 
domain in the TLR signaling became first evident in C3H/HeJ mice that are 
resistant to the toxic effect of LPS. These mice have a single point 
mutation, P712H, in the TIR domain of TLR4 (Poltorak et al. 1998). Later 
studies demonstrated that this proline residue in the TIR domain is highly 
conserved among TLRs with the exception of TLR3. 
 
 

  
 
Recent successful crystallization of both the extracellular (Bell et al. 2005; 
Choe et al. 2005; Jin et al. 2007; Kim et al. 2007) and TIR domains (Xu et al. 
2000; Tao et al. 2002; Nyman et al. 2008) of several TLRs has led to 
elucidation of the structure of these TLR domains. This work indicates that 
the extracellular domain adopts a horseshoe-shaped like structure. The 
inner (concave) surface of the structure is formed from β-strands which are 
encoded by the first 10 amino acids of the conserved LRR consensus 

Figure 1. Schematic representation of a 
Toll-like receptor. The extracellular 
domain forms a horseshoe-shaped like 
structure consisting of 19-27 leucine rich 
repeats (LRRs), and is capped by the 
characteristic N- and C-terminal LRRs 
(NT-LRR and CT-LRR). The intracellular 
TIR domain is linked to a single 
transmembrane domain.  
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sequence (xLxxLxLxxN). These parallel β-strands assemble into a highly 
curved arc. The outer (convex) surface is encoded by amino acids 10-24 of 
the LRR consensus sequence that form connecting loops between the β-
strands (Bell et al. 2005; Choe et al. 2005; Jin et al. 2007; Kim et al. 2007).    
 Crystal structures of the TIR domains of TLR2, TLR1 and TLR10 
indicate a similar overall structure consisting of 5 β-strands, 5 α-helices and 
5 connecting loops (Xu et al. 2000). The TIR domains can form homo- or 
heteromers with TIR domains of other TLRs as well as with the TIR domains 
present in intracellular adaptor proteins (Xu et al. 2000; Tao et al. 2002; 
Gautam et al. 2006; Nyman et al. 2008). For example, it has been shown 
that the BB-loop of TLR2 can interact with the DD-loop of TLR1 (Tao et al. 
2002). The conserved proline residue in the TIR domain is located in the 
BB-loop. However, as no structural differences were observed between the 
TIR domain of TLR2 and the TIR domain with a P712H mutation, this 
conserved proline residue is considered to play a critical role in the binding 
to adaptor proteins and the further downstream signaling rather than in 
the formation of TLR receptor dimers.  
 
Classification of Toll-like receptors 
  
Despite their overall protein architecture, the different TLRs can be 
grouped on the basis of sequence similarity, composition of the LRR 
domain, ligand specificity, function, and cellular localization. Recognized 
TLR families are: the TLR2 family (consisting of TLR1, TLR2, TLR6, and 
TLR10), the TLR3, TLR4 and TLR5 families, the TLR7 family (TLR7, TLR8 and 
TLR9), and (in non-human species) the TLR11 family (TLR11, TLR12, TLR13, 
TLR21, TLR22 and TLR23) (Roach et al. 2005; Sandor et al. 2005). 
Alternatively, TLRs are grouped as surface-exposed (TLR1, TLR2, TLR4, 
TLR5, TLR6, TLR10) and intracellular TLR (TLR3, TLR7, TLR8, TLR9) receptors 
(Takeda et al. 2005). Perhaps the most common classification is according 
to the type of PAMP that is recognized by the TLR. The specific 
characteristics of the human members of these groups of TLR and their co-
receptors are summarized below (Figure 2). 
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The TLR2 complex  
Human TLR2 can form heterodimers with hTLR1 and hTLR6 and these 
complexes recognize bacterial lipoproteins (Takeuchi et al. 2001; Takeuchi 
et al. 2002). Lipoproteins are common constituents of the cell wall of 
Gram-positive and Gram-negative bacteria. The first identified lipoprotein 
was the Braun lipoprotein of E. coli, which is a tri-acylated lipoprotein 
(Hantke et al. 1973). The overall structure of bacterial tri-acylated proteins 
is a polypeptide with an N-terminal di-acylated glycerol group that is 
attached to the sulfhydryl group of a cysteine residue and a third acyl chain 
that is amide linked to the cysteine residue. The amino acid composition of 
the polypeptide and the length of the acyl chains can vary among bacterial 
species. Not all bacteria possess the enzyme that attaches the third amide 
linked acyl chain to the cysteine, and therefore produce di-acylated 
lipoproteins. A typical example of a bacterial di-acylated lipoprotein is 
MALP-2 of Mycoplasma. 
 Interestingly, the heterodimeric complexes of TLR2/TLR1 and 
TLR2/TLR6 discriminate between tri-acylated lipoproteins and di-acylated 
lipoproteins (Takeuchi et al. 2001; Takeuchi et al. 2002). TLR2 is strictly 
needed in the response to both types of lipopeptides (Aliprantis et al. 
1999). Recent elucidation of the crystal structure of the extracellular 
domains of TLR2 and TLR1 indicate that the extracellular domains of these 
TLRs can be divided in three subdomains, the N-terminal, the central and 
the C-terminal domain. The TLR2/TLR1 heterodimer resembles the letter 
“m” where the two C-terminal domains converge in the middle (Jin et al. 
2007). Co-crystallization with the synthetic tri-acylated lipopetide 
Pam3CSK4 has learned that two of the acyl chains of the molecule bind in a 
pocket of TLR2, but that the third, amide bound acyl chain interacts with 
the lipid-binding pocket of TLR1 (Jin et al. 2007). These lipid-binding 
pockets are located between the variable central and C-terminal LRR 
domains of the TLRs. Di-acylated peptides lack the third amide bound acyl 
chain and this may explain that these lipopeptides are unable to bind to 
the TLR2/TLR1 complex. Modeling of hTLR6 suggests that it lacks a lipid-
binding pocket. How the di-acylated peptides signal via the TLR2/TLR6 
complex remains to be resolved.  
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 The TLR response to lipopeptides may be enhanced by the presence 
of lipid scavenger molecules such as CD14 and CD36. CD14 binds several 
microbial and cellular products, such as LPS and lipopeptides. It may be 
present at the cell surface as a glycosylphosphatidylinositol (GPI)-linked 
protein and in serum in a soluble form. The molecule supposedly brings the 
bound glycolipids and glycopeptides in close proximity of the TLR2 and 
TLR4/MD-2 (see below) signaling complex, thereby enhancing the innate 
response (Manukyan et al. 2005). The crystal structure of CD14 indicates 
that it contains 11 LRRs. In its soluble dimeric form it contains 22 LRRs that 
adopt horseshoe shaped like structures (Kim et al. 2005) as observed for 
the TLRs. One unique feature of CD14 is that it contains a hydrophobic 
pocket near its N-terminus. This hydrophobic pocket is large enough to 
bind lipid chains from LPS or lipopeptides, and this may explain the ligand 
diversity of CD14 (Kim et al. 2005). CD36 appears to have a similar function 
as CD14 and plays a role in the sensing of lipopeptides (Hoebe et al. 2005). 
 It should be noted that, in addition to lipopeptides, the TLR2 
complex has been reported to respond to an array of other ligands 
including peptidoglycan and lipoteichoic acid (LTA) from Gram-positive 
bacteria, lipoarabinomannan from mycobacteria, zymosan from fungi, and 
neisserial porins (Lien et al. 1999; Schwandner et al. 1999; Underhill et al. 
1999; Massari et al. 2002). However, direct evidence that these compounds 
interact with the TLR complex is lacking and it cannot be excluded that, at 
least some of these compounds, are contaminated with bio-active 
lipopeptides. 
 It has been speculated that hTLR10 may also be able to form a 
functional complex with hTLR2 as the TIR domain of TLR10 can associate 
with the TIR domain of TLR2 and TLR1. However, the ligand and function of 
hTLR10 are still unknown, perhaps in part because of the absence of a 
functional gene copy in mice (Hasan et al. 2005). Recent elucidation of the 
structure of the TIR domain of hTLR10 suggests that the receptor may form 
homo- rather than heterodimers (Nyman et al. 2008). 
  
The TLR4/MD-2 complex 
Human TLR4 was the first mammalian TLR that was discovered. The protein 
is involved in the response to bacterial LPS. LPS is the principal component 
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of the cell wall of Gram-negative bacteria and the major cause of Gram-
negative septic shock. LPS is composed of a usually embedded hydrophobic 
lipid A component attached to a surface-exposed polysaccharide of 
variable length. Bacteria with a long, repetitive polysaccharide have a 
smooth form of LPS, while bacteria with a short polysaccharide chain have 
a rough LPS, also termed lipooligosaccharide (LOS). TLR4 responds to the 
lipid A moiety of the LPS. Lipid A comprises a variable number of fatty acyl 
chains attached to a phosphorylated N-acetylglucosamine dimer. The 
biological activity of lipid A towards TLR4 varies with the linkage, number, 
and length of the fatty acyl chains, and reflects the variable immune 
responses elicited by different lipid A structures (Beutler et al. 2003; Trent 
et al. 2006). 
 The recognition of LPS by the innate immune system does not 
involve the simple binding of lipid A by TLR4, but results from a series of 
events (Palsson-McDermott et al. 2004). In general, detection of Gram-
negative bacteria involves first the extraction and monomerization of LPS 
from bacterial membranes or LPS aggregates by the LPS-binding protein 
LBP. This protein transfers the LPS in its monomeric form to the lipid 
scavenger protein CD14. The role of CD14 in LPS signaling is evident from 
CD14 knockout mice, which are highly resistant to endotoxic shock induced 
by administration of LPS or live bacteria (Haziot et al. 1996). CD14 in turn 
transfers the LPS to the MD-2 protein. MD-2 is a secreted glycoprotein of 
160 amino acids with, dependent on its state of glycosylation, a molecular 
mass of 14-23 kDa, which can form a complex with TLR4. Binding of LPS to 
the TLR4/MD-2 complex is though to induce a conformational change, 
resulting in activation of the receptor complex. 
 Recently, the crystal structures of TLR4 and MD-2 as well as of the 
TLR4/MD-2 complex with bound Lipid IVa and eritoran have been 
elucidated (Kim et al. 2007; Ohto et al. 2007). The extracellular domain of 
TLR4 has a horseshoe-shaped like structure typical for LRR proteins, but 
with some unique characteristics. As noted for TLR2, the LRR domain of 
TLR4 can be divided into three domains, the N-terminal (LRRs 1-6), central 
(LRRs 7-12) and C-terminal (13-23) domain. The MD-2 protein adopts a β 
cup fold with two antiparallel β sheets. One sheet contains three β strands, 
and the other has six β strands. Between these two β sheets is a 
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hydrophobic cavity, in which the hydrophobic lipid A binds. The interaction 
between TLR4 and MD-2 is mediated by charge-enhanced hydrogen bonds. 
Both proteins have a positively and a negatively charged patch. The 
negatively charged patch, patch A, of TLR4 binds to the positively charged 
patch, patch A′ of MD-2, while the positive patch of TLR4, patch B, binds to 
the negative patch, patch B′ of MD-2.  
 The TLR4/MD-2 complex also appears to recognize a variety of 
other, often endogenous ligands. These include fibrinogen, fibronectin, 
oligosaccharide fragments of hyaluronan and heparan sulphate, beta-
defensin-2 and heat-shock protein (HSP) 60 and HSP70 (Kawasaki et al. 
2000; Ohashi et al. 2000; Byrd-Leifer et al. 2001; Okamura et al. 2001; 
Smiley et al. 2001; Termeer et al. 2002; Vabulas et al. 2002). The molecular 
basis of the interaction of these compounds with the TLR4/MD-2 complex 
is unknown. However, the biological activity of the molecules suggest that 
the TLR4/MD-2 complex may also sense endogenous danger signals in 
addition to bacterial LPS.  
 
TLR5 
In contrast to TLR2 and TLR4 that form functional complexes with TLR1 or 
TLR6 and MD-2 respectively, human TLR5 is assumed to function as a single 
homodimeric receptor. Human TLR5 senses the presence of flagellin, the 
major subunit of bacterial flagella (Hayashi et al. 2001). A bacterial 
flagellum is a hollow fiber-like structure that is composed of thousands of 
flagellin subunits and that is attached to a molecular motor in the bacterial 
cell wall. The structure of the monomeric flagellin has been determined 
and shown to consist of four domains, D0, D1, D2 and D3. Domains D0 and 
D1 are conserved between bacterial species, whereas the D2 and D3 
regions are variable domains. During flagella assembly, the variable 
domains of the flagellin are positioned to the outside of the flagellum, 
whereas the conserved domains form the inner core of the flagellum 
(Samatey et al. 2001). Bacteria use their flagella for motility needed to 
reach their optimal environmental niche. For many bacterial pathogens, 
flagella are an important virulence determinant.  
 Human TLR5 recognizes soluble flagellin and not the intact 
flagellum. In support of this, the domain recognized by TLR5 is located in 
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the conserved region of the flagellin which forms the inner core of the 
flagellar filament. Deletion of residues 95-108 and 441-449, located in the 
conserved region of flagellin, abolished TLR5 activation (Murthy et al. 
2004). Specific point mutations in the D1 region of the flagellin often not 
only affected TLR5 activation, but also bacterial motility (Smith et al. 2003). 
Apparently, TLR5 has evolved in such a way that it recognizes a domain in 
the flagellin protein, that is crucial for the bacterium to be motile. 
However, flagellins of certain bacterial pathogens such as Helicobacter 
pylori and the food-borne pathogen Campylobacter jejuni are not sensed 
by TLR5. The basis for this apparent evasion of the TLR5 response has been 
mapped to amino acid residues 89-96, located in the conserved D1 domain 
(Andersen-Nissen et al. 2005).  
 The exact mode of interaction of flagellin and TLR5 awaits 
elucidation of the crystal structure of TLR5 and the ligand-receptor 
complex. Comparison of the response of human and murine TLR5 to 
flagellin of different bacterial species indicates that the central 228 amino 
acids (residues 174-401) of the LRR region of TLR are critical for TLR5 
activation (Andersen-Nissen et al. 2007). On the other hand, studies with 
truncated TLR5 receptors suggest that the amino acid residues 386-407 are 
required for flagellin binding (Mizel et al. 2003). 
 
The intracellular TLR receptors 
Human TLR3, TLR7, TLR8 and TLR9 share, besides their intracellular 
localization, the ability to form homodimeric complexes and to sense the 
presence of viral or bacterial nucleic acids. Human TLR3 senses viral 
double-stranded (ds)RNA and the on viral dsRNA-based synthetic 
compound polyriboinosinic-polyribocytidylic acid (Alexopoulou et al. 2001). 
This poly(I:C) is commonly used as TLR3 agonist. 
 Mammalian TLR7 and TLR8 recognize viral single-stranded (ss)RNA 
(Heil et al. 2004; Lund et al. 2004). In addition, TLR7 and TLR8 recognize 
synthetic imidazoquinolines which have anti-viral activities. These synthetic 
compounds are structurally related to guanosine nucleosides. Some 
imidazoquinolines are recognized only by TLR7, others by TLR8, and some 
by TLR7 and TLR8 (Gorden et al. 2005). The intracellular TLRs do not 
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respond to endogenous RNA possibly because host-derived RNA is not 
delivered to the endosomes that contain TLR3, TLR7 and TLR8. 

Human TLR9 is activated by bacterial and viral DNA (Hemmi et al. 
2000). The stimulatory effect is due to the presence of unmethylated CpG 
dinucleotides (CpG-DNA). This unmethylated CpG motif is mostly found in 
bacterial and some viral genomes (Takeda et al. 2005). In mammalian 
genomes this motif is more rare and, when present, the cysteine residues 
in the motif are heavily methylated. There are at least two different types 
of CpG DNA, termed A or D type and B or K type CpG DNA (Verthelyi et al. 
2001). The A or D type CpG DNA is composed of phosphodiester bases, 
rather than phosphorothioate bases which are found in the B or K type CpG 
DNA. The B or K type CpG DNA is mostly involved in the production of 
inflammatory cytokines such as IL-12 and TNFα, whereas the A or D type 
CpG DNA induces the production of antiviral cytokines, such as IFNα. Both 
types of CpG DNA activate through TLR9. Binding of agonistic CpG DNA to 
TLR9 dimers is assumed to result in conformational changes of the receptor 
complex, which is probably required for the recruitment of the signaling 
adaptor molecules (Latz et al. 2007). One domain in TLR9 important for the 
binding of CpG DNA may be a conserved cysteine-rich sequence 
CxxCxxxxxxCxxC. This cysteine-rich sequence is also present in TLR7 and 
TLR8, as well as in CpG-binding proteins, such as methyl binding domain 
(MBD) proteins (Lee et al. 2001). Whether these regions are also important 
for TLR7 and TLR8 signaling, is still unknown. 
 The intracellular TLRs are expressed in the endosomes and 
lysosomes (Latz et al. 2004). Inhibition of endosomal acidification using 
chloroquine, blocks TLR3, TLR7, TLR8 and TLR9 dependent signaling (Lund 
et al. 2003; Diebold et al. 2004; de Bouteiller et al. 2005), indicating the 
endosomal maturation may be required for the intracellular TLRs to be 
functional. The intracellular localization of the TLRs, which is determined by 
the TM or adjacent linker region of the TLRs (Funami et al. 2004; Nishiya et 
al. 2005; Barton et al. 2006; Kajita et al. 2006), is thought to be important 
for the discrimination between self- and nonself nucleic acids.  
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Figure 2. The mammalian TLR repertoire and signaling pathways. TLR2 in complex with 
TLR1 or TLR6 recognizes tri- and diacylated lipopeptides, respectively. TLR5 is the receptor 
for flagellin. TLR4/MD-2 and CD14 recognize LPS. The intracellular TLR3, TLR7/8 and TLR9 
recognize dsRNA, ssRNA and CpG DNA, respectively. The adaptor protein MyD88 is 
recruited to all TLRs, expect TLR3. The MyD88-dependent signaling pathway results in 
activation of NF-κB and in the production of inflammatory cytokines, such as IL-8 and IL-
1β. TIRAP is required for the MyD88-dependent signaling pathway via TLR2 and TLR4. TLR4 
signals via the MyD88-dependent and TRIF/TRAM-dependent pathway. TLR3 activates the 
TRIF-dependent pathway, independent of TRAM. The TRIF-dependent signaling results in 
activation of IRF3 and the induction of IFNβ. TLR7/8 and TLR9-mediated signaling results in 
activation of IRF1, IRF5 and  IRF7, leading to the production of IFNβ. 
  
Toll-like receptor signaling 
 
The activation of the innate immune system via TLRs is achieved and regu-
lated via an intricate network of signaling pathways. Once activated, the 
homo- or heterodimeric TLR complexes are assumed to recruit several 
adaptor  proteins  to  their  TIR domains  (Takeda et al. 2005).  Key  adaptor 
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proteins are MyD88, TIRAP (also known as MAL), TRIF (or TICAM1) and 
TRAM (TICAM2) (Medzhitov et al. 1998; O'Neill et al. 2007). These adaptor 
molecules all contain a TIR domain that interact with the TIR domain of the 
TLRs (Xu et al. 2000; Dunne et al. 2003; Gautam et al. 2006).  
 The adaptor molecule MyD88 is recruited by all TLRs with the 
exception of TLR3, which may be related to the absence of the conserved 
proline residue in the TIR domain of this receptor. The recruitment of 
MyD88 is followed by the association of the IRAK proteins that consist of 
an N-terminal death domain, which interacts with MyD88, and a central 
Ser/Thr kinase domain (Suzuki et al. 2002). IRAK1 binds and activates the 
recruited TRAF6 protein. This complex dissociates from the receptor 
complex and associates with the TGFβ-activated kinase 1 TAK1, and the 
TAK1-binding proteins TAB1 and TAB2, which, after further complexation, 
results in activation of TAK1. Activated TAK1 phosphorylates the IKK 
complex, consisting of IKKα, IKKβ, and NEMO/IKKγ, and MAP kinases such 
as JNK, and this causes the activation of the transcription factors NF-κB and 
AP-1 that regulate the transcription of genes that control the innate 
immune response (Akira et al. 2004).  
 Signaling through the intracellular receptor TLR7, TLR8 and TLR9 
results in the MyD88-dependent production of type I interferons, such 
IFNα and IFNβ via activation of the transcription factors IRF1, IRF5 and IRF7 
(Colonna 2007; Schmitz et al. 2007). IRF7 is known to form complexes with 
MyD88, IRAK1, IRAK4 and TRAF6, where IRAK1 is most likely the kinase that 
phosphorylates IRF7. IRF1 and IRF5 can also directly bind to MyD88, and 
are translocated to the nucleus in response to stimulation. 
 In addition to MyD88, TLR2 and TLR4 signaling also requires the 
adaptor molecule TIRAP (Horng et al. 2001; Yamamoto et al. 2002). This 
protein supposedly acts as a bridging molecule between the TIR domains of 
TLR2 or TLR4 and the adaptor molecule MyD88. In TIRAP-deficient mice, 
TLR2 signaling is completely abrogated, while the TLR4 signaling was 
limited to the delayed NF-κB response (Horng et al. 2001; Yamamoto et al. 
2002), reminiscent of the MyD88-deficient phenotype. 
 The importance of the MyD88 protein for TLR signaling has been 
confirmed in MyD88-deficient mice. These mice do not display TLR2/1, 
TLR2/6, TLR5, TLR7, and TLR9 responses (Kawai et al. 1999; Takeuchi et al. 
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2000) and show only a delayed (MyD88-independent) activation of NF-κB 
after stimulation with LPS (Covert et al. 2005; Werner et al. 2005). The 
TLR3 pathway is unaffected in MyD88-deficient mice (Alexopoulou et al. 
2001).  
  
Besides via the MyD88-dependent signaling pathway, TLRs can transduce 
their signals via the so-called MyD88-independent signaling route. The use 
of this pathway is restricted to TLR3 and TLR4 and involves the recruitment 
to the receptor of the adaptor protein TRIF, the protein TRAF3 (Hacker et 
al. 2006), and the activation of two noncanonical IKKs, TANK-binding kinase 
1 (TBK1) and IKKε/IKKi (Yamamoto et al. 2002; Hoebe et al. 2003; Oshiumi 
et al. 2003). This activation results in phosphorylation of the transcription 
factor IRF3 (Akira et al. 2004) which regulates the transcription of genes 
encoding type I interferons including IFNβ (Sato et al. 2003; Akira et al. 
2004). IFNβ, in turn, activates Stat1, leading to the induction of several IFN-
inducible genes. Notably, the recruitment of TRIF to TLR4 (but not to TLR3) 
requires the help of the bridging adaptor protein TRAM (Oshiumi et al. 
2003; Yamamoto et al. 2003). TRAM-deficient mice display normal 
responses to TLR2, TLR5, TLR7 and TLR9 ligands, but fail to activate the 
TRIF-dependent induction of IFNβ production in response to LPS 
(Yamamoto et al. 2003). Consistent with the differential requirement of 
TLR3 and TLR4 for TRAM, TRAM-deficient mice display a normal TLR3 
response (Yamamoto et al. 2003). 
 TRIF overexpression not only activates IRF3, but also induces NF-κB 
activation, although this response is delayed compared to the MyD88-
dependent response. The TRIF-dependent late NF-κB response is mediated 
via IKKβ and TRAF6, and is independent of the TRAF3-, TBK1- and IKKε 
pathway that regulates IRF3 phosphorylation (Gohda et al. 2004; Han et al. 
2004; Jiang et al. 2004; Hacker et al. 2006). In agreement with these 
findings, TRIF knock-out mice display not only a defective IFNβ response 
after stimulation with LPS but also show an impaired anti-inflammatory 
cytokine response (IL-10), despite normal activation of the MyD88-
dependent pathway including IRAK1 phosphorylation and early phase of 
NF-κB activation. These results suggest that the induction of anti-
inflammatory cytokines (but not of pro-inflammatory cytokines) by LPS 
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requires activation of both the MyD88-dependent and TRIF-dependent 
TLR4 signaling pathways.  
 The unique ability of TLR4 to activate both the MyD88/TIRAP-
dependent and TRAM/TRIF signaling pathway is important considering the 
adjuvant and toxic effects that can be mediated by LPS. Whether the 
TLR4/MD-2 complex can differentially control both pathways is still matter 
of debate, although evidence is growing that the activation of either 
pathway varies with the localization of the TLR4 receptor complex. Recent 
evidence indicates that the TRAM/TRIF pathway is active intracellularly 
after (CD14-dependent) (Jiang et al. 2005) uptake of LPS into the cells 
(Kagan et al. 2008). Myristoylated TRAM is normally associated to the 
plasma membrane but after LPS stimulation TRAM and TRIF are 
internalized and translocated to endosomes/lysosomes (Rowe et al. 2006; 
Tanimura et al. 2008). The differential requirement of TLR3 and TLR4 for 
TRAM may thus be related to the need for internalization of TLR4 in 
contrast to TLR3 which is already located intracellularly. Consistent with 
the localization-dependent TLR signaling, TRAF6 which is involved in the 
early NF-κB response, associates with MyD88 and TRIF at the plasma 
membrane after LPS stimulation, while TRAF3 which plays a crucial role in 
the induction of type I interferons (Hacker et al. 2006), co-localizes with 
TRIF in endosomes/lysosomes (Tanimura et al. 2008). Finally, it may be 
noteworthy that, although TLR3 activation is independent of TRAM, CD14 
appears to stimulate the TLR3 response likely by facilitating the delivery of 
TLR3 agonists to the intracellular receptor containing compartment (Lee et 
al. 2006). Thus, internalization appears to be an important step in 
activation of both TLR4 and TLR3-mediated activation of the MyD88-
independent signaling pathway. 
 
Evolution and species-specificity of Toll-like receptors 
 
Since the identification of the first Toll protein in Drosophila melanogaster, 
many TLRs have been identified throughout the years in a broad range of 
species including plants, insects, amphibians, fish, birds, and mammals 
(Roach et al. 2005). On the basis of sequence similarity, TLRs from the 
different species can be clustered in 6 major families (Figure 3). Most 
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conserved appears to be the TLR3 family with members present in 
amphibians, fish, birds and mammals, and the TLR5 family with orthologs 
present in mammals, birds, amphibians, plants and fish species (Felix et al. 
1999; Tsujita et al. 2004; Roach et al. 2005; Robatzek et al. 2007). TLR4 has 
been identified in many mammalian species, as well as in frog and chicken, 
but seems absent in all thus far sequenced genomes of fish species except 
for the zebrafish (Iliev et al. 2005). Besides TLR4, some fish species also lack 
LBP, CD14 and MD-2, which may explain the general resistance of fish to 
LPS.  
 Mammalian TLR2 homologs include mammalian TLR2, TLR1, TLR6 
and TLR10, chicken TLR15, and TLR14 and TLR14-like TLRs from frog and 
fish (Roach et al. 2005; Higgs et al. 2006). Of interest is that the TLR10 is 
present in human and rats but absent in mice (Chuang et al. 2001; Hasan et 
al. 2005). Furthermore, all mammals have TLR1 and TLR6 orthologs that 
likely discriminate between di- and tri-acylated peptides, whereas chicken 
and fish appear to have one TLR1/6/10 protein. It has therefore been 
hypothesized that in these species TLR15 and TLR14 may play a role in the 
discrimination of lipopeptides, perhaps as a co-receptor for TLR2 (Higgs et 
al. 2006; Ishii et al. 2007).  
 Similar evolutionary diversification appears to exist for the TLR7-9 
family. While mammals and fish appear to have evolved TLR7, TLR8 and 
TLR9 orthologs, chicken seem to lack TLR8 and TLR9 (Philbin et al. 2005).  
 The TLR11 family which appears absent in humans, includes TLR11, 
TLR12, TLR13, and TLR19-TLR23. TLR11, TLR12 and TLR13 are present in 
mice, while a TLR13 ortholog may be present in frog, rat and opossum. The 
ligands that activate these TLRs are unknown except for murine TLR11 that 
responds to uropathogenic bacteria and a profilin-like protein from 
Taxoplasma gondii (Zhang et al. 2004; Yarovinsky et al. 2005). TLR19-23 are 
mostly found in fish species and amphibians (Oshiumi et al. 2003; Jault et 
al. 2004; Ishii et al. 2007). TLR20 of catfish may be closely related to murine 
TLR11 and TLR12 (Baoprasertkul et al. 2007). TLR21, which is also present 
in chicken, displays similarity with murine TLR13. No functional studies 
have been performed so far to identify ligands that can activate this group 
of TLRs. 
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Figure 3. Neighbor joining tree of the TLRs of human (h), mouse (m), chicken (ch), Xenopus 
tropicalis (Xt) and Takifugu rubripes (Tr). The TLRs are divided in six major families, the 
TLR2, TLR3, TLR4, TLR5, TLR7-9 and TLR11 families. 
 
Although all these receptors are considered to belong to the TLR family and 
to play a role in innate immunity, considerable differences in ligand 
specificity and function of the TLRs have been discovered. Identification of 
these differences is not only important from an evolutionary point of view, 
but also in the dissection of the differential recognition of pathogens and 
the importance of TLR gene polymorphisms as determinants of infection 
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susceptibility. Species-specific ligand binding exists for many TLRs. For 
example, a tri-acylated lauroylated lipoprotein activates murine TLR2 
(mTLR2) but not human TLR2 (hTLR2) (Grabiec et al. 2004). The difference 
in recognition was located in the central LRRs of TLR2 (Meng et al. 2003). 
Similarly, human and murine TLR4/MD-2 have distinct LPS specificities 
(Golenbock et al. 1991; Lien et al. 2000; Tanamoto et al. 2000; Miller et al. 
2005). This is illustrated by the synthetic compound lipid A 406 which acts 
as a mTLR4-agonist but is an antagonist towards hTLR4. The species-
specificity was likely mediated by the MD-2 molecule as substitution of 
Thr57, Val61 and Glu122 of the murine MD-2 with the corresponding 
residues of human MD-2 resulted in the antagonistic activity, as observed 
for the human MD-2 protein (Muroi et al. 2006). Similarly, penta-acylated 
LPS of Pseudomonas aeruginosa only activates the murine TLR receptor 
complex (Akashi et al. 2001; Hajjar et al. 2002). However, this specificity 
could be attributed to a 82-amino acid region in human TLR4. Another 
striking example of species-specific ligand recognition by TLR is CpG-DNA. 
The optimal motif that activates hTLR9 appears the GTCGTT, whereas 
mTLR9 preferentially recognizes the GACGTT motif (Bauer et al. 2001). The 
reason for the differences in ligand specificity among TLRs of different 
species is unknown, but is likely driven by selective environmental 
pressure.  
 
Function of Toll-like receptors during bacterial infection 
 
Evidence is accumulating that the TLR-based innate host defense is of great 
importance for the course and outcome of bacterial infections. The role of 
TLRs as host defense mechanism is particular evident from studies with 
TLR-deficient mice and natural occurring polymorphisms in TLRs and its 
signaling molecules. Perhaps the most cited observation at this point is that 
the C3H/HeJ mouse strain is resistant to LPS due to a non-functional TLR4 
caused by a mutation in the conserved proline in the TIR domain (Poltorak 
et al. 1998). In the mean time, two additional point mutations (Asp299Gly 
and Thr399Ile) in the LRR domain of human TLR4 have been associated 
with hyporesponsiveness to LPS (Arbour et al. 2000). On the other hand, 
TLR4-deficient mice are more susceptible to Gram-negative bacteria such 
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as Salmonella and E. coli (Poltorak et al. 1998) probably due to due to a 
lack of innate response induced by LPS.  
 Studies with TLR2-deficient mice indicate higher susceptibility for 
Gram-positive infections caused by S. aureus and S. pneumonia (Takeuchi 
et al. 2000; Echchannaoui et al. 2002) consistent with the expected 
important role of TLR in the recognition of ligands of Gram-positive 
microorganisms. This relationship may hold for humans as well as 
polymorphism in TLR2 may be associated with staphylococcal infection 
(Lorenz et al. 2000). 
 TLR5-deficient mice which are unable to respond to bacterial 
flagellin are more susceptible to a E. coli urinary tract infection (Andersen-
Nissen et al. 2007). For Salmonella infection, this defect was only apparent 
after inactivation of both TLR5 and TLR4 (Uematsu et al. 2006). This is 
probably caused by the important regulatory role of TLR5 in the regulation 
of the function of other Toll-like receptors in the intestine (van Aubel et al. 
2007). TLR5 deficient mice also show different cytokine production 
compared to wild type mice when infected with Legionella pneumophila 
(Hawn et al. 2007). In humans, a single point mutation (present in 
approximately 10% of the population) in TLR5 leads to a premature stop 
and this has been linked to the susceptibility to Legionnaire’s disease 
(Hawn et al. 2003). 
 Examples of effects of polymorphisms in TLR co-receptors or 
downstream signaling molecules on the susceptibility to infection include a 
point mutation in MD-2 which abolishes the LPS response completely 
(Schromm et al. 2001; Picard et al. 2003), and mutations in IRAK4 and the 
adaptor protein TIRAP that have been associated respectively with 
increased susceptibility to Gram-positive bacteria (Picard et al. 2003) and a 
protective effect against infectious diseases such as malaria, bacteraemia, 
tuberculosis and pneumococcal bacteraemia (Khor et al. 2007). 
 
