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Abstract 

 
Toll-like Receptors (TLRs) have been shown to mediate the recognition of many types 

of pathogens and to play an important role in the production of (anti-) inflammatory 
cytokines, and the initiation of an adaptive immune response. TLR2 plays an important role 
in the recognition of different components of gram-positive bacteria, mycobacteria, yeast, 
and schistosomes. To study the role of TLR2 in the immune response, we set about to 
express the ectodomain of human TLR2 (ecTLR2) with the aim of immunizing mice and 
generating mAbs directed against human ecTLR2. Expression of ecTLR2 was absent in the 
yeast P. pastoris and very low in mammalian HEK293 cells. High expression of ecTLR2 
was obtained in BL21(DE3) E. coli. However, ecTLR2 expressed in bacteria was insoluble 
and exclusively present in inclusion bodies. Strategies to facilitate synthesis of ecTLR2 in a 
soluble form, as well as methods to refold guanidine-HCl-solubilized ecTLR2 protein, were 
unsuccessful.  

Thus, attempts to express ecTLR2 in three different expression systems did not yield 
soluble monomeric TLR2 that could be used for immunization. In this paper, both our 
efforts to express ecTLR2 and data on the expression of ecTLR2 by other research groups 
are discussed. 
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Introduction 
 

Toll-like receptors (TLRs) are germline-encoded pattern recognition receptors (PRRs) 
expressed on cells of the innate immune system that recognize structural components 
conserved among different classes of microorganisms, also called pathogen-associated 
molecular patterns (PAMPs). Recognition of PAMPs by TLRs initiates signal transduction 
pathways culminating in the generation of inflammatory cytokines and the expression of B7 
costimulatory molecules as well as MHC II, which instruct the development of antigen-
specific acquired immunity.1 At present, 11 mammalian TLRs have been discovered, each 
of which recognizes one or more PAMPs,2 thereby enabling the host to mount a pathogen-
specific immune response.  

Generation of TLR-deficient mice has revealed that TLR2 is involved in the recognition 
of multiple PAMPs. It signals the presence of components of Gram-positive bacteria such 
as peptidoglycan, lipoteichoic acid and lipoproteins.3-7 In addition, lipoarabinomannan 
(LAM) from Mycobacterium tuberculosis,8,9 glycophosphatidylinositol anchors from 
Trypanosoma cruzi,10 porins from Neisseria meningitides,11 phosphatidylserine from 
Schistosoma mansoni,12 lipid A species from Gram-negative periodontal bacteria such as P. 
gingivalis,13 and zymosan particles from the yeast Saccharomyces cerevisiae14 were 
demonstrated to signal through TLR2. 

TLR2 is abundantly expressed on human monocytes, immature monocyte-derived 
dendritic cells and neutrophils.15-17 Activation of TLR2 on these cells may lead to cytokine 
production, the generation of superoxide, phagocytosis, chemotaxis, and the differentiation 
of naive T-cells to effector T-cells.15-17 Apart from these effects, several studies have shown 
that activation of TLR2 on dendritic cells, in the absence of activation of other TLRs, 
favours development of a Th2-biased immune response.18-20 

Two approaches to study the role of TLR2 in the immune response are both the use of 
TLR2-deficient mice, and the overexpression of recombinant TLR2 in mammalian cells. In 
addition, neutralizing antibodies raised against human TLR2 have also been used to study 
the role of TLR2 in the activation of cells.3,21 Espevik and co-workers21 were first in 
generating a neutralizing mAb to human TLR2 that was raised against Chinese hamster 
ovary cells (CHO) stably transfected with human TLR2, which partially (60 %) inhibited 
heat-killed Listeria monocytogenes (HKLM)-induced IL-6 release from CHO-TLR2 cells. 
Thereafter, this mAb (TL2.1) was used in several studies to inhibit TLR2-mediated 
effects.12,22-24 Also at Genentech, a neutralizing mAb to human TLR2 was generated. This 
mAb (mAb 2392), raised against a TLR2-Fc fusion protein produced in a baculovirus 
expression system25 also partially inhibited TLR2-mediated effects.3,23,26,27 In a recent study 
using THP-1 cells, mAb 2392 blocked >99% of the TNF response induced by the TLR2 
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ligands lipoteicoic acid and Pam3Cys, and about 90% of the response induced by 
peptidoglycan, whereas TL2.1 was only capable of partially blocking Pam3Cys-induced 
TNF production.23 Thus, different epitopes on TLR2 may be involved in the recognition of 
different TLR2 ligands. In addition to these reported TLR2-neutralizing mAbs also mAbs 
raised against peptide sequences derived from ecTLR2 have been produced (such as IMG-
319, Imgenex, CA, USA). No data are available as to the functional effects of these mAbs. 

Because mAb 2392 is not commercially available, and TL2.1 was reported to prevent 
only partially the activation of TLR2 by a limited number of TLR2 agonists, we set out to 
raise neutralizing mAbs against human TLR2. The use of a panel of different mAbs to 
ecTLR2, each recognizing different epitopes on ecTLR2, would enable us to delineate in 
more detail the role of TLR2 in the immune responses to particular pathogens. To this end, 
we decided to express the ectodomain of human TLR2 (ecTLR2) in recombinant form with 
the aim of immunizing mice and generating mAbs directed against human ecTLR2.  

TLRs are type I transmembrane proteins characterized by an extracellular leucine-rich 
repeat (LRR) domain involved in PAMP recognition,28 and a cytoplasmic TIR domain that 
is responsible for signal transduction.29 The extracellular domain (ectodomain) of human 
TLR2, excluding the signal sequence, comprises 569 amino acids (Glu21-Ala589) and 
harbours 20 LRRs.28,30 The LRR consensus sequence encompasses 24-29 amino acid 
residues containing a highly conserved core region that is implicated in protein-protein 
interactions.31,32 The first crystallization of a LRR protein, ribonuclease inhibitor,33 
demonstrated that LRRs corresponded to structural units, each consisting of a β-sheet and 
an α-helix. The structural units are arranged in such a manner that all the β-strands and α-
helices are parallel to a common axis, resulting in a non-globular, horseshoe-shaped 
molecule.33 This structure could provide a binding surface that is tenfold greater in area 
than binding surfaces in antibodies and T-cell receptors.28 During the past decade, the 
crystal structure of several other LRR-containing proteins has also been elucidated, and 
models have been devised to predict the three-dimensional structure of LRR-containing 
proteins.31 Although crystallographic structures of TLR ectodomains have not yet been 
reported, circular dichroism spectroscopy suggested that both TLR2 and TLR4 have a 
secondary structure similar to that of another LRR-protein, platelet glycoprotein Ib.34 
Human ecTLR2 (Glu21-Ala589) also contains 13 cysteines possibly involved in disulfide 
bond formation and 4 possible N-linked glycosylation sites (N114, N199, N414, N442).34 

Thus, TLR ectodomains are structurally complicated proteins that possibly require post-
translational modifications such as disulfide bond formation and N-glycosylation for proper 
folding and expression. Therefore, we used the methylotropic yeast Pichia pastoris to 
express ecTLR2. This expression system permits post-translational modifications and was 
successfully used for the expression of other proteins in our institute.35,36 
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Materials & Methods 
 

