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General introduction 
 

Discovery of TLRs – early history 
Toll-like receptors (TLRs) are named after Christiane Nusslein-Volhard’s legendary 

exclamation “toll!” after she observed the effect of a particular gene product on the 
establishment of dorso-ventral patterning during embryonic development of Drosophila 
flies, which was published in 1985.1 About a decade later it was discovered that in adult 
Drosophila flies, toll played an essential role in the defence against fungal infection.2 The 
discovery of a human homologue of the Drosophila toll protein3 led to the identification of 
several human mammalian TLRs.4,5 When positional cloning of the gene responsible for 
LPS hyporesponsiveness in C3H/HeJ and C57BL/10ScCr mice6 as well as the generation of 
TLR4 knockout mice7 unequivocally demonstrated that TLR4 is essential for LPS 
signalling, several research groups started to search for ligands for one of the newly 
discovered TLRs.  

TLRs are a family of homologous type I transmembrane proteins characterized by an 
extracellular leucin-rich repeat (LRR) domain involved in pathogen-associated molecular 
pattern (PAMP) recognition, and a cytoplasmic domain that is responsible for signal 
transduction. The cytoplasmic domain of TLRs is homogolous to the cytoplasmic domain 
of the IL-1 receptor8 and is referred to, therefore, as the Toll/IL-1 R homology (TIR) 
domain.  

 
TLR signalling 

It has become clear that after TLR triggering by ligands, downstream signalling is only 
initiated after dimerization with neighbouring TLRs. Dimers are the result of either 
heterodimerization (e.g. TLR2 with either TLR1 or TLR6) or homodimerization (e.g. 
TLR4-TLR4).9-12 Recently, heterodimerization of particular TLR combinations (TLR7, 
TLR8, and TLR9) was also demonstrated to inhibit TLR7 and/or TLR8 signalling.11 TLRs 
are localized in different compartments. TLR1, TLR2, TLR4, TLR5, and TLR6 are 
exclusively expressed on the cell surface, whereas TLR3, TLR7, TLR8 and TLR9 are 
located in the endosomal compartment,13,14 although it has been suggested that a small 
fraction of TLR3 and TLR8 is also located at the cell surface.15,16 Following recognition of 
a certain PAMP and consecutive dimerization of TLRs, intracellular adaptor molecules are 
recruited to the scaffold formed by the dimerized TIR domains. These adaptor molecules 
include myeloid differentiation primary response gene 88 (MyD88),17 MyD88 adaptor-like 
(MAL)/TIR domain-containing adaptor molecule (TIRAP),18,19 TIR domain-containing 
adaptor inducing interferon-beta (TRIF),20 or TRIF-related adaptor molecule (TRAM).21 
Recruitment of these adaptor molecules towards the plasma membrane activates a 



General introduction 
 

 9 

signalling cascade including IL-1-Receptor-Associated Kinase (IRAK) and Tumor Necrosis 
Factor Receptor-Associated Factor (TRAF) 6. After activation of TRAF6 two different 
pathways may be activated. One pathway comprises a route that activates Nuclear Factor 
(NF)-κB, p38, and c-Jun N-terminal kinase (JNK), whereas the other signalling route 
culminates in the activation of Interferon Response Factors (IRF1, IRF3, and IRF5)22,23 
Both signalling routes eventually lead to the induction of cytokine release, the upregulation 
of MHC class II as well as B7 co-stimulatory molecules.22-25 Recently, the previously 
described molecule SARM (sterile α- and HEAT/armadillo motif-containing protein)26 was 
found to be a TIR-domain-containing adaptor that negatively regulated NFκB and IRF 
activation by interaction with TRIF.27 An overview of adaptor molecules in TLR signalling 
is provided in figure 1. At present, numerous adaptors, regulatory proteins, phosphatases, 
and kinases are being investigated for their involvement in one of the intricate signalling 
cascades downstream TLR activation.23,28 To illustrate this, in 2008 Luke O’Neill (Trinity 
College, Dublin, Ireland), who has become the godfather of TLR adaptor biology, 
published 5 reviews only to keep track of recent developments in TLR adaptor molecules 
and new signalling cascades.  