The innate immune response of chicken 
 
Poultry are a major reservoir of human bacterial pathogens, particularly 
Salmonella and Campylobacter. These pathogens are a major problem to 
public health, in both developed and developing countries. It has been 
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reported that in 2005 approximately 1.8 million people died worldwide 
from diarrhoeal diseases caused by foodborne pathogens. In the United 
States of America around 76 million cases of foodborne diseases were 
reported, of which 325,000 people had to be hospitalized and 5000 people 
died, and these are estimates to occur each year (World Health 
Organisation, www.who.int). The costs of these foodborne diseases are 
high due to the medical treatment and loss of productivity. Salmonella and 
Campylobacter are the causative agents of salmonellosis and 
campylobacteriosis respectively, which manifest with symptoms such as 
fever, headache, nausea, vomiting, abdominal cramping and diarrhea. In 
severe cases, the salmonellae spread from the intestine to the blood 
stream and systemic organs, such as liver and spleen, and can lead to death 
if untreated. Salmonella and Campylobacter infections in humans are 
mainly caused by the consumption of contaminated poultry products 
(World Health Organisation) (Rabsch et al. 2001; Van Immerseel et al. 
2005). Therefore eradication of these pathogens from poultry is of extreme 
importance. 
 
The pathogenicity of Salmonella in chicken depends on the Salmonella 
serovar and on the age of the chickens. In very young chicken, which have 
a simple gut flora and an underdeveloped immune system, infection with 
Salmonella results in large numbers of bacteria being secreted in the faeces 
for several weeks. In older chicken a Salmonella infection results in 
secretion of much fewer bacteria for a shorter period of time. Salmonella 
strains such as S. Enteritidis and S. Typhimurium can colonize the poultry 
gut without any clinical symptoms. However, under stressful situations, 
such as during transportation, cold stress, or during egg laying, these 
strains can cause disease in poultry. Salmonella infections in chicken 
activate both the innate and adaptive immune system but the contribution 
of the innate host defense to the eradication of the bacteria is unknown 
(Zhang-Barber et al. 1999; Kaiser et al. 2000; Van Immerseel et al. 2005; 
Lillehoj et al. 2007). Campylobacter infection of poultry is usually 
symptomless and large amounts of bacteria are shedded by the animals. 
Campylobacter infection slowly induces a protective immune response but 
estimation of the role and efficacy of the innate host defense of the 
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chicken in this process first demands dissection of the innate immune 
system of chicken (de Zoete et al. 2007). Detailed analysis of the chicken 
innate immune system is also crucial for the development of novel 
adjuvants that boost the immune response into the desired direction to 
protect poultry against Salmonella and Campylobacter (de Zoete et al. 
2007). 

As indicated above, inspection of the chicken genome predicts the 
presence of different Toll-like receptors (see also Table I). To date it is 
assumed that chicken may express 10 different TLRs (Iqbal et al. 2005; 
Iqbal et al. 2005; Yilmaz et al. 2005). The existence of these TLRs however is 
speculative as, prior the work described in this thesis, only the function of 
chicken TLR2 (chTLR2) has been investigated (Fukui et al. 2001). On the 
basis of sequence similarity with mammalian TLRs it was assumed that 
chicken express orthologs of TLR1/6/10, TLR2, TLR3, TLR4, TLR5 and TLR7, 
while two TLRs (TLR15 and TLR21) appear to have no human orthologs 
(Caldwell et al. 2005; Higgs et al. 2006). Interestingly, genetic studies have 
linked susceptibility to a Salmonella Typhimurium infection in chickens to 
polymorphisms in the gene encoding TLR4. This suggest that chTLR4 may 
play an important role in the host response of chicken to Salmonella 
infection (Leveque et al. 2003). Functional analysis of the involved TLR4 
receptor, however, has not been performed. 
 
Table I. Characteristics of chTLRs identified in the chicken genome 
ChTLRs Chromo-

some 
Exons Lengtha Lengthb Full  

Proteinc 
Ecto 
domainrc 

TIR 
domainc 

chTLR1t1 unknown 1 2454 818 66% 61% 81% 
chTLR1t2 unknown 1 1965 652 57% 47% 80% 
chTLR2t1 4 1 2382 793 69% 63% 85% 
chTLR2t2 4 1 2346 781 71% 63% 85% 
chTLR3 4 4 2688 896 77% 75% 84% 
chTLR4 17 3 2529 843 62% 61% 67% 
chTLR5 3 1 2583 861 69% 66% 77% 
chTLR7 1 2 3177 1059 78% 77% 81% 
chTLR15 3 1 2604 868 - - - 
chTLR21 11 1 2919 973 - - - 
a Length in nucleotides 
b Length in amino acids 
c Percentage similarity to human homologs 
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Outline of this thesis 

 
Toll-like receptors play central roles in the susceptibility to bacterial 
infections, the innate host defense against bacterial pathogens, and the 
development of adaptive immunity. Although TLR architecture and 
function are highly conserved among evolution, the activity of individual 
members of the TLR family in the different species is variable and 
unpredictable. The aim of the study described in this thesis was to, for the 
first time, systematically analyze the function of TLRs of chicken and to 
determine their ligand specificity and (dis)similarities with mammalian TLRs 
using a recombinant, and when needed, combinatorial approach. The 
gained knowledge was expected to resolve the potential role of chTLRs in 
the intestinal colonization of chicken with foodborne pathogens and to 
provide a solid basis for future rational design of TLR function-based 
immunomodulatory compounds that may aid the prevention of infection of 
chicken and the development of effective vaccines against bacterial species 
such as Salmonella.  
 As a first step to achieve these objectives, the function of chTLR2 
was elucidated as this receptor has been implicated to respond to LPS. As 
described in Chapter 2, chTLR2 type 2 functions in combination with 
chTLR16 as a sensor for both bacterial tri-acylated and di-acylated 
lipoproteins. This unique dual specificity of the chicken receptor complex 
compared to the mammalian TLR2 complex could be attributed to 
differences in the central leucine rich repeat domain. 
 The characteristics and function of the chTLR4 complex are 
described in Chapter 3. It was found that chTLR4 in conjunction with 
chMD-2 responds to LPS as observed for the mammalian species, although 
chTLR4 and chMD-2 formed an unique protein pair. Of particular interest is 
the absence of a functional TRAM/TRIF signaling pathway in chicken cells.  
 The function and characteristics of chTLR5 are described in Chapter 
4. This receptor responds to Salmonella flagellin. Targeted mutagenesis of 
the flagellin protein resulted in an altered NF-κB activation and showed 
species-specific recognition of the flagellin compared to the human and 
mouse TLR5.  
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 Chapter 5 reports the elucidation of the function of chTLR21 which 
is absent in mammalian species. This receptor responds to CpG DNA and 
bacterial DNA but with broader specificity than human or murine TLR9. 
This finding may offer a solid basis for targeted design of CpG-based 
adjuvants for chicken. 
 The major findings and conclusion of the work described are 
summarized and discussed in Chapter 6. 
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Abstract 
 
The ligand specificity of human Toll-like receptor 2 (hTLR2) is determined 
through the formation of functional heterodimers with either hTLR1 or 
hTLR6. The chicken carries two TLR2 isoforms (chTLR2t1, chTLR2t2) and 
one putative TLR1/6/10 homolog (chTLR16) of unknown function. Here we 
report that transfection of HeLa cells with the various chicken receptors 
yields potent NF-κB activation for the receptor combination of chTLR2t2 
and chTLR16 only. The sensitivity of this complex was strongly enhanced by 
human CD14. The functional chTLR16/chTLR2t2 complex responded to-
wards both the human TLR2/6 (hTLR2/6)-specific di-acylated peptide FSL-1 
and the hTLR2/1 specific tri-acylated peptide Pam3CSK4, indicating that 
chTLR16 covers the functions of both mammalian TLR1 and TLR6. Dissecti-
on of the species specificity of TLR2 and its co-receptors showed functional 
chTLR16 complex formation with chTLR2t2 but not hTLR2. Conversely, 
chTLR2t2 did not function in combination with hTLR1 or hTLR6. The use of 
constructed chimeric receptors in which defined domains of chTLR16 and 
hTLR1 or hTLR6 had been exchanged, revealed that the transfer of leucine 
rich repeats (LRR) 6-16 of chTLR16 into hTLR6 was sufficient to confer dual 
ligand specificity to the human receptor and to establish species-specific in-
teraction with chTLR2t2. Collectively, our data indicate that diversification 
of the central LRR region of the TLR2 co-receptors during evolution has put 
constraints to both their ligand specificity and their ability to form functio-
nal complexes with TLR2.  
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Introduction 
 
The innate immune system is designed to rapidly respond to a broad range 
of environmental danger signals. These signals are picked up by evolutiona-
ry conserved biological sensors that are present at the cell surface or asso-
ciated with intracellular compartments. One class of innate sensor mole-
cules are the Toll-like receptors (TLRs) (Akira et al. 2004). All TLRs have a 
similar architecture and consist of an extracellular domain that contains an 
array of leucine rich repeat (LRR) motifs, a single transmembrane domain, 
and a cytoplasmic Toll/IL-1 receptor (TIR) domain (reviewed in (Akira et al. 
2004; Ishii et al. 2005)). Activation of the receptors results in the recruit-
ment of cytoplasmic adaptor molecules such as MyD88, TIRAP, TRIF or 
TRAM to the TIR domain, and initiation of a complex signaling cascade that 
regulates the transcription of inflammatory and immunomodulatory genes 
(Akira et al. 2004). The gene products (e.g. cytokines, chemokines, nitric ox-
ide, anti-microbial peptides) act as the immediate first line of defense 
against invading microbes and direct the activity of the adaptive immune 
system. 
 To date, more than ten different TLRs have been identified in humans 
and mice that sense distinct molecular patterns including bacterial lipopep-
tides, lipopolysaccharide (LPS), flagellin, or different forms of RNA and DNA 
(Ishii et al. 2005). However, evidence is accumulating that TLR signaling of-
ten does not follow a simple ligand-receptor interaction; several TLRs only 
function as part of a larger complex that confers a further degree of speci-
ficity. For example, LPS only signals via TLR4 complexed to MD-2 and is 
most effective in the presence of lipid scavenger CD14 (Palsson-McDermott 
et al. 2004). Similarly, signaling of distinct lipopeptides via TLR2 requires 
heterodimerization with TLR1 or TLR6 and is also more efficient in the 
presence of CD14 and/or CD36 (Aliprantis et al. 1999; Takeuchi et al. 2001; 
Takeuchi et al. 2002; Hoebe et al. 2005; Manukyan et al. 2005; Nakata et al. 
2006). Co-localization of both the TLR2/1 and hTLR2/6 complexes with a 
number of other cell surface receptors further suggests that they may be 
part of an even larger TLR signaling complex (Triantafilou et al. 2006).  
 One particularly instrumental approach to decipher the molecular in-
teractions and constraints to the formation of the TLR complex has been 
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the comparison of the function of homologous TLRs in different species. 
TLRs are highly conserved during evolution with homologues identified in a 
variety of species including Drosophila, fish, plants and the mammalian 
species (Lemaitre et al. 1997; Gomez-Gomez et al. 2002; Roach et al. 2005). 
The power to exploit these differences to dissect TLR function is illustrated 
by the different responses noted for the human and murine TLR4/MD2 
complexes to distinct forms of lipid A (Tanamoto et al. 2000; Hajjar et al. 
2002) and taxol (Kawasaki et al. 2001). Other documented species differ-
ences in TLR function include the differential responses of human and mur-
ine TLR9 and TLR2 complexes to defined CpG-DNA motifs and tri-
lauroylated peptides, respectively (Bauer et al. 2001; Chuang et al. 2002; 
Grabiec et al. 2004). 
 In the present study, we investigated the function of TLRs from the 
avian species. The chicken genome encodes a number of putative TLRs 
(chTLR) that share homology with mammalian TLRs, including two TLR2 iso-
forms (chTLR2 type 1 and type 2), chTLR3, chTLR4, chTLR5, chTLR7, and a 
disrupted chTLR8 (Fukui et al. 2001; Leveque et al. 2003; Lynn et al. 2003; 
Iqbal et al. 2005; Iqbal et al. 2005; Philbin et al. 2005; Yilmaz et al. 2005). In 
addition, two TLRs (chTLR15 (Higgs et al. 2006) and chTLR21) that appear 
specific for the avian species and one TLR (here designated as chTLR16) 
that formed an evolutionary cluster with mammalian TLR1, TLR6 and 
TLR10, are present. Functional analysis of the chTLR repertoire has thus far 
only been performed for chTLR2 type 1 and type 2 (Fukui et al. 2001). 
When expressed in human HEK293 cells, these receptors, which differ 
mainly in composition at their corresponding LRRs 8 to 14 regions, con-
ferred a 3-fold (type 1) to 10-fold (type 2) increase in NF-κB activity to the 
mammalian TLR2 ligand MALP-2 as well as to LPS (Fukui et al. 2001).    
 Here we report that chTLR16 bears the ligand specificities of mam-
malian TLR1 and TLR6 in a single receptor when expressed in conjunction 
with chTLR2 type 2 (chTLR2t2). The formation of functional signaling com-
plexes between the human and chicken receptors TLR2 and its co-
receptor(s) was species-specific. Chimeras of human and chicken TLRs loca-
ted the incompatibilities in the formation of functional TLR complexes and 
indicated the ligand specific domains critical for the observed dual ligand 
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specificity of the chTLR16/chTLR2t2 complex compared with the human 
TLR2 complex. 
 
Materials and Methods 
 
Cells and reagents 
The HeLa 57A cell line stably transfected with a NF-κB luciferase reporter 
construct (Rodriguez et al. 1999), was generously provided by Dr. R.T. Hay 
(Institute of Biomolecular Sciences, University of St. Andrews, St. Andrews, 
Scotland, UK).  Cells were routinely propagated in 25 cm2 tissue culture 
flasks (Corning) in DMEM with 10% FCS at 37°C in 5% CO2 atmosphere. 
NSCU chicken macrophages (Qureshi et al. 1990) were kindly provided by 
Dr. J. Kramer (ASG, Lelystad, The Netherlands) and maintained in RPMI 
with 5% FCS. HEK293 cells (kindly provided by Dr. B. van der Burg, Hubrecht 
Laboratory, Utrecht, The Netherlands) were maintained in DMEM with 10% 
FCS. The synthetic di-acylated lipopeptide FSL-1 (S-(2,3-bispalmitoyl-
oxypropyl) Cys-Gly-Asp-Pro-Lys-His-Pro-Lys-Ser-Phe) and the synthetic tri-
acylated lipoprotein Pam3CSK4 (tripalmitoyl-S-(bis(palmitoyloxy)propyl)-
Cys-Ser-(Lys)3-Lys) were purchased from InVivogen (Toulouse, France). 
 
Construction of expression plasmids 
ChTLR2 type 1 (GenBank accession no. AB050005), chTLR2 type 2 (accessi-
on no. AB046533) (both lacking their own signal peptide) and full-length 
chTLR16 (accession no. EF413646) were PCR amplified from chromosomal 
DNA of NCSU chicken macrophages using pfu polymerase (Promega) using 
the gene-specific primers listed in Table I. PCR products were purified, di-
gested with the appropriate restriction enzymes (underlined in Table I), 
and ligated into the pFLAG-CMV1 mammalian expression vector (Sigma), 
yielding pFLAG-chTLR2t1, pFLAG-chTLR2t2 and pFLAG-chTLR16, respective-
ly. Full-length human TLR1 (accession no. U88540), hTLR2 (accession no. 
BC033756), hTLR6 (accession no. AB020807) and hCD14 (accession no. 
NM_000591) were PCR amplified from chromosomal DNA of HEK293 cells 
and cloned into pTracer-CMV2 (Invitrogen), yielding pTracer-hTLR1, pTra-
cer-hTLR2, pTracer-hTLR6 and pTracer-hCD14. 
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Table I. Primers used in this study to construct recombinant TLR proteinsa. 
Recombinant 

Protein 
Amino Acid 

Composition 
Primer Nucleotide Sequence Restriction 

Enzyme 

chTLR2t1 aa 43-793 Forward
Reverse

GCTCTAGAGCCACTCAGTCATGCAACTGCT
CGGGATCCCTATGACTTCAAGGCTGCTTTCAAG

XbaI 
BamHI 

chTLR2t2 aa 32-781 Forward 
Reverse 

GCTCTAGAGCCACTCAGTCATGCAACTGCT 
CGGGATCCCTACGATTTTAGAGCTGCTTTCAAG 

XbaI 
BamHI 

chTLR16 aa 1-804 Forward 
Reverse 

AAGCTTATGGGATCCCTTACAAGTATC 
TCTAGATCACACTTCTGTTCTGTTCTGTTCG 

HindIII 
XbaI 

hTLR1 aa 1-786 Forward 
Reverse 

GCGGCCGCGCCACCATGGCTAGCATCTTCCATTTTGCC 
TCTAGACTATTTCTTTGCTTGCTCTGT 

NotI 
XbaI 

hTLR2 aa 1-784 Forward 
Reverse 

GCGGCCGCGCCACCATGGCACATACTTTGTGGATG 
TCTAGACTAGGACTTTATCGCAGCTCT 

NotI 
XbaI 

hTLR6 aa 1-796 Forward 
Reverse 

GCGGCCGCGCCACCATGGCCAAAGACAAAGAACCT 
TCTAGATTAAGATTTCACATCATTGTT 

NotI 
XbaI 

hCD14 aa 1-375 Forward 
Reverse 

GGTACCGCCACCATGGAGCGCGCGTCCTGC 
GAATTCTTAGGCAAAGCCCCGGGC 

KpnI 
EcoRI 

Chimera 1 chTLR16 
aa 1-588 
hTLR1 
aa 578-786 

Forward
Reverse 

Forward 
Reverse

AAGCTTATGGGATCCCTTACAAGTATC
AGTTATGTTGCAAGCCAGCTCGGTCAA 

CTGGCTTGCAACATAACTCTGATCGTC 
TCTAGACTATTTCTTTGCTTGCTCTGT

HindIII 
 
 
XbaI 

Chimera 2 chTLR16 
aa 1-588 
hTLR6 
aa 583-796 

Forward
Reverse 

Forward 
Reverse

AAGCTTATGGGATCCCTTACAAGTATC
AGTTATGTTGCAAGCCAGCTCGGTCAA 

CTGGCTTGCAACATAACTCTGATCGTC 
TCTAGATTAAGATTTCACATCATTGTT

HindIII 
 
 
XbaI 

Chimera 3 hTLR1 
aa 22-577 
chTLR16 
aa 589-804 

Forward
Reverse 

Forward 
Reverse

GCGGCCGCTGAAGAAAGTGAATTTTTAGTTGAT
AGTCGTGTTGCAGGATAATTCAGACATGTG 

TTATCCTGCAACACGACTCTGCTGCTTGTG 
TCTAGATCACACTTCTGTTCTGTTCTGTTCG

NotI 
 
 
XbaI 

Chimera 4 hTLR6 
aa 32-582 
chTLR16 
aa 589-804 

Forward
Reverse 

Forward 
Reverse

GCGGCCGCAAATGAATTTGCAGTAGACAAG
AGTCGTGTTGCAGGATAATTCAGACATGTG 

TTATCCTGCAACACGACTCTGCTGCTTGTG 
TCTAGATCACACTTCTGTTCTGTTCTGTTCG

NotI 
 
 
XbaI 

Chimera A hTLR6 
aa 32-249 
chTLR16 
aa 244-360 
hTLR6 
aa 354-796 

Forward
Reverse 

Forward 
Reverse 

Forward 
Reverse

GCGGCCGCAAATGAATTTGCAGTAGACAAG
TGTTGCTTTTGGACCTCTGGTGAGTTC 

AGAGGTCCAAAAGCAACAGATCTAATG 
CTTGAATGTGCTTGGTTTTTTTGGGCA 

AAACCAAGCACATTCAAGTTTTTGAAC 
TCTAGATTAAGATTTCACATCATTGTT

NotI 
 
 
 
 
XbaI 

Chimera B 
 

hTLR6 
aa 32-169 
chTLR16 
aa 166-457 
hTLR6 
aa 451-796 

Forward
Reverse 

Forward 
Reverse 

Forward 
Reverse

GCGGCCGCAAATGAATTTGCAGTAGACAAG
GTCCAGCTGCAAGTGAGCAATTGGCAG 

GCTCACTTGCAGCTGGACACGGTCTTC 
CTTGATCCTAGCTGGCAAGCACTCAAAC 

TTGCCAGCTAGGATCAAGGTACTTGATCTTCAC 
TCTAGATTAAGATTTCACATCATTGTT

NotI 
 
 
 
 
XbaI 

a The amino acids of the coding regions of the original TLRs that were amplified are indica-
ted. Underlined nucleotide sequences represent restriction sites used for cloning. Sequen-
ces in italics represent chicken sequences that were fused to the human sequences to 
construct TLR chimeras. 
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The chimeric TLR receptor genes chTLR16-ecto/hTLR1-TIR, chTLR16-
ecto/hTLR6-TIR, hTLR1-ecto/chTLR16-TIR and hTLR6-ecto/chTLR16-TIR 
(designated as chimera 1-4, respectively) were engineered by overlap ex-
tension PCR (Horton et al. 1990). cDNA encoding the respective extracellu-
lar domains was PCR amplified and fused at the highly conserved last cys-
teine of the juxtamembrane cysteine-rich (LRR-CT) domain (asterisk in Fig. 
1) to the desired transmembrane and cytoplasmic domain using primers 
with species-specific overhangs (Table I). Chimera A, in which the LRR9-12 
of hTLR6 was replaced with the corresponding region of chTLR16, and chi-
mera B in which the LRR6-16 of hTLR6 was replaced with LRR6-16 of 
chTLR16, were constructed by overlap extension PCR with the primers li-
sted in Table I. In these experiments, the (three) DNA fragments needed for 
the construction of one chimera were amplified by PCR, gel-purified, 
mixed, and fused in one PCR reaction. All chimeras were cloned into the 
pFLAG vector. Nucleotide sequences of all constructs were verified by DNA 
sequencing with an ABI Prism 310 Genetic Analyzer (Applied Biosystems, 
Nieuwerkerk a/d IJssel, The Netherlands) 
 
Transient transfection 
HeLa 57A cells were grown in 24-well tissue culture plates in DMEM / 10% 
FCS until 70% confluence was reached (∼ 24 h). Then, cells were transiently 
transfected in DMEM without FCS using FuGENE 6 (Roche-Diagnostics) at a 
lipid to DNA ratio of 3 to 1. Plasmids carrying the desired inserts were ad-
ded at concentrations of 125 ng/plasmid. Variable amounts of empty vec-
tor were included to equalize the total amount of transfected plasmid DNA 
(500 ng) added to the cells. In all transfections, the pTK-LacZ vector was 
used for normalization of transfection efficiency. After 4 h of incubation 
(37oC) of the cells in the presence of the added DNA, the medium was re-
placed with fresh medium containing DMEM with 10% FCS. Functional as-
says were performed at 24 h post-transfection. 
 
Confocal laser microscopy 
HeLa 57A cells were grown on glass coverslips in 24-well tissue culture pla-
tes in DMEM with 10% FCS until 70% confluence (∼ 24 h) and transiently 
transfected with 500 ng pFLAG-chTLR2t2, pFLAG-chimera A or pFLAG-
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chimera B. After 24 hours, the cells were washed with PBS, fixed (30 min) 
with 2% paraformaldehyde, and permeabilized (15 min) with 0.2% Triton-X-
100. After blocking with 2% BSA in PBS (1 h), the cells were incubated (1 h) 
with anti-Flag M2 antibody (1/2000 dilution; Sigma-Aldrich) and subse-
quently with Alexa Fluor 488 goat anti–mouse IgG (1/500 dilution; Invitro-
gen Life Technologies). Stained cells were embedded in FluorSave (Calbio-
chem) and viewed in a Leica TCS SP confocal laser-scanning microscope. 
 
Luciferase assays 
TLR signaling was assessed using the NF-κB-luciferase reporter system. 
Cells were stimulated with the appropriate ligands for 5 h, washed three 
times with 0.5 ml of PBS, and immediately lysed in 0.2 ml of reporter lysis 
buffer (Promega). Firefly luciferase activity was measured with the lucifera-
se assay system (Promega) using a luminometer (TD-20/20, Turner De-
signs). For normalization of the efficiency of transfection, luciferase values 
were adjusted to β-galactosidase values as determined with the β-
galactosidase assay (Promega). Results were expressed in relative lucifera-
se units (RLU) and represent the mean ± SEM values of at least three inde-
pendent experiments. Statistical significance was confirmed by a paired ra-
tio t-test. A two-tailed p <0.05 was taken to be significant. 
 
Results 
 
Cloning and sequence analysis of chTLR16 
An inspection of the chicken genome sequence revealed one putative TLR 
with similarity to the mammalian TLR1, TLR6 and TLR10 group (Lynn et al. 
2003; Iqbal et al. 2005; Yilmaz et al. 2005). To assess the function of this 
putative TLR (designated here as chTLR16), we cloned the chTLR16 gene as 
well as chTLR2t1 and chTLR2t2 genes from the chicken NCSU macrophage 
cell line. The obtained sequences of chTLR2 type 1 and type 2 were identi-
cal to those published in the National Center for Biotechnology Information 
database (http://www.ncbi.nlm.nih.gov). The sequence of chTLR16 was 
identical to the released chTLR1/6/10 homologue (AB109401) except for its 
C-terminal end, resulting in mature chTLR16 of 804 amino acids.  
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 Comparative analysis of chTLR16 and the known human TLR recep-
tors at the protein level revealed that the putative chTLR16 protein closely 
resembled hTLR1, hTLR6 and hTLR10 with amino acid similarity values of 
∼83% for the predicted cytoplasmic (TIR) and transmembrane (TM) domain 
of chTLR16 and ∼60% for the extracellular domain (Table II). Structural 
analysis showed that chTLR16 carried a proline residue at position 688, 
previously implicated in hTLR1 and hTLR6 function (Ozinsky et al. 2000; 
Hajjar et al. 2001), and a glycine residue at position 689. This amino acid 
has been suggested to be critical for TLR signaling and the interaction of 
hTLR1 with hTLR2 (Gautam et al. 2006). The ectodomain of chTLR16 con-
tained the juxtamembrane cysteine-rich (LRR-CT) region implicated in the 
regulation of TLR signaling (Weber et al. 2005) along with 19 consecutive 
LRR/LRR-like motifs as found for hTLR1, hTLR6, and hTLR10 (Fig. 1). The 
most notable difference between the chicken and human receptors was lo-
cated in LRR10 of chTLR16. This region contained an extra 12-amino-acid 
stretch that was absent in hTLR1, hTLR6 and hTLR10 (Fig. 1). A prediction of 
putative N-glycosylation sites using the NetNGlyc 1.0 (www.cbs.dtu.dk/ 
services/NetNGlyc) and ScanProsite algorithms (www.us.expasy.org/tools/ 
scanprosite) revealed five asparagine residues in the TLR16 ectodomain 
(Asn33, Asn78, Asn204, Asn366 and Asn589), which is less than predicted for 
hTLR1 (six sites), hTLR6 (nine sites), and hTLR10 (nine sites). Thus, the sites 
and degree of glycosylation may be different between the chicken and hu-
man receptors. 
 
Table II. Amino acid sequence similarity (%) of the TIR domain, extracellular region (ecto-
domain), and full putative chTLR16 protein with the corresponding regions of the various 
human TLR1-10 receptorsa.  

TLR 1 2 3 4 5 6 7 8 9 10 

TIR domain 85 68 48 52 49 84 51 53 49 73 
Ectodomain 61 41 35 38 35 59 30 31 29 60 
Full protein 66 46 37 40 37 64 33 34 32 62 
aReceptor regions with highest sequence similarity are given in bold. 
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Figure 1. Sequence characteristics of chTLR16. The predicted protein sequence of chTLR16 
was aligned with the hTLR1, hTLR6 and hTLR10 protein using the ClustalW program. Con-
served amino acids and synonymous substitutions are shadowed in black and grey, respec-
tively. The cytoplasmic (TIR) domain, the transmembrane (TM) region, and the extracellu-
lar domain with the conserved cysteine-rich CT region (LRR-CT) and 19 leucine-rich repeats 
(LRR 1-19) are indicated below the sequence. SigP is the signal peptide. The asterisk at po-
sition 599 marks the conserved cysteine residue at which position the human and chicken 
TLR domains were fused to construct chimeric receptors. Note that LRR10 of chTLR16 con-
tains an extended stretch of 12 amino acids that is absent in the human receptors.  
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Functional activity of coexpressed chTLR16 and chTLR2  
For the mammalian species the function of TLR10 is still unknown. How-
ever, TLR1 and TLR6 in conjunction with TLR2, respond to synthetic tri- or 
di-acylated lipopeptides Pam3CSK4 and FSL-1, respectively (Aliprantis et al. 
1999; Takeuchi et al. 2001; Takeuchi et al. 2002). Therefore, we focused on 
these ligands to investigate the function of chTLR16. Functional TLR assays 
were performed with HeLa 57A cells. These cells are unresponsive to 
Pam3CSK4 and FSL-1, as determined with the NF-κB reporter assay. Trans-
fection of the cells with chTLR16, chTLR2t1, or chTLR2t2 followed by stimu-
lation with Pam3CSK4 or FSL-1 did not stimulate NF-κB-luciferase activity 
(Fig. 2A and B). To assess whether chTLR16 and chTLR2 may form a functi-
onal unit reminiscent of the mammalian TLR1/TLR2 and TLR6/TLR2 hetero-
dimers, we next tested HeLa 57A cells expressing chTLR16 in combination 
with either chTLR2t1 or chTLR2t2. NF-κB reporter assays after FSL-1 or 
Pam3CSK4 stimulation of these cells showed that the combination of 
chTLR16 and chTLR2t1 did not yield a functional complex (Fig. 2A and B). 
However, cells expressing chTLR16 as well as chTLR2t2 strongly responded 
towards both the hTLR1/hTLR2 and hTLR6/hTLR2 specific ligands Pam3CSK4 
(Fig. 2A) and FSL-1 (Fig. 2B).  
 To ensure that the apparent dual ligand specificity of the chicken 
receptor transfected cells was mediated by the chTLR16/chTLR2t2 combi-
nation, the experiments were repeated with cells transfected with hTLR2 in 
combination with either hTLR1 or hTLR6. Pam3CSK4 stimulation of these 
cells yielded a potent response for the hTLR1/hTLR2 expressing cells, but 
not for the hTLR6/hTLR2 receptor combination (Fig. 2C), consistent with 
the reported ligand specificity of the human hTLR1/TLR2 receptor complex 
(Takeuchi et al. 2001; Takeuchi et al. 2002). Similarly, FSL-1 caused a strong 
NF-κB-activation in hTLR6/hTLR2 expressing cells, while no increase in res-
ponse was observed for hTLR1/hTLR2 transfected cells compared to cells 
transfected with hTLR2 alone (Fig. 2D). The latter cells moderately respon-
ded to FSL-1, although RT-PCR analysis did not reveal endogenous hTLR6 
mRNA expression (not shown). Overall, our results indicate that chTLR16 
and chTLR2t2 can form a functional unit and that this complex covers the 
ligand specificities of both hTLR1 and hTLR6. 
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Figure 2. NF-κB-luciferase activity in HeLa 57A cells transfected with chTLR2t1, chTLR2t2, 
chTLR16, or combinations of these chicken receptors (A and B), or hTLR1, hTLR6, hTLR2, or 
combinations of these human receptors (C and D), after stimulation (5 h) with the 
Pam3CSK4 (100 ng/ml) (A and C) or FSL-1 (100 ng/ml) (B and D). Values are in relative light 
units (RLU) and are the mean ± SEM of at least three experiments. *Statistically significant 
values, p < 0.05. ns, not significant. 
 
Effect of CD14 on the function of the chTLR16/chTLR2t2 receptor complex 
Membrane and soluble forms of the myeloid receptor CD14 play a key role 
in the delivery of lipid A towards the mammalian TLR4-MD2 complex (Pals-
son-McDermott et al. 2004). CD14 also facilitates the capturing of lipopep-
tides and their association with the hTLR2 complex, enhancing the cellular 
NF-κB activation particularly at low ligand concentrations (Manukyan et al. 
2005; Nakata et al. 2006). To further characterize the species specificity of 
this effect, we assessed the effect of CD14 on the chTLR16/chTLR2t2-
mediated NF-κB activation. In this study we used human CD14 as the chic-
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ken CD14 receptor has not yet been identified. Immunological analysis 
using anti-human CD14 antibodies suggests that CD14 is present on chic-
ken cells (Dil et al. 2002; Dil et al. 2002; Farnell et al. 2003; Kogut et al. 
2005). Expression of human CD14 into HeLa 57A cells did not yield respon-
siveness towards Pam3CSK4 or FSL-1 (not shown). In contrast, expression of 
CD14 in conjunction with chTLR16 and chTLR2t2 rendered the cells highly 
sensitive to both Pam3CSK4 and FSL-1 with up to 100-fold increases in NF-
κB activation at submaximal concentrations of ligand (Fig. 3A and B).  
 