Expression of the ectodomain of human TLR2 in P. pastoris 
 

Cloning of TLR2 in pPICZ�A 
Total RNA was isolated from the monocytic cell line THP-1 (ATCC TIB-202, 

Rockville, MD, USA) using TRIzol reagent (GibcoBRL, Long Island, NY, USA) according 
to the manufacturer’s instructions. From this RNA cDNA was generated with superscript 
RNAse H- Reverse Transcriptase (GibcoBRL) employing oligo(dT) as a template primer. 
Cellular DNA encoding human ecTLR2 (Glu21-Ala589) was obtained by PCR with 
specific primers (forward primer A: GAATCCTCCAATCAGGCTTCTCTG; reverse 
primer B: TGCTGTCCTG TGACATTCCGACAC) using Pwo polymerase (Roche 
Diagnostics, Almere, The Netherlands). For ligation into the Pichia pastoris expression 
vector pPICZαA (Invitrogen, Leek, The Netherlands), primers were designed to generate a 
TLR2 cDNA fragment with a Xho I restriction site at the 5’ end (forward primer C: 
TCTCTCGAGAAAAGAGAATCCTCCAATCAGGCTTCTCTG) and a C-terminal 
EYMPME-tag with a Not I restriction site at the 3’end (reverse primer D: 
AGCTGGCGGCCGCTCATTCCATTGGCATGTATTCTGCTGTCCTGTGACATTC). 
The C-terminal tag Glu-Tyr-Met-Pro-Met-Glu (EYMPME37) comprises 6 amino acids of 
polyoma virus medium T antigen,38 against which we previously raised a monoclonal 
antibody (Aarden & Hart, unpublished results). Following PCR and ligation into the 
pPICZαA vector, E. coli DH5αSE competent cells (Invitrogen) were transformed with this 
TLR2 construct and plated on LB-agar containing 25 µg/ml zeocin (Invitrogen). Positive 
transformants were confirmed by colony PCR (primers C+D) and grown in low salt LB 
containing 25 µg/ml zeocin for 16 hours at 37 °C. Plasmid DNA from clones positive for 
TLR2 was isolated with the Qiagen miniprep spin kit (Qiagen GmbH, Hilden, Germany). 
The sequence of the TLR2 1707 bp construct was determined by sequence analysis 
(Applied Biosystems, 377XL platform) using 5’AOX1, 3’AOX1, and α-factor signal 
sequence primers as well as primers within the deposited TLR2 sequence (NCBI Gi 
21708104)  

We observed two silent nucleotide changes in the THP-1-derived TLR2 sequence at nt 
747 (aac→aat; Asn199) and nt 1500 (agt→agc; Ser450) compared to the sequence deposited 
at the NCBI Genbank (Gi 21708104). These sequences represent alleles of the two most 
frequent polymorphisms in TLR2 (32.5 % and 26.3 %, respectively). Since we also 
obtained two clones with a sequence identical to the TLR2 sequence as deposited at the 
NCBI Genbank, we conclude that THP-1 (ATCC TIB-202, Rockville, MD, USA) is 
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heterozygous for Asn199 and Ser450. 

 
Transformation of Pichia pastoris with pPICZαA-ecTLR2 

P. pastoris cells of strain GS115 (his 4) were made electro-competent and grown in 500 
ml YPD medium (see below) at 29 °C until OD600nm 1.3-1.5, pelleted, and washed three 
times in water, once in 1 M sorbitol, and resuspended in 1 ml 1 M sorbitol. pPICZαA-
ecTLR2 DNA (5-10 µg) was linearized with Sst I (Gibco BRL) for insertion at AOX1 and 
used to transform 80 µl of the P. pastoris cells by electroporation (Bio-Rad Gene Pulser, 
0.2 cm cuvettes, 1500 V, 25 µF, 200 Ω). Following electroporation, 1 ml of 1 M sorbitol 
was added and after 60 min incubation at 29 °C without shaking, P. pastoris cells were 
plated onto YPDS plates (1 % yeast extract, 2 % peptone, 2 % dextrose, 1 M sorbitol, 2 % 
agar) containing 100 µg/ml zeocin and grown for 3-4 days at 29 °C. Single colonies were 
tested for the presence of insert by colony PCR with 5’AOX 1 and 3’AOX 1 primers. These 
cells were also transferred to 3 ml BMGY medium (1 % yeast extract, 2 % peptone, 100 
mM potassium phosphate pH 6.0, 1.34 % yeast nitrogen base, 4 x 10-5 % biotin, and 1 % 
glycerol) and grown overnight until OD600nm = 2-6. Twenty clones adjusted to OD600nm = 1 
were grown in 5 ml BMMY medium (BMGY with 0.5 % methanol instead of 1 % glycerol) 
for 1-4 days. Each day, methanol was added to a final concentration of 0.5 %. Supernatants 
of the different clones were collected during day 1-4 and analysed for protein expression 
with reducing SDS-PAGE (4-12 % NuPAGE Bis-Tris gel, Invitrogen) with silver staining. 
For the detection of possible intracellular protein expression, Pichia cells were lysed in 
Yeast Protein Extraction Reagent (Y-PER; Pierce, Rockford, IL, USA) and also analysed 
by SDS-PAGE. 

To test whether inhibition of Pichia proteases released into the medium might enhance 
expression levels, the following media (Invitrogen, EasySelect Pichia Expression Kit 
protocol) were used: 1) MMH; unbuffered minimal methanol + histidine medium (1.34 % 
yeast nitrogen base, 4 x 10-5 % biotin, 4 x 10-3 % L-histidine, 0.5 % methanol) and 2) 
unbuffered MMY (1 % yeast extract, 2 % peptone, 1.34 % yeast nitrogen base, 4 x 10-5 % 
biotin, and 0.5 % methanol). In these two latter systems, the pH may drop to 3 or below 
during induction of protein expression, which prevents proteolysis by neutral proteases. In 
addition, we also used 3) BMMY supplemented with 1 % hydrolysed casamino acids 
(Difco Laboratories, MI, USA) which are known to inhibit extracellular proteases. Finally, 
we used 4) BMMY supplemented with 2.5 % human serum and 65 mg/ml ferrous sulphate 
(Sigma, St. Louis, MO, USA), also to inhibit extracellular proteases. 
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Transformation of Pichia pastoris with pPIC9-ecTLR2 
Cellular DNA for human ecTLR2 was obtained by Xho I x Not I restriction of 

pPICZαA-ecTLR2 and ligated into pPIC9 (Invitrogen). E. coli DH5αSE competent cells 
were transformed with pPIC9-ecTLR2 and plated on LB agar plates containing 50 µg/ml 
carbenicillin (Novagen, Madison, WI, USA). Positive clones as identified by colony-PCR 
were grown overnight at 37 °C in LB containing 50 µg/ml carbenicillin. pPIC9-ecTLR2 
DNA isolated from these clones was linearized by Sst I (Gibco BRL) restriction for 
insertion into AOX 1 and by Sal I (Gibco BRL) for insertion into HIS4. Electrocompetent 
P. pastoris (GS115) were tranformed by electroporation with 5-10 µg pPIC9-ecTLR2 and 
plated onto MD-agar plates (minimal dextrose; 1.34 % yeast nitrogen base, 4 x 10-5 % 
biotin, 2 % dextrose) without histidine, and grown for 3-4 days at 29 °C. EcTLR2-positive 
clones (colony PCR) were grown in 5 ml BMGY until OD600nm 2-6. Twenty clones adjusted 
to OD600nm = 1 were grown in 5 ml BMMY for 1-4 days. Each day, methanol was added to 
a final concentration of 0.5 %. Supernatants of the different clones were collected during 
day 1-4 and separated by SDS-PAGE for analysis of protein expression. 