 
Specificity of TLRs 

Early studies using TLR-transfected cell lines suggested that TLR2 was involved in 
LPS signalling.29-31 However, TLR2 knock-out mice did not respond to LPS32 and the work 
by Beutler’s research group clearly demonstrated that in fact TLR4 was the long-sought 
LPS receptor.6 Reverse genetic approaches with knockout of TLR mice demonstrated that 
TLR2 signals the presence of different microbial components of Gram-positive bacteria, 
such as peptidoglycan,29-33 and lipoproteins.34-36 TLR2 is the most promiscuous TLR as 
numerous ligands such as constituents of yeast (zymosan),42 schistosomes 
(phosphatidylserine from Schistosoma mansoni),41 or even viruses (human 
cytomegalovirus)43 have been identified (see table 1). Both TLR1 and TLR6 were shown to 
engage in heterodimer formation with TLR2.9,44 TLR1 and TLR2 are involved in 
recognition of bacterial lipopeptides containing triacetylated cysteine residues, whereas 
TLR6 and TLR2 recognize mycobacterial lipopeptides with diacetylated cysteines,9,44 
which illustrates the specificity of TLR signalling. TLR3 recognizes double-stranded 
RNA,45 TLR5 signals flagellin from flagellated bacteria,46 and TLR9 detects unmethylated 
CpG motifs from bacterial DNA.47 TLR7, and in humans also TLR8 recognize small anti- 
viral compounds called imidazoquinolines.48 TLR7 was also claimed to signal the presence 
of single-stranded RNA viruses such as vesicular stomatitis virus and influenza virus.49 
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Figure 1. Overview of transcription factor activation through TIR-domain-containing adaptors 
for the TLR/IL1R superfamily (adapted from ref. 23). Each adaptor is differentially used by 
receptor complexes to positively regulate transcription-factor activation. The exception is SARM 
(sterile α- and armadillo-motif-containing protein), which inhibits TRIF (Toll/IL-1R (TIR)-domain-
containing adaptor protein inducing interferon-β (IFN-β))-mediated transcription-factor activation. 
IL-1R, interleukin-1 receptor; IRF, IFN regulatory factor; mDC, myeloid dendritic cell; MAL, 
MyD88 (myeloid differentiation primary-response gene 88) adaptor-like protein; NF-κB, nuclear 
factor-κB; TLR, Toll-like receptor;TRAM, TRIF-related adaptor molecule. 
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TLR10, which only exists in humans and is lost from the mouse genome, is an orphan 
receptor as its ligand has not yet been identified. TLR11 is expressed only in mice because 
of several stop codons in the putative open reading frame of human TLR11. Unlike other 
TLRs, TLR11 is almost exclusively expressed in the urogenital system and is most likely 
involved in the recognition of particular proteins from uropathogenic bacteria.50 In another 
study, small profilin-like proteins from protozoan parasites have also been identified as 
ligands for TLR11.51 The relation between both findings has still to be elucidated. In mice, 
a TLR closely resembling TLR3 and TLR9 was discovered and baptized TLR13.52 
However, its function is unknown. An overview of TLRs with their respective ligands is 
presented in table 1. 

An important and still underestimated issue when identifying PAMPs as ligands for 
TLRs is contamination. Early reports claiming that TLR2 was the receptor for LPS29-31 
were caused by the fact that commercially available LPS was, and still is, frequently 
contaminated with bacterial lipoproteins or peptidoglycan, which both stimulate TLR2. 
Repurification by phenol extraction appeared to be a suitable method of removing trace 
amounts of contaminating peptidoglycan or lipopeptides in commercially available 
LPS.62,87 

TLRs recognize a plethora of ligands. Given the broad range of ligands that are 
recognized by particular TLRs, Bruce Beutler, one of the leading researchers in TLR 
biology, has stipulated that the specificity of TLRs is rather low, or alternatively phrased, 
TLRs possess a large ligand space.88 Thus, the specificity (or lack thereof) is determined by 
the TLR itself, the TLR dimerization partner, and the adaptor molecules which are 
recruited.  