 
 Figure 3. Effect of hCD14 on the function of the chTLR2t2/chTLR16 complex as measured 
by NF-κB-luciferase activity. CD14-negative (open symbols) and CD14-positive (filled sym-
bols) HeLa 57A cells expressing chTLR2t2/chTLR16 (A and B) or their human homologues 
hTLR2/hTLR1 or hTLR2/hTLR6 (C and D), were stimulated (5 h) with the indicated concen-
trations of Pam3CSK4 or FSL-1. Values are in relative light units (RLU) and are the mean ± 
SEM of at least three experiments. *Statistically significant values, p < 0.05. 
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Control experiments using hTLR1/hTLR2 and hTLR6/hTLR2 transfectants 
showed that the effect of CD14 were comparable with those obtained with 
the chicken TLR receptors  (Fig. 3C and D). These data collectively indicate 
that human CD14 acts in concert with chicken TLRs and enhances the sensi-
tivity of the chicken TLR response towards lipoproteins. Of note, the pre-
sence of CD14 did not result in a noticeable Pam3CSK4 or FSL-1 response in 
chTLR16/chTLR2 type 1 transfected cells (not shown), indicating that the 
NF-κB activation required chTLR2 type 2. 
 
Species-specificity of TLR2 complex formation 
The unique dual ligand specificity of the chTLR16/chTLR2t2 receptor com-
bination compared to the human TLR1/TLR2 and TLR6/TLR2 signaling com-
plexes led us to examine the species specificity of the interaction between 
chicken and human TLR2 with the various TLR2 co-receptors. For this pur-
pose, HeLa 57A cells were first transfected with hTLR2 and hCD14 in com-
bination with chTLR16. Exposure of these cells to either Pam3CSK4 (Fig. 4C) 
or FSL-1 (Fig. 4D) did not result in NF-κB activation, indicating that chTLR16 
cannot functionally interact with hTLR2. Similarly, cells that expressed 
chTLR2t2 and hCD14 (or chTLR2t1, not shown) in combination with either 
hTLR1 or hTLR6 did not form a functional complex when challenged with 
Pam3CSK4 or FSL-1 (Fig. 4A and B). In all cases, the combined expression of 
the receptors from the homologous species caused strong NF-κB activation 
(Fig. 4). These data strongly suggest that the functional interplay between 
the various chicken and human receptors is highly species-specific despite 
their similar architecture at the amino acid level and their ability to activate 
NF-κB in response to Pam3CSK4 and FSL-1. 
 
Role of the transmembrane and cytoplasmic TLR domains in species-specific 
TLR2 interactions  
The formation of a functional hTLR1/hTLR2 complex requires both interac-
tions of the TIR and extracellular domains (Sandor et al. 2003). To identify 
which TLR domain(s) of the human and chicken TLR2 complex are incompa-
tible and thus cause the observed species specificity, we engineered a set 
of chimeric receptors. First, the ectodomain of chicken TLR16 (aa 1-588) 
was fused to the TM/TIR region of human TLR1 (aa 578-786) and TLR6 (aa 
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583-796) (Fig. 1) yielding chimera 1 en 2, respectively. Expression of each 
of these chimeric receptors in conjunction with human TLR2 and CD14 fol-
lowed by a challenge with Pam3CSK4 and FSL-1 demonstrated that fusion of 
the hTLR1 or hTLR6 TM/TIR region to the chTLR16 ectodomain did not re-
store the functional interaction with hTLR2 (Fig. 5D and E). 

 
Figure 4. Species-specificity of the functional TLR2 complex as measured by NF-κB-
luciferase activity. HeLa 57A cells carrying empty vector (Ctrl), chTLR16, hTLR1, or hTLR6 in 
combination with hCD14 and either chTLR2t2 (A and B) or hTLR2 (C and D) were stimulated 
(5 h) with Pam3CSK4 (100 ng/ml) (A and C) or FSL-1 (100 ng/ml) (B and D). Data are in rela-
tive light units (RLU) and are the mean ± SEM of at least three experiments. *Statistically 
significant values, p < 0.05. ns, not significant. 
 
The reciprocal experiment in which cells carried chimeric receptors with 
the ectodomains of human TLR1 and TLR6 fused to the TM/TIR region of 
chTLR16 (chimera 3 and 4) in combination with  chTLR2t2 and CD14, did 
not cause NF-κB activation in response to the TLR ligands either (Fig. 5A 
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and B). Thus, the exchange of the TM/TIR region of the chicken or human 
co-receptors was not sufficient to overcome the species-specific formation 
of a functional signaling complex with TLR2. 
 

 
Figure 5. Role of TIR domains in the species-specific formation of a functional TLR2 com-
plex as measured by NF-κB-luciferase activity.  HeLa 57A cells carrying hCD14 and either 
chTLR2t2 (A and B) or hTLR2 (D and E) in combination with empty vector (Ctrl), hTLR1, 
hTLR6, chTLR16, chimera 1, chimera 2, chimera 3 or chimera 4 were stimulated (5 h) with 
the Pam3CSK4 (100 ng/ml)(A and D) or FSL-1 (100 ng/ml) (B and E). Values are in relative 
light units (RLU) and are the mean ± SEM of at least three experiments. *Statistically signi-
ficant values, p < 0.05. ns, not significant. The composition of the used TLR receptor combi-
nations and their functionality are depicted in panels C and F with human TLR domains in 
black and chicken TLR domains in grey. The numbers (16, 1 and 6) indicate the origin of the 
respective regions (chTLR16, hTLR1 or hTLR6, respectively). 
 
Role of the TLR ectodomain in species-specific TLR2 interactions 
To decipher the role of the TLR ectodomain in the species-specific TLR2 
signaling, the chimeric receptors with the ectodomains of hTLR1 or hTLR6 
fused to the chicken TLR16 TM/TIR region (chimeras 3 en 4) were expres-
sed in HeLa 57A cells together with hTLR2 and CD14. Challenge of these 
cells with Pam3CSK4 or FSL-1 clearly induced NF-κB activation (Fig. 6D and 
E). Similarly, cells expressing chicken TLR16 ectodomain fused to the hTLR1 
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or hTLR6 TM/TIR fragments (chimeras 1 en 2) in combination with 
chTLR2t2 and CD14, gained responsiveness towards the TLR2 ligands (Fig. 
6A and B). Overall, it was noted that chimeras that contained a chicken 
TM/TIR region yielded more powerful responses than chimeras carrying 
human TM/TIR domains (Fig. 6, chimeras 3 and 4 versus chimeras 1 and 2), 
despite the fact that the receptors were expressed in a human background 
with human TLR adaptor molecules. Together, our results show that the 
chimeric receptors were functional and strongly suggest that the ectodo-
mains rather than the TM/TIR domains dictate the species-specific functio-
nal interaction between TLR2 and its co-receptors. 
 

 
Figure 6. Importance of the TLR ectodomain in the species-specific functional TLR interac-
tions as measured by NF-κB-luciferase activity. HeLa 57A cells expressing hCD14 and either 
chTLR2t2 (A and B) or hTLR2 (D and E) in combination with empty vector (Ctrl), hTLR1, 
hTLR6, chTLR16, chimera 1, chimera 2, chimera 3 or chimera 4 were stimulated (5 h) with 
the TLR2 ligands Pam3CSK4 (100 ng/ml) (A and D) or FSL-1 (100 and 1000 ng/ml) (B and E). 
Values represent relative light units (RLU) and are the mean ± SEM of at least three expe-
riments. *Statistically significant values, p < 0.05. ns, not significant. The composition of 
the used TLR receptor combinations and their functionality are depicted in panels C and F 
with human TLR domains in black and chicken TLR domains in grey. The numbers (16, 1 
and 6) indicate the origin of the respective regions (chTLR16, hTLR1 or hTLR6, respectively). 
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Transfer of the chTLR16 ligand- and species-specificity towards hTLR6 
The successful engineering of functional complexes consisting of TLR2 and 
the various chimeric TLR2 co-receptors also enabled us to further dissect 
the molecular basis of the difference in ligand specificity of the human and 
chicken TLR2 signaling complexes. The finding that the chTLR2t2/chimeras 
1 and 2 receptor combinations responded towards both Pam3CSK4 and FSL-
1 (Fig. 6A and B) indicated that the dual ligand specificity of the chicken 
TLR2 complex was located in the ectodomain of chTLR16. To further define 
the region involved in the (differential) recognition of Pam3CSK4 and FSL-1, 
we engineered a novel pair of chimeric receptors in which distinct LRR re-
gions of hTLR6 were replaced by the corresponding LRR region of chTLR16. 
The functionality of these receptors was then assessed by the gain of reac-
tivity towards Pam3CSK4 in chTLR2t2 and CD14 expressing cells. As LRR10 of 
chTLR16 contains an extra 12-amino acid stretch compared to human TLR1, 
TLR6 and TLR10 (Fig. 1), we first replaced LRR 9-12 (chimera A). As shown 
in Fig. 7A, transfer of this region was not sufficient to introduce Pam3CSK4-
ligand specificity into hTLR6. However, replacement of LRR6-16 (chimera B) 
did render the cells responsive to Pam3CSK4 (Fig. 7A). The cells carrying 
chimera B were also still responsive to FSL-1 (Fig. 7B). Because chimera A 
and B are expressed at comparable levels in HeLa 57A cells as evidenced by 
confocal laser microscopy using Flag-specific antibodies (data not shown), 
these data indicate that the region LRR6-16 is critical for the dual ligand 
specificity. This result also implies that transfer of chLRR6-16 into hTLR6 is 
sufficient to establish species-specific interaction of the human receptor 
with chTLR2t2. Cells that expressed either chimeras A or B in combination 
with hTLR2 and CD14 did not respond to either Pam3CSK4 or FSL-1 (Fig. 7D 
and E), indicating that replacement of LRR9-12 in hTLR6 with the corres-
ponding regions of chTLR16 already caused a loss of the ability to form a 
functional hTLR6/hTLR2 complex.  
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Figure 7. Identification of the LRR region critical for the dual specificity of chTLR16 ligand 
recognition and the species-specific formation of a functional TLR2 complex. HeLa 57A cells 
expressing hCD14 and either chTLR2t2 (A and B) or hTLR2 (D and E) in combination with 
empty vector (Ctrl), hTLR1, hTLR6, chTLR16, chimera A or chimera B were stimulated (5 h) 
with the TLR2 ligands Pam3CSK4 (100 ng/ml) (A and D) or FSL-1 (100 ng/ml) (B and E). 
Then, NF-κB activation was determined with the NF-κB luciferase reporter assay. Values 
are given in relative light units (RLU) and are the mean ± SEM of at least three experi-
ments. *Statistically significant, p < 0.05. ns, not significant. The composition of the used 
TLR receptor combinations and their functionality are depicted in panels C and F with hu-
man TLR domains in black and chicken TLR domains in grey. The numbers (16, 1 and 6) in-
dicate the origin of the respective regions (chTLR16, hTLR1 or hTLR6, respectively). 
 
Discussion 
 
Toll-like receptors are evolutionary highly conserved innate immune recep-
tors. Yet, fine functional differences between TLR homologues of different 
species exist and have been instrumental in deciphering TLR biology. We 
applied this powerful comparative biology approach and discovered that a 
putative chicken TLR with unknown function (here designated as chTLR16) 
acts as a co-receptor of chicken TLR2 type 2. Co-expression of chTLR16 with 
chTLR2t2 resulted in lipopeptide-mediated NF-κB activation. In the mam-
malian species TLR2 forms functional complexes with human and murine 
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TLR1 and TLR6 that respond to the tri-acylated peptide Pam3CSK4 and the 
di-acylated peptide FSL-1, respectively (Takeuchi et al. 2001; Takeuchi et al. 
2002). The chicken TLR2t2/TLR16 complex is unique in that it responds to 
both Pam3CSK4 and FSL-1 (Fig. 2). This dual ligand specificity strongly sug-
gests that, in the chicken species, the ligand specificities of hTLR1 and 
hTLR6 are contained within a single molecule.  
 The formation of a functional chTLR16/TLR2 complex was observed 
only for chTLR2t2 and not for chTLR2t1. Furthermore, we did not observe 
any significant NF-κB activation after transfection of chTLR16 or chTLR2 al-
one (Fig. 2). These findings seem at variance with observations that both 
chTLR2 receptors moderately respond to the lipopeptide MALP-2 in the ab-
sence of a TLR co-receptor (Fukui et al. 2001). The difference in results may 
be explained by the use of different cell systems (HeLa 57A versus HEK293 
cells) as we also obtained weak (3-6 fold) responses at high concentrations 
(1 μg) of lipopeptide for both chTLR2t1 and chTLR2t2-transfected HEK293 
cells (data not shown). The biological significance of these relatively weak 
responses seems minor when compared to the 60-fold higher and species-
specific activation of NF-κB at much lower concentrations of lipopeptide 
observed for HeLa cells expressing chTLR16/TLR2t2. The finding that 
chTLR2t2 but not chTLR2t1 formed a functional complex with chTLR16 sug-
gests that there are strict structural constraints to the interaction between 
chTLR2 and its co-receptor. The two types of chTLR2 differ mainly in a ∼200 
amino acid stretch comprising LRRs 8 to 14 (Fukui et al. 2001). This sug-
gests that this region may be critically involved in the formation of a func-
tional chTLR16/TLR2t2 complex. 
 Our data unequivocally demonstrate that CD14 dramatically (50 to 
100-fold) enhances the sensitivity of the chicken TLR16/TLR2 type 2 com-
plex. For the mammalian species, CD14 has been demonstrated to bind 
and deliver glycolipids (LPS) and lipopeptides towards the TLR4-MD2 com-
plex (Muroi et al. 2002) and TLR2/co-receptor complex (Vasselon et al. 
2004; Jiang et al. 2005; Manukyan et al. 2005; Nakata et al. 2006). In leuko-
cytes, membrane-bound CD14 is predominantly found in microdomains (li-
pid rafts). Binding of lipopeptides to CD14 induces the recruitment of exist-
ing TLR1/TLR2 heterodimers to lipid rafts, resulting in the formation of a 
functional TLR2 signaling complex (Muroi et al. 2002; Manukyan et al. 
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2005; Nakata et al. 2006; Triantafilou et al. 2006). The exact mechanism as 
to how CD14 interacts with the TLR2 complex remains to be defined. Of 
note here is that the enhanced sensitivity of the chTLR16/chTLR2t2 com-
plex was obtained with human CD14. The complete gene encoding chicken 
CD14 has thus far not been identified in the chicken genome, but several 
immunological studies suggests that the protein likely exists in this species 
(Dil et al. 2002; Dil et al. 2002; Farnell et al. 2003; Kogut et al. 2005). The 
increased sensitivity of the chicken TLR16/TLR2t2 complex in the presence 
of human CD14 implies that the function of CD14 is not species-specific. 
 A major challenge in TLR biology is to define the biological cons-
traints that are imposed on the formation a functional TLR2 complex. Our 
results for the first time indicate that the interaction between TLR2 and its 
co-receptors exhibits species-specificity. The molecular basis as to why 
chTLR16 did not form a functional complex with hTLR2 and, vice versa, 
chTLR2 did not signal in conjunction with hTLR1 or hTLR6, was elucidated 
using constructed chimeric TLR co-receptors. The use of recombinant TLRs 
composed of receptor ectodomains of one species  fused to transmembra-
ne/cytoplasmic receptor domains of the other species clearly showed that 
the extracellular TLR regions were essential for the species-specific functi-
onal interaction with TLR2. Additional chimeras in which the distinct LRR 
regions of hTLR6 had been substituted by the corresponding regions of 
chTLR16 revealed that introduction of LRR9-12 of chTLR16 was insufficient 
to confer functional interaction with chTLR2t2, but that the species specifi-
city co-transferred with LRR6-16. These results strongly suggest that the 
central LRR region of the TLR co-receptor is critical for functional interacti-
on with TLR2. Functional TLR2 signaling requires physical association of the 
TLR ectodomains (Ozinsky et al. 2000), while interaction of the cytoplasmic 
tails is required for signaling (Ozinsky et al. 2000; Takeuchi et al. 2001). Fur-
thermore, LRR regions are implicated in protein-protein interactions (Kobe 
et al. 1994; Rock et al. 1998; Kajava et al. 2002) and assays with cells carry-
ing TLR2 deletion constructs have indicated that the corresponding LRR re-
gion of TLR2 is likely involved in TLR2 complex formation (Meng et al. 
2003). Our finding that this region confers species-specificity to the TLR in-
teraction underpins these observations and is in line with the hypothesis 
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that the central LRR region of the chTLR16 physically interacts with the cor-
responding region of TLR2. 
 Interestingly, substitution of the ectodomain of human TLR6 with 
the corresponding region chTLR16 not only transferred the species-
specificity of the TLR interaction but also the dual ligand specificity. While 
the exchange of LRR9-12 of hTLR6 with the corresponding region of 
chTLR16 was already sufficient to cause a loss of function in combination 
with hTLR2, introduction of chLRR6-16 into hTLR6 resulted in a gain of re-
activity to both Pam3CSK4 and FSL-1 when the receptor was co-expressed 
with chTLR2t2 (Fig. 7). These data strongly suggest that LRR6-16 of chTLR16 
in combination with chTLR2t2 is required for the broad ligand specificity of 
the chicken TLR2 complex. Recent studies in which distinct domains of hu-
man TLR1 and TLR6 have been exchanged to better understand the ligand 
specificity of these receptors indicate that substitution of LRR6-17 was 
needed to fully exchange the hTLR1 and hTLR6 ligand specificities (Omueti 
et al. 2005). These data support the hypothesis that the central LRR region 
determines the ligand specificity of the TLR2 complex. At this time, it is dif-
ficult to discern whether the ligand specificity of the TLR2 signaling com-
plex is solely determined by the co-receptor or by the combination of both 
receptors. Recently, human but not murine TLR2 was found to discriminate 
tri-palmitoylated and tri-lauroylated peptides (Meng et al. 2003; Grabiec et 
al. 2004). This differential recognition, which was attributed to variation in 
a low-conserved region spanning LRR7 to 10 (Grabiec et al. 2004), suggests 
that also the composition of the TLR2 ectodomain can influence ligand 
specificity. 
 For the mammalian system, TLR2 signaling not only requires asso-
ciation of the ectodomains, but also heterodimerization of the intracellular 
domains of TLR2 and TLR1 or TLR6 (Sandor et al. 2003). Our experiments 
revealed that swapping of the various transmembrane and cytoplasmic 
domains between hTLR1 or 6 and chTLR16 did not influence the functiona-
lity of the human or chicken TLR2 complex, and thus, that the assumed in-
teraction between the intracellular TLR domains is not species-specific. Fur-
thermore, the observation that strong cellular activation was achieved with 
the chTLR16/chTLR2t2 complex expressed in a human cell background 
strongly suggests that also the association of MyD88 adaptor molecule 
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with the TIR domain of chicken TLR2 complex is not species-specific. The 
apparent limitation of the species-specific interactions within the TLR2 
complex to the extracellular domain may be interesting from an evolutio-
nary point of view. It can be imagined that TLR2 and its co-receptors may 
have co-evolved as a complex but that, during evolution, there was a need 
for the mammalian species to diversify the TLR2 complex. It has been sug-
gested that this may have resulted in duplication of the ancestral TLR co-
receptor in mammals around the time of divergence from birds (∼300 mil-
lion years ago) and the evolvement of two receptors (TLR1 and TLR6), each 
with limited ligand specificity compared to chTLR16 (Beutler et al. 2002). 
The structural changes needed to accomplish this altered ligand specificity 
may have led to the incompatibility of the chicken and human receptors 
that form the TLR2 complex discovered in the present study. The fact that 
this incompatibility seems limited to the extracellular receptor domains 
suggests that need for diversification of ligand recognition may have been 
a driving force in the evolution of the TLR2 complex. Whether the species 
specificity of the TLR2 complex is limited to the TLRs or also involves addi-
tional molecules that seem to participate in the function of the TLR2 signal-
ing complex (Triantafilou et al. 2006), awaits further investigation. 
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Abstract 
 
During evolution mammals have evolved a powerful innate immune re-
sponse to LPS. Chicken are much more resistant to LPS-induced septic 
shock. Here we report that chicken sense LPS via orthologs of mammalian 
TLR4 and MD-2 rather than the previously implicated chTLR2t2 receptor. 
Cloning and expression of recombinant chTLR4 and chMD-2 in HeLa 57A 
cells activated NF-κB at concentrations as low as 100 pg/ml of LPS. Differ-
ential pairing of chicken and mammalian TLR4 and MD-2 indicated that the 
protein interaction was species-specific in contrast to the formation of 
functional human and murine chimeric complexes. The chicken LPS recep-
tor responded to a wide variety of LPS derivatives and to the synthetic lipid 
A compounds 406 and 506. The LPS specificity resembled the functionality 
of the murine rather than the human TLR4/MD-2 complex. Polymorphism 
in chTLR4 (Tyr383His and Gln611Arg) did not influence the LPS response. 
Interestingly, LPS consistently failed to activate the MyD88-independent 
induction of IFNβ in chicken cells, in contrast to the TLR3 agonist poly(I:C) 
that yielded a potent IFNβ response. These results suggest that chicken 
lack a functional LPS-specific TRAM-TRIF signaling pathway, which may ex-
plain their aberrant response to LPS compared to the mammalian species. 
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Introduction 
 
Toll-like receptors (TLR) are components of the innate immune system that 
sense conserved microbial patterns and endogenous danger signals (Akira 
et al. 2004). One of the molecules that is sensed by TLRs is the lipid back-
bone (lipid A) of the principal bacterial surface glycolipid, known as 
lipopolysaccharide (LPS). In mammals the sensing of LPS involves the LBP 
(LPS-binding protein)-mediated transfer of LPS monomers to CD14, which 
commonly delivers the LPS to MD-2 (Palsson-McDermott et al. 2004). MD-2 
binds LPS in its hydrophobic pocket which supposedly causes a conforma-
tional change that is transferred upon the complexed TLR4 molecule (Kim 
et al. 2007; Ohto et al. 2007). This triggers the recruitment and modifica-
tion of intracellular adaptor molecules at the TIR domain of the TLR4 recep-
tor and initiates a cascade of signaling events that ultimately drive the in-
nate immune response to LPS. The central role of TLR4 and MD-2 in the 
mammalian LPS response is evident from the resistance to LPS of MD-2 null 
mice (Nagai et al. 2002) and C3H/HeJ mice which carry a point mutation in 
TLR4 (Poltorak et al. 1998).  
 TLR4 is unique among the TLR family in that upon activation it re-
cruits several different adaptor molecules including MyD88 and TIRAP 
(MyD88-dependent pathway) and TRAM and TRIF (MyD88-independent 
pathway). All other TLRs, except TLR3, solely activate the MyD88-
dependent signaling route. TLR3 specifically makes use of the TRIF-
signaling pathway but without the use of TRAM. The combined use of TRIF 
and TRAM is specific for the TLR4 signaling pathway (Yamamoto et al. 
2003). The type of signaling route that is activated by TLRs is important for 
the nature of the innate immune response. The TIRAP/MyD88 signaling 
pathway is activated from the plasma membrane and causes nuclear trans-
location of the transcription factor NF-κB, whereas the TRAM/TRIF-
dependent pathway appears to be active in endosomes and induces the 
phosphorylation of IRF3 and a delayed NF-κB response (Yamamoto et al. 
2003; Yamamoto et al. 2003; Kagan et al. 2008; Tanimura et al. 2008). Acti-
vation of IRF3 ultimately results in the production of IFNβ, IP-10 and 
RANTES (2). This response is not observed in TRIF (-/-) and TRAM (-/-) defi-
cient mice (Yamamoto et al. 2003; Yamamoto et al. 2003).   
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 TLR4 and MD-2 are highly conserved during evolution with 
orthologs found in mammals, birds, and some fish species (Meijer et al. 
2004; Roach et al. 2005). Yet, the avian species and fish appear much more 
resistant to the toxic effects of LPS than the mammalian species (Berczi et 
al. 1966; Adler et al. 1979; Iliev et al. 2005). Analysis of the TLR repertoire 
of chicken indicates both common and unique features compared to mam-
malian TLRs (Fukui et al. 2001; Dil et al. 2002; Iqbal et al. 2005; Philbin et al. 
2005; He et al. 2006; Higgs et al. 2006; Higuchi et al. 2007; Keestra et al. 
2007; Schwarz et al. 2007; Scott et al. 2007; Keestra et al. 2008). Chicken 
express TLR4 and MD-2 orthologs and polymorphisms in the proteins have 
been associated with variable susceptibility to Salmonella infection 
(Leveque et al. 2003; Malek et al. 2004). Furthermore, chicken cells re-
spond to LPS with the induction of iNOS, IL-1β, IL-6 and IL-18 mRNA (Dil et 
al. 2002; Farnell et al. 2003; Kogut et al. 2006). Involvement of TLR4 and 
CD14 was suggested by the effects of polyclonal antibodies directed 
against human TLR4 and rat CD14 (Dil et al. 2002; Farnell et al. 2003; Kogut 
et al. 2005). However, Fukui et al (Fukui et al. 2001) noted that recombi-
nant chTLR2t2 can respond to LPS and hypothesized that this receptor cov-
ers the function of TLR4 in chicken. We recently demonstrated that 
chTLR2t2 in conjunction with chTLR16 responds to both di- and tri-acylated 
peptides combining the function of the mammalian TLR2/1 and TLR2/6 re-
ceptor complexes (Keestra et al. 2007). Thus, the exact nature of the LPS 
receptor(s) and the basis of the apparent relative resistance of chicken to-
wards the toxic effect of LPS remain to be defined. 
 In the present study, we cloned the full-length chicken TLR4 and 
chicken MD-2 gene and assessed the function of the chTLR4/chMD-2 com-
plex, the species-specificity of the interaction of TLR4 and MD-2 using co-
expression of the different mammalian and chicken proteins, and the LPS 
specificity of the chTLR4/chMD-2 complex. Strikingly, our results suggest 
that the chicken lack the MyD88-independent signaling route that under-
lies the LPS- induced production of IFNβ in the mammalian species. 
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Materials and Methods 
 
Cells and reagents 
The HD11 chicken macrophage cell line (Beug et al. 1979) was maintained 
in DMEM supplemented with 5% FCS. The C3H/HeJ murine macrophage 
cell line stably transfected with mTLR4 (Poltorak et al. 2000) was main-
tained in DMEM with 10% FCS. The HeLa 57A cell line stably transfected 
with a NF-κB luciferase reporter construct (Rodriguez et al. 1999) and 
HEK293 cells were generously provided by Dr. R.T. Hay (Institute of Bio-
molecular Sciences, University of St. Andrews, St. Andrews, Scotland, UK) 
and Dr. B. van der Burg (Hubrecht Laboratory, Utrecht, The Netherlands), 
respectively, and maintained in DMEM with 5% FCS. All cell lines were 
grown at 37°C in a CO2-rich atmosphere. Salmonella enterica serovar En-
teritidis (here referred to S. Enteritidis) strain 90-13-706 and Salmonella 
enterica serovar Gallinarum strain 9R (here referred to S. Gallinarum) 
(Animal Science Group, Lelystad, the Netherlands) were grown on Luria-
Bertani (LB) agar plates or in LB broth at 37°C.  

LPS of Pasteurella multocida (P. multocida) strain PBA885 and 
AL251 was generously provided by Dr. B. Adler (Australian Research Coun-
cil Centre of Excellence in Structural and Functional Microbial Genomics, 
Monash University, Australia). Synthetic lipid A 406 and 506 were a kind 
gift from Dr. K. Fukase (Osaka University Graduate School of Sciences, 
Osaka, Japan). LPS of Neisseria meningitidis (N. meningitidis) H44/76 and 
its LpxL1 mutant was generously provided by Dr. L. Steeghs from our de-
partment. LPS of Rhodobacter sphaeroides (R. sphaeroides) and mono-
phosphoryl lipid A (MPL) were purchased from List Biological Laboratories 
and Sigma, respectively. The synthetic lipoprotein Pam3CSK4 and the ex-
pression vectors pUNO-hTLR4, pUNO-hMD-2, pUNO-mMD-2 and pUNO-
hTRAM were purchased from InvivoGen.  
 
Construction of expression plasmids 
Full-length chtlr4 and full-length chmd-2 were PCR amplified from cDNA 
derived from whole blood of a Lohmann Brown chicken. Briefly, 2.5 ml of 
chicken blood was diluted 1:2 in 5 ml of PBS and layered on top of 5 ml of 
Ficoll SG (density = 1.078 g/ml) in a 50 ml Falcon tube. After centrifugation 
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(1,000 x g, 30 min, 20oC) using a swing-out rotor, the leukocyte-containing 
interphase was carefully isolated and extracted using RNA-Bee (Bio-
Connect BV, Huissen, the Netherlands). Isolated RNA was treated with 
DNase (Invitrogen) to remove any DNA contamination. Purified mRNA (1 
µg) was reverse transcribed with the Improm-II Reverse Transcriptase kit 
(Promega) using a poly T primer according to the manufacturer’s instruc-
tions. PCR amplification of cDNA was performed using pfu polymerase 
(Promega) and the primers listed in Table I. PCR products were purified and 
cloned into the pGEM-T-easy vector (Promega). The resulting plasmids 
were digested with the appropriate restriction enzymes (Table I) and iso-
lated inserts were ligated in the digested mammalian expression vector 
pTracer-CMV2 (Invitrogen, Life Technologies), yielding pTracer-chTLR4 and 
pTracer-chMD-2. 
 
Table I. Primers used in this study for cloning. 

Product Forward (5’-3’) Reverse (5’-3’) 

ChTLR4 GCGGCCGCGCCACATGGCCAGCAGAG-
CGGCTCCCACC 

TCTAGATTACATGAGTTTTATCTCCTCGT 

Exon 1 GCGGCCGCGCCACATGGCCAGCAGAG-
CGGCTCCCACC 

AGGGGATGACCTCCAGGCACGG-
ACTGGGGATGC 

Exon 2 TGCCTGGAGGTCATCCCCAGCA-
CAGCTTTCAGAT 

GTGGCACCTTGAAAGATCCAGAAACTG-
CAGTTC 

Exon 3 TGGATCTTTCAAGGTGCCACATCCATA-
CAATAGAAG 

TCTAGATTACATGAGTTTTATCTCCTCGT 

ChMD-2 
 

GGTACCGCCACCATGGTT-
GAGTTTGTCTTTTTC 

GAATTCTCAGAAAGCGTCTTGTTT 

mTLR4 GGTACCGCCACCATGGTGCCTC-
CCTGGCTCCTGGCTA 

GCGGCCGCTCAGGTCCAAGTTGC-
CGTTTCTTG 

mCD14 GAATTCGCCACCATGGAGCGTGTGCTT TCTAGATTAAACAAAGAGGCGATC 
The underlined sequences represent restriction sites used in cloning of the PCR products. 

The gene encoding chMD-2 of HD11 cells was cloned essentially as 
described above, yielding pTracer-chMD-2H. The encoding chTLR4 of HD11 
cells was constructed by overlap extension PCR (Horton et al. 1990) using 
isolated chromosomal DNA as a template. In this procedure the three ex-
ons from chtlr4 were PCR amplified with pfu polymerase using the primers 
listed in Table I. The resulting three PCR products were purified and fused 
in one PCR reaction using the chTLR4 forward and reverse primer (Table I). 
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This PCR product was cloned into the pGEM-T-easy vector and, subse-
quently, cloned into pTracer-CMV2, yielding pTracer-chTLR4H.  

Murine TLR4 (mTLR4) and CD14 (mCD14) were PCR amplified with 
pfu polymerase with the primers listed in Table I using chromosomal DNA 
of C3H/HeJ cells stably transfected with mTLR4 (Poltorak et al. 2000) as a 
template. Purified PCR products were cloned into the pGEM-T-easy vector 
and subcloned into pTracer-CMV2 using the appropriate restriction en-
zymes (Table I), yielding pTracer-mTLR4 and pTracer-mCD14.  

The construction of the expression vectors containing chTLR2t2, 
chTLR16, hTLR2, hTLR1 and hCD14 has been described previously (Keestra 
et al. 2007). All constructs were verified by DNA sequencing (BaseClear BV, 
Leiden, The Netherlands). 
 
Nitric oxide assay 
HD11 macrophages were grown in 24-wells tissue culture plates until a 
confluence of 75% in DMEM with 5% FCS. Then, the cells were stimulated 
(17 h) in the same medium with the indicated concentrations of S. Enteriti-
dis LPS. Nitric oxide (NO) production was determined using the Griess As-
say (Promega). 
 
LPS isolation 
LPS of S. Enteritidis strain 706 and of S. Gallinarum strain 9R was extracted 
and purified using the hot phenol-extraction procedure as described (John-
son et al. 1976). Briefly, bacteria grown in 500 ml of LB broth for 16 h, were 
collected by centrifugation (6,800 x g, 20 min, 4oC) and suspended in 10 
volumes of distilled water and an equal volume of hot phenol (70°C) for 2 h 
at 70°C. After centrifugation (18,000 x g, 20 min, 4oC), LPS was precipitated 
from the waterphase by the addition of sodium acetate (0.1 g per g wet 
weight of bacteria) and two volumes of acetone (-20°C). After 16 h (-20oC), 
the LPS was collected by centrifugation (18,000 x g, 30 min, -20oC), dis-
solved in distilled water, and again collected (100,000 x g, 2 h, 4°C). After 
treatment with DNase and proteinase K, the LPS was centrifuged again 
(100,000 x g, 2 h, 4°C), and dissolved in distilled water up to a final concen-
tration of 1.5 mg/ml. Then LPS was re-purified to remove contaminating 
endotoxin protein (Hirschfeld et al. 2000). Approximately 700 µg LPS was 
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suspended in endotoxin-free water containing 0.2% triethylamine (TEA) 
and 0.5% deoxycholate (DOC) and an equal volume of water-saturated 
phenol. The mixture was vortexed intermittently for 5 min and centrifuged 
(10,000 x g, 2 min, 4°C). The upper, aqueous phase was transferred to a 
new tube and the phenol phase re-extracted with 500 µl water containing 
0.2% TEA and 0.5% DOC. The aqueous phases were pooled and re-
extracted with 1 ml of water saturated phenol, vortexed, and centrifuged. 
The aqueous phase was adjusted to 75% ethanol and 30 mM sodium ace-
tate was added. After precipitation (16 h, -20oC), the pellet was collected 
(10,000 x g, 10 min, 4°C), rinsed in 100% cold ethanol, and air-dried.  