 
 

Bacterial expression of human ecTLR2 
 

Subcloning of TLR2 in pUC18 
A fragment containing nt 565-1917 (NCBI Gi 21708104) of ecTLR2 was obtained by 

restriction of the pPICZαA-ecTLR2 with Avr II (New England Biolabs, Hitchin, 
Hertfordshire, UK) which has a unique restriction site within the ecTLR2 sequence at nt 
564, and Xba I (GibcoBRL), which cleaves at the 3’-site of the multiple cloning site in 
pPICZαA. The N-terminal part of ecTLR2 was obtained by PCR on pPICZαA-ecTLR2 
with specific primers (Fw. primer 211-685 CGG GGT ACC CGA ATC CTC CAA TCA 
GGC TTC TCT G; Rev. primer 662-685: GTT CCT CAA GGA AGG TAA GTC CAG) 
which introduces a Kpn I site at the 5’ end for ligation into pUC18 and an Avr II restriction 
site for ligation to the pPICZαA-ecTLR2 derived sequence (nt 565-1965). Following three-
point ligation of pUC18 (Kpn I x Xba I) with TLR2: nt 211-564 (Kpn I x Avr II) and 
TLR2: nt 565-1917 (Avr II x Xba I), E. coli DH5αSE competent cells were transformed 
and plated on LB agar plates containing 50 µg/ml carbenicillin. EcTLR2-positive clones 
were identified by colony PCR with specific primers and grown in 3 ml LB-carbenicillin at 
37 °C overnight, in a shaking incubator. Of these cultures, 100 µl was transferred to a fresh 
10 ml LB culture and grown to OD600 = 0.5-0.7, whereupon protein expression was induced 
by 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG; Sigma). Incubation was continued 
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at 37 °C for another 4 h. From the remainder of the cultures, plasmid DNA was isolated, the 
sequence of which was analysed. Both before and after IPTG induction, aliquots of 
bacterial culture were harvested for SDS-PAGE analysis. 

 
Cloning and expression of the ectodomain of human TLR2 with pET30/43 expression 
vectors 

For cloning of ecTLR2 into expression vector pET30(b+) (Novagen), the ecTLR2 
sequence from pUC18-ecTLR2 was obtained by restriction with Sst I x Not I (Gibco BRL) 
and ligated into the appropriate sites of the multiple cloning site of pET30(b+). Using the 
Sst I restriction site present in both pUC18 and pET30 implied that ecTLR2 Glu21-Ala589 
was preceded by two additional amino acids from the pUC18 vector (Val19 and Pro20). E. 
coli DH5αSE competent cells were transformed with pET30-ecTLR2 in the presence of 30 
µg/ml kanamycin (Invitrogen). Single colonies were picked and grown overnight at 37 °C 
in 3 ml LB medium containing kanamycin. Plasmid DNA from cultures containing the 
correct ecTLR2 construct (as confirmed by colony PCR and sequencing), was isolated with 
a Qiagen miniprep spin kit. E. coli BL21(DE3) competent cells (Novagen) were 
transformed with pET30-ecTLR2. Subsequently, single colonies were picked for colony 
PCR and grown overnight at 37 °C in 3 ml LB medium containing kanamycin (50 µg/ml). 
Of these overnight cultures, 500 µl was inoculated in 50 ml fresh LB-kanamycin medium in 
baffled 250 ml flasks and grown at 37 °C to OD600nm 0.5-0.7. Control samples were 
collected and following addition of 1 mM IPTG, cultures were grown for another 3 hours. 
Both control and induced samples were analysed by SDS-PAGE; gels were stained with 
Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA).  

For expression of ecTLR2 as a fusion protein with bacterial protein Nus-A in both 
BL21(DE3) and Origami(DE3) strains (Novagen), TLR2 was cloned into pET43c(+) in a 
similar fashion (Sst I x Not I) as into pET30b(+), with the only difference that carbenicillin 
(50 µg/ml) instead of kanamycin was used for selection. 

 
Analysis of expressed proteins 

Following a 3-4 h period of protein induction, bacterial cultures were centrifuged (4,000 
g, 10 min, 4° C). For small scale analytical expression studies, bacterial cell pellets were 
resuspended in 1x SDS-PAGE sample buffer, heated to 70°C for 10 min, sheared with a 
syringe and analysed by SDS-PAGE. For determination of the solubility of bacterially 
expressed proteins, bacterial pellets were resuspended in native lysis buffer (50 mM 
NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) containing protease inhibitors 
(Complete; Boehringer, Mannheim, Germany) and incubated with 1 mg /ml lysozyme 
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(Calbiochem, CA, USA) for 30 min at 4 °C, sonicated (Branson Sonifier 250, microtip, 4 
times 30 sec with 30 sec intervals, duty cycle 50%, output control 6) at 0 °C, and 
centrifuged (10,000 g, 20 min, 4 °C). Both pellet and supernatant fraction were separated 
on reducing SDS-PAGE and visualized with Coomassie and silver staining, and anti-
EYMPME blotting. 

 
Refolding of inclusion body protein on Ni-NTA column. 

For refolding of inclusion body protein on Ni-NTA column, a protocol according to 
Holzinger et al.39 was used. Inclusion bodies were dissolved in buffer 1 [6 M guanidine-
HCl, 500 mM NaCl, 20 mM Tris-HCl pH 7.9, 4 mM octylglucoside] overnight at 4 °C and 
following centrifugation (12,000 g, 15 min) applied to a Ni-NTA column (Qiagen) 
equilibrated in buffer 1 (ratio 1-2 mg protein/ml Ni-NTA agarose, flow rate 0.5 ml/min). 
Following washing in buffer 2 [6 M urea, 500 mM NaCl, 20 mM Tris-HCl pH 7.9 and 20 
mM imidazole (ICN Biomedicals Inc., Ohio, USA)] to elute non-specifically bound 
proteins, an attempt was made to renature the bound ecTLR2 protein by washing the 
column with buffer 3 [150 mM NaCl, 20 mM Tris-HCl pH 7.9]. The bound ecTLR2 protein 
was eluted in buffer 4 [150 mM NaCl, 20 mM Tris-HCl, 250 mM imidazole, pH 7.9] and 
dialysed against PBS. Protein concentration was determined using a BCA protein assay 
(Pierce). Imidazole-eluted ecTLR2 protein was analysed by gelfiltration employing a 
Biogel 1.5 M column (exclusion size 1500 kDa, flow 6 ml/h, Bio-Rad Laboratories, CA, 
USA). 