 
Endogenous ligands for TLRs 

In addition to microbial LPS, also particles/proteins derived from respiratory syncytial 
virus70 and from vesicular stomatitis virus71 were demonstrated to signal through TLR4. 
However, TLR4 was also reported to signal endogenous ligands such as fibrinogen74 and 
fragmented products of hyaluronic acids.75 In mice, the endogenous protein β-defensin 2 
was also identified as an endogenous ligand for TLR4.76 In men, human heat shock proteins 
(HSPs) released from injured cells have been reported to activate dendritic cells through 
TLR2 and TLR4.54-56 Tamm-Horsefall glycoprotein (THP) is a protein with unknown 
function that is exclusively expressed in Henle’s loop of the kidney. Upon damage to the 
kidney, such as during interstitial nephritis or urinary tract infection, THP leaks out of 
kidney cells and serves as a ligand for TLR4.77 Heme, composed of an atom of iron linked 
to four groups of porphyrin, which together constitute the basis of haemoglobin, is released 
from cells after cell damage/hemolysis and likewise stimulates TLR4.78 Although
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Table 1: Toll-like receptors and their respective ligands.  
TLR 
human/mouse 

Ligand Endogenous 
ligand 

Reference 

TLR1 (hm) dimerizes with TLR2 (see TLR2)   
TLR2 (hm) peptidoglycan (PGN)  29-33 
 lipoproteins  34-36 
 lipoteichoic acid from Gram+ bacteria  33 
 lipoarabinomannan (LAM) from Mycobacterium tuberculosis  37,38 
 lipoprotein (19kDa) from Mycobacterium tuberculosis  53 
 glycophosphatidylinositol anchors from Trypanosoma cruzi  39 
 porins from Neisseria meningitides  40 
 phosphatidylserine from Schistosoma mansoni  41 
 zymosan  42 
 heat shock proteins (HSP60, HSP70, Gp96) + 54-56 
 high mobility group box 1 (HMGB-1) + 57,58 
 HMGB1-nucleosome complexes + 59 
 oxygen radicals + 60,61 
 LPS from Porphyromonas gingivalis  62 
 OspA:outer surface protein A from Borrelia burgerdorferi  63 
 TP47L: lipopeptide from Treponema pallidum  53 
 MALP-2 (mycoplasmal macrophage-activating lipopeptide-2)  36 
 Secreted factor of group B streptococcus  64 
 heat-killed Listeria monocytogenes  65 
 soluble factors released from Neisseria meningitidis  66 
 outer membrane protein A from Klebsiella pneumoniae   67 
 human cytomegalovirus  43 
 respiratory syncytial virus   68 
TLR3 (hm) Poly I:C / double-stranded RNA  45 
 mouse cytomegalovirus  52 
TLR4 (hm) LPS  6,69 
 respiratory syncytial virus   70 
 vesicular stomatitis virus  71 
 glucuronoxylomannan of Cryptococcus neoformans  72 
 poly M: Pseudomonas aeroginosa mannuric acid polymers  73 
 heat shock proteins (HSP60, HSP70) + 54-56 
 HMGB-1 + 57,58 
 fibrinogen + 74 
 hyularonic acid + 75 
 Β-defensin 2 + 76 
 THP (Tamm-Horsefall Protein) + 77 
 heme + 78 
TLR5 (hm) flagellin  46 
TLR6 (hm) TLR6 dimerizes with TLR2 (see TLR2)   
TLR7 (hm) imidazoquinolines (imiquimod, R-848)  48,79 
 small antiviral compounds (loxoribine, bropirimine)  80 
 vesicular stomatitis virus, influenza virus.  49 
TLR8 (m) single stranded   48,79 
 single stranded RNA from group B coxsackieviruses   81 
TLR9 (hm) CpG DNA  47,82 
 DNA-containing immune complexes + 82 
 double-stranded DNA + 83-85 
 mouse cytomegalovirus  52 
TLR10 (h) unknown  86 
TLR11 (m) HKUEC (heat-killed uropathogenic E. coli)  50 
 profilin-like molecule (T. gondii)  51 
TLR12 (m) unknown  86 
TLR13 (h) unknown  52 
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endotoxin contamination in these molecules, in particular in HSP preparations,89 might 
account for some of the obtained results (which provokes the debate whether or not these 
substances are genuine TLR-ligands), these reports strongly suggest that TLR4 can 
recognize both host-derived molecules as well as microbial components. At least the latter 
two studies which showed that damaged cells release substances, THP77 and heme78 
respectively, that activate TLR4, were meticulous in demonstrating that the observed 
effects were not caused by endotoxin contamination.  