 
Transfection of eukaryotic cells 
HeLa 57A cells were grown in 48-well tissue culture plates in DMEM with 
5% FCS until 50% confluence was reached (∼ 24 h). Then cells were tran-
siently transfected in DMEM with 5% FCS using FuGENE 6 (Roche-
Diagnostics) at a lipid to DNA ratio of 3 to 1 following the instructions of 
the manufacturer. Plasmids carrying the desired inserts were added at 
concentrations of 62.5 ng/plasmid. Variable amounts of empty vector were 
included to equalize the total amount of transfected plasmid DNA (250 ng) 
added to the cells. In all transfections, the pTK-LacZ vector was used for 
normalization of transfection efficiency. After 48 h of incubation (37oC) of 
the cells in the presence of the added DNA, the medium was replaced with 
fresh medium and stimulated with the different ligands. 
 
Luciferase assays 
TLR signaling was assessed using the NF-κB-luciferase reporter system as 
described (van Aubel et al. 2007). Cells were stimulated (5 h) with the TLR 
ligands, rinsed twice with 0.5 ml of Dulbecco's phosphate buffered saline 
(DPBS, pH 7.4), and immediately lysed in 0.1 ml of Reporter Lysis Buffer 
(Promega). Firefly luciferase activity was measured with the Luciferase As-
say System (Promega) using a luminometer (TD-20/20, Turner Designs, 
Sunnyvale, USA). For normalization of the efficiency of transfection, 
luciferase values were adjusted to β-galactosidase values as determined 
with the β-galactosidase assay (Promega). 
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RNA isolation and quantitative RT-PCR 
HD11 macrophages were grown in DMEM with 5% FCS in 12-wells tissue 
culture plates until confluency was reached. Then cells were stimulated by 
the addition of 5 µg/ml of LPS or incubated in the same medium with 3 µl 
of FuGene in the presence and absence of 500 ng/ml of poly(I:C). After two 
h of incubation, the cells were rinsed once with DPBS and extracted with 
RNA-Bee. Isolated RNA was stored at - 80oC until further use. 

Fresh chicken (Ross broilers) leukocytes were isolated with a Ficoll 
density gradient as described above and washed once in 10 ml RPMI 1640 
without serum. Isolated cells were seeded (∼250 x 104 cells/well) in a 12-
wells plate in 2 ml of RPMI 1640 medium without serum. After attachment 
to the well (1.5 h, 37oC), cells were stimulated with 5 µg/ml of S. Enteritidis 
LPS or with 50 µg/ml of poly(I:C). After 2 h of stimulation, cells were rinsed 
once with DPBS and total RNA was isolated with RNA easy mini kit 
(Qiagen). 

RNA transcript levels were determined by quantitative reverse tran-
scription PCR (RT-PCR) using a ABI PRISM 7000 sequence detection system. 
Primers and probes (Table II) were designed as described (Smith et al. 
2005; Karpala et al. 2008) or using the Primer Express software (Applied 
Biosystems). Probes (Isogen, Maarssen, the Netherlands) were labeled with 
the reporter dye carboxyfluorescein (FAM) and the quencher tetramethyl-
6-carboxyrhodamine (TAMRA). RT-PCR was performed on 50 ng of DNase I 
(Fermentas) treated RNA with the One Step RT-PCR MasterMix kit for 
Probe Assays (Eurogentec, Maastricht, The Netherlands). Real time cycler 
conditions were 30 min at 48°C, followed by 10 min at 95°C, 40 cycles of 
15 s at 95°C, and 1 min at 60°C. The mRNA levels for the target gene cor-
rected to those for the housekeeping gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) were calculated by subtracting their correspond-
ing Ct before (1) and after (2) treatment using the formula: (1) ΔCt control = Ct 

target gene control − Ct GAPDH control, (2) ΔCt treated = Ct target gene treated − Ct GAPDH treated. 
The fold change in mRNA was determined by: Fold change = 2(ΔCt(treated)-

ΔCt(control)). Experiments were performed at least twice and one representa-
tive experiment is shown. 
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Table II. RT-PCR primers and probes used in this study. 

Gene Primer/Probe Sequence (5’-3’) 

GAPDH Forward GCCGTCCTCTCTGGCAAAG 
 Reverse TGTAAACCATGTAGTTCAGATCGATGA 
 Probe (FAM)-AGTGGTGGCCATCAATGATCCC-(TAMRA) 
IL-8 Forward GCCCTCCTCCTGGTTTCAG 
 Reverse CGCAGCTCATTCCCCATCT 
 Probe (FAM)-TGCTCTGTCGCAAGGTAGGACGCTG-(TAMRA) 
IL-1β Forward GCTCTACATGTCGTGTGTGATGAG 
 Reverse TGTCGATGTCCCGCATGA 
 Probe (FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA) 
IFNβ Forward ACAACTTCCTACAGCACAACAACTA 
 Reverse GCCTGGAGGCGGACATG 
 Probe (FAM)-TCCCAGGTACAAGCACTG-(TAMRA) 

 
Results 
 
LPS responsiveness of the chicken macrophage cell line HD11 
To assess the LPS response in chicken cells, HD11 macrophages were 
stimulated with highly pure LPS of S. Enteritidis (SE LPS). This LPS induced a 
powerful concentration-dependent increase in NO production (Fig. 1) con-
sistent with previous observations (Crippen et al. 2003). 

 

 
Figure 1. Nitric oxide production in HD11 macrophages. HD11 macrophages were incu-
bated (17 h) with the indicated concentrations of LPS of S. Enteritidis. Nitrite production 
was measured by the Griess assay. Values are the mean +/- SEM of three independent ex-
periments. 
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As LPS has been reported to activate the NF-κB response via chTLR2 type 2 
(Fukui et al. 2001), we determined the LPS response of HeLa 57A cells 
transfected with chTLR2t2 using a NF-κB-sensitive luciferase reporter sys-
tem (Keestra et al. 2007). No activation of NF-κB was observed (data not 
shown). We have recently shown that chTLR16 acts as a co-receptor for 
chTLR2t2 for the recognition of di-and tri-acylated lipoproteins (Keestra et 
al. 2007). However, HeLa 57A cells transfected with chTLR2t2, chTLR16 and 
the LPS scavenger molecule hCD14 still failed to respond to LPS (Fig. 2). 
Control experiments with these cells showed that the TLR2 agonist 
Pam3CSK4 stimulated NF-κB activity (Fig. 2), indicating that the reconsti-
tuted TLR pathway was functional. Similarly, stimulation of HeLa 57A trans-
fected with hTLR4/hMD-2/hCD14 yielded a strong response to 100 ng of SE 
LPS (Fig. 2), while no response to LPS was obtained for hTLR2/hTLR1/hCD14 
transfected cells (Fig. 2). These results indicate that SE LPS was able to acti-
vate NF-κB via hTLR4/hMD-2 but neither via the chicken nor human TLR2 
pathway.  

 

 
Figure 2. LPS response of Hela 57A expressing chTLR2t2. Cells transfected with the indi-
cated TLR receptors and hCD14 were incubated (5 h) with 100 ng/ml of S. Enteritidis LPS or 
100 ng/ml of the TLR2 agonist Pam3CSK4, after which NF-κB luciferase activity was meas-
ured. Data represent the mean of duplicate values of one of three independent experi-
ments. Values are given in relative light units (RLU). 
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Cloning and analysis of chTLR4 
Inspection of the chicken genome indicated the presence of an ortholog of 
mammalian TLR4. Sequence analysis of the chtlr4 gene has indicated gene 
polymorphisms among chicken breeds which have been linked to resis-
tance or susceptibility to Salmonella infections (Leveque et al. 2003). How-
ever, direct evidence that chTLR4 is functional is lacking. We cloned the tlr4 
gene of the HD11 macrophage cell line (Beug et al. 1979), as well as the 
same gene from blood cells of Lohmann Brown chicken. Determination of 
both tlr4 sequences revealed several nucleotide substitutions compared to 
the published chTLR4 (accession number: AY064697). The two changes in 
HD11 tlr4 (A219G and T2487G) did not cause alterations in protein se-
quence. However, the three substitutions in the tlr4 gene of the Lohmann 
Brown chicken (T1147C, A1644G and A1832G) resulted in two amino acid 
changes (Tyr383His and Gln611Arg). These changes were similar to those 
associated with resistance to Salmonella infection (Leveque et al. 2003).  
 N-glycosylation of the extracellular domain of hTLR4 has been 
shown to be important for surface expression and thus for the functionality 
of the receptor (da Silva Correia et al. 2002). Interrogation of the extracel-
lular domain of chTLR4 for potential glycosylation sites using the NetNGlyc 
1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/) predicted the pres-
ence 10 putative glycosylation sites. Comparison of these sites with the 
nine motifs predicted for hTLR4 (da Silva Correia et al. 2002) indicated 
Asn177, Asn209 and Asn313 of chTLR4 as conserved glycosylation sites. 
Notably, the asparagine residues at positions 526 and 575 in hTLR4, which 
appear absent in chTLR4, are crucial in the trafficking of hTLR4 to the cell 
membrane (da Silva Correia et al. 2002; Ohnishi et al. 2003). However, it 
cannot be excluded that other asparagine residues may be important for 
the translocation of chTLR4 to the cell surface. 
 
Analysis of chicken MD-2 
As MD-2 is a key component of the mammalian TLR4 receptor complex, we 
also cloned the chicken md-2 gene of HD11 macrophages and freshly iso-
lated chicken blood cells. Nucleotide sequencing yielded for both genes 
identical sequences that fully matched the chmd-2 gene deposited in the 
NCBI database (accession number: XM_418301). The cloned genes are pre-
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dicted to encode a protein of 160 amino acids which is slightly larger than 
human and murine MD-2 (155 aa). Modeling of chMD-2 on the crystal 
structure of its human ortholog revealed a similar overall protein architec-
ture (Fig. 3). The chicken protein also adopts a beta cup with two antiparal-
lel β-sheets that contain three and six beta strands. Mammalian MD-2 con-
tains 7 conserved cysteine residues of which six form disulfide bridges (Cys 
25-Cys 51, Cys 37-Cys 148 and Cys 95- 105) (Fig. 3) (Mullen et al. 2003; Kim 
et al. 2007; Ohto et al. 2007). The cysteine at position 133 is located deep 
in the cavity and does not form a disulfide bridge. Chicken MD-2 contains 6 
of these 7 conserved cysteine residues but lacks the cysteine at position 
133.   

 
Figure 3. (A) Alignment of chMD-2 with human and murine MD-2. The chMD-2 protein se-
quence was aligned with human and murine MD-2 using the ClustalW program. Conserved 
cysteine residues that form disulfide bridges are given in bold (A) or indicated with arrows 
(B) Predicted structural model of chMD-2. The putative chMD-2 structure was generated 
using the CPHmodel 2.0 Server (http://www.cbs.dtu.dk/services/CPHmodels/). Underlined 
amino acids in (A) and amino acids indicated with an arrow in (B) are essential for binding 
of MD-2 to TLR4. The amino acids of mammalian MD-2 indicated with an asterisk are not 
conserved in chMD-2. 
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For activation of the human TLR4/MD-2 receptor complex, the N-
glycosylated asparagine residues at positions 26 and 114 of the MD-2 pro-
tein are essential (Ohnishi et al. 2001). In addition to these residues, mur-
ine MD-2 is predicted to contain a third glycosylation site at position 150. 
Interestingly, chMD-2 does not contain the two conserved Asn26 and 
Asn114 residues. Instead it has two putative glycosylation sites at the posi-
tions 41 and 49, in addition to the Asn-X-Ser/Thr motif around position 
Asn150 as in mMD-2. These unique characteristics of chMD-2 may influ-
ence the function and/or specificity of the chTLR4/MD-2 complex (see be-
low). 
 
Functional analysis of chicken TLR4 and MD-2 
To assess the function of chicken TLR4 and MD-2 proteins as a putative LPS 
receptor complex, we transfected HeLa 57A cells with chTLR4 and/or 
chMD-2. In some experiments we also co-transfected human (hCD14) or 
murine CD14 (mCD14) as a functional CD14 ortholog in chicken has thus far 
not been identified. Stimulation of the cells transfected with either chTLR4, 
chMD-2 or hCD14 with 10 ng/ml of SE LPS did not result in activation of NF-
κB (Fig. 4).  

 
Figure 4. Functionality of the chTLR4/chMD-2 complex. HeLa 57A cells transfected with 
chTLR4, chMD-2, and/or hCD14, or with vector only were stimulated (5 h) with 10 ng/ml of 
S. Enteritidis LPS. Then NF-κB luciferase activity was measured. ChTLR4 was cloned from 
freshly isolated chicken blood cells, while chTLR4H was derived from HD11 macrophages. 
Data represent the mean of duplicate values of one of three independent experiments. 
Values are given in RLU. 
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Similarly, expression of the combinations chTLR4/chMD-2, chTLR4/hCD14 
and chMD-2/hCD14 did not elicit an innate response to LPS. However, 
when HeLa 57A cells were transfected with chTLR4, chMD-2 and hCD14 
strong NF-κB activation was seen after stimulation with LPS (Fig. 4). 
Dose-response experiments indicated that SE LPS concentrations of as low 
as 1 ng/ml were sufficient to activate the TLR4 receptor complex (Fig. 5). 
Activation of NF-κB was observed (Fig. 4) for chTLR4 cloned from the Loh-
mann Brown chicken which are susceptible to Salmonella infection, as well 
as for chTLR4 of the HD11 macrophage cell line (chTLR4H) that originates 
from chicken that are more resistant to Salmonella infection (Leveque et al. 
2003). At all concentrations of LPS tested, the addition of hCD14 was 
needed to elicit an immune response in chTLR4/chMD-2 transfected HeLa 
cells (Fig. 5). Overall, these results provide the first direct evidence that the 
chTLR/chMD-2 complex responds to LPS. 

 
Figure 5. Effect of CD14 on the function of chTLR4/chMD2. HeLa 57A cells transfected with 
chTLR4/chMD-2 with or without CD14 were stimulated with the indicated concentrations 
of S. Enteritidis LPS. Data are expressed as percentage NF-κB luciferase activity measured 
after 5 h of stimulation. The maximal response for the chTLR4/chMD-2/CD14 (1 µg/ml of 
SE LPS) expressing cells was set as 100% value. Values are the mean +/- SEM of five inde-
pendent experiments. 
 
Species-specific formation of the TLR4 and MD-2 receptor complex 
Resolution of the structure of the TLR4/MD2 complex indicates multiple 
points of interaction between TLR4 and MD-2 (Kim et al. 2007). Functional 
studies indicate that the complex formation is not species-specific i.e. 
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hTLR4 can act with murine MD-2, while mTLR4 can use human MD-2 as a 
co-receptor (Akashi et al. 2001). Considering the predicted structural dif-
ferences in chTLR4 and chMD-2 compared to their mammalian orthologs, 
we assessed the formation of a functional TLR4 complex for different com-
binations of mammalian and chicken TLR4 and MD-2 (Fig. 6). 

 
Figure 6. Species-specificity of the formation of a functional chTLR4/ chMD-2 complex. 
HeLa 57A cells were transfected with chTLR4 (A), hTLR4 (B) or mTLR4 (C) and MD-2 and 
CD14 from the indicated species. Cells were stimulated (5 h) with 10 ng/ml of S. Enteritidis 
LPS, after which the NF-κB luciferase activity was measured. Data are duplicate values 
from one of three experiments. Values are given in RLU. 
 

LPS stimulation assays using HeLa 57A cells expressing chTLR4 in 
combination with hMD-2 or mMD-2 did not cause activation of NF-κB in 
contrast to the homologous chTLR4/chMD-2 complex (Fig. 6A). The latter 
complex was functional with both hCD14 and mCD14 (Fig. 6A). Co-
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expression of hTLR4 or mTLR4 in combination with chMD-2 did not yield 
LPS-responsive cells either (Figs. 6B and 6C). These receptors were func-
tional when expressed in combination with human and murine MD-2 (Figs. 
6B and 6C), irrespective whether human or murine CD14 was present. 
These results indicate clear species-specificity in the interaction between 
chTLR4 and chMD-2 in contrast to the formation of the mammalian 
TLR4/MD-2 complex. 
 
LPS specificity of the chTLR4/chMD-2 complex 
The apparent unique interaction of chTLR4 and chMD-2 led us to investi-
gate the LPS specificity of the receptor complex. Hereto, HeLa 57A cells 
were transfected with chTLR4/chMD-2/hCD14 and stimulated with a large 
repertoire of LPS (derivatives) of different microbial origin or synthetic lipid 
A molecules. LPS responses were measured for a concentration range of 
0.1 - 1000 ng/ml. As shown in Fig. 7, purified LPS derived from S. Enteriti-
dis, S. Gallinarum, N. meningitidis, P. multocida and its waaQ-negative de-
rivative strongly activated NF-κB in the chTLR4/chMD-2 transfected cells 
with half-maximal stimulation at less than 1 ng/ml of LPS (Fig. 7). N. menin-
gitidis LpxL1 LPS which specifically activates the murine but not human 
TLR4/MD2 complex (Steeghs et al, submitted for publication), also acti-
vated the chTLR4/chMD-2 complex, although the maximum response was 
reduced compared to the LPS of the parent strain (Fig. 7). Similarly, the 
synthetic lipid A derivative 406 (Lehmann 1977) yielded a response at 1 
ng/ml, but this response did not reach the high activation levels observed 
for e.g. S. Enteritidis LPS. Interestingly, the synthetic lipid A compound 506 
yielded a very potent response, although this was only evident at concen-
trations of >10 ng/ml. A similar response was observed for monophos-
phoryl lipid A (MPL) which is a known vaccine adjuvant with immunostimu-
latory properties but reduced reactogenicity (Mata-Haro et al. 2007). Fi-
nally, R. sphaeroides LPS, which is antagonistic towards hTLR4 and mTLR4 
but acts as an agonist for hamster and bovine TLR4 (Golenbock et al. 1991; 
Lien et al. 2000; Sauter et al. 2007), barely activated NF-κB in 
chTLR4/chMD-2 transfected cells (Fig. 7). For comparison, the same lipid A 
derivatives as used above were also tested (at 1 μg/ml) for their reactivity 
towards HeLa 57A cells transfected with the empty vector (Fig. 8A) or the 
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genes encoding the human (Fig. 8C) or murine (Fig. 8D) TLR4/MD-2 com-
plex. The cells that lacked TLR4/MD-2 displayed no activation of NF-κB with 
any of the LPS derivatives tested (Fig. 8A). In contrast, HeLa 57A cells trans-
fected with mTLR4/mMD-2 responded to all TLR4 ligands (Fig. 8D), includ-
ing the LPS from R. sphaeroides which was previously reported to have an-
tagonistic activity towards murine TLR4 (Takayama et al. 1989; Delude et 
al. 1995). In cells expressing the human TLR4/MD-2 complex, the LPS de-
rived from S. Enteritidis, S. Gallinarum, N. meningitidis, P. multocida and its 
waaQ-mutant as well as compound 506 yielded significant increases in NF-
κB response (Fig. 8C) as found for the chicken en murine TLR4/MD-2 com-
plexes. However, N. meningitidis LpxL1 LPS, R. sphaeroides LPS, MPL and 
compound 406 yielded virtually no response in the hTLR4/MD-2 cells (Fig. 
8C). Overall, the data indicate that, despite the species-specific interaction 
of TLR4 and MD-2, the functional specificity of the chTLR4/MD-2 complex 
towards LPS resembles that of the murine but not the human TLR4/MD-2 
complex. 

 
Figure 7. LPS specificity of chTLR4/chMD-2. HeLa 57A cells transfected with chTLR4/chMD-
2/hCD14 were stimulated with the indicated concentrations of LPS from S. Enteritidis (SE), 
S. Gallinarum (SG), P. multocida strain PBA885 (Pm), P. multocida ΔwaaQ (AL251), N. men-
ingitidis strain H44/76 (Nm), N. meningitidis ΔLpxL1 (LpxL1), R. sphaeroides (Rs), lipid A 
406 (406), lipid A 506 (506), or monophosphoryl lipid A (MPL). Values are presented as the 
percentage NF-κB luciferase activity, where 100% is set to be the response at 1 µg/ml of SE 
LPS. Values are the mean of three independent experiments. 
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Figure 8. Comparison of the LPS specificity of TLR4/MD-2 between species. HeLa 57A cells 
were transfected with the empty vector (A), chTLR4/chMD-2/hCD14 (B), hTLR4/hMD-
2/hCD14 (C) and mTLR4/mMD-2/mCD14 (D). Cells were stimulated with 1 µg/ml of LPS 
from S. Enteritidis (SE), S. Gallinarum (SG), P. multocida strain PBA885 (Pm), P. multocida 
ΔwaaQ (AL251), N. meningitidis strain H44/76 (Nm), N. meningitidis ΔLpxL1 (LpxL1), R. 
sphaeroides (Rs), lipid A 406 (406), lipid A 506 (506), or monophosphoryl lipid A (MPL). 
Values are presented as the percentage NF-κB luciferase activity, where 100% is set to be 
the response at 1 µg/ml of SE LPS. The 100% value for the control experiment (empty vec-
tor) was the NF-κB response of the SE LPS-stimulated chTLR4 transfected cells. Values are 
the mean of three independent experiments. 
 
Lack of MyD88-independent LPS response in chicken cells 
In mammalian cells LPS stimulation of the TLR4 pathway results in 
activation the MyD88/TIRAP-dependent and TRAM/TRIF dependent 
signaling routes. Activation of the MyD88-dependent pathway induces 
enhanced transcription of a number of NF-κB regulated genes including IL-
8 and IL-1β. On the other hand, stimulation of the TRAM-TRIF pathway, 
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which is unique for TLR4, results in the transcription of IRF3-dependent 
cytokines such as IFNβ (Takeda et al. 2005). To assess the activity of both 
signaling routes in chicken cells, we stimulated HD11 cells with LPS and 
measured the mRNA levels for IL-8, IL-1β and IFNβ. As shown in Fig. 9, SE 
LPS induced a strong increase in IL-8 and IL-1β transcripts, while virtually 
no IFNβ transcript was measured. Similar results were obtained for LPS 
derived from the chicken pathogens S. Gallinarum, P. multocida and the 
attenuated waaQ- mutant strain of P. multocida (Fig. 9A and B). 
Stimulation of the cells with the TLR3 agonist poly(I:C), which specifically 
activates the TRIF-dependent (but TRAM-independent) pathway, showed 
strong upregulation of the level of IFNβ transcript, while, as expected, no 
upregulation of IL-8 and IL-1β mRNA was observed (Fig. 9C). To ensure that 
the apparent defect in TRAM/TRIF signaling in response to LPS was not a 
specific trait of the HD11 cell line, we repeated these experiments with 
freshly isolated leukocytes from chicken blood. Similar results were 
obtained (Fig. 9D-F). Inspection of the chicken genome for components of 
the TRAM/TRIF-dependent pathway using the BLAST algorithm 
(http://www.ensembl.org/Gallus_gallus/index.html) yielded no ortholog of 
human or murine TRAM. Moreover, introduction of human TRAM into 
chicken HD11 cells did not restore the MyD88-independent response to 
LPS (data not shown). The latter result suggests that either species-specific 
interactions of TRAM or the additional absence of other signaling 
intermediates of the TRAM/TRIF signaling pathway is responsible for the 
apparent lack of the MyD88-independent LPS response in chicken cells. 
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Figure 9. LPS stimulation of the MyD88-dependent and MyD88-independent pathway in 
chicken cells. HD11 macrophages (A-C) and leukocytes freshly isolated from chicken blood 
(D-F) were stimulated (2 h) with 5 µg/ml of LPS of S. Enteritidis (SE), S. Gallinarum (SG), P. 
multocida strain PBA885 (Pm) or P. multocida ΔwaaQ (AL251). As control for the TRIF-
signaling pathway, 500 ng/ml of poly(I:C) with FuGene (HD11 cells) or 50 µg/ml of poly(I:C) 
(leukocytes) were added. Cells treated with FuGene only yielded no responses (data not 
shown). Cells were analysed for IL-8 (A and D), IL-1β (B and E) and IFNβ transcripts (C and 
F) by real time RT-PCR. Data are of one representative experiment of at least two assays 
and shown as the fold change in mRNA levels after treatment compared to non-treated 
cells. 
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Discussion 

 
The function of the TLR4/MD-2 receptor complex in the recognition of bac-
terial LPS has been well established for many mammalian systems (Palsson-
McDermott et al. 2004). In the avian species and in fish, which are rela-
tively resistant to endotoxin (Berczi et al. 1966; Adler et al. 1979; Iliev et al. 
2005), the function of TLR4/MD-2 is less well defined. Here we provide for 
the first time direct evidence that the TLR4/MD-2 complex of chicken con-
fers responsiveness to LPS. However, the interaction between chTLR4 and 
chMD-2 is species-specific and, importantly, activation of the complex by 
LPS results in exclusive activation of the MyD88/TIRAP-dependent signaling 
pathway. To our knowledge, the apparent absence of stimulation of the 
MyD88-independent route by LPS but not by the TLR3 agonist poly(I:C), has 
never been reported before and indicates a different evolution of the LPS 
response in the chicken compared to the mammalian species. 
 The response of chicken cells to LPS has been widely investigated 
and is frequently associated with the presence of TLR4 (Dil et al. 2002; Far-
nell et al. 2003), although at the molecular level chTLR2t2/hMD-2 or hCD14 
has been reported to confer a LPS responsiveness (Fukui et al. 2001). The 
present approach of cloning the chTLR4 ortholog and chMD-2 protein and 
expressing them either alone or together in eukaryotic cells provided un-
equivocal evidence that the recombinant chTLR4/chMD-2 complex acts as 
a LPS receptor. We also expressed the chTLR2t2 receptor alone or in com-
bination with chMD-2 and CD14. These molecules did not confer LPS re-
sponsiveness, whereas expression of chTLR2t2 in conjunction with its co-
receptor chTLR16 (Keestra et al. 2007) did respond to the TLR2 agonist 
Pam3CSK4 (Fig. 2). For many LPS species, signaling via TLR2 has been attrib-
uted to contaminating lipoproteins (Hirschfeld et al. 2000). Thus the differ-
ence between our results and those of Fukui et al. (Fukui et al. 2001), may 
be caused by differences in impurity of the LPS and the used LPS concen-
tration (1 ng/ml of SE LPS versus 10 μg/ml of E. coli LPS). 
 LPS responsiveness required transfection of both chTLR4 and chMD-
2 consistent with the recent structural data that provide evidence that 
TLR4 and MD-2 form a complex (Kim et al. 2007). The complex formation 
appears to depend on hydrogen bonding of charged amino acids located in 
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two different positively and negatively charged patches on TLR4 and MD-2. 
As substitution of a single amino acid of MD-2 (D100G) already results in 
loss of complex formation (Re et al. 2003), we investigated the conserva-
tion of the relevant charged amino acids in chTLR4 and chMD-2. Interest-
ingly, several residues were not conserved. In chTLR4, the amino acids G41, 
T263 and V288 are neutral of charge, whereas in mammalian TLR4 residue 
D41 is negatively charged, and residues K263 and R288 are located in the 
positively charged patch. Furthermore, in chMD-2 the residue Q101 and 
G106 are neutral rather than charged amino acids (Fig. 3), while residue 
D101 is located in the negatively charged patch and R106 in the positive 
region. These differences in amino acid composition suggest that the com-
plex formation between TLR4 and MD-2 of chicken may be different than in 
the mammalian species. Consistent with this hypothesis is that we were 
unable to obtain a functional chTLR4/MD-2 complex by transfection of 
combinations of proteins from chicken and mammalian origin, while chi-
meric complexes of human and murine TLR4 and MD-2 did respond to LPS. 
Notably, this species-specific interaction was not observed for CD14 as 
both human and murine CD14 supported chTLR4/chMD-2 function. This re-
sult is consistent with the assumption that CD14 transfers the LPS to the 
TLR4/MD-2 complex, while the ligand specificity is located on TLR4/MD2 
complex (Delude et al. 1995; Hajjar et al. 2002; Muroi et al. 2002). 
 The species-specific interaction between chTLR4 and chMD-2 does 
not necessarily interfere with the LPS binding specificity of the receptor 
complex as the LPS responsiveness seems located in a different region of 
MD-2 that is rich in basic and aromatic residues (Re et al. 2003). Compari-
son of the ability of LPS derived from different microbial sources and syn-
thetic lipid A structures to activate the chTLR4/chMD-2 receptor complex 
indeed indicate seemingly comparable LPS responses in cells expressing 
murine and chicken TLR4/MD-2 complexes (Fig. 7). Cells expressing the 
human TLR4/MD-2 complex displayed different reactivity towards the vari-
ous LPS derivatives. The basis for this difference in LPS specificity was not 
studied here, but it has been reported that amino acids 57, 61 and 122 of 
mMD-2 play a crucial role in the differential recognition of lipid IVa (com-
pound 406) by human and murine MD-2 (Muroi et al. 2002). Two of these 
amino acid residues (57 and 122) are conserved in chMD-2, while amino 
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acid 61 is different from both human and murine MD-2. However, it is 
likely that the LPS specificity is not solely determined by MD-2, but also by 
TLR4 (Muroi et al. 2002).  
 Comparison of the potency of different LPS derivatives in activating 
the chTLR4/MD-2/NF-κB signaling pathway revealed virtually no differ-
ences in biological activity between LPS derived from S. Gallinarum, S. En-
teritidis, P. multocida and its harmless waaQ-negative derivate (Harper et 
al. 2004), despite that these microbes display large diversity in virulence. 
These data suggest that, at least for these bacterial species, LPS recognition 
by chTLR4/chMD-2 per se is not correlated with disease. These results were 
unexpected as TLR4 allelic variation in humans (Asp299Gly and Thr399Ile) 
correlates with variable endotoxin hyporesponsiveness (Arbour et al. 2000) 
and TLR4 polymorphism in chicken (Tyr383His and Gln611Arg) has been as-
sociated with susceptibility to Salmonella infection (Leveque et al. 2003). 
We cloned and sequenced the tlr4 and md-2 genes from the HD11 chicken 
macrophage cell line as well as from freshly isolated chicken blood cells. 
This revealed identical sequences for md-2 but several nucleotide differ-
ences in tlr4 which resulted in the two amino acid differences (Tyr383His 
and Gln611Arg) previously associated with resistance or susceptibility to a 
Salmonella infection (Leveque et al. 2003). However, in our in vitro assay 
both types of chTLR4 conferred comparable LPS responses. Thus it is 
unlikely that variable LPS recognition accounts for the observed associa-
tions with susceptibility to infection. A similar discrepancy between ex-
perimental and epidemiological data for human TLR4 allelic variation has 
led to the suggestion that other factors such as alternative TLR4 agonists 
may be present in vivo (Erridge et al. 2003; van der Graaf et al. 2005). 
 Another striking conclusion from our work is that activation of the 
chTLR4/chMD-2 complex by LPS exclusively activates the MyD88-
dependent signaling route. In mammals, TLR4 is unique among the mem-
bers of the TLR family in that LPS recognition results in activation of both 
the MyD88-dependent and the TRAM/TRIF dependent signaling pathway. 
Stimulation of HD11 cells with the TLR3 agonist poly(I:C) gives a strong in-
crease in IFNβ transcript (Fig. 8), indicating that the chTLR3/TRIF signaling 
pathway is intact (Schwarz et al. 2007; Karpala et al. 2008). This suggest 
that the inability of chicken cells to produce IFNβ in response to LPS is spe-
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cific for the TLR4 pathway. Key components implicated in MyD88-
independent TLR4 signaling appear to be LPS-binding protein (LBP), the 
lipid scavenger protein CD14, and the intracellular adaptor molecule TRAM 
(Yamamoto et al. 2003; Kato et al. 2004; Jiang et al. 2005). Inspection of 
the chicken genome indicates no orthologs for these proteins, perhaps 
with the exception of a CD14-like molecule. Introduction of human TRAM 
into HD11 cells did not induce the transcription of IFNβ and did not com-
plement the apparent defect in TRAM/TRIF signaling. This indicates that ei-
ther human TRAM is not compatible with the chicken signaling system 
and/or that other components of this pathway are lacking in chicken. In-
terestingly, IFNβ null-mice show complete resistance to LPS induced en-
dotoxic shock (Karaghiosoff et al. 2003). Thus it can be imagined that the 
absence of a functional TLR4/TRAM/TRIF pathway in chicken cells contrib-
utes to the relative resistance of this species to LPS (Berczi et al. 1966). In 
support of this hypothesis is that fish are also highly resistant to endotoxin 
and may also lack a functional TLR4/TRAM/TRIF pathway (Iliev et al. 2005). 
Collectively, these data may indicate that the key molecules of the MyD88-
independent pathway arose later in the evolution and are thus only pre-
sent in mammals, resulting in a different innate immune response in the 
various species.  
 