 
Immunization of rabbits with bacterially expressed TLR2 and ELISA/immunoblot. 

New Zealand White rabbits were immunized with 100 µg of Ni-NTA-purified ecTLR2. 
As an adjuvant, Montanide ISA 50 (Seppic, Paris, France) was used. Rabbits were boosted 
at 4-week intervals. 

Immune reactivity was monitored by comparing the binding of rabbit serum antibodies 
to ecTLR2 with the binding to a different protein (tissue transglutaminase) also expressed 
with the pET30 vector in BL21(DE3). Briefly, E. coli proteins were coated (2 µg/ml) 
overnight in microtiter plate wells in PBS. Following washing in PBS/0.02 % Tween-20, 
plates were incubated with rabbit serum dilutions in PTG (PBS containing 0.02 % Tween-
20, 0.1 % gelatin), and washed again. Binding of rabbit antibodies was visualized with 
HRP-conjugated horse anti-rabbit polyclonal antibodies (CLB, Amsterdam, The 
Netherlands) and 3, 3’, 5, 5’-tetramethylbenzidine (Merck, Darmstadt, Germany).  

For staining of blotted proteins following SDS-PAGE, nitrocellulose filters were 
blocked in TBST (150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.05 % Tween) containing 4 % 
low-fat milk powder, incubated with rabbit immune serum (1/100 dilution in TBST 
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containing 0.4 % low-fat milk powder), washed three times with TBST, incubated with 
HRP-conjugated horse anti-rabbit polyclonal antibody (CLB) and developed with di-amino 
benzidine (DAB, Biozym, Landgraaf, The Netherlands). IgG from ecTLR2-immunized 
rabbit that showed highest immune reactivity was purified from serum with protein A 
sepharose (Amersham Pharmacia Biotech AB, Uppsala, Sweden) according to the 
manufacturer’s protocol.  

For anti-EYMPME staining, blots were blocked in TBST-4 % milk, incubated with 
biotinylated anti-EYMPME MAb (5 µg/ml) in TBST-0.4% milk, washed three times in 
TBST, incubated with streptavidin-AP 1:100 (Mabtech AB, Stockholm, Sweden) in TBST, 
washed three times again, and developed with nitroblue tetrazolium / 5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP, Sigma). IMG-319, an antibody raised against the 
extracellular part of TLR2 was purchased from Imgenex, San Diego, CA, USA.  

 
 

Expression of TLR2 ectodomain fragments in human embryonic kidney cells  
 

Cloning of expression constructs  
Three fragments of the extracellular domain of TLR2, encoding A: Lys19-Ala589, B: 

Lys19-Leu402, and C: Lys19-Gln209, were obtained by PCR on the pFLAG-CMV1-ecTLR2 
vector (a kind gift from D. Golenbock & E. Latz, Worcester, MA, USA) with specific 
primers: (5’primer: CGG GGT ACC ATG TCT GCA CTT CTG ATC, 3’ primer fragment 
A: CGC GGA TCC GCT GTC CTG TGA CAT TCC GA, 3’primer fragment B: CGC 
GGA TCC AAT GAT GCC AAA TGA TTT TG, and 3’primer fragment C: CGC GGA 
TCC TGC TTC ATA TGA A GG ATC AG). In these constructs, a 5’ Kpn I site is 
introduced before the preprotrypsin leader present in pFLAG-CMV1-ecTLR2, as well as a 
3’ BamH I site for cloning into the pcDNA3.1(+)-mFc-bio vector (a generous gift from S. 
Gordon, Oxford, UK). The pcDNA3.1(+)-mFc-bio vector, described in more detail 
elsewhere,40 contains a truncated Fc DNA fragment containing the hinge and constant 
regions (CH2+3) of a mouse γ2b immunoglobulin heavy chain coupled to the consensus 
peptide sequence DPNSGSLHHILDAQKMVWNHR, recognized by the E. coli biotin 
holoenzyme synthetase BirA.41 Following ligation of the TLR2-A, -B, and -C fragments 
into the pcDNA3.1(+)-mFc-bio vector, DH5αSE competent cells were transformed with 
these TLR2 constructs and plated on LB-agar containing 50 µg/ml carbenicillin. Plasmid 
DNA from positive transformants, grown in 250 ml LB cultures containing 50 µg/ml 
carbenicillin, was isolated with a Qiagen midiprep spin kit according to the manufacturer’s 
instructions. 
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Transfection of mammalian COS-1/HEK293T cells 
COS-1 cells were transfected with ecTLR2-A, -B, and -C fragments using 

Lipofectamine (Invitrogen) according to the manufacturer’s protocol. Three days after 
transfection, media of TLR2-transfected COS-1 cells were analysed for secreted TLR2 
protein by dot-blot using mFc-bio or EMR2-5EGF-mFc-bio as a standard, followed by 
streptavidin-HRP or anti-mFc-HRP staining, and enhanced chemiluminescence (ECL, 
Amersham Life Sciences, UK) for visualization, as described elsewhere.42 

For the production of soluble TLR2-B-mFc fusion protein, HEK293T cells were 
transfected with 40 µg of DNA / 175 cm2 flask using calcium phosphate precipitation as 
described previously.43 The medium was replaced with 25 ml of serum-free Opti-MEM I 
(Gibco BRL) 16-18 h post transfection and incubated for a further 72 h. Supernatant 
medium containing TLR2-B-mFc fusion protein was collected, centrifuged, and passed 
through a 0.45 µm filter followed by protein A-Sepharose 4 Fast Flow (Amersham 
Biosciences) column purification according to the manufacturer’s protocol. Purified TLR2-
B-mFc fusion protein was buffered in 10 mM Tris-HCl, pH 8.0, by dialysis and incubated 
with 1 µl of of BirA enzyme (Avidity, Denver, CO, USA) overnight at room temperature. 
Excess biotin was subsequently removed by dialysis with 10 mM Tris-Cl, pH 7.4, 
containing 10 mM CaCl2 and 150 mM NaCl and the protein stored at -80 °C until further 
use and/or analysis. Expression of TLR2-B-mFc protein was analysed using dot-blot (see 
above) and SDS-PAGE. 