TLR9 recognizes unmethylated CpG motifs that are present in bacterial and viral 
DNA,90 but also in mammalian DNA promoter elements.91 Using MRL-lpr mice, a well 
studied murine model of systemic lupus erythematosus (SLE) and rheumatoid arthritis 
(RA), it was demonstrated that both chromatin (=mammalian DNA)-containing immune 
complexes and CpG DNA were capable of stimulating rheumatoid factor-positive B-cells in 
a MyD88-dependent manner,82 suggesting that TLR9 was involved. As TLR9 activation is 
dependent on endosome maturation/acidification,92 the finding that inhibitors of the 
endosome acidification pathway (such as bafilomycin A or chloroquine) also specifically 
inhibited the stimulatory effect on B-cells, supported the hypothesis that TLR9 was 
involved. Moreover, endosome acidification inhibitors such as chloroquine have proven 
successful in the treatment of SLE93 and RA.94 Although not yet commonly accepted, 
recent reports by different groups demonstrated that the recognition by TLR9 of double-
stranded DNA was not limited to CpG-motif containing DNA.83-85 Despite the fact that 
synthetic 2`- phosphorothioate (PS)-modified DNA only activated TLR9 when CpG-
containing DNA stretches were present, natural DNA with a 2` phosphodiester backbone 
stimulated TLR9 independent of CpG motifs. These latter findings, next to the report by 
Leadbetter,82 make it even more plausible that TLR9 is a receptor for nucleus-derived, 
mammalian DNA.  

 
Self/Non-self discrimination, the Danger Model, and TLRs 

During the last five years data have emerged which strongly suggest that at least TLR2, 
TLR4, and TLR9 may be involved in the recognition of not only extracellular components 
of microbial origin, but also of endogenous ligands that are liberated after cell injury. 
Undoubtedly, more examples of particular TLRs recognizing endogenous “self” material 
will be reported in near future. The discovery that TLRs are also involved in the recognition 
of endogenous substances has contributed significantly to a change in the idea that the 
immune system functions by making a distinction between self and non-self. The original 
concept of the self/non-self paradigm was that lymphocytes are activated by recognition of 
foreign material, such as bacteria and viruses.95,96 A first modification of this self-nonself 
hypothesis arose in 1969, when it was discovered that the immune response to foreign 
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substances only occurred in the presence of T-cell help.97 Yet another modification of the 
theory resulted from the finding that this T-cell help could only exist when T-helper cells 
were co-stimulated by professional antigen-presenting cells (APC).98 Charles Janeway 
hypothesized that normally, APC are quiescent and do not provide the co-stimulatory signal 
for T-helper cells, unless activated by microbes via evolutionary conserved pattern 
recognition receptors (PRR) of the innate immune system.99 The discovery of TLR4 as the 
receptor for infectious and non-self LPS6 very nicely fitted into this model. In 1994, 
opposed to the self/non-self hypothesis, Polly Matzinger introduced the conjectural Danger 
Model hypothesis.100 This model added a wider scope to the activation of APC and thus to 
the initiation of the immune response as it proposed that danger/alarm signals from injured 
cells stimulate APCs. According to this hypothesis danger/alarm signals comprise 
pathogens (microbes, viruses), toxins, mechanical damage, etc. The danger/alarm signal 
should not be sent by healthy cells or cells undergoing normal apoptosis, but includes any 
substance made by, or modified by distressed, damaged, or injured cells.101 According to 
this theory, it is not so much the “foreignness” of a particular pathogen that determines 
whether or not an immune response is triggered. Although TLRs as receptors for foreign 
pathogenic substances nicely suit the self/non-self hypothesis, they also fit in the Danger 
Model. Multiple endogenous ligands that activate the immune system via TLRs in a manner 
which cannot be understood by the classical paradigm of self/non-self recognition, have 
been discovered (see table 1). Beutler suggested that these responses to damaged or injured 
cells might have resulted in mutational changes creating so-called neo-ligands for TLRs.88 
This is a tempting speculation, and indeed modified proteins in particular autoimmune 
diseases have been observed (e.g. citrullinated proteins in rheumatoid arthritis)102 which 
may lead to the formation of such neo-ligands. Matzinger hypothesized that the decision of 
cells whether or not to respond to particular signals is taken in the tissues/organs 
themselves.103 For example, under normal healthy physiological conditions THP is present 
only in the kidney77 and heme is present only in complex with its porphyrin groups.78 Upon 
damage of tissue, THP leaks out of cells and heme is released in its free form. 
Consequently, these substances become exposed to other cells that normally do not 
encounter these substances. Combining both the Danger Model and the idea of neo-ligand 
formation is the recent finding that TLR2 was demonstrated to be essential in the detection 
of oxidants,60 confirming similar earlier results obtained by others.61 Again, the observed 
responses may either result from the action of neo-ligands (oxidised metabolites) or from 
abnormal exposure to oxidants of cells/tissues in the peritoneal cavity.60 Similarly, HMGB1 
and nucleosomes are normally contained within the cell nucleus. However, late apoptotic 
cells release HMGB1-bound nucleosomes which stimulate cytokine production in vitro in a 
TLR2-dependent manner.59  
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To summarize, there is compelling evidence that TLRs are activated by both exogenous 
“foreign” and endogenous danger signals upon which APCs are stimulated to mount an 
appropriate immune response. Because of this new concept, Seong and Matzinger re-
baptized PAMPs (pathogen-associated molecular patterns) into DAMPs (damage-
associated molecular patterns).103,104 The discovery of TLRs as sentinel receptors not only 
for foreign pathogens (microbes/viruses), but also for danger signals that result from 
physiological processes which have gone astray, will significantly contribute to new 
concepts of (innate) immunity. 