 
Acknowledgements 
 
Dr. T. van Gerwe is acknowledged for providing the chicken blood samples. 
Dr. B. Adler and Dr. L Steeghs for providing Pasteurella LPS and N. meningi-
tidis LPS, respectively. Dr. Fukase generously provided the synthetic lipid A 
compounds.  

3 



Functional characteristics of chicken TLR4/MD-2 

 97 

References 
 
Adler, H. E. and A. J. DaMassa. 1979. Toxicity of endotoxin to chicks. Avian Dis. 23: 174-

178. 
Akashi, S., Y. Nagai, H. Ogata, M. Oikawa, K. Fukase, S. Kusumoto, K. Kawasaki, M. Nishi-

jima, S. Hayashi, M. Kimoto and K. Miyake. 2001. Human MD-2 confers on mouse 
Toll-like receptor 4 species-specific lipopolysaccharide recognition. Int. Immunol. 
13: 1595-1599. 

Akira, S. and K. Takeda. 2004. Toll-like receptor signalling. Nat. Rev. Immunol. 4: 499-511. 
Arbour, N. C., E. Lorenz, B. C. Schutte, J. Zabner, J. N. Kline, M. Jones, K. Frees, J. L. Watt 

and D. A. Schwartz. 2000. TLR4 mutations are associated with endotoxin hypore-
sponsiveness in humans. Nat. Genet. 25: 187-191. 

Berczi, I., L. Bertok and T. Bereznai. 1966. Comparative studies on the toxicity of Es-
cherichia coli lipopolysaccharide endotoxin in various animal species. Can. J. Mi-
crobiol. 12: 1070-1071. 

Beug, H., A. von Kirchbach, G. Doderlein, J. F. Conscience and T. Graf. 1979. Chicken hema-
topoietic cells transformed by seven strains of defective avian leukemia viruses 
display three distinct phenotypes of differentiation. Cell 18: 375-390. 

Crippen, T. L., C. L. Sheffield, H. He, V. K. Lowry and M. H. Kogut. 2003. Differential nitric 
oxide production by chicken immune cells. Dev. Comp. Immunol. 27: 603-610. 

da Silva Correia, J. and R. J. Ulevitch. 2002. MD-2 and TLR4 N-linked glycosylations are im-
portant for a functional lipopolysaccharide receptor. J. Biol. Chem. 277: 1845-
1854. 

Delude, R. L., R. Savedra, Jr., H. Zhao, R. Thieringer, S. Yamamoto, M. J. Fenton and D. T. 
Golenbock. 1995. CD14 enhances cellular responses to endotoxin without impart-
ing ligand-specific recognition. Proc. Natl. Acad. Sci. USA 92: 9288-9292. 

Dil, N. and M. A. Qureshi. 2002. Differential expression of inducible nitric oxide synthase is 
associated with differential Toll-like receptor-4 expression in chicken macro-
phages from different genetic backgrounds. Vet. Immunol. Immunopathol. 84: 
191-207. 

Dil, N. and M. A. Qureshi. 2002. Involvement of lipopolysaccharide related receptors and 
nuclear factor kappa B in differential expression of inducible nitric oxide synthase 
in chicken macrophages from different genetic backgrounds. Vet. Immunol. Im-
munopathol. 88: 149-161. 

Erridge, C., J. Stewart and I. R. Poxton. 2003. Monocytes heterozygous for the Asp299Gly 
and Thr399Ile mutations in the Toll-like receptor 4 gene show no deficit in 
lipopolysaccharide signalling. J. Exp. Med. 197: 1787-1791. 

Farnell, M. B., T. L. Crippen, H. He, C. L. Swaggerty and M. H. Kogut. 2003. Oxidative burst 
mediated by Toll like receptors (TLR) and CD14 on avian heterophils stimulated 
with bacterial Toll agonists. Dev. Comp. Immunol. 27: 423-429. 

Fukui, A., N. Inoue, M. Matsumoto, M. Nomura, K. Yamada, Y. Matsuda, K. Toyoshima and 
T. Seya. 2001. Molecular cloning and functional characterization of chicken Toll-

3



Chapter 3 

 98 

like receptors. A single chicken Toll covers multiple molecular patterns. J. Biol. 
Chem. 276: 47143-47149. 

Golenbock, D. T., R. Y. Hampton, N. Qureshi, K. Takayama and C. R. Raetz. 1991. Lipid A-
like molecules that antagonize the effects of endotoxins on human monocytes. J. 
Biol. Chem. 266: 19490-19498. 

Hajjar, A. M., R. K. Ernst, J. H. Tsai, C. B. Wilson and S. I. Miller. 2002. Human Toll-like re-
ceptor 4 recognizes host-specific LPS modifications. Nat. Immunol. 3: 354-359. 

Harper, M., A. D. Cox, F. St Michael, I. W. Wilkie, J. D. Boyce and B. Adler. 2004. A hepto-
syltransferase mutant of Pasteurella multocida produces a truncated lipopolysac-
charide structure and is attenuated in virulence. Infect. Immun. 72: 3436-3443. 

He, H., K. J. Genovese, D. J. Nisbet and M. H. Kogut. 2006. Profile of Toll-like receptor ex-
pressions and induction of nitric oxide synthesis by Toll-like receptor agonists in 
chicken monocytes. Mol. Immunol. 43: 783-789. 

Higgs, R., P. Cormican, S. Cahalane, B. Allan, A. T. Lloyd, K. Meade, T. James, D. J. Lynn, L. 
A. Babiuk and C. O'Farrelly. 2006. Induction of a novel chicken Toll-like receptor 
following Salmonella enterica serovar Typhimurium infection. Infect. Immun. 74: 
1692-1698. 

Higuchi, M., A. Matsuo, M. Shingai, K. Shida, A. Ishii, K. Funami, Y. Suzuki, H. Oshiumi, M. 
Matsumoto and T. Seya. 2007. Combinational recognition of bacterial lipopro-
teins and peptidoglycan by chicken Toll-like receptor 2 subfamily. Dev. Comp. 
Immunol. 32: 147-155. 

Hirschfeld, M., Y. Ma, J. H. Weis, S. N. Vogel and J. J. Weis. 2000. Cutting edge: repurifica-
tion of lipopolysaccharide eliminates signaling through both human and murine 
Toll-like receptor 2. J. Immunol. 165: 618-622. 

Horton, R. M., Z. L. Cai, S. N. Ho and L. R. Pease. 1990. Gene splicing by overlap extension: 
tailor-made genes using the polymerase chain reaction. Biotechniques 8: 528-
535. 

Iliev, D. B., J. C. Roach, S. Mackenzie, J. V. Planas and F. W. Goetz. 2005. Endotoxin recog-
nition: in fish or not in fish? FEBS Lett. 579: 6519-6528. 

Iqbal, M., V. J. Philbin, G. S. Withanage, P. Wigley, R. K. Beal, M. J. Goodchild, P. Barrow, I. 
McConnell, D. J. Maskell, J. Young, N. Bumstead, Y. Boyd and A. L. Smith. 2005. 
Identification and functional characterization of chicken Toll-like receptor 5 re-
veals a fundamental role in the biology of infection with Salmonella enterica se-
rovar typhimurium. Infect. Immun. 73: 2344-2350. 

Jiang, Z., P. Georgel, X. Du, L. Shamel, S. Sovath, S. Mudd, M. Huber, C. Kalis, S. Keck, C. 
Galanos, M. Freudenberg and B. Beutler. 2005. CD14 is required for MyD88-
independent LPS signaling. Nat. Immunol. 6: 565-570. 

Johnson, K. G. and M. B. Perry. 1976. Improved techniques for the preparation of bacterial 
lipopolysaccharides. Can. J. Microbiol. 22: 29-34. 

Kagan, J. C., T. Su, T. Horng, A. Chow, S. Akira and R. Medzhitov. 2008. TRAM couples en-
docytosis of Toll-like receptor 4 to the induction of interferon-beta. Nat. Immu-
nol. 9: 361-368. 

3 



Functional characteristics of chicken TLR4/MD-2 

 99 

Karaghiosoff, M., R. Steinborn, P. Kovarik, G. Kriegshauser, M. Baccarini, B. Donabauer, U. 
Reichart, T. Kolbe, C. Bogdan, T. Leanderson, D. Levy, T. Decker and M. Muller. 
2003. Central role for type I interferons and Tyk2 in lipopolysaccharide-induced 
endotoxin shock. Nat. Immunol. 4: 471-477. 

Karpala, A. J., J. W. Lowenthal and A. G. Bean. 2008. Activation of the TLR3 pathway regu-
lates IFNbeta production in chickens. Dev. Comp. Immunol. 32: 435-444. 

Kato, A., T. Ogasawara, T. Homma, H. Saito and K. Matsumoto. 2004. Lipopolysaccharide-
binding protein critically regulates lipopolysaccharide-induced IFN-beta signaling 
pathway in human monocytes. J. Immunol. 172: 6185-6194. 

Keestra, A. M., M. R. de Zoete, R. A. van Aubel and J. P. M. van Putten. 2007. The central 
leucine-rich repeat region of chicken TLR16 dictates unique ligand specificity and 
species-specific interaction with TLR2. J. Immunol. 178: 7110-7119. 

Keestra, A. M., M. R. de Zoete, R. A. van Aubel and J. P. M. van Putten. 2008. Functional 
characterization of chicken TLR5 reveals species-specific recognition of flagellin. 
Mol. Immunol. 45: 1298-1307. 

Kim, H. M., B. S. Park, J. I. Kim, S. E. Kim, J. Lee, S. C. Oh, P. Enkhbayar, N. Matsushima, H. 
Lee, O. J. Yoo and J. O. Lee. 2007. Crystal structure of the TLR4-MD-2 complex 
with bound endotoxin antagonist Eritoran. Cell 130: 906-917. 

Kogut, M. H., H. He and P. Kaiser. 2005. Lipopolysaccharide binding protein/CD14/ TLR4-
dependent recognition of Salmonella LPS induces the functional activation of 
chicken heterophils and up-regulation of pro-inflammatory cytokine and 
chemokine gene expression in these cells. Anim. Biotechnol. 16: 165-181. 

Kogut, M. H., C. Swaggerty, H. He, I. Pevzner and P. Kaiser. 2006. Toll-like receptor agonists 
stimulate differential functional activation and cytokine and chemokine gene ex-
pression in heterophils isolated from chickens with differential innate responses. 
Microbes Infect. 8: 1866-1874. 

Lehmann, V. 1977. Isolation, purification and properties of an intermediate in 3-deoxy-D-
manno-octulosonic acid--lipid A biosynthesis. Eur. J. Biochem. 75: 257-266. 

Leveque, G., V. Forgetta, S. Morroll, A. L. Smith, N. Bumstead, P. Barrow, J. C. Loredo-Osti, 
K. Morgan and D. Malo. 2003. Allelic variation in TLR4 is linked to susceptibility to 
Salmonella enterica serovar Typhimurium infection in chickens. Infect. Immun. 
71: 1116-1124. 

Lien, E., T. K. Means, H. Heine, A. Yoshimura, S. Kusumoto, K. Fukase, M. J. Fenton, M. Oi-
kawa, N. Qureshi, B. Monks, R. W. Finberg, R. R. Ingalls and D. T. Golenbock. 
2000. Toll-like receptor 4 imparts ligand-specific recognition of bacterial lipopoly-
saccharide. J. Clin. Invest. 105: 497-504. 

Malek, M., J. R. Hasenstein and S. J. Lamont. 2004. Analysis of chicken TLR4, CD28, MIF, 
MD-2, and LITAF genes in a Salmonella enteritidis resource population. Poult. Sci. 
83: 544-549. 

Mata-Haro, V., C. Cekic, M. Martin, P. M. Chilton, C. R. Casella and T. C. Mitchell. 2007. The 
vaccine adjuvant monophosphoryl lipid A as a TRIF-biased agonist of TLR4. Sci-
ence 316: 1628-1632. 

3



Chapter 3 

 100 

Meijer, A. H., S. F. Gabby Krens, I. A. Medina Rodriguez, S. He, W. Bitter, B. Ewa Snaar-
Jagalska and H. P. Spaink. 2004. Expression analysis of the Toll-like receptor and 
TIR domain adaptor families of zebrafish. Mol. Immunol. 40: 773-783. 

Mullen, G. E., M. N. Kennedy, A. Visintin, A. Mazzoni, C. A. Leifer, D. R. Davies and D. M. 
Segal. 2003. The role of disulfide bonds in the assembly and function of MD-2. 
Proc. Natl. Acad. Sci. USA 100: 3919-3924. 

Muroi, M., T. Ohnishi and K. Tanamoto. 2002. MD-2, a novel accessory molecule, is in-
volved in species-specific actions of Salmonella lipid A. Infect. Immun. 70: 3546-
3550. 

Nagai, Y., S. Akashi, M. Nagafuku, M. Ogata, Y. Iwakura, S. Akira, T. Kitamura, A. Kosugi, M. 
Kimoto and K. Miyake. 2002. Essential role of MD-2 in LPS responsiveness and 
TLR4 distribution. Nat. Immunol. 3: 667-672. 

Ohnishi, T., M. Muroi and K. Tanamoto. 2001. N-linked glycosylations at Asn(26) and 
Asn(114) of human MD-2 are required for Toll-like receptor 4-mediated activa-
tion of NF-kappaB by lipopolysaccharide. J. Immunol. 167: 3354-3359. 

Ohnishi, T., M. Muroi and K. Tanamoto. 2003. MD-2 is necessary for the Toll-like receptor 
4 protein to undergo glycosylation essential for its translocation to the cell sur-
face. Clin. Diagn. Lab. Immunol. 10: 405-410. 

Ohto, U., K. Fukase, K. Miyake and Y. Satow. 2007. Crystal structures of human MD-2 and 
its complex with antiendotoxic lipid IVa. Science 316: 1632-1634. 

Palsson-McDermott, E. M. and L. A. O'Neill. 2004. Signal transduction by the lipopolysac-
charide receptor, Toll-like receptor-4. Immunology 113: 153-162. 

Philbin, V. J., M. Iqbal, Y. Boyd, M. J. Goodchild, R. K. Beal, N. Bumstead, J. Young and A. L. 
Smith. 2005. Identification and characterization of a functional, alternatively 
spliced Toll-like receptor 7 (TLR7) and genomic disruption of TLR8 in chickens. 
Immunology 114: 507-521. 

Poltorak, A., X. He, I. Smirnova, M. Y. Liu, C. Van Huffel, X. Du, D. Birdwell, E. Alejos, M. 
Silva, C. Galanos, M. Freudenberg, P. Ricciardi-Castagnoli, B. Layton and B. Beut-
ler. 1998. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations 
in Tlr4 gene. Science 282: 2085-2088. 

Poltorak, A., P. Ricciardi-Castagnoli, S. Citterio and B. Beutler. 2000. Physical contact be-
tween lipopolysaccharide and Toll-like receptor 4 revealed by genetic comple-
mentation. Proc. Natl. Acad. Sci. USA 97: 2163-2167. 

Re, F. and J. L. Strominger. 2003. Separate functional domains of human MD-2 mediate 
Toll-like receptor 4-binding and lipopolysaccharide responsiveness. J. Immunol. 
171: 5272-5276. 

Roach, J. C., G. Glusman, L. Rowen, A. Kaur, M. K. Purcell, K. D. Smith, L. E. Hood and A. 
Aderem. 2005. The evolution of vertebrate Toll-like receptors. Proc. Natl. Acad. 
Sci. USA 102: 9577-9582. 

Rodriguez, M. S., J. Thompson, R. T. Hay and C. Dargemont. 1999. Nuclear retention of 
IkappaBalpha protects it from signal-induced degradation and inhibits nuclear 
factor kappaB transcriptional activation. J. Biol. Chem. 274: 9108-9115. 

3 



Functional characteristics of chicken TLR4/MD-2 

 101 

Sauter, K. S., M. Brcic, M. Franchini and T. W. Jungi. 2007. Stable transduction of bovine 
TLR4 and bovine MD-2 into LPS-nonresponsive cells and soluble CD14 promote 
the ability to respond to LPS. Vet. Immunol. Immunopathol. 118: 92-104. 

Schwarz, H., K. Schneider, A. Ohnemus, M. Lavric, S. Kothlow, S. Bauer, B. Kaspers and P. 
Staeheli. 2007. Chicken Toll-like receptor 3 recognizes its cognate ligand when ec-
topically expressed in human cells. J. Interferon Cytokine Res. 27: 97-101. 

Scott, T. and M. D. Owens. 2007. Thrombocytes respond to lipopolysaccharide through 
Toll-like receptor-4, and MAP kinase and NF-kappaB pathways leading to expres-
sion of interleukin-6 and cyclooxygenase-2 with production of prostaglandin E2. 
Mol. Immunol. 45: 1001-1008. 

Smith, C. K., P. Kaiser, L. Rothwell, T. Humphrey, P. A. Barrow and M. A. Jones. 2005. Cam-
pylobacter jejuni-induced cytokine responses in avian cells. Infect. Immun. 73: 
2094-2100. 

Takayama, K., N. Qureshi, B. Beutler and T. N. Kirkland. 1989. Diphosphoryl lipid A from 
Rhodopseudomonas sphaeroides ATCC 17023 blocks induction of cachectin in 
macrophages by lipopolysaccharide. Infect. Immun. 57: 1336-1338. 

Takeda, K. and S. Akira. 2005. Toll-like receptors in innate immunity. Int. Immunol. 17: 1-
14. 

Tanimura, N., S. Saitoh, F. Matsumoto, S. Akashi-Takamura and K. Miyake. 2008. Roles for 
LPS-dependent interaction and relocation of TLR4 and TRAM in TRIF-signaling. Bi-
ochem. Biophys. Res. Commun. 368: 94-99. 

van Aubel, R. A., A. M. Keestra, D. J. Krooshoop, W. van Eden and J. P. M. van Putten. 
2007. Ligand-induced differential cross-regulation of Toll-like receptors 2, 4 and 5 
in intestinal epithelial cells. Mol. Immunol. 44: 3702-3714. 

van der Graaf, C., B. J. Kullberg, L. Joosten, T. Verver-Jansen, L. Jacobs, J. W. Van der Meer 
and M. G. Netea. 2005. Functional consequences of the Asp299Gly Toll-like re-
ceptor-4 polymorphism. Cytokine 30: 264-268. 

Yamamoto, M., S. Sato, H. Hemmi, K. Hoshino, T. Kaisho, H. Sanjo, O. Takeuchi, M. Sugi-
yama, M. Okabe, K. Takeda and S. Akira. 2003. Role of adaptor TRIF in the 
MyD88-independent Toll-like receptor signaling pathway. Science 301: 640-643. 

Yamamoto, M., S. Sato, H. Hemmi, S. Uematsu, K. Hoshino, T. Kaisho, O. Takeuchi, K. Ta-
keda and S. Akira. 2003. TRAM is specifically involved in the Toll-like receptor 4-
mediated MyD88-independent signaling pathway. Nat. Immunol. 4: 1144-1150. 

3



Chapter 3 

 102 

 
 
   

3 



 

Chapter 4 
 

Functional Characterization of Chicken TLR5 
Reveals Species-Specific Recognition of Flagellin 

 
 

A. Marijke Keestra, Marcel R. de Zoete, Rémon A. M. H. van Aubel 
and Jos P. M. van Putten 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Molecular Immunology, 2008, 45: 1298-1307 
 



Chapter 4 

 104 

 



Functional analysis of chicken TLR5 

 105 

Abstract 
 
Mammalian Toll-like receptor 5 (TLR5) senses flagellin of several bacterial 
species and activates the innate immune system. The avian TLR repertoire 
exhibits considerable functional diversity compared to mammalian TLRs 
and evidence of a functional TLR5 in the avian species is lacking. In the pre-
sent study we cloned and successfully expressed chicken TLR5 (chTLR5) in 
HeLa cells, as indicated by laser confocal microscopy. Infection of chTLR5 
transfected cells with Salmonella enterica serovar Enteritidis activated NF-
κB in a dose- and flagellin-dependent fashion. Similar NF-κB activation was 
observed with recombinant bacterial flagellin. Targeted mutagenesis of the 
proline residue at position 737 in the chTLR5-TIR domain was detrimental 
to chTLR5 function, confirming that the observed effects were conferred 
via chTLR5 and the MyD88 signaling pathway. Comparison of human, mou-
se and chicken TLR5 activation by flagellin of Salmonella enterica serovar 
Typhimurium revealed that chTLR5 consistently yielded stronger responses 
than human but not mouse TLR5. This species-specific reactivity was not 
observed with flagellin of serovar Enteritidis. The species-specific TLR5 res-
ponse was nullified after targeted mutagenesis of a single amino acid 
(Q89A) in serovar Typhimurium flagellin, while L415A and N100A substitu-
tions had no effect. These results show that chickens express a functional 
TLR5 albeit with different flagellin sensing qualities compared to human 
TLR5. The finding that single amino acid substitutions in bacterial flagellin 
can alter the species-specific TLR5 response may influence the host range 
and susceptibility of infection. 
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Introduction 
 
Toll-like receptors (TLRs) comprise a family of transmembrane sensor pro-
teins that sense the presence of pathogen associated molecular patterns 
(PAMPs) and induce innate immune responses (Akira and Takeda, 2004). 
With the advent of genomics, it has become evident that the TLR system is 
part of an ancient machinery that is evolutionary conserved with homologs 
present in insects, nematodes, plants, fish, mammals and birds (Roach et 
al., 2005). However, functional differences between related TLRs from dif-
ferent species exist and have been instrumental in deciphering TLR func-
tion, evolution, and susceptibility to infection. One species that has re-
cently gained more attention regarding its TLR repertoire is the (chicken) 
species. This is of particular interest as chickens are an important reservoir 
of human bacterial and viral pathogens.  
 Analysis of the recently completed chicken whole genome sequence 
indicates the presence of up to 9 different putative TLRs: chTLR2 (two iso-
forms), chTLR3, chTLR4, chTLR5, chTLR7, chTLR15, chTLR16 (also known as 
chTLR1/6/10), and chTLR21 (Fukui et al. 2001; Higgs et al. 2006; Iqbal et al. 
2005a; Iqbal et al. 2005b; Yilmaz et al. 2005). Orthologs of mammalian 
TLR8, TLR9 and TLR10 seem to be defective or missing (Philbin et al. 2005). 
The chTLRs are expressed in vivo, but their functional properties still largely 
remain to be defined. The combination of chTLR2 type 2 and chTLR16 acti-
vates NF-κB in HeLa cells in response to both the tri-acylated peptide 
Pam3CSK4 and the di-acylated peptide FSL-1 (Higuchi et al. 2007; Keestra et 
al. 2007). In the mammalian species these ligands are sensed by two sepa-
rate receptor complexes consisting of TLR2/1 and TLR2/6, respectively (Ta-
keuchi et al. 2001; Takeuchi et al. 2002). Recombinant chTLR7 also has 
been expressed in mammalian cells but, in contrast to chicken cells (Philbin 
et al. 2005), the receptor does not respond to the mammalian TLR7 ligand 
R848 (Schwarz et al. 2007). Recombinant chTLR3 appears to recognize 
dsRNA in a similar fashion as its mammalian ortholog (Schwarz et al. 2007). 
Thus, the chicken TLR repertoire has both unique and common features 
compared to the mammalian system. 

In several species, TLR5 is important in the host defense against 
bacterial pathogens. TLR5 is activated by bacterial flagellin, the major sub-
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unit of the flagellum (Hayashi et al. 2001). This results in activation of the 
MyD88 signaling pathway and activation of NF-κB-regulated genes. A 
common stop codon polymorphism in human TLR5 is associated with in-
creased susceptibility to Legionnaire’s disease (Hawn et al. 2003). TLR5-
deficient mice lack the flagellin-induced pulmonary inflammatory response 
(Feuillet et al. 2006) and are more susceptible to E. coli urinary tract infec-
tion (Andersen-Nissen et al. 2007a). Intriguingly, Tlr5-/- mice are more re-
sistant to systemic infection by Salmonella enterica serovar Typhimurium  
(here referred to S. Typhimurium) and transport of the pathogen from the 
intestinal tract to the lymph nodes is impaired (Uematsu et al. 2006). Com-
parative analysis of TLR5 function in humans and mice indicate species 
specificity of the receptor towards different bacterial flagellins (Andersen-
Nissen et al. 2007b). Thus the functional status of TLR5 may be critical for 
the susceptibility, outcome, and the host range of infection.  
 Chicken cells express TLR5 and respond to bacterial flagellin (He et 
al. 2006; Kogut et al. 2005). Furthermore, S. Typhimurium lacking flagellin 
shows an enhanced ability to establish systemic infection in chickens (Iqbal 
et al. 2005b). Yet, direct evidence that chTLR5 is functional and that these 
effects are mediated via chTLR5 is lacking. The recent identification of addi-
tional (non-TLR) innate immune receptors that respond to bacterial flagel-
lin (Franchi et al. 2006; Miao et al. 2006; Molofsky et al. 2006; Ren et al. 
2006) further warrants investigation of the function and specificity of 
chTLR5. Here we report the successful cloning of functional chTLR5. 
Mutagenesis of both chTLR5 and S. Typhimurium flagellin revealed that the 
chicken receptor is fully functional in a heterologous cell background. 
Comparative analysis of TLRs from different species showed that chTLR5 
confers a stronger pro-inflammatory response towards S. Typhimurium 
flagellin than human TLR5. The basis of this species-specificity was resolved 
by targeted substitution of distinct amino acids in the bacterial flagellin 
molecule that nullified the species-specific TLR5 response. 
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Materials and Methods 
 
Cell culture and bacterial growth conditions 
The HeLa 57A cell line stably transfected with a NF-κB luciferase reporter 
construct (Rodriguez et al. 1999) and the HEK293 cell line were generously 
provided by Dr. R.T. Hay (Institute of Biomolecular Sciences, University of 
St. Andrews, St. Andrews, Scotland, UK) and Dr. B. van der Burg (Hubrecht 
Laboratory, Utrecht, The Netherlands), respectively. Cells were routinely 
propagated in 25 cm2 tissue culture flasks (Corning) in DMEM supplemen-
ted with 10% FCS. J774A.1 murine macrophages and NCSU chicken macro-
phages (Qureshi et al. 1990) were maintained in RPMI 1640 with 5% FCS. 
All cell lines were grown at 37°C in a 5% CO2 atmosphere. 
 Salmonella enterica serovar Typhimurium (here referred to S. Ty-
phimurium) strain LT2 (McClelland et al. 2001) and the Salmonella enterica 
serovar Enteritidis (here referred to S. Enteritidis) strains 90-13-706 (Ani-
mal Science Group, Lelystad, the Netherlands) and  90-13-706ΔFliC (Van 
Asten et al. 2000) were grown on Luria-Bertani (LB) agar plates or in LB 
broth at 37°C.  Salmonella strains were verified by serotyping and DNA se-
quencing of the fliC gene. Microscopic examination showed that both wild-
type strains were highly motile in liquid culture, while the mutant was non-
motile.  
 
Cloning of TLR5 constructs 
The gene encoding chTLR5 was amplified without signal peptide by PCR 
from chromosomal DNA of NCSU chicken macrophages using pfu poly-
merase (Promega) and the chTLR5 forward and reverse primer listed in Ta-
ble I. The obtained product was directly cloned into the mammalian ex-
pression vector pFLAG-CMV1 (Sigma) using the primer specific restriction 
sites (Table I), resulting in pFLAG-chTLR5. ChTLR5-P737H was constructed 
by overlap extension PCR (Horton et al. 1990) using the cloned chTLR5 as 
template. In this procedure the forward and reverse P737H primer with a 
C→A replacement (Table I, in bold) resulting in a proline to a histidine sub-
stitution at amino acid position 737, was used in combination with the 
chTLR5 reverse and forward primer, respectively. The resulting two PCR 
products with the desired point mutation were purified and then fused in 
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one PCR reaction using the chTLR5 forward and reverse primer and ligated 
into the pFLAG expression plasmid, yielding pFLAG-chTLR5-P737H. The 
human (NP_003259) and mouse (AF186107) tlr5 genes were amplified wit-
hout signal peptides by PCR from chromosomal DNA of HEK293 cells and 
J774A.1 cells, respectively, using pfu polymerase and the primers listed in 
Table I. The PCR products were cloned into pFLAG-CMV1 resulting in 
pFLAG-hTLR5 and pFLAG-mTLR5, respectively. All constructs were verified 
by DNA sequencing with an ABI Prism 310 Genetic Analyzer (Applied Bio-
systems). The obtained chTLR5 sequence is deposited under Genbank ac-
cession number EU052290.  
 
Table I. Primers used in this study. 

Product Forward (5’-3’) Reverse (5’-3’) 

chTLR5 CGGCCGGCTGCTATTCAGAAGATCAGG GGATCCTCAGTGTGAGACTGTCGCTATAG 
P737H TTGCATGGGGAAGAACATATCAAC GTTGATATGTTCTTCCCCATGCAA 
hTLR5 CCATCGATAATTCCTTCCTGCTCCTTT-

GATGG 
CGGGATCCTTAGGAGATGGTTGCTA-
CAGTTTG 

mTLR5 ATCGATAGACGGCAGGATAGCCTTTTTC-
CG 

GGTACCCTAGGAAATGGTTGCTATGGT 

FliC 706 
 

CATATGCACCACCACCACCACCACATGG-
CACAAGTCATTAATACAAACAGC 

GAATTCTTAACGCAGTAAAGAGAGGACGT 

FliC LT2 CACCATGGCACAAGTCATTAATACAAAC ACGCAGTAAAGAGAGGACG 
Q89A CAACAACAACCTGGCGCGTGTGC GCACACGCGCCAGGTTGTTGTTG 
N100A TCAGTCTGCTGCCAGCACCAACT AGTTGGTGCTGGCAGCAGACTGA 
L415A TGATGCTGCTGCGGCACAGGTTGAC GTCAACCTGTGCCGCAGCAGCATCA 

The underlined sequences represent tails with restrictions sites used in cloning of the PCR 
products. Nucleotides given in bold were introduced to construct proteins with the de-
sired amino acid substitutions. 
 
Construction of recombinant His-tagged flagellins 
The fliC gene encoding flagellin of S. Enteritidis strain 90-13-706 was ampli-
fied by PCR using pfu polymerase and the primer combination of fliC-706 
forward (including a N-terminal 6xHis-tag) and fliC-706 reverse (Table I). 
The PCR product was cloned into the pT7.7 protein expression vector (Ta-
bor and Richardson, 1987), yielding pFliC-706. The fliC gene of S. Typhi-
murium strain LT2 was amplified by PCR using pfu polymerase and the fliC-
LT2 primers (Table I) and cloned into the protein expression vector 
pET101/D-TOPO (Promega), yielding pFliC-LT2. S. Typhimurium recombi-
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nant flagellins with defined amino acid substitutions were engineered by 
overlap extension PCR using the fliC-LT2 forward and reverse primers in 
combination with the appropriate Q89A, N100A and L415A primers (Table 
I). These primers carried nucleotide changes (in bold) resulting in the desi-
red amino acid changes. The final PCR product was cloned into the vector 
pET101/D-TOPO, yielding plasmids pFliC-Q89A, pFliC-N100A and pFliC-
L415A, respectively. All plasmids were transformed into E. coli BL21 Star 
(DE3). The constructs were verified by DNA sequencing (BaseClear BV, Lei-
den). 
 
Expression and purification of recombinant flagellin 
Overnight cultures of E. coli BL21 Star (DE3) with the various expression 
plasmids were diluted in 100 ml of LB broth containing 100 µg/ml of am-
picillin until an optical density at 550 nm (OD550) of 0.05 and grown at 37oC. 
When an OD550 of 0.4 was reached, protein expression was induced by the 
addition of 1 mM of IPTG. At 4 h of induction, bacteria were harvested by 
centrifugation (4,400 x g, 15 min, 4°C), washed in 10 ml of PBS (pH 7.4) 
containing protease inhibitor cocktail (Sigma), and incubated overnight in 
8 M of urea solution (100 mM NaH2PO4, 100 mM Tris-HCl, pH 8.0) at 20oC 
under constant rotation. After removing the insoluble material by centrifu-
gation (5,300 x g, 30 min, 20oC), the lysate was applied to Ni-NTA beads 
(Qiagen). After at least 1 h of incubation (20oC), the beads were sequential-
ly washed 4 times with 4 ml of 8 M urea solution, pH 6.3, and the bound 
material eluted with 4 x 0.5 ml of 8 M urea solution, pH 5.9, and, subse-
quently with 4 x 0.5 ml of 8 M urea solution, pH 4.5. The fractions contai-
ning flagellin were pooled and dialyzed against distilled water. Protein con-
centrations were determined by BCA Protein Assay Kit (Pierce).  
 