 
 

Results 
 

Expression of human ecTLR2 in Pichia pastoris 
 

Expression of human ecTLR2 in Pichia pastoris with the pPICZαA expression vector 
A construct (pPICZαA-ecTLR2) containing the cDNA coding for the ectodomain of 

human TLR2 (Glu21-Ala589) and a C-terminal EYMPME-tag was cloned into the pPICZαA 
vector in frame with the α-factor pre-pro-secretion signal sequence derived from 
Saccharomyces cerevisiae. By using this vector (pPICZαA), recombinant proteins are 
secreted into the medium after the induction of protein expression by methanol. Following 
transformation of P. pastoris with pPICZαA-ecTLR2 and methanol induction of protein 
expression, supernatants of 20 different clones were collected during day 1-4 and analysed 
for protein expression with reducing SDS-PAGE followed by silver staining. The predicted 
molecular weight of the Glu21-Ala589 fragment of ecTLR2 is approximately 62 kDa,
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± 72 kDa 
3        5        7        8        9        11      12     13  14      15       17     18      19 

A 

B 

 
Figure 1. Comparison of ecTLR2 protein expression in pPIC-ecTLR2-transformed P. pastoris clones 
with  the presence of ecTLR2 DNA in these clones.  
(A) Supernatants from 13 clones were immunoblotted with rabbit antibodies raised against ecTLR2 
expressed in bacteria. (B) Detection of ecTLR2 DNA by colony PCR using ecTLR2-specific primers  (see 
materials & methods: forward primer A: GAATCCTCCAATCAGGCTTCTCTG; reverse primer B: 
TGCTGTCCTGTGAC ATTCCGACAC). .  

 
excluding post-translational glycosylation. Neither ecTLR2 of the predicted size, nor 
ecTLR2 peptides of higher molecular weight (due to N-linked glycosylation) were detected 
(results not shown). A control transformation with pPICZαA containing the cDNA for the 
Dermatophagoides pternonyssinus 7 (Der p7) allergen (Bulder & Modderman, this 
institute, unpublished results) yielded large amounts of recombinant Der p7 protein in the 
supernatant (data not shown). To exclude the possibility that ecTLR2 was not properly 
secreted, but retained within the cell despite the presence of the α-factor pre-pro-secretion 
signal, cells were lysed and analysed with SDS-PAGE. Again no ecTLR2 could be detected 
(data not shown). 

A possible explanation for the absence of detectable recombinant TLR2 protein in the 
supernatants of P. pastoris cells is that TLR2 might be susceptible to endogenously 
released Pichia proteases. In order to prevent proteolysis, we induced protein expression in 
unbuffered MMH and MMY media instead of BMMY medium (see materials & methods), 
during which pH may drop to 3 or below, conditions in which neutral proteases are 
inhibited. In addition, we induced protein expression with BMMY supplemented with 
casamino acids or human serum during induction of protein expression, to inhibit the effect 
of extracellular proteases by supplying them with substrate (see material & methods for 
details). However, use of these culture media did not result in the detectable expression of 
ecTLR2 protein, neither by silver staining nor by immunoblotting with the anti-EYMPME 
mAb, whereas the control protein Der p 7 could be readily detected (data not shown). 

 
Expression of human ecTLR2 in Pichia pastoris with expression vector pPIC9. 

Transformation of P. pastoris using the pPICZαA vector is based on homologous 
recombination at the AOX1 promotor locus and a selection method based on zeocin 
resistance. Using this method, it is possible that only genes involved in conferring zeocin
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Figure 2. The 72 kDa protein in the medium of ecTLR2-transformed Pichia cells recognized by rabbit 
anti-TLR2 is soluble.  
Tenfold concentrated (Amicon, YM10) supernatant from a pPIC9-ecTLR2-transformed P. pastoris clone 
was centrifuged (10,000 g, 20 min, 4 °C), and the soluble (lane 1) and pellet (lane 2) fraction separated by 
reducing SDS-PAGE and transferred to nitrocellulose. Immunoblot staining with polyclonal antibodies 
raised against ecTLR2 expressed in bacteria demonstrated that the 72 kDa protein was only found in the 
soluble fraction (lane 1) and not in the pellet fraction (lane 2). 

 
resistance (Streptoalloteichus hindustanus ble gene) are properly inserted following 
homologous recombination, and not the AOX1 promotor region and/or the gene of interest. 
Indeed, several examples are known of proteins that could not be expressed using 
pPICZαA, but could be expressed using a different expression vector, pPIC9 (personal 
communications T. Sixma, Netherlands Cancer Institute, Amsterdam, The Netherlands, and 
E. de Bruin, then at this institute). This 8.0 kb vector contains the wild-type gene coding for 
histidinol dehydrogenase (HIS4; 2.4 kb) which, when using a histidinol dehydrogenase-
negative P. pastoris strain (e.g. GS115: his4), is suitable for histidine complementation. 
When this vector is used to transform P. pastoris GS115, pPIC9 is first linearized by 
restriction within the HIS4 gene to favour homologous recombination at the his4 locus. The 
difference between this vector and pPICZαA is that now a selection is used based on a 
functional HIS4 gene (his4 complementation) at the locus of recombination, which 
markedly improves the probability that also the gene of interest is correctly integrated in the
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Figure 3. Bacterial expression of human ecTLR2. 
(A) Expression of ecTLR2 in pUC18-ecTLR2 transformed DH5α. Lane 1: control (no IPTG), lane 2: IPTG. 
(B) Expression of ecTLR2 in pET30-ecTLR2 transformed BL21(DE3). Lane 1: control, lane 2: IPTG. (C 
and D) Coomassie staining (C) and anti-EYMPME blotting (D) of total (lane 1), pellet fraction (lane 2), and 
soluble fraction (lane 3) of sonicated BL21(DE3) transformed with pET-30-ecTLR2 (see materials & 
methods for details). EcTLR2 protein is indicated with arrows. 

 
P. pastoris genome. Therefore, we decided to attempt to express human ecTLR2 in P. 
pastoris with the pPIC9 expression vector. Following transformation of P. pastoris with 
pPIC9-ecTLR2, protein expression was induced (see materials & methods) and 
supernatants of the different clones were collected during day 1-4 and separated with SDS-
PAGE for analysis of protein expression.  

Silver staining of gels and anti-EYMPME staining of blotted supernatant protein failed 
to detect any TLR2 protein of the expected size (data not shown). However, staining of 
blotted supernatants with a rabbit polyclonal that was raised against ecTLR2 expressed in 
bacteria (see materials & methods) demonstrated a small band at approximately 72 kDa 
(fig. 1A). Clones 3, 5, 7-8 and 11-18 produced this 72 kDa protein, whereas clone 9 did not. 
Clone 19 was transformed with the empty pPIC9 vector and served as a negative control. 
Surprisingly, the 72 kDa protein band was only present in clones that contained pPIC-9-
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Figure 4. Purification of ecTLR2 protein expressed in E. coli BL21(DE3).  
(A) BL21(DE3) expressing ecTLR2 were sonicated, centrifuged (10,000 g, 20 min, 4 °C) and the inclusion 
bodies dissolved in buffer 1 as described in materials & methods. Solubilized inclusion bodies were then 
subjected to a renaturation protocol according to Holzinger et al., using Ni-NTA chromatography. 39 This 
procedure led to partial purification of ecTLR2 protein as determined by reducing SDS-PAGE and 
Coomassie staining.  
(B) EcTLR2 protein subjected to the renaturation protocol followed by dialysis against PBS was analysed 
by gel filtration (Biogel 1.5 M). EcTLR2 was exclusively present in the void volume (fraction 18 and 19), 
which indicated that ecTLR2 was aggregated in large complexes. SDS-PAGE under non-reducing 
conditions and Coomassie staining demonstrated that ecTLR2 present in the void volume migrated at 
approximately 130 kDa and 62 kDa. EcTLR2 protein is indicated with arrows. 

 
ecTLR2 DNA as determined by colony-PCR with primers specific for ecTLR2 (fig. 1B). In 
addition, the correlation between intensity of PCR-signal and density of immunoblot 
staining also suggested that the 72 kDa protein was ecTLR2. Next, we induced ecTLR2 
expression in larger culture volumes and concentrated supernatants 10-fold, centrifuged the 
supernatants (10,000 g, 20 min, 4 °C), and analysed the supernatant and pellet fraction by 
SDS-PAGE and anti-ecTLR2 polyclonal antibody staining. The 72 kDa protein appeared 
fully soluble as no 72 kDa protein could be observed in the pellet fraction after 
centrifugation (fig. 2). Unfortunately, staining of the blotted proteins with the anti-
EYMPME mAb or with IMG-319, a commercially available mAb against human ecTLR2, 
did not show the presence of ecTLR2 protein (data not shown).  
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Thus, expression of ecTLR2 could not be demonstrated in P. pastoris. Therefore, we set 
out to express ecTLR2 in other expression systems and subcloned ecTLR2 into vectors for 
expression in E. coli. 