 
 

Scope of the thesis 
 
The aim of this thesis was to investigate the role of TLRs in the activation of pro- and 

anti-inflammatory cytokine production in cellular assays such as in whole blood (WB) and 
mononuclear cell (MNC) assays. Activation of TLRs in these assays results in cytokine 
production such as TNF, IL-1(β), IL-6, IL-8, IL-10, and IL-12,105,106 which can be 
measured by ELISA.107 At the time we started our investigations, common approaches to 
study the role of TLRs in the immune response were the use of TLR-deficient mice, and the 
over-expression of recombinant TLRs in mammalian cells. Alternative tools, such as the 
use in WB or MNC assays of established neutralizing monoclonal antibodies against TLR, 
were not available. Therefore, we set out to express the extracellular domain of one of the 
most versatile TLRs in terms of ligand recognition, TLR2, in recombinant form, with the 
aim of immunizing mice and developing (neutralizing) monoclonal antibodies against it. As 
the generation of high affinity antibodies requires proper folding of the antigen, we started 
out with an expression system using the methylotropic yeast Pichia pastoris. After several 
unsuccessful attempts in P. pastoris we expressed the extracellular domain of TLR2 in 
multiple bacterial hosts for protein expression, and finally, also in a human protein 
expression system. The results of our TLR2 expression efforts are addressed in chapter 2.  

To obtain monoclonal antibodies against TLR2 and TLR4 we immunized mice with 
mammalian cells overexpressing TLR2 or TLR4. Prior to immunization, mice were made 
tolerant to mammalian cells without TLR. To screen hybridomas for anti-TLR 
immunoglobulin production, a FACS-screening assay was developed which allowed the 
discrimination of binding of supernatants to “empty” mammalian cells and cells expressing 
TLR. These tolerization, immunization, fusion and screening experiments are addressed in 
chapter 3.  
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Mammalian cells that exclusively express TLR2 or TLR4, and which are activated upon 
stimulation with TLR2 or TLR4 ligands, are a powerful tool for determining whether or not 
particular ligands are specific for TLR2 and/or TLR4. Periodontitis, a chronic inflammatory 
disease initiated by bacteria in dental plaque108 is characterized by a skewed Th2 
response.109-111 Because TLRs, and in particular TLR2 and TLR4, have been shown to 
determine the orientation of the immune response in terms of Th orientation (Th0, Th1, or 
Th2),62,112-115 we set out to determine whether sonic extracts of a range of  Gram-negative, 
black pigmented oral bacteria associated with periodontitis, stimulated TLR2 and/or TLR4. 
In addition, we attempted to correlate pathogenic virulence of different isotype strains of 
Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans with cytokine 
production in cellular assays (chapter 4). 

As cigarette smoking was demonstrated to aggravate periodontal disease,116 we 
investigated whether this was related to a more pronounced Th2 bias in smokers as 
compared to non-smokers. To measure this, cytokine production (IL-1β, IL-6, IL-8, IL-10, 
and IL-12) in whole blood of periodontitis patients (smokers and non-smokers) was 
compared after stimulation with ligands specific for TLR2 and TLR4 (chapter 5).  