Transient transfection 
HeLa 57A cells were grown in 48-well tissue culture plates in DMEM / 5% 
FCS until 50% confluence was reached (∼24 h). Then cells were transiently 
transfected in DMEM / 5% FCS using FuGENE 6 (Roche-Diagnostics) at a li-
pid to DNA ratio of 3 to 1. Plasmids carrying the desired inserts were added 
at concentrations of 125 ng/plasmid. Variable amounts of empty vector 
were included to equalize the total amount of transfected plasmid DNA 
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(250 ng) added to the cells. In all transfections, the pTK-LacZ vector was 
used for normalization of transfection efficiency. After 48 h of incubation 
(37oC) of the cells in the presence of the added DNA, the medium was re-
placed with fresh medium and stimulated with the different ligands. 
 
Luciferase assays 
TLR signaling was assessed using the NF-κB-luciferase reporter system as 
described (van Aubel et al. 2007). Cells were stimulated (5 h) with either 
live bacteria, culture supernatant, or purified flagellin, rinsed twice with 
0.5 ml of Dulbecco's phosphate buffered saline (DPBS, pH 7.4), and imme-
diately lysed in 0.1 ml of Reporter Lysis Buffer (Promega). Firefly luciferase 
activity was measured with the Luciferase Assay System (Promega) using a 
luminometer (TD-20/20, Turner Designs, Sunnyvale, USA). For normalizati-
on of the efficiency of transfection, luciferase values were adjusted to β-
galactosidase values as determined with the β-galactosidase assay (Prome-
ga). Results were expressed in relative luciferase units (RLU) and represent 
the mean ± SEM values of at least three independent experiments. For sti-
mulation assays with purified recombinant flagellin the values represent 
the percent fold increase, where 100% was set to be the response at 10 
µg/ml. Statistical significance was confirmed by an unpaired t-test. A two-
tailed p value of <0.05 was taken as significant. 
 
Confocal laser microscopy 
HeLa 57A cells were grown on glass coverslips in 24-well tissue culture pla-
tes in DMEM / 5% FCS until 70% confluence was reached (∼24 h), tran-
siently transfected with 500 ng of the appropriate vector DNA as described 
above, and incubated at 37oC in 5% CO2 / 95% air.  After ∼24 h, the cells 
were rinsed three times with DPBS, fixed (30 min) in 2% paraformaldehyde 
(PFA) in DPBS, rinsed once more, and permeabilized (15 min) with 0.2% Tri-
ton-X-100 in DPBS. The cells were incubated (1 h) with 2% BSA in DPBS to 
block non-specific binding, rinsed with 3 x 1 ml of DPBS, and incubated 
(1 h) with anti-Flag M2 antibody (1:2000 dilution, Sigma) in 0.5% BSA in 
DPBS. After removal of the antibody, cells were incubated (1 h) with Alexa 
Fluor 488 goat anti–mouse IgG (1: 500 dilution, Invitrogen) and TOPRO-3 
(1:1000 dilution, Invitrogen) in 0.5% BSA in DPBS, rinsed with DPBS, and 
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embedded in Fluorsave (Calbiochem). All incubation steps were carried out 
at 20oC. Cells were imaged in a Leica TCS SP confocal laser scanning micro-
scope. 
 
Results 
 
Cloning and sequence analysis of chTLR5 
The gene encoding chicken TLR5 (chTLR5) was cloned from the NCSU 
macrophage cell line. The obtained nucleotide sequence consisted of one 
exon of 2586 bp in size. At the amino acid level, the chtlr5 sequence enco-
ded a protein of 861 amino acids that differed at positions 417 (L417M) 
and 553 (I553T) from chTLR5 deposited in Genbank under accession num-
ber NP_001019757, and at various positions in the amino acid stretch 499-
508 of chTLR5 (accession number CAF25167). This variation in protein se-
quence may indicate that chTLR5 exhibits considerable receptor polymorp-
hism. Compared to other TLR5 homologs, the cloned chTLR5 was most si-
milar to mammalian TLR5 with 69% and 68% overall similarity to human 
and murine TLR5, respectively. Similarities were highest (∼72%) for the 
transmembrane (TM) and cytoplasmic tail (TIR) regions. For comparison, 
human and murine TLR5 show 82% overall similarity (73% identity).  
 
Predicted structural features of chTLR5 
Comparison of the extracellular leucine-rich repeat (LRR) region of chTLR5 
with the corresponding region of hTLR5 (Bell et al. 2003) indicated the 
presence of 20 consecutive LRR domains. According to the alternative, 
novel method for identification of LRRs, chTLR was predicted to contain 22 
consecutive LRRs as has been found for hTLR5 (Matsushima et al. 2007). 
The two additional LRR are located in LRR14 and the LRRCT region. The lat-
ter region comprises the C-terminal conserved consensus sequence includ-
ing four spaced cysteine residues that are essential for TLR signaling (We-
ber et al. 2005). This conserved sequence is preserved in chTLR5. 
 A model of the extracellular domain of chTLR5 (residues 24-630) 
(Fig. 1A) was generated using the CPHmodels 2.0 Server (http://www.cbs. 
dtu.dk/services/CPHmodels). The model showed strong structural resem-
blance with the crystal structure of the extracellular domain of hTLR3 (Bell 
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et al. 2005; Choe et al. 2005). Of interest is that this structure predicted 22 
LRRs, in agreement with the recently described 22 LRRs of hTLR5 (Matsu-
shima et al. 2007). 
 

 
Figure 1. Predicted structural model of chTLR5. (A) Sideview of the extracellular domain 
(residues 24-630) of chTLR5. Indicated by numbers are the 22 predicted Leucine Rich Re-
peats. Potential N-glycosylation sites including sites that are highly conserved between 
chicken, human and mouse TLR5 (bold) are indicated with arrows. (B) Model of the intra-
cellular TIR domain of chTLR5 and hTLR5. The position of the conserved proline located in 
the BB loop is indicated. 
  

As glycosylation of TLRs may affect their function (da Silva Correia 
and Ulevitch, 2002; Weber et al. 2004), we also assessed the putative N-
glycosylation of chTLR5 using the program NetNGlyc 1.0 (http://www.cbs. 
dtu.dk/services/NetNGlyc). The extracellular domain of chTLR5 was pre-
dicted to carry 8 N-glycosylation sites at positions 37, 169, 190, 226, 343, 
555, 596 and 599 (Fig. 1A), which is more than in human (6 sites) but less 
than in murine (9 sites) TLR5. Four of the potential N-glycosylation sites are 
highly conserved between chicken, human and mouse TLR5 (Fig. 1A, in 
bold). Modeling of the TIR domain of chTLR5 showed the same features as 
the determined crystal structure of the TIR domain of hTLR2 (Xu et al. 
2000). The structure contains five β-sheets and five α-helices. Furthermore, 
the highly conserved proline P737 is located in the BB-loop (Fig. 1B) in-
volved in the binding of the MyD88 adaptor protein. Modeling of the TIR 
domain of hTLR5 revealed the same overall structure, including the five β-
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sheets, five α-helices and the conserved proline (position 736) in the BB-
loop. This suggests that the TIR domain of chTLR5 may be functional in a 
mammalian cell background. 
 
Functional analysis of chTLR5 
To investigate the functionality of chTLR5, the recombinant gene was clo-
ned into the pFLAG expression vector and transfected into the HeLa 57A 
cell line stably transfected with an NF-κB-luciferase reporter construct. In-
fection of the cells carrying chTLR5 with live wild-type S. Enteritidis strain 
706 yielded a potent, dose-dependent activation of NF-κB as indicated by 
the 40-fold increase in luciferase activity (Fig. 2A). This stimulation was not 
observed for control HeLa cells carrying empty vector.  Similarly, stimula-
tion of chTLR5 transfected cells with an isogenic S. Enteritidis derivative de-
fective in flagellin synthesis (strain 706ΔfliC) did not result in NF-κB activa-
tion (Fig. 2A).  
 

Figure 2. Functionality of chTLR5. HeLa 57A cells transfected with chTLR5 or empty vector 
were stimulated (5 h) with (A) two different dose of live S. Enteritidis SE 706 or the flagel-
lin-deficient mutant (ΔFliC), (B) culture supernatants of the S. Enteritidis strains or LB me-
dium only, and (C) purified recombinant his-tagged flagellin (FliC), after which NF-κB 
luciferase activity was measured. Values are given in relative light units (RLU) and are the 
mean ± SEM of at least three independent experiments. 
 

To ensure that the activation of NF-κB was caused by flagellin, we 
tested flagellin secreted by S. Enteritidis into the culture media (Komoriya 
et al. 1999) as well as purified recombinant flagellin for their ability to acti-
vate chTLR5 transfected cells. Both the supernatant of wild-type S. Enteri-
tidis (but not of the flagellin mutant) (Fig. 2B) and the recombinant flagellin 
(Fig. 2C) activated NF-κB in chTLR5 transfected cells only. These data for 
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the first time demonstrate that chTLR5 recognizes and responds to S. Ente-
ritidis flagellin. The results also indicate that the TIR domain of chTLR5 is 
capable to interact with the human cell signaling cascade. 
 
Functional importance of the conserved proline at position 737 of chTLR5 
Most TLR receptors carry a conserved proline residue in the BB loop of the 
TIR domain which, in the case of TLR2 and TLR4, has been demonstrated to 
be essential for binding of the adapter protein MyD88 (Poltorak et al. 1998; 
Underhill et al. 1999). To assess whether this proline residue has a similar 
function in chTLR5 signaling, a recombinant receptor was constructed in 
which the cytosine at position 2210 was replaced by an adenine, substitut-
ing the proline at position 737 for a histidine residue (P737H). Expression of 
this chTLR5-P737H receptor in HeLa 57A cells did not confer responsive-
ness to bacterial flagellin in contrast to parent recombinant chTLR5 (Fig. 
3A). To exclude that this lack of response was caused by poor expression of 
the receptor, both functional chTLR5 and chTLR5-P737H protein were visu-
alized by confocal laser microscopy using FLAG antibodies. No differences 
in expression were observed (Fig. 3B). These results indicate that the proli-
ne residue in the BB loop of chTLR5 is essential and probably involved in 
the recruitment of the adaptor protein MyD88, reminiscent of what has 
been reported for hTLR2 and hTLR4. 
 
Species-specific TLR5 response to flagellin from S. Typhimurium 
Human and mouse TLR5 respond variably to different bacterial flagellins 
(Andersen-Nissen et al. 2007b). As chickens are an important reservoir and  
source of human salmonellosis, we investigated the presence of species-
specific differences in flagellin response between chicken versus human 
and mouse TLR. Hereto, we transfected HeLa 57A cells with the various re-
ceptors (Fig. 4A) and assessed the effect of increasing concentrations of 
purified his-tagged flagellin from S. Enteritidis strain 706 on NF-κB activa-
tion. No differences were observed (Fig. 4B-D). As flagellin of S. Typhi-
murium may respond differently (Andersen-Nissen et al. 2007b), we also 
tested the TLR5-stimulatory activity of purified his-tagged flagellin from S. 
Typhimurium strain LT2. Interestingly, S. Typhimurium flagellin induced a 
stronger response in chTLR5- than in hTLR5-transfected cells, particularly at 
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higher concentrations of flagellin (Fig. 4E, p<0.05). This difference did not 
exist between chTLR5 and mTLR5 (Fig. 4F). Comparison of hTLR5 and 
mTLR5 responses showed a stronger activation for the mTLR5 transfected 
cells (Fig. 4G), in agreement with results obtained with purified native flag-
ellin (Andersen-Nissen et al. 2007b). As no species-specific differences 
were observed with S. Enteritidis flagellin, the difference in response to S. 
Typhimurium flagellin was not caused by differences in TLR expression. To-
gether, these data suggest that subtle differences in TLR5 response exist 
between host species and that in this respect chTLR5 appears to be more 
distant from hTLR5 than mTLR5. 
 

 
Figure 3. Effect of the proline mutation P737H in chTLR5 on NF-κB activation. (A) HeLa 57A 
cells transfected with chTLR5 or chTLR5-P737H were either not stimulated (open bars) or 
stimulated (5 h) with 100 ng/ml flagellin (filled bars) after which NF-κB-luciferase was 
measured. Values are given in RLU and are the mean ± SEM of at least three independent 
experiments. (B) Expression of chTLR5 and chTLR5-P737H in HeLa 57A cells transfected 
with empty vector, chTLR5, or chTLR5-P737H, as viewed in a Leica TCS SP confocal laser-
scanning microscope. Receptors were stained using anti-FLAG antibodies (green); the cells 
were stained with TOPRO3 (blue). 
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Figure 4. Species-specific recognition of flagellin. (A) Expression of chTLR5, hTLR5 and 
mTLR5 in HeLa 57A cells transfected with chTLR5, hTLR5, or mTLR5 as viewed in a Leica 
TCS SP confocal laser-scanning microscope after receptor staining with anti-FLAG antibod-
ies (green) and cell staining with TOPRO3 (blue). HeLa 57A cells transfected with chTLR5, 
hTLR5 or mTLR5 were stimulated (5 h) with the indicated concentrations of purified re-
combinant flagellin from S. Enteritidis (B-D) and S. Typhimurium (E-G). Data are expressed 
as percentage NF-κB luciferase activity, where 100% was set to be the response at 10 
μg/ml (Andersen-Nissen et al. 2007b). Values are the mean ± SEM of at least four inde-
pendent experiments. *, p< 0.05. 
 
Genetic reversion of the species-specific TLR5 response 
To further unravel the basis of the species-specific TLR5 response of S. Typ-
himurium flagellin, we introduced defined point mutations in bacterial fla-
gellin at positions documented to influence human and mouse TLR5 res-
ponses. The mutations were constructed by replacing amino acids Q89, 
N100 and L415 with an alanine residue as these substitutions do not alter 
the bacterial motility, and thus likely allow appropriate protein folding 
(Smith et al. 2003). The position of the changed amino acids in the flagellin 
structure is indicated in Fig. 5. 
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Figure 5. Structure of S. Typhimurium flagellin (PDB: 1UCU). The positions of the point mu-
tations made in this study are indicated. 
 
Stimulation of chTLR5, hTLR5 and mTLR5 transfected HeLa 57A cells with 
the purified mutated flagellins demonstrated that N100A flagellin yielded 
the same stronger response in chTLR5 and mTLR5 transfected cells com-
pared to hTLR5 cells as was observed for wild-type flagellin (Fig. 6A-C). 
When the cells were stimulated with L415A flagellin, chTLR5 and mTLR5 
still caused better activation compared to hTLR5 (Fig. 6D-F), although in 
this case mTLR5 appeared to yield a stronger response than chTLR5 (p<0.05 
at 1 μg/ml of flagellin) (Fig. 6E). Importantly, when chTLR5, mTLR5 and 
hTLR5 transfected cells were stimulated with Q89A, all three receptors res-
ponded similar (Fig. 6G-I). These results indicate that amino acid Q89 in fla-
gellin is critical for the species-specific TLR5 response. The data also de-
monstrate that species-specificity of the TLR5 response can vary with a sin-
gle amino acid substitution in the flagellin. 
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Figure 6. Effect of targeted mutagenesis of the flagellin of S. Typhimurium on the species-
specificity of the TLR5 response. HeLa 57A cells transfected with chTLR5, hTLR5 or mTLR5 
were stimulated (5 h) with the indicated concentrations of the N100A (A-C), L415A (D-F) 
and Q89A (G-I) flagellin. Data are expressed as percentage NF-κB luciferase activity, where 
100% was set to be the response at 10 μg/ml (Andersen-Nissen et al. 2007b). Values are 
the mean ± SEM of at least four independent experiments. *, < 0.05. 
 
Discussion 

 
The present study demonstrates for the first time the functionality and 
species-specific reactivity of the chTLR5 receptor. This receptor is of par-
ticular interest as (1) mammalian TLR5 has been implicated to influence the 
course of bacterial infections (Andersen-Nissen et al. 2007a; Feuillet et al. 
2006; Hawn et al. 2003; Uematsu et al. 2006), (2) both mammalian TLR5 
and its homolog in plants, FLS2, bind flagellin but with different specificities 
(Gomez-Gomez and Boller, 2002; Smith et al. 2003), and (3) flagellin is in-
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creasingly recognized as a potent adjuvant that influences antigen presen-
tation and drives the adaptive immune response (Gewirtz, 2006). Compa-
rative analysis of the flagellin-TLR5 interaction may thus provide valuable 
information about the structural diversity of TLR5, the differences in the 
host defense against bacterial pathogens among species and the evolutio-
nary scope of bacterial flagellin as an adjuvant. 
 The functionality of chTLR5 was evidenced by the S. Enteritidis-
induced activation of NF-κB in chTLR5-transfected HeLa cells but not con-
trol cells, and the lack of TLR5 response after targeted mutagenesis of a 
single proline residue in the TIR signaling domain. The finding that similar 
results were obtained with S. Enteritidis culture supernatant and purified 
his-tagged flagellin indicate that the cloned receptor responded to bacteri-
al flagellin, which is considered the prime microbial signature molecule re-
cognized by TLR5. Chicken cells respond to bacterial flagellin with increased 
production of cytokines and chemokines (He et al. 2006; Kogut et al. 2005). 
The recent identification in mammalian species of additional flagellin rec-
ognition receptors (Franchi et al. 2006; Miao et al. 2006; Molofsky et al. 
2006; Ren et al. 2006) urged for experimental evidence that chicken TLR5 
may account for these effects. Our results provide a solid basis for the as-
sumption that the observed flagellin-induced stimulation of chicken is con-
ferred by TLR5, although it cannot be excluded that additional innate re-
ceptors also contribute to this effect. 
 The responsiveness of chTLR5 to bacterial flagellin is consistent with 
the predicted protein properties of this receptor. The protein shows high 
similarity with human and murine TLR5, and is composed of the typical N-
terminal leucine rich repeats, a single transmembrane domain, and an in-
tracellular TIR domain. Furthermore, the predicted structures of both the 
extracellular and TIR domains resemble those of mammalian TLR5. Alt-
hough the knowledge of avian TLR receptors is still rudimentary, the chic-
ken TLR repertoire appears to have many unique and only a few common 
properties of mammalian TLR. The chicken is unique in that carries two iso-
forms of TLR2 (Fukui et al. 2001), and that the function of mammalian TLR1 
and TLR6 are combined in a single receptor (chTLR16) (Keestra et al. 2007). 
Furthermore, chickens express TLR21 (Caldwell et al. 2005) that is absent in 
the mammalian species but seems to be homologous to the fish TLR21-

4 



Functional analysis of chicken TLR5 

 121 

TLR23 family. Also, chickens express the avian specific TLR15 that is 
upregulated in response to a S. Typhimurium infection (Higgs et al. 2006). 
Furthermore, the avian species seem to lack orthologs of mammalian TLR8-
10, but do express a functional ortholog of mammalian TLR3 (Schwarz et al. 
2007). Considering the diversity of the chicken TLR repertoire compared to 
the mammalian species, the finding of a fully functional chTLR5 may be 
surprising. The presence of functional TLR5 orthologs in a wide variety of 
species ranging from fish, reptiles, plants, birds to the mammalian species 
(Roach et al. 2005) indicate that bacterial flagellin has been acting as a ma-
jor danger signal throughout evolution. 
 The conserved nature of TLR5 is further illustrated by the successful 
functional expression in a mammalian cell background. A key event in the 
function of TLR5 is the recruitment of the adaptor protein MyD88. This mo-
lecule binds to the BB loop in the TIR domain. For TLR2 it has been demon-
strated that mutation of a conserved proline residue in the TIR domain re-
sults in the loss of MyD88 recruitment (Xu et al. 2000). In C3H/HeJ mice, 
hyporesponsiveness towards LPS was found to be caused by mutation of 
the conserved proline residue in the BB loop of TLR4 (Poltorak et al. 1998). 
ChTLR5 contains a similar proline residue at this position and substitution 
of this amino acid results in loss of TLR5 function (Fig. 2A). This strongly 
suggest that chTLR5 exploits human MyD88 to signal in mammalian cells, 
and thus that the association between the TIR domain and the adaptor 
protein is structurally conserved among the avian and mammalian species. 
Indeed, analysis of the chicken genome indicates that it contains an ortho-
log of MyD88 (NM_001030962). 
 Although in most species TLR orthologs appear to recognize the sa-
me type of PAMP, structural variation among TLRs may contribute to biolo-
gically important functional diversity. For example, human and mouse 
TLR4/MD2 respond differently to distinct forms of LPS and lipid A (Hajjar et 
al. 2002; Tanamoto and Azumi, 2000). Similar species-specific differences 
exist for TLR2 in response to trilauroylated peptides (Grabiec et al. 2004), 
and for TLR9 towards different CpG-DNA motifs (Bauer et al. 2001). The 
TLR5 receptor also exhibits species-specific recognition of flagellins. This is 
most apparent in the recognition of bacterial flagellin by the TLR5 ortholog 
in plants (FLS2, LeFLS2), which involves interaction with a complete differ-
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ent domain of the flagellin molecule than in the mammalian species. (Felix 
et al. 1999; Robatzek et al. 2007). However, also hTLR5 or mTLR5 preferen-
tially recognize flagellins from different bacterial species (Andersen-Nissen 
et al. 2007b). In our hands, chTLR5 responded better to recombinant flagel-
lin of S. Typhimurium than hTLR5 but similar as mTLR5. This species-specific 
difference in TLR5 response was not observed for recombinant flagellin of 
S. Enteritidis, suggesting that it was an intrinsic trait of the S. Typhimurium 
flagellin. The observed difference in mTLR5 and hTLR5 response towards S. 
Typhimurium flagellin corroborates previous results obtained with native 
flagellin (Andersen-Nissen et al. 2007b). In search for the molecular basis of 
the observed species-specific response, we chose to mutate amino acids 
Q89, N100 and L415 to alanine residues as these amino acids belong to a 
cluster of 13 amino acids that has been mapped as the TLR5 recognition 
site on flagellin but upon mutation do not alter bacterial motility, indicating 
no gross alterations in protein folding (Andersen-Nissen et al. 2007b). This 
approach revealed the Q89A substitution nullified the species differences 
in response to flagellin, while the N100A and L415A substitutions had no 
effect or even induced differences in response between chTLR5 and mTLR5 
(Fig. 6). These data suggest that chTLR5 likely recognizes the same α-helical 
region of the flagellin as mammalian TLR5, but that subtle differences in 
flagellin protein may yield different innate immune responses in the chic-
ken and humans and thus perhaps the host range of infection.  
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Abstract 
 
Toll-like receptors (TLRs) are highly conserved innate receptors that during 
evolution have evolved diverse ligand specificities in different species. Here 
we report the cloning and function of chicken TLR21 (chTLR21). This TLR is 
absent in the human species but has orthologs in fish and frog (∼60% simi-
larity) and display similarity (47%) with murine TLR13. Cloning and expres-
sion of chTLR21 in HEK293 cells resulted in activation of NF-κB in response 
to unmethylated CpG DNA reminiscent of mammalian TLR9. ChTLR21 re-
sponded equally well to the human and murine specific TLR9 ligands, CpG 
ODN 2006 and CpG ODN 1826, respectively, as well as to bacterial genomic 
DNA isolated from Salmonella Enteritidis. The chTLR21 response was par-
tially maintained in the presence of chloroquine which inhibits endosome 
maturation and completely blocked TLR9 responsiveness, suggesting a dif-
ferent cellular localization of chTLR21 and TLR9. The broader ligand speci-
ficity and seemingly different localization of chTLR21 indicate that the 
chicken species have evolved an alternative DNA sensing Toll-like receptor 
with unique characteristics compared to mammalian TLR9. 
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Introduction 
 
The innate immune system is the first line of defense against invading 
pathogens. Central in the sensing of microbes are the so-called Pattern 
Recognition Receptors (PRRs) that recognize conserved microbial struc-
tures, termed Pathogen Associated Molecular Patterns (PAMPs) (Akira et 
al. 2004). Recognition of these ligands by PRRs results in activation of one 
or more signaling cascades that ultimately cause nuclear translocation 
and/or activation of transcription factors such as NF-κB, that drive the in-
nate immune response. One major PRR family are the Toll-like receptors 
(TLRs). These receptors are functional at the cell surface (human TLR1, 
TLR2, TLR4, TLR5 and hTLR6) or primarily localized in endosomes/lyso-
somes (TLR3, TLR7, TLR8, TLR9) (Ahmad-Nejad et al. 2002; Latz et al. 2004; 
Nishiya et al. 2004; Nishiya et al. 2005). The surface-located TLRs generally 
respond to conserved microbial cell wall constituents, while the intracellu-
lar TLRs typically recognize viral and bacterial nucleic acids. The intracellu-
lar localization of TLR3 and TLR7-9 is considered to contribute to the dis-
crimination between self and non-self nucleic acids (Barton et al. 2006). 
 TLRs are highly conserved among evolution and have been found in 
insects, amphibians, birds and mammals (Roach et al. 2005). In all cases the 
receptors consist of an extracellular leucine-rich repeat (LRR) domain that 
is involved in ligand recognition, a single transmembrane domain, and a cy-
tosolic so-called TIR domain. Despite this conserved overall architecture, 
species-specific differences in ligand recognition and signaling between TLR 
orthologs are being discovered. For most mammalian TLRs, microbial 
ligands have been identified. For non-mammalian species, TLR ligand speci-
ficity is much less defined. Certain species even contain TLRs that, based on 
amino acid sequence similarity, appear to have no counterpart in the 
mammalian species and for which the ligand and function remain an 
enigma. One example of this is the avian species. In chicken, ten TLRs have 
been identified: chTLR16, chTLR1 type 2, chTLR2 type 1 and type 2, chTLR3, 
chTLR4, chTLR5, chTLR7, chTLR15 and chTLR21. The ligand and function of 
chTLR2/chTLR16, chTLR3, chTLR4 and chTLR5 have been unraveled and this 
has revealed both common and unique features compared to their mam-
malian orthologs (Higuchi et al. 2007; Keestra et al. 2007; Keestra et al. 
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2008) (this thesis). One chTLR that appears to be unique compared to the 
human TLR repertoire is chTLR21. This receptor is grouped into the TLR11-
13 and TLR21-23 subfamily (Roach et al. 2005) of which thus far no ligands 
has been identified, except for mTLR11 that recognizes profilin (Yarovinsky 
et al. 2005). 
 In the present study we aimed to resolve the function of chTLR21. 
Hereto, the corresponding gene was cloned, sequenced, and transfected 
into HEK293 cells together with a NF-κB luciferase reporter construct. De-
spite minimal sequence similarity with mammalian TLR9, functional analy-
sis using an array of microbial constituents indicated that chTLR21 re-
sponded to DNA. Additionally, we provide evidence that chTLR21 displays a 
unique broad specificity compared to mammalian TLR9, which may be re-
lated to surface localization of the receptor.  
 
Materials and Methods 
 
Cells and reagents 
The HEK293 cell line was generously provided by Dr. B. van der Burg 
(Hubrecht Laboratory, Utrecht, The Netherlands) and was routinely pro-
pagated in 25 cm2 tissue culture flasks (Corning) in DMEM supplemented 
with 5% FCS. The HeLa 57A cell line stably transfected with a NF-κB 
luciferase reporter construct (Rodriguez et al. 1999) was maintained in 
DMEM / 5% FCS. COS-7 cells were routinely cultured in IMDM + GlutaMax-I 
(Gibco) supplemented with 10% FCS. The TLR ligands FSL-1, Pam3CSK4, 
Poly(I:C), CL097, CpG ODN 1826 and CpG ODN 2006 were purchased from 
InVivogen. LPS and flagellin from Salmonella enterica serovar Enteritidis 
strain 90-13-706 (here referred to S. Enteritidis 706) have been purified as 
described previously (Keestra et al. 2008; Keestra et al. 2008). Genomic 
DNA of S. Enteritidis 706 was isolated as previously described (Dalpke et al. 
2006). Chloroquine was purchased from Sigma. 
 
Construction of expression plasmids 
Gene expression was established using a pTracer-CMV2 (Invitrogen, Life 
Technologies) derivative that lacks the gfp gene and contains a 3xFLAG-tag 
at the C-terminal cloning site. The gfp gene was deleted from the vector by 
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inverse PCR using the SphI-tailed primers that anneal just outside the gfp 
gene. The obtained PCR product was digested with SphI and religated, 
yielding pTracer-CMV2ΔGFP. The 3xFLAG sequence was amplified by PCR 
from the p3xFLAG-Myc-CMV-23 vector (Sigma) using a forward primer with 
a NotI site and a reverse primer with a XbaI site. The obtained PCR product 
and pTracer-CMV2ΔGFP were digested with NotI and XbaI and ligated, 
yielding pTracer-CMV2ΔGFP/3xFLAG. The full-length gene of chTLR21 (in-
cluding the intron) was amplified by PCR from chromosomal DNA of the 
HD11 chicken macrophage cell line with pfu polymerase (Promega). The 
obtained PCR product was directly cloned into the pTracer-CMV2 vector, 
yielding pTracer-chTLR21 with intron. RNA was isolated from HEK293 cells 
transiently transfected with this plasmid, and cDNA encoding chTLR21 was 
obtained by reverse transcription using  chTLR21 specific primers. Amplifi-
cation of this intron-less product with chTLR21 specific primers tailed with 
NotI sites enabled ligation into pTracer-CMV2ΔGFP/3xFLAG, yielding 
pTracer-CMV2ΔGFP-chTLR21-3xFLAG. Human TLR9 was amplified by PCR 
with pfu polymerase from the vector pUNO-hTLR9 (InVivogen), digested 
with the restriction enzyme NotI present on the primers, and cloned into 
pTracer-CMV2ΔGFP/3xFLAG, yielding pTracer-CMV2ΔGFP-hTLR9-3xFLAG. 
All primers used in this study are listed in Table I. 
 
 
Table I. Primers used in this study for cloning. 

Product Forward (5’-3’) Reverse (5’-3’) 
pTracer-
CMV2∆GFP 

ACATGCATGCGCCAAGTTGAC-
CAGTGCCGTT 

ACATGCATGCCATGGTTTAGTTCCTC
ACCTT 

3xFLAG ATTTGCGGCCGCGACTACAAAGAC-
CATGACGGT 

GCTCTAGATCACTTGTCATCGTCAT-
CCTTGTA 

chTLR21 ATTTGCGGCCGCCACCATGATG-
GAGACACCGGAGAAGG 

ATTTGCGGCCGCG-
CATCTGTTTGTCTCCTTCCCT 

hTLR9 ATTTGCGGCCGCCAC-
CATGGGTTTCTGCCGCAGCGCC 

ATTTGCGGCCGCGTTCGGC-
CGTGGGTCCCTGGCA 

The underlined sequences represent restriction sites using for cloning. 
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Transient transfection 
HEK293 cells were grown in 48-well tissue culture plates in DMEM / 5% FCS 
until 50% confluence was reached (∼24 h). Then cells maintained in DMEM 
/ 5% FCS were transiently transfected with a total of 250 ng of plasmid 
DNA, consisting of 62.5 ng of the reporter plasmid pNF-κB-luc, 62.5 ng of 
normalization vector pTK-LacZ, and 125 ng of either chTLR21, hTLR9, or 
empty control vector. FuGENE 6 (Roche-Diagnostics) was used as transfec-
tion reagent at a lipid to DNA ratio of 3 to 1. After 48 h of incubation (37oC) 
of the cells in the presence of the added DNA, the medium was replaced 
with fresh DMEM / 5% FCS and stimulated with the appropriate ligands. 
 
Luciferase assays 
TLR signaling was assessed using the NF-κB-luciferase reporter system as 
described (van Aubel et al. 2007). Cells were stimulated (5 h) with the indi-
cated TLR ligands, rinsed twice with 0.5 ml of Dulbecco's phosphate buff-
ered saline (DPBS, pH 7.4), and immediately lysed in 0.1 ml of Reporter Ly-
sis Buffer (Promega). Firefly luciferase activity was measured with the 
Luciferase Assay System (Promega) using a luminometer (TD-20/20, Turner 
Designs, Sunnyvale, USA). For normalization of the efficiency of transfec-
tion, luciferase values were adjusted to β-galactosidase values as deter-
mined with the β-galactosidase assay (Promega).  
 
Deglycosylation of chTLR21 and hTLR9 
COS-7 cells were seeded in 12-wells plates, grown overnight to a conflu-
ency of ∼50% and transiently transfected with 2 μg chTLR21-3xFLAG or 
hTLR9-3xFLAG per well using FuGENE 6 (Roche Diagnostics) at a DNA to 
lipid ratio of 1 to 2. After 48 h of incubation (37oC), the cells were rinsed 
three times with 2 ml of DPBS, resuspended in 250 μl of Reporter Lysis 
Buffer (Promega) and frozen at -80˚C to complete lysis. For deglycosylation 
of chTLR21 and hTLR9, 50 μl of cell lysate was mixed with 25 μl of 500 mM 
K2HPO4, 250 mM of EDTA (pH 7.0), 60 μl of H2O, 50 μl of 10% sodium dode-
cyl-sulphate (SDS) and 12.5 μl of 10% 2-Mercaptoethanol before boiling for 
5 min. Nonidet P-40 was added to a final concentration of 2%. Samples 
were cooled to room temperature and incubated overnight at 37°C in the 
presence of 5 units recombinant peptide-N-glycosidase F (PNGase F, Roche, 

5



Chapter 5 

 136 

Germany). PNGase F activity was inhibited by boiling for 3 min. Deglycosy-
lated and non-treated TLR21 and TLR9 were subjected to SDS-PAGE fol-
lowed by immunoblotting. ChTLR21 and hTLR9 were detected using M2 
anti-FLAG antibodies (1:2000, Sigma Aldrich) and Goat-α-Mouse-HRP 
(1:10,000). 
 