 
 

Bacterial expression of human ecTLR2. 
 

Expression of ecTLR2 in DH5α E. coli with pUC18. 
Human ecTLR2 was cloned into pUC18 as described in the materials & methods 

section. After induction of protein expression no ecTLR2 protein of the expected size was 
identified in pUC18-ecTLR2-transformed E. coli cells, when analysed by SDS-PAGE and 
Coomassie staining. Anti-EYMPME immunoblot staining revealed a very weak reaction of 
the antibody with a band at approximately 60 kDa (fig. 3A). Apart from this weak band, 
multiple other bands ranging from 10-40 kDa were observed that may have resulted from 
proteolysis, since the molecular weights of these products did not match the molecular 
weights that could have occurred following alternative translation start. In addition, the 60 
kDa band was exclusively present in the insoluble fraction, i.e. in inclusion bodies (data not 
shown). Thus, the expression of ecTLR2 with pUC18 in DH5α was very low, and the 
expressed ecTLR2 protein was insoluble.  

Previously, we successfully expressed human interleukin 6 (IL-6) in E. coli using pUC 
vectors.44 However, it is known that in these vectors basal translation, even in the absence 
of induction can occur. One of the explanations for the very low expression of the 60 kDa 
protein might be that it is toxic to the E.coli host. Therefore, we decided to employ the pET 
bacterial expression system (Novagen) which does not rely on E. coli promotors (e.g. lac, 
tac, pL) but uses the T7 bacteriophage promotor for a more stringent control of protein 
expression.  

 
Expression of ecTLR2 with pET30 in BL21(DE3). 

Next, ecTLR2 was cloned in frame with an N-terminal 6xHis-tag into the expression 
vector pET30 (see materials & methods). The 6xHis-tag in the pET30 vector enables 
purification of bacterially expressed proteins with immobilized-metal affinity 
chromatography (IMAC) using nickel-nitrilotriacetic acid (Ni-NTA). 

Induction of protein synthesis in BL21(DE3) transformed with pET30-ecTLR2 yielded 
large amounts (30-60 mg/l) of ecTLR2 protein with a molecular weight corresponding to 
the calculated molecular weight (62 kDa) of ecTLR2 (fig 3B). Since virtually all expressed 
ecTLR2 protein was recovered in the insoluble fraction (fig. 3C), i.e. in inclusion bodies,
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Figure 5. Comparison of the solubility of Nus-A-ecTLR2 and Nus-A expressed in BL21(DE3).  
Nus-A-ecTLR2 and Nus-A-transformed BL21(DE3) cells were sonicated and centrifuged (see materials & 
methods) and the pellet and supernatant fractions analysed by non-reducing SDS-PAGE and Coomassie 
staining. Nus-A-ecTLR2 protein (117 kDa) was not detected in the supernatant fraction (lanes 1 and 2, 
equivalents of the supernatant of 10 µl and 5 µl sonicate, respectively) and only present in the pellet fraction 
(lane 3 and 4, equivalents of the pellet of 10 µl and 5 µl sonicate, respectively). In contrast, the 55 kDa 
Nus-A protein was almost exclusively present in the supernatant fraction (lane 5 and 6, 10 µl and 5 µl, 
respectively) and not present in the pellet fraction (lane 7 and 8, 10 µl and 5 µl, respectively). 

 
a method was sought to dissolve and then renature the protein. For this purpose, chaotropic 
reagents such as guanidine-HCl and urea have been successfully used for other proteins.45 
An initial effort to dissolve the ecTLR2-containing inclusion bodies in 6 M guanidine-HCl, 
followed by gradual removal of the denaturing agent by dialysis against PBS (a method 
successfully used by our group46 in the refolding of IL-6 from inclusion bodies) failed: the 
dialysed ecTLR2 protein proved to be insoluble in PBS (data not shown). Next, we tried a 
renaturation protocol devised by Holzinger et al.39 According to this method, guanidine-
HCl-solubilized inclusion bodies are bound to a nickel (Ni-NTA) column, after which the 
denaturing agent is gradually replaced by a non-denaturing buffer, and the protein is eluted 
with imidazole (see materials and methods). The eluted ecTLR2 protein which appeared to 
be fully soluble, was partially purified with this method (fig. 4A). However, following  
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Figure 6. Nus-A-ecTLR2 in the lysate of E. coli Origami(DE3) is highly disulfide-linked.  
Origami(DE3) bacteria expressing Nus-A-ecTLR2 protein were sonicated and centrifuged (10,000 g, 20 
min, 4 °C ). Total lysate (lane 1), and supernatant (lane 2) and pellet (lane 3) fraction after sonication and 
centrifugation, were separated by SDS-PAGE under reducing (A) and non-reducing (B) conditions. Nus-A-
ecTLR2, with an expected molecular weight of 117 kDa, was detected in total lysate (A, lane 1) and the 
pellet fraction (A, lane 3), but not in the supernatant fraction (A, lane 2). Nus-A-ecTLR2 protein was not 
detectable at the expected molecular weight when separated under non-reducing conditions (B, lane 1 and 
3). Instead, large complexes at the top of the gel (indicated by an asterisk) were observed.  

 
overnight dialysis of the imidazole-eluted ecTLR2 protein against PBS, protein aggregates 
were observed that accounted for as much as 90 % of the total ecTLR2 protein (data not 
shown). To characterize these ecTLR2 aggregates, Ni-NTA-purified and dialysed ecTLR2 
protein was run on a Biogel (1.5 M) filtration column. EcTLR2 protein was exclusively 
recovered in the void volume, which confirmed that it was aggregated (fig. 4B). One of the 
possibilities for the observed aggregation of ecTLR2 protein may be incorrect disulfide 
bond formation between ecTLR2 molecules, which may give rise to the formation of 
insoluble, high molecular weight aggregates. When these void volume fractions were 
analysed by non-reducing SDS-PAGE and Coomassie staining, it appeared that apart from 
a protein smear, detectable ecTLR2 was present as 130 kDa and 62 kDa peptides, 
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presumably monomeric and dimeric forms of ecTLR2 (fig. 4B). However, because of the 
low intensity of ecTLR2 staining in the non-reducing gels, it is likely that most ecTLR2 
was aggregated into large complexes, unable to enter the SDS-PAGE gel. In addition to 
incorrect disulfide bond formation, also hydrophobic interactions may account for the lack 
of solubility of ecTLR2. 