Pyrogens (fever-inducing substances)117 in parenteral pharmaceuticals have been 
detected using the rabbit pyrogen test118 since the end of World War II and using the 
Limulus amebocyte lysate test (LAL)119 since the late 1960s. Because of ethical, financial, 
and technical objections to the rabbit pyrogen test120-124 and because of limitations of the 
LAL-test125-127 new in vitro tests using human monocytes or human monocytic cell lines 
have been developed.128-130 The basis of this so-called monocyte activation test (MAT) is 
that pyrogenic contaminants, via interaction with TLRs expressed on monocytes, induce 
cytokine production. A number of different cells with different cytokine read-outs have 
been established.130 The aim of our study was to compare in more detail cytokine 
production in diluted WB, MNC, and in TLR2/4-transfected HEK cells following 
stimulation with TLR-ligands, to determine which in vitro test is suitable for the detection 
of pyrogenic contamination (chapter 6). 

During these studies on the MAT we observed aberrant and increased cytokine 
production whenever substances that had been dialysed, were tested. Therefore, we 
investigated the powerful co-stimulatory effects of substances derived from cellulose 
dialysis membranes on TLR ligand-induced whole blood cytokine production. As (1→3)-β-
D-glucans had been reported to leach from cellulose filters or cellulose dialysis 
membranes,131-135 we tested several (1→3)-β-D-glucans of different sources, on TLR 
ligand-induced cytokine production (chapter 7). 
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The extracellular adaptor molecule MD-2 is claimed to be essential for TLR4 
signalling.136,137 For that reason cDNAs for both TLR4 and MD-2 are normally co-
transfected,136,138 or alternatively, recombinant soluble MD-2 is supplemented139,140 in 
experiments with TLR4-transfected cells. In our assays using a TLR4-transfected cell line, 
we noticed complete unresponsiveness toward LPS stimulation, which could be overcome 
by supplementation with human serum. As serum was well known to enhance the effects of 
LPS on monocyte cytokine production,141,142 we set out to purify the serum protein(s) 
involved in the potentiation of TLR4 activation by LPS, and to determine whether or not 
MD-2 was involved (chapter 8). 

Activation of WB with ligands for Toll-like receptors (TLRs) expressed on monocytes 
and/or neutrophils leads to approximately 10-15 fold higher levels of IL-8 compared to  
IL-6.143 However, in T cell-activated WB, abundant IL-8 is produced, whereas IL-6 
production was only minimal. Because regulation of IL-6 and IL-8 production is very 
similar,144-146 we investigated which factor(s) in T cell-stimulated WB selectively induced 
the production of IL-8, and not IL-6 (chapter 9). 

In chapter 10 the thesis is summarized and its findings are discussed in a broader 
perspective. 
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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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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 
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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.  



Chapter 2 
 

 48

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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Abstract 
 

Toll-like receptor (TLR) 2 and TLR4 are important receptors of the innate immune 
system that are activated by structural components of micro-organisms, and that play an 
important role in the generation of cytokine production and the development of antigen-
specific acquired immunity. To study the role of TLR2 and TLR4 in the activation of the 
innate immune system, we sought to generate monoclonal antibodies to these TLRs by 
immunization of mice with human embryonic kidney (HEK) cells overexpressing CD14-
TLR2 or CD14-TLR4 after a tolerization procedure with HEK cells expressing CD14. 
Using the intracellular dye CFSE a screening assay was developed that discriminated 
between hybridoma supernatants that bound to HEK-CD14 cells and HEK-CD14-TLR 
cells. Several immunizations led to the generation of three anti-TLR2 monoclonal 
antibodies, which were all of the IgM isotype subclass, whereas no mAbs recognizing 
TLR4 were produced. 
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Introduction 
 

Toll-like receptors (TLRs) are germline-encoded pattern recognition receptors (PRRs) 
expressed on cells of the innate immune system, which 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 a particular PAMP,2,3 thereby enabling the host to mount a pathogen-
specific immune response.  