Results 
 
Cloning and sequence analysis of chTLR21 
We cloned the gene encoding TLR21 from HD11 chicken macrophages. Se-
quence analysis revealed one open reading frame of 2,919 bp, encoding a 
protein of 972 amino acids. The sequence was identical to the gene in the 
published chicken genome with Acc. No. NP_001025729. The protein is 
predicted to contain a signal peptide, a Leucine Rich Repeat (LRR) domain 
consisting of 27 LRRs, a single transmembrane region, and a cytoplasmic 
TIR domain. The TIR domain contains a proline residue at position 844 
which is present in all mammalian TLR (except TLR3) and is important for 
activation of the MyD88-dependent signaling pathway (Poltorak et al. 
1998; Underhill et al. 1999). As N-glycosylation of TLRs is important for 
their function (da Silva Correia et al. 2002; Weber et al. 2004) we analysed 
the chTLR21 for putative N-glycosylation site using the NetNGlyc 1.0 pro-
gram (www.cbs.dtu.dk/services/NetNGlyc). The extracellular domain of 
chTLR21 was predicted to contain 10 putative N-glycosylation sites at the 
Asn residues at the positions 79, 146, 227, 267, 398, 443, 566, 667, 685 and 
719. 
Comparative sequence analysis of chTLR21 using the BioEdit Sequence 
Alignment Editor (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) yielded 
only very low levels of similarity with other identified chicken TLRs (Table 
II). Compared with TLRs in other species, chTLR21 was most similar to 
mouse TLR13 (53%)  and TLR21 of Xenopus tropicalis (66%). As noted for 
other TLRs, the TIR domain appeared more conserved than the extracellu-
lar LRR domain (Table III). 
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Table II. Percentages of similarity (SIM) and identity (ID)  at the amino acid level of thus far 
identified TLRs of chicken.  
 

 
 
Table III. Similarities (%) at the amino acid level of the transmembrane TM/TIR domain, 
the LRR domain, and the full protein of chTLR21 compared to TLRs of human (h), murine 
(m), Takifugu rubripes (Tr), and Xenopus tropicalis (Xt) origin. 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

      SIM 
  ID 

TLR 
16 

 TLR1 
type 2 

TLR2
type 1

TLR2
type 2

TLR
3 

TLR
4 

TLR
5 

TLR
7 

TLR 
15 

TLR 
21 

TLR16 X 67 46 47 39 37 37 33 40 36 
TLR1t2 60 X 39 39 31 33 32 28 35 29 
TLR2t1 26 23 X 88 37 39 37 33 41 37 
TLR2t2 25 22 82 X 38 39 37 32 41 35 
TLR3 15 12 15 15 X 39 40 37 37 39 
TLR4 17 13 19 19 15 X 40 36 36 38 
TLR5 16 13 17 17 15 18 X 36 37 36 
TLR7 16 13 16 17 15 16 16 X 34 39 
TLR15 22 18 21 21 13 17 15 15 X 39 
TLR21 15 13 16 16 15 18 17 18 16 X 

         
TM/TIR 
domain 

LRR 
domain 

Full
protein 

hTLR3 43 39 39 
hTLR7 49 37 40 
hTLR8 47 36 38 
hTLR9 49 35 38 
mTLR13 61 43 47 
TrTLR9 46 34 35 
TrTLR21 71 53 57 
TrTLR22 61 42 46 
TrTLR23 65 42 47 
XtTLR9 51 35 38 
XtTLR13 46 44 43 
XtTLR21 74 58 61 
XtTLR22 64 44 48 
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Modeling of the LRR domain structure using the program CPHmodels 2.0 
Server (http://www.cbs.dtu.dk/services/CPHmodels) revealed that the ex-
tracellular domain of chTLR21 adopts a horseshoe shaped like structure, as 
has been reported for several mammalian TLRs of which the crystal struc-
ture has been determined (Choe et al. 2005; Jin et al. 2007; Kim et al. 
2007). The structural predictions of the TIR domain of chTLR21 including 
the position of the conserved proline in the BB-loop involved in down-
stream signaling  also resembled those of the TIR domains of other TLRs 
(Xu et al. 2000) (Figure 1). 

 
A.                                                                     B. 

 
Figure 1. Predicted structures of the LRR domain (A) and the TIR domain (B) of chTLR21. 
Predicted structures were modeled using the CPHmodels 2.0 Server 
(http://www.cbs.dtu.dk/services/CPHmodels). Note the position of the conserved proline 
(P844) located in the BB loop of the TIR domain. 
 
ChTLR21 responds to CpG-DNA 
The ligands that activates chTLR21 or its most related orthologs in fish and 
frogs (TLR21) or mice (TLR13), are unknown. Therefore, we cloned the 
cDNA encoding chTLR21 in an expression vector and transfected the gene 
into HEK293 cells. Stimulation of these cells with the mammalian TLR2/1 
and TLR2/6 ligands Pam3CSK4 and FSL-1, with the TLR4 ligand LPS, or with 

P844 

N-term 

C-term 
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the TLR7/8 ligand CL097 did not activate NF-κB as assessed by the NF-κB-
luciferase reporter assay (Fig. 2A). The TLR3 ligand poly(I:C) caused a slight 
increase in NF-κB activity. This however, was also observed for control cells 
carrying the empty expression vector (Fig. 2B). As the HEK293 cells used 
constitutively express TLR5, the potential of bacterial flagellin of S. Enteriti-
dis effect to activate chTLR21 was measured in TLR5-negative HeLa 57A cell 
line (van Aubel et al. 2007). No activation of NF-κB was detected in re-
sponse to flagellin (data not shown). In contrast to these results, CpG ODN 
2006, which is a ligand for mammalian TLR9, caused a significant activation 
of NF-κB activation in the chTLR21-transfected cells, while no response was 
noted for HEK293 cells transfected with the control vector (Fig. 2). These 
results indicate that chTLR21 may act as a receptor for CpG DNA. 
 

 
 
Figure 2. NF-κB activation in TLR21-transfected HEK293 cells. HEK293 cells were trans-
fected with a NF-κB luciferase reporter construct and chTLR21 (A) or the empty control vec-
tor (B). Cells were stimulated (5 h) with either of the following TLR ligands: FSL-1 (100 
ng/ml), Pam3CSK4 (100 ng/ml), Poly(I:C) (50 μg/ml), S. Enteritidis (SE) LPS (100 ng/ml), 
CL097 (5 μg/ml), and CpG ODN 2006 (0.5 μM). Data represent the mean of duplicate val-
ues of one representative of two experiments. 
 
Comparison of chicken TLR21 and human TLR9 
The unexpected finding that chTLR21 recognizes CpG DNA reminiscent of 
the function of mammalian TLR9, led us to closer inspection of both type of 
receptors. First we compared the expression and protein characteristics of 
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chTLR21 and hTLR9. Hereto the corresponding genes with a C-terminal 
FLAG-tag were expressed in COS-7 cells. SDS-PAGE and immunoblotting us-
ing FLAG-specific antibody indicated that both proteins were expressed 
(Fig. 3).  As the extracellular domains of chTLR21 and hTLR9 were predicted 
to have 10 and 12 putative N-linked glycosylation sites, respectively, we 
also assessed the glycosylation status of the receptors. Hereto cells ex-
pressing  chTLR21 and hTLR9 were lysed and treated with peptide-N-
glycosidase F (PNGase F). After glycosidase treatment, the molecular sizes 
of both chTLR21 and hTLR9 displayed a higher mobility in SDS-PAGE with 
the predicted molecular masses of ∼107  kDa and ∼114 kDa, respectively 
(Fig. 3), indicating that indeed both TLRs carried N-linked sugars. 
 
 

 
 
  

As the DNA binding site in TLR9 is still unknown, we then searched 
for common known protein-DNA binding motifs such as leucine-zippers, 
helix-turn-helix structures and zinc-fingers (Struhl 1989) as well as for a 
DNA binding motif that was recently identified for methylated CpG-DNA 
binding (MBD) proteins. This motif consists of two CxxC motifs separated 
by six amino acid residues (Lee et al. 2001) and is present in both human 
and murine TLR9. Alignment of chTLR21 with hTLR9 indicated that chTLR21 
has a gap of 10 amino acid residues at the position of the cysteine-rich do-
main of hTLR9 (residues 255-268) (Fig. 4). Thus, it is unlikely that this do-
main contributes to the CpG DNA recognition by chTLR21. To identify other 
possible DNA binding motifs, we searched for motifs in chTLR21 using the 
Motif Scan software (http://myhits.isb-sib.ch/cgi-bin/motif_scan). This re-
vealed one leucine zipper domain of potential interest at position 332-353. 
Human TLR9 is predicted to have two of these leucine zipper domains, at 
position 204-225 and 644-665. 

Figure 3. N-glycosylation of chTLR21 and hTLR9. 
The lysates of chTLR21 and hTLR9 transfected COS-
7 cells were either nontreated (-) or treated (+) with 
PNGase F and subjected to SDS-PAGE and im-
munoblotting. The TLR proteins were detected with 
anti-FLAG antibodies. 

5 



Functional analysis of chicken TLR21 

 141 

Species-specific recognition of CpG DNA motifs and bacterial DNA 
As an alternative approach to better understand the (dis)similarities be-
tween chTLR21 and mammalian TLR9, we compared the specificity of the 
receptors in DNA recognition. Human and murine TLR9 have previously 
been shown to differentially respond to different CpG motifs. Human TLR9 
prefers the GTCGTT CpG DNA motif (CpG ODN 2006), whereas the GACGTT 
motif (CpG ODN 1826) is preferentially recognized by mTLR9 (Bauer et al. 
2001). To test the possible specificity in DNA recognition for chTLR21, we 
stimulated chTLR21 transfected cells with the CpG ODN 2006 and CpG ODN 
1826. Both compounds activated NF-κB in a chTLR21-dependent fashion 
(Fig. 5A) and seemed equally potent. These results clearly deviated from 
those with human TLR9 which conferred an immune response to CpG ODN 
2006 but not with the mouse specific CpG ODN 1826 (Fig. 5B).  
 As unmethylated CpG motifs are mostly found in bacterial DNA, we 
also stimulated chTLR21 transfected cells with genomic bacterial DNA 
rather than with the synthetic DNA derivatives. Bacterial DNA isolated from 
S. Enteritidis caused NF-κB activation in the chTLR21 transfected cells 
(Fig. 5A). These result indicate that chTLR21 acts as a receptor both for syn-
thetic ODNs as well as DNA from bacterial origin. 
 
Chloroquine partially blocks the chTLR21-mediated NF-κB activation 
Mammalian TLR9 can discriminate between certain CpG DNA motifs and 
between self- and non-self DNA. The intracellular localization of TLR9 ap-
pears crucial for this differential DNA recognition as targeting of TLR9 to 
the cell surface results in a loss of this ligand specificity (Barton et al. 2006; 
Heeg et al. 2008). As chTLR21 appears to lack the DNA motif discriminatory 
power of TLR9, we hypothesized that chTLR21 may be located at the cell 
surface. This was investigated by the addition of chloroquine during the 
stimulation of chTLR21-transfected cells with CpG DNA. Chloroquine blocks 
the endosomal maturation and acidification, thereby inhibiting the TLR9 
mediated response induced by CpG DNA (Ahmad-Nejad et al. 2002).  
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Figure 4. Sequence alignment of chTLR21 and hTLR9. The deduced protein sequences were 
aligned using the ClustalW program. Conserved amino acids are shaded in black; synony-
mous substitutions in grey. The transmembrane region (TM) is underlined. The location of 
the leucine-zipper motifs with the conserved sequence L------L------L------L are indicated be-
low (TLR9) and above (TLR21) the sequence. The location of the conserved cysteine rich 
domain (C--C------C--C) in TLR9 is indicated below the sequence. The Y--L domain between 
residues 888 and 902 of TLR9 indicates the presence of the tyrosine-based vesicle localiza-
tion motif. This motif is absent in chTLR21. 
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Figure 5. Species-specific recognition of CpG DNA motif by hTLR9 and chTLR21. HEK293 
cells were transfected with the NF-κB luciferase reporter construct and chTLR21 (A), hTLR9 
(B) or the empty control vector (C). Cells were stimulated (5 h) with the human-specific CpG 
ODN 2006 (0.5 µM), the mouse-specific CpG ODN 1826 (0.5 µM) or S. Enteritidis (SE) DNA 
(30 µg/ml), after which NF-κB luciferase activity was measured. Data are the mean of du-
plicate values of one representative of three experiments. 
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Figure 6. Effect of chloroquine on the chTLR21-mediated DNA response. HEK293 cells were 
transfected with the NF-κB luciferase reporter construct and chTLR21 (A), hTLR9 (B) or the 
empty control vector (C). Cells were incubated with chloroquine (Cq) (50 μg/ml) for 30 min 
prior to stimulation (5 h) with CpG ODN 2006 (0.5 µM) or CpG ODN 1826 (0.5 µM), after 
which NF-κB luciferase activity was measured. Data are the mean of duplicate values of 
one representative of two experiments. 
 
ChTLR21-transfected cells still responded to DNA in the presence of 
chloroquine, although the response was reduced compared to the cells 
stimulated in the absence of chloroquine (Fig. 6A). In contrast, in HEK293 
cells transfected with hTLR9, chloroquine abolished the CpG mediated acti-
vation of NF-κB (Fig. 6B), while no response was observed for cells trans-
fected with empty vector (Fig. 6C).  
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Discussion 
 
This study for the first time demonstrates the functionality of chicken Toll-
like receptor 21. The receptor responds to both synthetic as well as bacte-
rial genomic DNA and displays a broader ligand specificity than the mam-
malian DNA receptor, TLR9.  

The response of chTLR21 to DNA was unexpected as the receptor 
displayed minimal sequence similarity with mammalian TLR9. On the basis 
of amino acid similarity with mammalian orthologs, chTLR21 was most 
similar to murine TLR13, of which the ligand is still unknown. Interestingly, 
mTLR13 binds the protein UNC93B (Brinkmann et al. 2007) which is essen-
tial for the trafficking of the mammalian nucleotide-sensing TLRs (TLR3, 
TLR7, TLR9) receptors from the ER to the endosomes/lysosomes (Kim et al. 
2008). This trait together with the similarity with chTLR21 here identified as 
DNA binding receptor, may indicate that mTLR13 may be acting as a nu-
cleotide sensing TLR receptor as well.   

The highest sequence similarity of chTLR21 is with fish and frog 
TLR21 (Table III). These species however, also contain TLR9 orthologs (Oshi-
umi et al. 2003; Ishii et al. 2007). Whether this indicates the existence of a 
redundant DNA receptors in these species awaits elucidation of the func-
tion of these receptors. It cannot be excluded that the TLR21 and TLR9 
orthologs in fish and frogs have different DNA ligand specificities as we dis-
covered for chTLR21 compared to mammalian TLR9. There is currently no 
evidence for the presence of a TLR9 ortholog in the chicken genome. 
 ChTLR21 is unique among thus far identified TLRs in that it displays 
a more broad CpG DNA specificity. The DNA binding site in the extracellular 
domain of TLR9 is still unknown. Similarly, the molecular basis of the differ-
ential DNA specificity of human and murine TLR, awaits to be resolved. 
Both stimulatory and non-stimulatory CpG DNA motifs bind to TLR9. How-
ever, only the stimulatory motifs induce a conformational change of the re-
ceptor and activate NF-κB (Latz et al. 2007). It has been suggested that the 
DNA specificity is not conferred by TLR9 itself but rather depends on differ-
ential uptake and transport of the CpG DNA towards the TLR9-containing 
endosomes (Heeg et al. 2008). This concept is supported by the observa-
tion that artificial targeting of TLR9 to the cell surface is accompanied by a 
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loss of CpG motif specificity of the receptor (Heeg et al. 2008). One possible 
explanation for the broader specificity of chTLR21 may thus be that this re-
ceptor is (partially) expressed at the cell surface. Our finding that the addi-
tion of chloroquine, a compound that completely blocks the TLR9 response 
through inhibiting the endosomal maturation, only partially inhibits the 
chTLR21 response (Fig. 6), is consistent with this hypothesis. The intracellu-
lar localization of TLR9 may be determined by specific sequence motifs in 
the transmembrane domain of the receptor as swapping of such domains 
between TLR4 and TLR9 alters the localization of the receptor (Barton et al. 
2006; Kajita et al. 2006). Others have demonstrated that a 14-amino acid 
stretch between tyrosine 888 and tryptophan 902 in the TIR domain of 
TLR9 is crucial for the localization of the receptor (Leifer et al. 2006). These 
authors suggest that a tyrosine-based vesicle localization motif, YXXФ 
(residues 888-893, where Y is a tyrosine, X is any amino acid and Ф is a hy-
drophobic amino acid) (Bonifacino et al. 2003) is responsible for the intra-
cellular localization of TLR9. Interestingly, the tyrosine residue at position 
888 is not present in the chTLR21 (Fig. 4). However, whether this is related 
to the seemingly different localization of chTLR21 compared to TLR9 awaits 
much more detailed study of the localization and trafficking of the recep-
tors. For TLR3 and TLR7 the intracellular localization of the receptors is con-
trolled by the linker region and the transmembrane domain, respectively 
(Funami et al. 2004; Nishiya et al. 2005). 

The function of chTLR21 as an innate DNA sensing receptor may 
provide a molecular basis for the previously noted response of chicken to 
CpG DNA despite the apparent presence of a TLR9 ortholog (Vleugels et al. 
2002; He et al. 2003; Xie et al. 2003; He et al. 2005; He et al. 2006). In fact, 
stimulatory CpG DNA provided protection against Salmonella organ inva-
sion in chickens and increased the intracellular killing of bacteria in a 
chicken macrophage cell line (Xie et al. 2003; He et al. 2005; He et al. 
2007). These results suggest that CpG DNA may be a powerful adjuvant in 
chicken. These compounds can modulate immune responses and have 
been successfully applied as an adjuvant in vaccines as well as a direct ago-
nist to prevent infections (Krieg 2006). Our finding that chTLR21 acts as a 
receptor for DNA may further aid the optimization of the use of CpG DNA 
as an adjuvant in chicken and the dissection of the signaling pathways that 
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are activated by CpG DNA. The latter may also resolve whether chicken 
have evolved alternative DNA receptors to activate the immune system 
(Okabe et al. 2005; Ishii et al. 2006; Takaoka et al. 2007; Muruve et al. 
2008).  
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Goal of the study 
 
The mammalian Toll-like receptors play an important role in the host de-
fense against infectious agents. Activation of Toll-like receptors stimulates 
the innate immune system and directs the adaptive immune system to 
elicit an appropriate immune response against the pathogen. TLRs are evo-
lutionary conserved and studying TLR biology in different species adds to 
the understanding of the evolution of the immune system and the species-
specific host-pathogen interaction. The present study was designed to de-
termine the function of the chicken TLR repertoire.  

At the start of the research presented in this thesis, the knowledge 
of the chicken TLR repertoire was rudimentary. The completion of the 
chicken genome sequencing project in 2004 for the first time enabled a 
more systematic identification of putative TLRs, and their downstream sig-
naling and effector molecules (Consortium 2004). Since then, a number of 
studies have indicated that chicken immune cells respond to microbial 
components known to act as TLR agonists in the mammalian species (Kogut 
et al. 2005; He et al. 2006; Kogut et al. 2006). However, species-specific dif-
ferences have been observed in the recognition of TLR ligands even be-
tween mammalian species (Golenbock et al. 1991; Lien et al. 2000; Tana-
moto et al. 2000; Bauer et al. 2001; Grabiec et al. 2004) and direct evi-
dence that the response was mediated by avian TLR orthologs rather than 
other types of pattern recognition receptors (Kanneganti et al. 2007), was 
lacking. In the present thesis, a direct molecular approach was followed to 
unravel the functionality of the chicken TLR repertoire. Chicken TLRs were 
cloned and expressed in a human cell background lacking functional human 
TLRs. Then, the function of the receptors was assessed and compared with 
mammalian TLRs to determine ligand specificities of the various TLRs and 
possible species-specific interactions between TLRs and accessory mole-
cules. In many experiments the major foodborne pathogen Salmonella was 
used as a model of an infectious agent bearing in mind that the rational use 
of TLR ligands as vaccine adjuvants may aid in the eradication of bacterial 
pathogens such as Salmonella from poultry and thus contribute to food 
safety.  
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The chicken TLR repertoire 
 
In the present study, we discovered the function of five orthologs of 
mammalian TLRs. All these TLRs were functional in a human cell back-
ground, but often displayed species-specificity with respect to their inter-
action with co-receptors or accessory molecules. For one chicken TLR 
(chTLR15), the function remains to be elucidated. A complete overview of 
the chicken TLR repertoire is depicted in Figure 1. 
 
The chicken TLR2 complex 
TLR2 orthologs have been identified in many species and supposedly can 
form functional heterodimeric complexes with TLR1 or TLR6. Our results 
revealed that cloning and expression of chicken TLR2 type 2 in human cells 
yields no functional receptor. Similarly, the presumed chTLR1/6/10-
ortholog of chicken, termed chTLR16, is not functional by itself. Combined 
expression of chTLR2t2 and chTLR16 however, induces a potent response 
towards different mammalian TLR2 ligands as assessed by the NF-κB 
luciferase reporter assay (Chapter 2). This response is unique compared to 
the mammalian TLR2 complex in that it does not discriminate between di-
and tri-acylated lipopeptides and thus combines the functions of the 
mammalian TLR2/6 and TLR2/1 heterodimers in a single TLR complex. 
These results have recently been confirmed by an other group (Higuchi et 
al. 2007). In contrast to our data, these authors reported that chTLR2 
type 1 also forms a functional TLR2 complex. This discrepancy may be re-
lated to the use of different host cell backgrounds (HEK293 vs HeLa 57A). 
The HEK293 cell line may express additional molecules needed for the 
chTLR2t1 mediated response, such as CD36. It has been shown that the 
sensing of some lipopeptides is dependent on CD36 (Hoebe et al. 2005). 
Whether chicken express a CD36-like molecule remains to be elucidated. In 
our hands, the chTLR2t2/chTLR16 response is strongly enhanced in the 
presence of the lipid scavenger CD14. This protein may facilitate binding of 
lipopeptides to the receptor complex, although the molecular details of 
this process are unknown.  
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Figure 1. The chicken TLR repertoire and signaling pathways. ChTLR2t2 in complex with 
chTLR16 responds to both di- and triacylated lipopeptides. ChTLR2t1 and chTLR1t2 recog-
nize peptidoglycan. ChTLR5 senses bacterial flagellin. The TLR4/MD-2 complex recognizes 
LPS. ChTLR21 is the receptor for CpG DNA and TLR3 recognizes dsRNA. The ligands of 
chTLR7 and the avian specific TLR15 are unknown. Signaling of all chTLRs, except chTLR3, 
are believed to make use of the adaptor molecule MyD88, resulting in the activation of NF-
κB and the subsequent production of inflammatory cytokines such as IL-8 and IL-1β. 
ChTLR3 (but not TLR4) mediated signaling leads to IRF3 activation dependent on TRIF, re-
sulting in the induction of IFNβ. 
 

Combined expression of chicken and mammalian components of 
the TLR2 complex revealed that the formation of the functional 
chTLR2t2/TLR16 complex is species-specific in contrast to the interaction 
between the corresponding human and murine receptors. This species-
specific interaction was successfully located on the central leucine rich re-
peat domain of chTLR16. This domain is not only responsible for the spe-
cies-specific interaction between the co-receptors, but also for the dual 
ligand  specificity  typical  for  the  chTLR2t2/TLR16  complex.  This is in line  
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with the observed ligand specificity for mammalian TLR1 and TLR6, where 
the ligand specificity for di- or tri-acylated lipopeptides is also dominated 
by the central leucine rich repeat domains (Omueti et al. 2005). 
 
The chicken TLR4/MD-2 complex 
Species-specific interaction in the formation of a functional TLR complex 
was also discovered for the TLR4/MD-2 proteins of chicken (Chapter 3). 
ChTLR4 only responds to LPS when co-transfected with chicken MD-2, but 
not mammalian MD-2. Conversely, mammalian TLR4 does not elicit an im-
mune response in the presence of chicken MD-2. This species-specific in-
teraction between TLR4 and MD-2 does not exist between the correspond-
ing human and mammalian proteins. Despite the species-specific interac-
tions, the chicken and murine TLR4/MD-2 complexes display the same LPS 
specificity. In contrast, murine and human TLR4 and MD-2, which are func-
tionally interchangeable, displayed a different LPS specificity. These unex-
pected data suggest that the changes in ligand specificity and the interac-
tion between the TLR4 and MD-2 can be independent features. 

 As observed for the chTLR2 complex, mammalian CD14 strongly 
enhances the chTLR4/chMD-2-mediated response to LPS. In the mammal-
ian species CD14 facilitates the transfer of LPS from the serum protein 
lipopolysaccharide binding protein (LBP) to the MD-2/TLR4 complex. CD14 
may exert a similar function in chicken although the CD14 ortholog in 
chicken has still not been identified. Our finding that CD14 of mammalian 
origin enhances the chicken TLR2t2/TLR16 as well as the mammalian TLR2 
response indicates that CD14 has a broad species-specificity.  

The mammalian TLR4/MD-2 receptor complex differs from all other 
TLRs in that it can activate two different intracellular signaling pathways, 
the MyD88/TIRAP pathway and the TRIF/TRAM pathway (Palsson-
McDermott et al. 2004; O'Neill et al. 2007). Activation of the MyD88/TIRAP 
pathway leads to early NF-κB activation and the production of pro-
inflammatory cytokines, whereas the TRIF/TRAM pathway results in late 
NF-κB activation and the activation of the transcription factor IRF3 that 
stimulates, among others, the production of type I interferons, including 
IFNβ. This cytokine is important in the development of endotoxic shock as 
indicated by the resistance of IFNβ knockout mice for LPS induced en-
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dotoxic shock (Karaghiosoff et al. 2003). Interestingly, we found that 
chicken immune cells do not respond to LPS with enhanced transcription of 
IFNβ although a response is detected with the chTLR3 agonist poly(I:C) 
(Chapter 3). One major difference between TLR4 and TLR3 signaling is the 
dependence of the LPS response on the intracellular adaptor protein TRAM 
that bridges TLR4 and TRIF. Inspection of the chicken genome for a TRAM 
ortholog suggests that the chicken may lack this protein, which may explain 
the lack of IFNβ transcription in response to LPS (Chapter 3) and the gen-
eral resistance of chicken to the toxic effects of LPS (Berczi et al. 1966; 
Adler et al. 1979; Iliev et al. 2005). In mammals, besides TRAM, CD14 and 
LBP have been implicated in the TRIF/TRAM mediated signaling pathway 
(Kato et al. 2004; Jiang et al. 2005). As noted, the presence of a CD14 
ortholog in chicken is still uncertain. Furthermore, chicken appear to lack 
LBP but do express bactericidal/permeability-increasing protein (BPI) which 
shares approximately 50% identity with mammalian LBP (Weiss 2003). 
However, in mammals BPI is a very potent inhibitor of endotoxin-mediated 
cell activation. Thus, it seems that chicken may lack multiple proteins re-
quired for LPS activation of the TRIF/TRAM signaling pathway. However, it 
cannot be excluded that chicken have evolved other, thus far unknown 
proteins with similar functions as mammalian LBP, CD14 and TRAM. Ex-
periments using chicken cells with a defined TLR repertoire in combination 
with chicken serum may aid to resolve this point. 

The relative resistance of chicken to the endotoxic effects of LPS re-
sembles observations in fish which are highly resistant to LPS (Iliev et al. 
2005). Most fish species may lack even more molecules of the LPS sensing 
system than chicken. LBP orthologs were identified in fish, but were later 
shown to be functionally related to the mammalian BPI proteins. Further-
more, CD14, MD-2, TLR4 and TRAM appear to be absent from the genomes 
of different fish species. The only important LPS signaling molecules that 
have been identified in both fish and chicken are the adaptor proteins 
MyD88, TIRAP and TRIF (Lynn et al. 2003; Wheaton et al. 2007). The appar-
ent differences in LPS sensing mechanisms between mammals and other 
vertebrates suggests that the LPS response and toxic effects of LPS as ob-
served in mammals has evolved relatively late in evolution.  
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Chicken TLR5 
Mammalian TLR5 responds to the presence of bacterial flagellin, the major 
subunit of the flagellum. This trait appears to be highly conserved among 
evolution as our results indicate that the TLR5 ortholog in chicken has a 
similar function (Chapter 4). Chicken and mammalian TLR5 conferred simi-
lar NF-κB activation when stimulated with flagellin from S. Enteritidis. For 
flagellin of S. Typhimurium, a difference in response between chTLR5 and 
human and murine TLR5 was detected. This species-specificity in ligand 
recognition was lost when the flagellin protein was mutated at position 
Q89. This amino acid residue is located in the conserved domain of flagellin 
that has been mapped as the mammalian TLR5 recognition site (Smith et 
al. 2003). This may indicate that chicken TLR5 recognizes the same domain 
on the flagellin protein as mammalian TLR5. The apparent conservation of 
the TLR5 receptor binding domain may be related to the importance of this 
domain for the assembly of the flagellin subunits into a flagellum. It can be 
imagined that changes in this part of the flagellin to escape recognition by 
TLR5 results in loss of flagellum formation and thus of bacterial virulence, 
which may be of major disadvantage to the bacterium. Some bacterial spe-
cies have developed flagellins that successfully evade the TLR5 response 
(Andersen-Nissen et al. 2005). Whether these species have evolved alter-
native mechanisms of flagella assembly awaits future investigation. 

  
Chicken TLR21 
CpG DNA is the ligand for mammalian TLR9 (Hemmi et al. 2000). Chicken 
cells respond to CpG DNA but no TLR9 ortholog appears to be present in 
the chicken (Vleugels et al. 2002; He et al. 2003; Xie et al. 2003; He et al. 
2006). We discovered that the chTLR21 acts as innate receptor for CpG 
DNA (Chapter 5). Interestingly, chTLR21 does not discriminate between dif-
ferent CpG DNA motifs, in contrast to what has been reported for human 
and mouse TLR9 that preferentially recognize the GTCGTT DNA motif (CpG 
ODN 2006) and the GACGTT motif (CpG ODN 1826), respectively (Bauer et 
al. 2001). The basis for the broader ligand specificity of chTLR21 is un-
known. Our finding that the activation of chTLR21 is only partially blocked 
by chloroquine in contrast to the TLR9 response may indicate that at least a 
part of the chTLR21 receptors is localized at the cell surface. Ligand speci-
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ficity of TLR9 has been attributed to the uptake of CpG DNA and thus may 
vary with the localization of the receptors (Heeg et al. 2008). Ultimate 
proof that chTLR21 is localized at the cell surface may be obtained via the 
development of specific antisera or the use of recombinant-tagged recep-
tors. Additionally, the construction of chimeras between chTLR21 and 
mammalian TLR9 in combination with functional and localization studies 
may unravel the role of the cellular trafficking of the receptors in the dif-
ferent specificity of the receptors and provide information about the ex-
tracellular receptor domains that likely determine the ligand specificity.  

In the mammalian species the differential recognition of distinct 
CpG DNA motifs by TLR9 influences the production of type I interferons by 
the cells (Verthelyi et al. 2001). The A/D type of CpG DNA, that has a phos-
phodiester backbone, predominantly induces the production of antiviral 
cytokines such as type I interferons, in contrast to the B/K type of CpG DNA 
which is more active in stimulating IL-8 production (Kerkmann et al. 2003). 
In the present study, only the activities of CpG ODNs of the B/K type were 
tested with NF-κB luciferase as a read out system. Determination of the ef-
fects of other types of CpG DNA i.e. the A/D type, and with e.g. IFNβ pro-
duction in stead of NF-κB as a functional parameter will further elucidate 
the function of chTLR21. These experiments are also of interest from the 
perspective of the apparent relationship in mammals between the intracel-
lular location of the TLRs and their ability to activate type I interferons as 
only TLR3, TLR7-9 (Ahmad-Nejad et al. 2002; Nishiya et al. 2004) and the in-
ternalized TLR4/MD-2 complex (Kagan et al. 2008; Tanimura et al. 2008) 
appear to cause the production of type I interferons.  
 
TLR evolution 
 
The successful elucidation of the function of the different chicken TLRs al-
lows a more robust glimpse of the evolution of TLRs. As mentioned in the 
Introduction of this thesis (Chapter 1), TLRs have been identified in a vari-
ety of species, including insects, fish, amphibians, birds and mammals 
(Roach et al. 2005) and are often classified on the basis of protein se-
quence similarity. For example, chicken TLR16 (also called chTLR1t1), 
chTLR1t2, chTLR2t1 and chTLR2t2 were all grouped in the TLR2 subfamily 
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on the basis of sequence homology. Our functional studies supports the 
classification of chTLR2 and chTLR16 in the TLR2 family. Similarly, the dem-
onstrated functions of chTLR3, chTLR4 and chTLR5 substantiate their posi-
tion in the evolutionary tree. ChTLR21 is considered to belong to TLR11 
subfamily (Roach et al. 2005). This family comprises murine TLR11-13 and 
the TLR21-23 family identified in fish and frog. The ligands and function of 
these receptors are unknown with the exception of mTLR11, which recog-
nizes profilin from the parasite Taxoplasma gondii (Zhang et al. 2004; 
Yarovinsky et al. 2005). The positioning of chTLR21 in the TLR11 subfamily 
might suggest that chTLR21 may respond to similar types of ligands. How-
ever, we provide evidence that chTLR21 responds to CpG DNA, and thus is 
functionally more related to mammalian TLR9. As chTLR21 is most related 
to mTLR13, it cannot be excluded that this receptor recognizes nucleotide 
motifs. In support of this hypothesis, TLR13 binds the multi-
transmembrane-domain containing protein UNC93B1 that delivers nucleo-
tide-sensing TLRs (i.e. TLR7 and TLR9) to the endo/lysosomes (Brinkmann 
et al. 2007; Kim et al. 2008). Clearly, functional studies should be per-
formed to elucidate the role of mTLR13, but comparative studies may give 
away important clues about the functions of TLRs in other species. 