Some investigators have reported the generation of monoclonal antibodies following 
immunization with antigens in inclusion bodies47,48 or with antigens partially purified from 
inclusion bodies using nickel-chelate resins.49,50 Although it is unlikely that immunization 
with inclusion body-derived protein would yield neutralizing antibodies to ecTLR2, 
ecTLR2-recognizing antibodies could be helpful in purification and/or detection of 
ecTLR2. To this end, rabbits were immunized with the Ni-NTA-purified BL21(DE3)-
derived ecTLR2 and the reactivity of immune sera with ecTLR2 and with other E. coli-
derived proteins was investigated. In an ELISA (see materials & methods), we found that 
sera from rabbits immunized with ecTLR2 bound to ecTLR2 expressed in bacteria in a 
dose-dependent fashion. However, these sera also recognized a control protein, human 
tissue transglutaminase, also expressed with pET30 in BL21(DE3), albeit to a much lesser 
extent (data not shown). In an immunoblot, sera from rabbits immunized with ecTLR2 
expressed in E. coli also recognized contaminating E. coli-derived proteins (data not 
shown). Therefore, these rabbit sera were considered not appropriate and therefore not used 
any further. 

 

Expression of ecTLR2 as fusion protein with Nus-A. 
The insolubility of the ecTLR2 protein prompted us to express ecTLR2 as a fusion 

protein with a protein that is known to increase the solubility of its fusion partner. For this 
purpose we cloned the ecTLR2 sequence into pET43, an expression vector designed for 
cloning and high-level expression of proteins fused with the highly soluble 491 amino acid 
Nus-A protein. We expressed Nus-A and Nus-A-ecTLR2 in BL21(DE3), a strain which 
does not permit cytoplasmic disulfide bond formation. After induction of protein expression 
and sonication of bacterial pellets, Nus-A-ecTLR2 was only present in the insoluble 
fraction, whereas Nus-A was fully soluble (fig. 5). Even though ecTLR2 was able to 
migrate into the SDS-gel under non-reducing circumstances, it was recovered in the 
insoluble fraction. Thus, both ec-TLR-2 and Nus-ecTLR2 expressed in BL21(DE3) are 
insoluble.  

Since we estimated that, in the reducing environment of the E. coli cytoplasm, the lack 
of disulfide bond formation during the process of ecTLR2 protein synthesis might be 
responsible for disulfide bond-dependent aggregation during oxidative procedures such as 



Chapter 2 
 

 44

 

Nu-page 4-12%, unreduced

64-

IPTG (mM)   0.01      0.1        1         0.01      0.1        1      
s   p     s    p    s    p     s    p     s    p     s    p

18 °C 37 °C

 
 

Figure 7. Effect of temperature and IPTG concentration on expression and solubility of ecTLR2 
expressed in BL21(DE3).  
EcTLR2 expression was induced with different concentrations of IPTG at 18 °C and 37 °C. Soluble and 
pellet fraction following sonication and centrifugation were separated by SDS-PAGE and analysed with 
anti-EYMPME blotting. Neither lowering IPTG concentration nor decreasing the temperature to 18 °C 
during induction affected ecTLR2 solubility.  

 
sonication, we decided to use the Origami(DE3) host strain for ecTLR2 expression. This 
strain is a K-12 derivative that has mutations in both the thioredoxin reductase (trxB) and

glutathione reductase (gor) genes, which greatly enhances disulfide bond formation in 
the cytoplasm.51 After the induction of protein synthesis in pET43- and pET43-ecTLR2-
transformed Origami(DE3), high expression of a ± 55 kDa Nus-A and a ± 117 kDa Nus-A-
ecTLR2 protein, respectively, was observed (data not shown). Following lysis and 
sonication, the induced Nus-A protein was to a large extent (>90 %) recovered in the 
soluble fraction (data not shown). By contrast, Nus-A-ecTLR2 was almost exclusively 
present in the pellet fraction (fig. 6A). Moreover, Nus-A-ecTLR2 protein was apparently 
unable to migrate into the SDS-gel in non-reducing conditions (fig. 6B). Also, 
modifications of the sonication procedure by inclusion of 10 mM imidazole, 3 mM EDTA, 
or 0.25% v/v Tween-20, did not increase the solubility of Nus-A-ecTLR2 protein (data not 
shown). Thus, despite the attachment of ecTLR2 to the highly soluble Nus-A protein, Nus-
A-ecTLR2 proteins expressed in Origami(DE3) are disulfide-linked in large aggregates and 
insoluble. Because the insolubility of ecTLR2 expressed in Origami(DE3) may have been 
caused by incorrect intramolecular disulfide bond formation in the cytoplasm of these 
bacteria, we sonicated ecTLR2-transformed Origami bacteria in the presence of different 
concentrations of β-mercaptoethanol (β-ME). Nonetheless, after sonication, centrifugation, 
and separation of soluble and insoluble fractions by non-reducing SDS-PAGE, Nus-A- 
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Figure 8. SDS-PAGE analysis of protein A-purified ecTLR2-B-mFc protein produced in HEK293T 
cells.  
(A) The solution containing ecTLR2-B-Fc was separated by SDS-PAGE and visualised by silver staining.  
(B) After centrifugation of the ecTLR-2B-Fc solution, the pellet fraction was resuspended in sample buffer 
and separated by SDS-PAGE and visualised by Coomassie staining.  

 
ecTLR2 and ecTLR2 were present only in the insoluble fraction, irrespective of the β-ME 
concentration used (data not shown). 

In a final attempt to increase the soluble fraction of ecTLR2, both the temperature of 
theculture during induction and the concentration of IPTG used for induction, were varied. 
Culturing of bacteria at a lower temperature or using a lower concentration of IPTG will 
reduce the rate of protein synthesis. Possibly, this will keep recombinant proteins from 
saturating the cellular folding machinery, thus preventing formation of misfolded protein 
and aggregation,52 which may enable a better protein folding that results in higher solubility 
of proteins. When ecTLR2 protein expression in BL21(DE3) bacteria was induced by IPTG 
concentrations as low as 10 µM at 37 °C, no changes in either expression levels or 
solubility of ecTLR2 were observed compared with induction at 1 mM IPTG. At 18 °C, 
lower concentrations of IPTG reduced the expression level of ecTLR2, but did not increase 
the proportion of the soluble fraction of ecTLR2 (fig. 7).  

To summarize, expression of both ecTLR2 and Nus-A-ecTLR2 in either BL21(DE3) or 
Origami(DE3) resulted in high expression of ecTLR2 protein. However, none of the 
methods used to obtain soluble ecTLR2 protein was successful. Aggregation of ecTLR2 
protein, also after partial purification, was consistently observed.  
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Expression of ecTLR2 in human embryonic kidney cells  
 
Since our attempt to express human ecTLR2 in E. coli and two P. pastoris expression 

systems had failed, we decided to switch to a mammalian expression system using a 
pcDNA3.1-mFc-bio vector and HEK293T cells (see materials and methods). This 
expression method has been described in more detail elsewhere.42 We cloned, apart from 
the cDNA encoding the entire extracellular region of TLR2 (A: Lys19-Ala589), also two 
smaller fragments of human ecTLR2 (B: Lys19-Leu402 and C: Lys19-Gln209) into the 
pcDNA3.1-mFc-bio vector for expression in HEK293T cells.  