The first TLR member to be discovered was TLR4, which was demonstrated to be the 
long-sought receptor for bacterial lipopolysaccharide (LPS), the outer membrane 
component of Gram-negative bacteria.4 Subsequent generation of TLR-deficient mice has 
revealed that TLR2 is unusual compared to the other TLR members in that it 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.5-9 In addition, 
lipoarabinomannan (LAM) from Mycobacterium tuberculosis,10,11 
glycophosphatidylinositol anchors from Trypanosoma cruzi,12 porins from Neisseria 
meningitides,13 phosphatidylserine from Schistosoma mansoni14 and zymosan particles 
from the yeast Saccharomyces cerevisiae,15 were demonstrated to signal through TLR2. 
The extent of the TLR2 ligand repertoire can be partially explained by the finding that 
TLR2 may form heterodimers with TLR1 and TLR6 to discriminate between the molecular 
structures of diacyl and triacyl lipopeptides, respectively.16,17 

For some TLRs (TLR3, TLR7-9) expression is limited to particular cell lineages. 
However, Northern blotting, RT-PCR, and immunostaining revealed that TLR2 is 
abundantly expressed on human monocytes, immature monocyte-derived dendritic cells 
and neutrophils.18-21 TLR4 is highly expressed also on monocytes, and moderately 
expressed on immature monocyte-derived dendritic cells and neutrophils.18-22 These studies 
also demonstrated that TLR2 and TLR4 expressed on these cells were functional. TLR2 
and/or TLR4 stimulation may lead to cytokine production, the generation of superoxide, 
phagocytosis, chemotaxis, and the differentiation of naive T-cells to effector T-cells.19-21 
TLR4 differs from TLR2 in that it, apart from recruiting MyD88 and Mal, is able to recruit 
additional adaptor proteins (TRIF, TRAM) following activation,23,24 which lead to 
qualitatively different immune responses. Interestingly, a body of evidence indicates that 
triggering of TLR4 on dendritic cells leads to the production of a Th1 type immune 
response, whereas TLR2 triggering promotes Th2 development.25-27 
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At the time we initiated our experiments with the aim of producing TLR2- and TLR4-
neutralizing antibodies, some TLR antibodies had already been described. The first mAb 
reported to neutralize TLR2 was TL2.1.28 This antibody (IgG1) raised against chinese 
hamster ovary cells (CHO) stably transfected with human TLR2, partially (60 %) inhibited 
Listeria monocytogenes (HKLM)-induced IL-6 release from CHO-TLR2 cells.28 Also in 
other studies, TL2.1 was used to inhibit TLR2-mediated effects on cells.14,29,30 However, in 
these studies, complete inhibition by TL2.1 of TLR2-mediated effects was not obtained. 
The same fusion by Espevik and co-workers28 also yielded TL2.3, a mAb which recognized 
TLR2 expressed on cells, but was not capable of inhibiting TLR2-mediated effects, and 
could be used for immunohistochemistry or Western blotting.31,32 TL2.1 and TL2.3 have 
been commercially available at several companies. Second, a mAb to human TLR2 was 
also generated at Genentech (San Francisco, USA).6 This mAb (mAb 2392; IgG2a) was 
raised to a TLR2-Fc fusion protein produced in a baculovirus expression system.33 Also this 
antibody partially inhibited TLR2-mediated effects.6,34 However, the method of generating 
this mAb was not accurately reported. Moreover, mAb 2392 had not been commercially 
available. Third, in 1999, Miyake and co-workers reported the generation of HTA125 
(IgG2a), a mAb specific for TLR435 that was raised against murine Ba/F3 cells 
overexpressing TLR4. Again, the exact procedure of the generation of this mAb was, and 
still is unknown and was never published. HTA125 was used as an inhibitor of cytokine 
production by TLR4 agonists in several cell lines.30,36-38 

Thus, although three TLR-neutralizing mAbs had been described, information as to the 
generation of these mAbs, as well as to their precise specificity, was limited. In view of the 
aforementioned important role of TLR2 and TLR4 in the activation of monocytes, 
neutrophils, and dendritic cells, we sought to generate inhibitory and/or stimulatory 
monoclonal antibodies (mAbs) directed against TLR2 and TLR4 ourselves. Employing 
these mAbs would enable us to delineate in more detail the contribution of each individual 
TLR to the immune responses to particular pathogens. 