The avian specific TLR15, which was not studied in this thesis, is 
grouped in the TLR2 subfamily that senses lipoproteins (Higgs et al. 2006). 
Also grouped in this family are the later identified takifugu rubripes TLR14 
and lamprey TLR14a and TLR14b (Ishii et al. 2007). Attempts to identify 
lipoproteins as receptors for lamprey TLR14 either alone or as a co-
receptor of TLR2 have not been successful. Of interest is that laTLR14 was 
localized mainly intracellular and showed a weak activation of the IFNβ 
promoter (Ishii et al. 2007), which are clearly not characteristics of the 
members of the TLR2 family. These findings along with those of chTLR21 
indicate that the grouping of avian TLR15 in the TLR2 family may be prema-
ture from a functional point of view.  

Our results indicate that, despite several unique features, the type 
of ligands that is sensed by the various TLRs of chicken grossly resembles 
that of the mammalian species. This suggests that the evolution of TLRs is 
under high selective pressure and likely dominated by the recognition of 
conserved ligands that are crucial for the pathogens survival. As noted 
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above, TLR5 senses a domain of bacterial flagellin that is important for fla-
gellum assembly and thus for bacterial survival. However, TLRs and patho-
gens appear in a constant fight. This co-evolution is illustrated by S. Gallina-
rum that lacks flagella that activate TLR5 and that causes a more acute sys-
temic infection compared to flagellated Salmonellae, such as S. Enteritidis 
and S. Typhimurium (Kaiser et al. 2000). Similarly, the bacterial pathogens 
S. Typhi and N. meningitidis are able to evade TLR4 recognition due to the 
presence of a capsule (Kocabas et al. 2007; Wilson et al. 2008). A different 
evolutionary strategy to evade the innate host defense is the inhibition of 
TLR mediated responses via the secretion by E. coli and Brucella melitensis 
of TIR domain containing-proteins (Tcps) that structurally resemble the TIR 
domains of TLRs and its adaptor proteins (Cirl et al. 2008). Thus although 
the sensing by TLRs of conserved bacterial factors that are important for 
virulence has shown its success during evolution, the system remains under 
continuous evolutionary pressure of encountered microorganisms and this 
may explain the noted differences in ligand specificities of related TLRs in 
the different species including chicken.  
 
Function of TLRs in the innate host defense of chicken  
 
As in other species, TLRs are widely expressed in chicken tissues, including 
the intestine (Iqbal et al. 2005). Although the role of the chicken TLRs in 
vivo has not been not investigated in this thesis, the elucidation of their 
ligand specificity and function for the first time paves the way for rational 
use of TLRs to strengthen the immune response against bacterial patho-
gens. A straight forward application is the development of TLR agonist-
based adjuvants that positively direct the immune response against vaccine 
antigens. However, it should be realized that the biology of TLRs in vivo 
may be more complicated than when the TLRs are expressed in a human 
cell line. Several issues should be taken into consideration when investigat-
ing the role of the TLRs in vivo. When a pathogen enters the host, multiple 
TLRs are engaged that induce a different pattern of gene expression that 
contribute to the inflammatory response. Also, the level of TLR expression 
may lead to differences in pathogen susceptibility (Dil et al. 2002; Dil et al. 
2002). Furthermore, cross-regulation of the TLR gene expression may influ-
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ence the inflammatory and immune response (van Aubel et al. 2007). Ex-
pression of TLRs is highly dynamic and upregulation of one TLR may result 
in the downregulation of other TLRs. In the avian species, S. Typhimurium 
infection results in upregulation of TLR15 and TLR2 in the intestine (Higgs 
et al. 2006). Finally, gene polymorphisms in TLR, signaling or effector mole-
cules may lead to different susceptibility of animals to infection and differ-
ent immune responses. Thus much more in vivo studies using different 
breeds of animals are needed to fully explore the potential of manipulation 
of the innate immune response to our advantage.  
 One strategy to evaluate the function of TLRs in chicken is to use 
bacterial mutants that lack the specific TLR ligands. An indication of the 
importance of chTLR5 in the host defense against Salmonella, for example, 
was obtained by using a S. Typhimurium mutant devoid of flagellin. Thus 
mutant displayed an enhanced ability to establish systemic infection (Iqbal 
et al. 2005). Similarly, the nonflagellated S. Gallinarum, which cannot acti-
vate TLR5, hardly induced an immune response compared to S. Enteritidis 
and S. Typhimurium, which may explain why S. Gallinarum spreads to the 
systemic organs, causing severe systemic disease in chicken, while S. En-
teritidis and S. Typhimurium mainly remain located in the gut (Kaiser et al. 
2000). 

Additional information about the function of chicken TLRs in vivo 
can be obtained using breeds that display natural gene polymorphisms. 
Polymorphisms in the TLR4 gene and the MD-2 gene have been linked to 
susceptibility and/or resistance to a Salmonella infection in chicken 
(Leveque et al. 2003; Malek et al. 2004), although this could not be con-
firmed in vitro with the use of genetically defined recombinant TLR4 recep-
tors (Chapter 3). Despite the limitations of linkage studies, more genetic 
screening of the TLR repertoire in different chicken breeds in combination 
with assessment of administration of defined TLR agonists may provide 
valuable knowledge about the function of TLRs in vivo. This approach may 
also resolve whether, as our data suggest, chicken lack a functional 
TRIF/TRAM-like signaling pathway and whether adjuvants used in mam-
mals are functional in chicken. This particularly holds for the LPS derivative 
monophosphoryl lipid A (MPL) which is used as an adjuvant in vaccines 
against papilloma virus and hepatitis B (Persing et al. 2002; Kanzler et al. 
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2007). MPL is considered to predominantly activate the MyD88-
independent pathway, resulting in the production of antiviral cytokines, 
such as IFNβ (Mata-Haro et al. 2007). Potential valuable adjuvants in 
chicken are CpG DNA (He et al. 2007) and bacterial flagellin (Genovese et 
al. 2007). 

 
Concluding remarks 
 
The successful molecular dissection of the chicken TLR repertoire as de-
scribed in this thesis can be considered a milestone in the unraveling of the 
innate immune system of chicken. In addition it provides valuable, novel 
insights in the evolution of the vertebrate immune system. The chicken TLR 
system has several unique properties both at the level of ligand specificity, 
the formation of TLR receptor complexes, and activated TLR signaling 
pathways. This knowledge opens novel opportunities for rational design of 
the much needed vaccines against major bacterial foodborne pathogens, 
thus contributing to food safety. 
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Het immuunsysteem 
 
Een belangrijke taak van het immuunsysteem is om ziekteverwekkers (pa-
thogenen), zoals bacteriën, virussen en parasieten op te ruimen. Hiertoe 
heeft het de beschikking over een specifiek afweersysteem dat zorgt voor 
immuniteit nadat een pathogeen eenmaal de gastheer is binnengedrongen 
en voorkomt dat hetzelfde pathogeen opnieuw een infectie kan veroorza-
ken. Voor de eerste bescherming na contact met een pathogeen is het niet-
specifieke (aangeboren) afweersysteem van groot belang. Dit systeem be-
rust op het vroegtijdig herkennen van de aanwezigheid van pathogenen 
door sensoren (zgn. pattern recognition receptors, PRRs) aanwezig op de 
gastheercellen. Het activeren van deze receptoren leidt tot de productie 
van antimicrobiële peptiden, chemokinen en cytokinen die een belangrijke 
rol spelen in het opruimen van het pathogeen en het in gang zetten van het 
specifieke afweersysteem.  
 
Toll-like receptoren 
 
Een belangrijke groep van PRRs zijn de Toll-like receptoren (TLRs). Deze 
sensoren reageren op de bestanddelen van pathogenen die in de loop van 
de evolutie vrij constant zijn gebleven, de zogenaamde ‘pathogeen geasso-
cieerde moleculaire patronen’ (PAMPs). Voorbeelden van PAMPs die wor-
den herkend door verschillende TLRs zijn lipopeptides, lipopolysaccharide, 
flagelline, en viraal en bacterieel RNA en DNA. Alle TLRs bestaan uit extra-
cellular ‘Leucine Rich Repeat’ (LRR) domein, één transmembraan domein, 
en een intracellulair Toll/IL-1 Receptor (TIR) domein (Figuur 1 van Hoofd-
stuk 1). Het LRR domein, dat bestaat uit 19-27 herhalingen van min of 
meer dezelfde reeks van 24 aminozuren, is verantwoordelijk voor de her-
kenning van de verschillende PAMPs. Door binding van de PAMPs aan de 
TLR, verandert de TLR waarschijnlijk van conformatie. Door deze conforma-
tieverandering wordt het intracellulaire TIR domein in staat gesteld om als 
platform te fungeren voor het rekruteren van adapter moleculen die uit-
eindelijk zorgdragen voor het starten van de afweerreactie in de cel. 

De TLRs zijn vernoemd naar het Toll eiwit van Drosophila melano-
gaster. Dit eiwit speelt een belangrijke rol in de afweer van de fruitvlieg te-
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gen een schimmelinfectie. TLRs zijn aanwezig in insecten, amfibieën, vis-
sen, vogels en zoogdieren en lijken qua structuur en functie in de loop van 
de evolutie weinig veranderd. De mens heeft 10 verschillende TLRs, hTLR1-
10. Bij de muis zijn 12 TLRs gevonden, mTLR1-9 en mTLR11-13. De TLRs 
worden onderverdeeld in verschillende families op grond van onderlinge 
homologie, ligand specificiteit, functie, en lokalisatie in de cel (Figuur 3 van 
Hoofdstuk 1). Zo bestaat de zgn. TLR2 familie uit TLR1, TLR2, TLR6 en 
TLR10. TLR2 vormt samen met TLR1 of TLR6 een dimeer en deze com-
plexen herkennen bacteriële eiwitten met drie of twee vetzuurgroepen, 
respectievelijk. De functie van TLR10 is tot nu toe nog onbekend. TLR3, 
TLR4 en TLR5 vormen aparte families. TLR3 bindt viraal dubbelstrengs RNA. 
TLR4 herkent, samen met het MD-2 eiwit, lipopolysaccharide (LPS). TLR5 is 
de receptor voor bacterieel flagelline. De TLR7 familie bestaat uit TLR7, 
TLR8 en TLR9. TLR7 en TLR8 herkennen viraal enkelstrengs RNA en synthe-
tische imidazoquinolines, die een anti-virale werking hebben. Bacterieel en 
viraal DNA wordt herkend door TLR9 (zie ook Figuur 2 van Hoofdstuk 1). 
Sommige van deze TLRs zijn op het cel oppervlak aanwezig (TLR1, TLR2, 
TLR4, TLR5 en TLR6), terwijl andere TLRs (TLR3, TLR7, TLR8 en TLR9) voor-
komen in de membranen van bepaalde cel organellen, zoals het endoplas-
matisch reticulum (ER), endosomen en lysosomen. Vanwege hun lokatie, 
worden TLR3, TLR7, TLR8 en TLR9 ook wel beschouwd als de intracellulaire 
TLRs. Als laatste is er de TLR11 familie, die bestaat uit TLR11-TLR13 en 
TLR19-23. De TLR11 familie is niet aanwezig in de mens. TLR19-23 zijn ge-
vonden in vogels, vissen, en amfibieën, en niet in zoogdieren. Van de TLR11 
familie is alleen de functie van TLR11 bekend. Deze receptor reageert op 
uropathogene bacteriën en op een profilin-like eiwit van Taxoplasma gon-
dii.  

Tussen TLRs die behoren tot eenzelfde familie kunnen belangrijke 
diersoort-specifieke verschillen bestaan in specificiteit van de sensor en in 
het uiteindelijke effect van activatie van de receptor. Deze verschillen kun-
nen bijdragen aan het verschil in ontvankelijkheid en verloop van een in-
fectie tussen de verschillende soorten. Daarnaast is ontdekt dat kleine ge-
netische verschillen (polymorfismen) in TLRs tussen individuen van dezelf-
de diersoort de gevoeligheid voor een infectie kunnen bepalen. 
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Toll-like receptor signalering 
 
Na stimulatie van de TLRs door de verschillende PAMPs worden er meerde-
re adapter moleculen (MyD88, TRIF, TRAM) naar het TIR domein van de 
TLR gerekruteerd, waarna twee verschillende routes kunnen worden geac-
tiveerd, de MyD88-afhankelijke en de MyD88-onafhankelijke route (Figuur 
2 van Hoofdstuk 1). TLR2/1, TLR2/6, TLR5, TLR7, TLR8 en TLR9 activeren de 
MyD88-afhankelijke route. Dit resulteert uiteindelijk in de activatie van de 
transcriptie factor NF-κB die de cel aanzet tot de productie van bepaalde 
chemokinen en cytokinen zoals IL-8 en IL-1β. TLR3 maakt gebruik van het 
adapter molecuul TRIF, dat leidt tot activatie van IRF3 en uiteindelijk tot de 
productie van (onder andere) IFNβ. Stimulatie van TLR4/MD-2 resulteert in 
activatie van zowel de MyD88 als de TRIF/TRAM route en de productie van 
de bijbehorende cytokines. Stimulatie van TLR7, TLR8 en TLR9 induceert 
ook productie van IFNβ. Dit effect wordt gemedieerd door activatie van de 
transcriptiefactoren IRF1, IRF5 en IRF7. Productie van IFNβ is waarschijnlijk 
gekoppeld aan de locatie van de TLRs. De intracellulaire TLRs, (TLR3, TLR7, 
TLR8 en TLR9), zijn allen in staat tot het produceren van IFNβ. TLR4 wordt 
waarschijnlijk na stimulatie met LPS met behulp van TRAM getransporteerd 
naar de endosomen/lysosomen, om vervolgens in de cel te zorgen voor 
IFNβ productie. 
 
Het aangeboren immuunsysteem van de kip 
 
Pathogenen zoals Salmonella en Campylobacter zijn een groot probleem 
voor de volksgezondheid. Een van de belangrijkste oorzaken van een Sal-
monella of Campylobacter infectie is het consumeren van besmette kip-
penproducten. Salmonella veroorzaakt niet alleen bij de mens een infectie, 
maar ook kippen kunnen geïnfecteerd worden door bepaalde Salmonella 
stammen. Jonge kippen zijn een stuk gevoeliger voor een Salmonella infec-
tie dan oudere kippen. Oudere kippen kunnen wel geïnfecteerd zijn met 
Salmonella maar vertonen vaak weinig of geen ziekteverschijnselen. Sal-
monella activeert zowel het aangeboren als het verworven immuunsys-
teem van de kip, maar wat precies de bijdrage is van het aangeboren im-
muunsysteem in het uitroeien van de bacteriën is niet bekend. Gedetail-
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leerd onderzoek naar het aangeboren immuunsysteem is van belang voor 
het ontwikkelen van nieuwe adjuvants die de immunologische reactie kun-
nen versterken om zo kippen te kunnen beschermen tegen Salmonella en 
Campylobacter.  
 Veel onderzoek naar receptoren van het aangeboren immuunsys-
teem van de kip, zoals de TLRs, is tot op heden nog niet gedaan. Door de 
publicatie in 2004 van de DNA volgorde van het genoom van de kip, werd 
het mogelijk een voorspelling te doen over de aanwezigheid van TLRs in de 
kip. Thans wordt vermoed dat de kip 10 verschillende TLRs (chTLRs) heeft. 
Twee van deze TLRs (ook wel chTLR1 type 1 en type 2 genoemd) vertonen 
homologie met hTLR1, hTLR6 en hTLR10. Daarnaast zijn gevonden chTLR2 
type 1 en type 2, chTLR3, chTLR4, chTLR5, chTLR7, chTLR15 en chTLR21. 
Van de meeste van deze chTLRs is de functie nog onbekend. Wel hebben 
genetische studies aangetoond dat polymorfismen in het tlr4 gen en het 
md-2 gen gerelateerd kunnen worden aan de gevoeligheid voor Salmonella 
infectie. 
 
Doel van het onderzoek 
 
Toll-like receptoren spelen een belangrijke rol in de activatie van het aan-
geboren immuunsysteem en ook in de ontwikkeling van het verworven 
immuunsysteem. Ook al zijn de TLRs zeer geconserveerd in verschillende 
diersoorten, de functies van de TLRs zijn variabel en onvoorspelbaar en 
soort- en ligand-specifieke verschillen zijn aanwezig. Het doel van het on-
derzoek beschreven in dit proefschrift is om het TLR repertoire van de kip 
te analyseren. Hiervoor wordt gebruik gemaakt van een directe aanpak 
door de kippen TLRs te kloneren en tot expressie te brengen in een huma-
ne cellijn, die negatief is voor humane TLRs. De functie van de kippen TLRs 
wordt bepaald en vergeleken met de humane en muizen TLRs om soort- en 
ligand-specificiteit te kunnen identificeren. In veel experimenten wordt ge-
bruik gemaakt van componenten van Salmonella, vanwege de achterlig-
gende gedachte dat TLR liganden kunnen worden gebruikt als adjuvants in 
vaccins om pathogenen, zoals Salmonella, te kunnen bestrijden. 
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Het TLR repertoire van de kip 
 
Het kippen TLR2 complex 
TLR2 van mens en muis vormt een complex met TLR1 of TLR6. Deze recep-
tor dimeren herkennen lipoproteinen met respectievelijk drie (bijv. 
Pam3CSK4) of twee (bijv. FSL-1) acylgroepen. De kip heeft twee verschillen-
de TLR2s, type 1 en type 2, en één TLR die homoloog is aan TLR1/6/10. Van 
deze TLR, chTLR16, is de functie nog niet bekend. In Hoofdstuk 2 beschrij-
ven wij dat de receptor combinatie van chTLR2 type 2 en chTLR16 geacti-
veerd wordt door zowel Pam3CSK4 als FSL-1. Onder dezelfde omstandighe-
den vertoonde het humane TLR2/TLR1 en TLR2/TLR6 complex de bekenden 
specificiteit voor respectievelijk tri- en diacylpeptiden. Dit wijst erop dat de 
TLR16 van de kip een dubbele functie heeft, nl. die van humaan TLR1 en 
TLR6. Stimulatie van cellen die de combinatie van hTLR2/chTLR16 tot ex-
pressie brengen met Pam3CSK4 en FSL-1 gaf geen activatie van NF-κB. Dit 
betekent dat ondanks dat deze receptoren hetzelfde ligand herkennen, de 
vorming van het receptorcomplex uiterst soortspecifiek is. Om de oorzaak 
van de ligand- en soortspecifiteit te achterhalen werden verschillende do-
meinen van chTLR16 en hTLR6 uitgewisseld. Dit toonde aan dat hTLR6 met 
de regio LRR6-16 van chTLR16 een functioneel complex kon vormen met 
chTLR2 type 2 dat bovendien reageerde op zowel Pam3CSK4 als FSL-1. Dit 
betekent dat het centrale deel van het LRR domein een belangrijke rol 
speelt in zowel de ligand-specificiteit van het TLR2 complex als de soort-
specifieke interactie van TLR2 met de co-receptoren. 
 
Het kippen TLR4/MD-2 complex 
Zoogdieren herkennen bacterieel LPS via het TLR4/MD-2 complex. Bij over-
stimulatie van dit receptor complex kunnen zij septische shock ontwikke-
len. Kippen, daarentegen, zijn veel resistenter tegen LPS-geïnduceerde sep-
tische shock. In Hoofdstuk 3 laten wij zien dat kippen, net als zoogdieren, 
ook reageren op LPS via het chTLR4/MD-2 complex. In tegenstelling tot wat 
eerder is gesuggereerd werd LPS niet herkend door chTLR2 type 2. Bestu-
dering van de interactie tussen chTLR4 en chMD-2 en dezelfde moleculen 
van zoogdieren (mens en muis) toonde aan dat de vorming van het recep-
tor complex uiterst soort specifiek is, net als wat was gevonden voor TLR2 
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en TLR16 (Hoofdstuk 2). ChTLR4 is niet in staat om samen met hMD-2 of 
mMD-2 een functioneel complex te vormen dat, na stimulatie met LPS, in 
staat is NF-κB te activeren. Aangezien het TLR4/MD-2 complex van mens 
en muis verschillen vertonen in het herkennen van bepaalde soorten LPS, 
werd ook de specificiteit van chTLR4/chMD-2 complex bepaald. De LPS-
specificiteit van het chTLR4 complex kwam meer overeen met die van 
mTLR4/MD-2 dan hTLR4/MD-2.  
 De TLR4-gemedieerde signalering vindt in zoogdieren plaats via de 
MyD88-afhankelijke en onafhankelijke route. In de onafhankelijke route 
speelt de productie van IFNβ een belangrijke rol. Muizen die niet meer in 
staat zijn om IFNβ te produceren zijn meer resistent tegen septische shock 
dan wildtype muizen. Blootstelling van een kippen macrofagen cellijn 
(HD11) en vers uit de kip geïsoleerde leukocyten aan LPS resulteerde niet in 
inductie van IFNβ, terwijl het TLR3 ligand polyI:C wel in staat was om de 
transcriptie van IFNβ te induceren. Deze resultaten suggereren dat de kip 
wel een functionele TRIF route, maar niet de LPS-specifieke TRIF/TRAM 
route bezit. Dit kan verklaren waarom de kip meer resistent is tegen LPS 
dan zoogdieren. 
 
Kippen TLR5 
In zoogdieren wordt flagelline van verschillende soorten bacteriën herkend 
door TLR5. Echter zijn er recentelijk ook intracellulaire receptoren geïdenti-
ficeerd die ook bacterieel flagelline kunnen herkennen. Aangezien het kip-
pen TLR repertoire aanzienlijk anders is dan het TLR repertoire van zoog-
dieren, was direct bewijs van het bestaan van een functioneel chTLR5 be-
langrijk. In Hoofdstuk 4 hebben wij chTLR5 gekloneerd en tot expressie ge-
bracht in de humane cellijn, HeLa 57A. Stimulatie van deze cellen met Sal-
monella enterica serovar Enteritidis resulteerde in NF-κB activatie, terwijl 
een Salmonella zonder flagel (door het muteren van het flagelline eiwit) 
niet in staat was om NF-κB te activeren in deze cellen. Blootstelling van 
chTLR5 positieve cellen met opgezuiverd recombinant flagelline eiwit leid-
de ook tot activatie van NF-κB. Door gericht een mutatie aan te brengen in 
het TIR domein van chTLR5, was de receptor niet meer in staat om NF-κB te 
activeren, wat nogmaals bevestigde dat de gemeten response afhankelijk 
was van chTLR5. Om de  ligand-specificiteit van chTLR5 te  analyseren werd 
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de functie van chTLR5 vergeleken met de functies van humaan en muis 
TLR5. Alle drie de receptoren reageerden even goed op flagelline van Sal-
monella Enteritidis, maar flagelline van Salmonella Typhimurium was meer 
potent in cellen met chTLR5 en mTLR5, dan in cellen die hTLR5 tot expres-
sie brachten. Deze soort-specifieke response was niet meer aanwezig na 
het aanbrengen van gerichte mutatie (Q89A) in het flagelline van S. Typhi-
murium. Deze resultaten laten duidelijk zien dat de kip in het bezit is van 
een functioneel TLR5. Verder kunnen de soort-specifieke verschillen in li-
gand herkenning bijdragen aan de gevoeligheid voor een Salmonella infec-
tie.  
 
Kippen TLR21 
De functie van TLR21 van de kip is met name interessant omdat zoogdieren 
niet in het bezit zijn van een TLR21 homoloog. Alleen vissen en kikkers 
hebben mogelijk een TLR21-achtige receptor. Het aan chTLR21 meest ver-
wante eiwit in zoogdieren is TLR13 van de muis (∼47% gelijkenis op amino-
zuur niveau). Het ligand van TLR21 en ook van mTLR13 is tot nu toe nog 
onbekend. In Hoofdstuk 5 bewijzen wij dat chTLR21 reageert op CpG DNA, 
het ligand wat in zoogdieren TLR9 activeert. In de kip is tot nu toe geen ei-
wit met een sterke verwantschap aan TLR9 gevonden. Opmerkelijk is dat 
chTLR21 dezelfde functie lijkt te hebben als TLR9 van zoogdieren, terwijl op 
aminozuur niveau weinig verwantschap tussen beide receptoren bestaat. 
 Humaan en muis TLR9 reageren verschillend op bepaalde CpG DNA 
motieven. hTLR9 heeft voorkeur voor het GTCGTT motief en mTLR9 rea-
geert beter op het GACGTT motief. Kippen TLR21 daarentegen reageerde 
op beide soorten CpG DNA even goed, en ook bacterieel DNA van Salmo-
nella Enteritidis gaf een goede NF-κB activatie (Hoofdstuk 5). Deze brede 
ligand specificiteit van TLR21 is mogelijk gerelateerd aan de lokalisatie van 
de receptor. TLR9 komt tot expressie intracellulair in endoso-
men/lysosomen en de hTLR9-gemedieerde response kan volledig geblok-
keerd worden door chloroquine, een stofje dat de endosomale maturatie 
kan remmen. De response van chTLR21 daarentegen, werd maar gedeelte-
lijk geremd door chloroquine, wat suggereert dat chTLR21 wellicht een an-
dere lokalisatie heeft dan TLR9. Verdere studies zullen moeten uitwijzen of 
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TLR21 inderdaad een verschillende lokalisatie heeft vergeleken met TLR9 
en of dit gerelateerd is aan de ligand-specificiteit. 
 
Conclusie 
 
De succesvolle moleculaire ontleding van het TLR repertoire van de kip zo-
als beschreven in dit proefschrift is een belangrijke bijdrage aan het ontra-
felen van het aangeboren immuunsysteem van de kip. Verder levert het 
aanzienlijk nieuw inzichten in de evolutie van het immuunsysteem van de 
gewervelde dieren. Het kippen TLR systeem heeft verscheidene unieke ei-
genschappen, zowel wat betreft de ligand-specificiteit, de formatie van TLR 
receptor complexen, als de geactiveerde signalering routes. In Hoofdstuk 6 
worden de resultaten van de diverse hoofdstukken samengevat en bedis-
cussieerd, en wordt een compleet overzicht gegeven van het TLR repertoi-
re van de kip. De kennis beschreven in de proefschrift kan gebruikt worden 
in het ontwikkelen van nieuwe vaccins tegen bacteriële pathogenen. Het 
bestrijden van pathogenen, zoals Salmonella, aanwezig in kippen zal ver-
volgens bijdragen aan de voedselveiligheid. 
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Na een lange periode van hard werken, hier dan eindelijk het eindresultaat 
in de vorm van een proefschrift. Bij het tot stand komen van dit proef-
schrift hebben veel mensen bijgedragen en die wil ik dan ook op deze plek 
bedanken. Hoogstwaarschijnlijk is het dankwoord het meest- en eerst gele-
zen gedeelte van het hele proefschrift, en dat moet ik nu één dag voor het 
proefschrift naar de drukker moet, nog gaan schrijven. (Gelukkig ben ik op 
mijn best als de druk hoog is…). Hier gaan we dan. 
Allereerst wil ik mijn promotor Jos van Putten bedanken. Jos, bedankt dat 
je mij gevormd hebt tot een zelfstandige onderzoeker. In de eerste paar 
jaar stelde je tijdens onze wekelijkse werkbesprekingen altijd precies die 
vragen die mij de juiste richting opstuurden. Hierdoor leerde je mij zelf-
standig nadenken, en gaf je mij de vrijheid mijn ideeën te kunnen uitvoeren 
in het lab. Ook wist jij op de momenten dat het even tegenzat, mij toch 
weer zo te motiveren dat ik weer vol enthousiasme en energie het lab in-
ging. Heel erg bedankt voor je goede begeleiding, wat tot dit mooie proef-
schrift heeft geleid. 
Mijn andere promotor, Jaap Wagenaar, wil ik ook bedanken voor alle vrij-
heid die ik gekregen heb ☺! Bedankt voor je betrokkenheid en eeuwige en-
thousiasme. Met jou is het altijd gezellig! 
Wim Gaastra, eigenlijk heb ik aan jou deze AIO positie te danken gehad. Ik 
had bij jou geïnformeerd over de mogelijkheden voor een AIO positie, en 
na een sollicitatie gesprek met jou en Jos was het allemaal snel geregeld! 
Dus heel erg bedankt! 
Verder wil ik mijn collega’s, Nancy, Marc, Linda, Liana en Andreas, hartelijk 
danken voor alle gezelligheid en ideeën en suggesties tijdens de wekelijkse 
werkbesprekingen. In het bijzonder wil ik nog noemen; Rémon, bedankt 
dat ik af en toe van je geweldige zangkunsten heb mogen genieten! Ook wil 
ik je bedanken voor al je goede tips en uiteraard voor de mooie plaatjes die 
je hebt gemaakt. 
Lieke, vijf en een half jaar lang ben ik ‘jouw grote voorbeeld’ geweest, maar 
het laatste half jaar was jij mijn voorbeeld! Heel veel succes en plezier in 
het koude Canada. Ik zal aan je denken vanuit een zonnig en warm Califor-
nië! Andries, bedankt voor alle leuke discussies en weddenschappen over 
voetbal. En uiteraard ook alle baby gesprekken. Veel succes met je promo-
tieonderzoek, misschien lukt het jou wel in vier jaar…! Ik wacht trouwens 
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nog steeds op die taart! Zorica, jij ook bedankt voor alle gezelligheid! We 
hebben veel onvergetelijke avondjes gehad…! En het weekend naar Valen-
cia, met Marcel en Lieke, zal ik ook nooit vergeten. Ook heel veel succes 
met je promotieonderzoek! Jou lukt het wel in vier jaar…! Verder wil ik alle 
studenten die de afgelopen jaren zijn gekomen en gegaan bedanken voor 
de prettige sfeer op het lab. Niels en Martijn, bedankt voor jullie bijdrage 
aan mijn onderzoek!  
Dan zijn er nog de oud-collega’s, Nina, Stéphanie, Niwat en An die ik wil 
bedanken, en met name Irena van wie ik in de beginperiode veel heb ge-
leerd. En de (oud)-collega’s aan de andere kant van de gang, Frans, Ard, 
Frits, Erik en Mila.  Lea, Niels, Rolf, Deborah, Mirjam en Esther, en iedereen 
van het VMDC wil ik bedanken voor de gezelligheid tijdens de koffiepauzes 
en sportdagen. 
Verder wil ik nog wat mensen noemen met wie ik direct of indirect heb 
samengewerkt. Van de Adaptatie & Weerstand groep; Michiel van Boven, 
Ellen van Eerden, Bas Kemp, Henk Parmentier, Henry van den Brand en 
Mart de Jong. Pieter Houba die mij in Lelystad heeft geholpen met de eer-
ste poging tot het identificeren van kippen TLRs. En Twan van Gerwe, be-
dankt voor al die keren dat ik weer eens kippenbloed nodig had, en jij dat 
meteen ging aftappen! Anton van Woerkom wil ik bedanken voor alle goe-
de tips tijdens het maken van de layout van dit proefschrift. 
Natuurlijk gaat er ook een bedankje uit naar al mijn vrienden, voor al hun 
steun, interesse in mijn onderzoek en uiteraard voor alle gezelligheid en 
ontspanning (volleybal, korfbal, sauna, stappen, weekendjes weg, etc. etc.). 
Dan zijn er nog een paar mensen die ik niet genoemd heb. Te beginnen met 
mijn paranimf, goede vriend, en mede AIO, Marcel. Zonder jouw bijdrage 
was het nooit zo’n mooi proefschrift geworden! ‘Ons lab’ is toch lekker het 
gezelligst van allemaal! Mede dankzij de vele vreugdedansjes en ons zang-
talent (mag ik dat wel vertellen…?). Het was/is geweldig om met je samen 
te werken, en te publiceren! Wie weet volgen er nog wel meer publicaties 
van ons samen! En bedankt voor alle avondjes in de Basket, als ik weer 
eens niet wist wat ik moest koken…! 
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Mijn andere paranimf, en zusje, Nynke. Bedankt voor alle heerlijke vakan-
ties, met name naar Amerika. Hierdoor kon ik me weer opladen om er ver-
volgens weer hard tegen aan te gaan. Dat er nog maar veel mogen volgen! 
Bert, de eerste Dr. Keestra in de familie, Anja, Daphne en Charlotte. Wie 
had dat gedacht, dat ik net als mijn grote broer ook zou gaan promove-
ren!? En als laatste mijn ouders, bedankt voor alle mogelijkheden die jullie 
mij hebben gegeven. Dankzij jullie steun en vertrouwen heb ik dit allemaal 
kunnen presteren! 
 
Bedankt! 
 

Marijke 
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