Dot-blot analysis (see materials and methods for details) of supernatants from ecTLR2-
transfected COS-1 cells demonstrated that only the ecTLR2-B-mFc protein was expressed 
at a detectable level (not shown). Therefore, only the plasmid encoding the ecTLR2-B-mFc 
fragment (with an expected molecular weight of 85 KDa) was transfected into HEK293T 
cells (see materials & methods) and after 4 days the supernatant medium from ecTLR2-B-
mFc-transfected HEK293T cells was analysed. Dot-blot analysis suggested high expression 
of ecTLR2-B-mFc protein (not shown). However, separation of ecTLR2-B-mFc with SDS-
PAGE showed detectable ecTLR2 protein of the expected molecular weight (83 kDa) only 
after silver staining of the gels, not after staining with Coomassie Blue (fig. 8A), indicating 
low expression of ecTLR2-B. Based on our experience with the expression of ecTLR2 and 
the knowledge that ecTLR2 protein has a high tendency towards aggregation, we surmised 
that ecTLR2-B-mFc might have precipitated during storage at -80°C. Therefore, we 
centrifuged the Eppendorf vial containing approximately 1 ml of protein A sepharose-
purified ecTLR2-B-mFc protein, collected the supernatant, and resuspended the minute 
pellet in a small volume of sample buffer and analysed the sample with SDS-PAGE. This 
sample contained ecTLR2-B-mFc protein which could readily be detected by Coomassie 
staining (fig. 8B), indicating that ecTLR2-B protein expressed in HEK293T cells was 
indeed susceptible to aggregation. 

In summary, also in this mammalian expression system, expression of ecTLR2 
expression is problematic. Only low expression of ecTLR2 protein was achieved. Data 
suggest that also ecTLR2 protein expressed as a fusion protein in mammalian cells is 
susceptible to aggregation.  
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Discussion 
 
We set out to express the ectodomain of human TLR2 (ecTLR2) for immunization in 

order to obtain monoclonal antibodies to ecTLR2. In order to raise high-affinity, possibly 
neutralizing mAbs against ecTLR2, it is of importance to obtain a fully soluble, monomeric 
ecTLR2 as antigen.  

To this end, we attempted to express ecTLR2 in the yeast P. pastoris, which enables 
post-translational modifications such as glycosylation and disulfide formation. However, 
expression of ecTLR2 in P. pastoris both with pPICZαA and pPIC9 failed. TLR2 is a 
leucine-rich repeat (LRR) protein, and almost 16 % of the amino acids in the extracellular 
part of TLR2 are leucines. Notably, most codons (26 %) for leucine in the extracellular 
domain are TTA, giving rise to large AT-rich regions in the ecTLR2 cDNA sequence, 
which may prevent the expression of certain proteins in P. pastoris, as has been observed 
for Pfs48/45 protein.53 To what extent AT-rich regions play a role in the defective 
expression of ecTLR2 in P. pastoris remains to be established. Other investigators also 
reported unsuccessful efforts to express the ectodomains of TLR2 and TLR4 in P. pastoris 
(N. Gay, Department of Biochemistry, University of Cambridge, UK; personal 
communication). 

Bacterial expression of ecTLR2 in BL21(DE3) or Origami(DE3) resulted in abundant 
expression of ecTLR2 protein, albeit in non-soluble aggregates i.e. inclusion bodies. 
Although only part of the ecTLR2 protein was disulfide-linked, several refolding protocols 
proved unsuccessful. Recently, several LRR proteins, but not ecTLR2, have been 
crystallized.31 Apart from a large number of hydrophobic amino acids within ecTLR2, the 
common LRR structure is characterized by several complex loops,31,33 which easily give 
rise to aggregation. It has been suggested that repeat proteins are energetically unstable and 
may fold slowly because two or more intrinsically unstable repeats must fold and 
subsequently dock together in the formation of a so-called folding transition state. Recently, 
the complexity of unfolding and refolding of Internalin B, a LRR protein with only 7 
tandem repeats consisting of 22 residues each, was illustrated.54 Therefore, it is conceivable 
that ecTLR2, comprising 20 of these LRR repeats,28,30 has a high tendency toward 
aggregation. 

Results with bacterial expression of human ecTLR2 similar to our own have also been 
obtained by the Cambridge group (N. Gay, personal communication). Our problems with 
expression of ecTLR2 in both P. pastoris and bacterial expression systems prompted us to 
switch to mammalian expression systems. However, also in the expression system using 
HEK293T cells, no explanation can be provided for the low ecTLR2-B-mFc expression.  
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Soluble forms of human TLR ectodomains are difficult to express in high 
concentrations, which is delaying the solution of their structures at atomic resolution.28 
Despite this lack of knowledge on the tertiary structure of ecTLRs, some groups succeeded 
in the expression of soluble extracellular domains of human TLRs to study the interaction 
between TLRs and putative ligands. In 1998, Yang and co-workers25 mentioned the 
generation of an ecTLR2-Fc protein using a baculovirus expression system, although no 
details of the expression method were provided. This ecTLR2-Fc protein was subsequently 
used to generate a neutralizing mAb to ecTLR2.3 Also in several other studies55-57 human 
soluble ecTLR2, produced in baculovirus-transformed insect cells,55 was used. Remarkably, 
70 nucleotides of the 5’-untranslated region preceding methionine 1 of the ecTLR2 cDNA 
were cloned into the expression vector, which resulted in the expression of Glu21-Ala589 of 
ecTLR2. Also Gay and co-workers34,58 produced, in addition to the ectodomain of 
Drosophila Toll, both human ecTLR2 and ecTLR4 in baculovirus-transformed insect cells, 
after unsuccessful attempts in both P. pastoris and E. coli (N. Gay, personal 
communication). Also in these latter studies, the entire ecTLR2 (residues 1-589) including 
the ecTLR2 signal sequence was cloned into the baculovirus expression vector.34,58 Also in 
insect cells, soluble human ecTLR4 was successfully expressed after cloning the entire 
extracellular domain of TLR4 into expression vectors.57,58 Finally, also in human 
embryonic kidney (HEK) cells, expression of human ecTLR259 and of human ecTLR460 has 
been reported. Again, in both studies59,60 the entire cDNA for ecTLR, including the signal 
peptide sequence, was cloned into the appropriate expression vectors.  

These studies, which demonstrated the successful expression of human TLR 
ectodomains at least suggest that when expressing TLR ectodomains, the signal sequence of 
the TLR sequence offers advantages as compared to the signal sequences of several 
expression vectors. It is clear that further studies are necessary to define the requirements 
(expression system, promotor region, importance of 5’-untranslated region, and signal 
sequence) for good expression of ectodomains of human TLRs in general, and of human 
ecTLR2 in particular. 
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