 
Materials & Methods 

 
Cell lines 

Human Epithelial Kidney 293 (HEK) cells stably transfected with CD14, CD14/TLR2, 
or CD14/TLR4 were a kind gift from Drs. D. Golenbock and E. Latz, Worcester, MA, USA 
and have been described elsewhere.14 Transfected HEK cells, non-secreting mouse 
myeloma SP2/0-Ag14, and monocytoid THP-1 cells (ATCC TIB-202) were cultured in 
Iscove’s Modified Dulbecco’s Medium (IMDM, Bio Whittaker, Verviers, Belgium) 
supplemented with 5% heat-inactivated fetal calf serum (FCS, Bodinco, Alkmaar, The 
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Netherlands), penicillin 100 U/ml / streptomycin 100 µg/ml (Gibco, Merelbeke, Belgium), 
and 50 µM 2-mercaptoethanol (Sigma-Aldrich, Steinheim, Germany). In medium for HEK 
cells and THP-1 cells, 5 µg/ml puromycin (Sigma-Aldrich) and 20 µg/ml human transferrin 
(Sigma-Aldrich) were supplemented, respectively. Cells were cultured at 37ºC in the 
presence of 5% CO2, in a humidified incubator. 

 
Tolerization & immunization of mice 

To minimize generation of mAbs recognizing epitopes on HEK-CD14-TLR2 other than 
TLR2 itself, mice were tolerized for HEK-CD14 cells with cyclophosphamide (Sigma-
Aldrich), using a well established tolerization protocol (see table 1, Dr. J. Wijdenes, 
Diaclone, Besançon, France, personal communication). Twelve-week-old male Balb/c mice 
received an intraperitoneal injection with HEK-CD14 cells (10x106 cells/ 200µl PBS/ 
mouse), followed by an intraperitoneal injection with 1 mg cyclophosphamide/ 0.2 ml PBS/ 
mouse ten minutes later (day 1). Also the subsequent two days cyclophosphamide (1 mg/ 
0.2 ml PBS/ mouse) was injected (day 2 + 3). This cycle (day 1-3) was repeated three times 
with two-week intervals. Following this tolerization procedure, the mice were immunized 
intraperitoneally three times, at two week intervals, with HEK-CD14-TLR2 or HEK-CD14-
TLR4 cells (10x106 cells/ 200µl PBS/ mouse, see table 1).  

Before fusion, pre-immune sera, sera obtained after tolerization but before 
immunization, and immune sera were checked for reactivity with HEK-CD14 and HEK-
CD14-TLR2/4 cells by FACS analysis using fluorescein isothyocyanate (FITC)-conjugated 
polyclonal goat-anti-mouse mAbs (CLB). 

 
Fusion of spleen and mouse myeloma cells 

Four days after the last booster injection, spleen cells and peripheral lymph nodes were 
fused with non-secreting mouse myeloma SP2/0-Ag14 cells at a 3:1 ratio (100.000 spleen 
cells/well) under standard conditions employing PEG 4000 (Sigma) as described before.39 
Hybridomas were cultured in selection medium containing 100 µM hypoxanthine (Sigma) 
and 1 µg/ml azaserine (Sigma) in the presence of recombinant IL-6 (2 ng/ml, CLB) to 
maintain hybridoma proliferation, in 200-µl wells in 96-well flat-bottom microtiter plates 
(Nunc, Roskilde, Denmark). After 8 and 10 days the medium was replaced with medium 
without azaserine. After another 2-3 days the supernatants were screened for mAb 
production. Clonality of hybridoma cells was achieved by limiting dilution.  
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Table 1: tolerization / immunization scheme 
 day  procedure 

0 

-collection pre-immune serum 
-i.p. injection 10 x 106 HEK-CD14   
-after 10 min. intraperitoneal cyclophosphamide 
  injection (CP ip) 

1 CP ip 

1st round tolerization 
 

2 CP ip 

14 -i.p. injection 10 x 106 HEK-CD14  
-after 10 min. CP ip 

15 CP ip 2nd round tolerization 

16 CP ip 

28 -i.p. injection 10 x 106 HEK-CD14  
-after 10 min. CP ip 

29 CP ip 3rd round tolerization  

30 CP ip 

42 -i.p. injection 10 x 106 HEK-CD14  
-after 10 min. CP ip 

43 CP ip 
44 CP ip 

4th round tolerization + 
1st round immunization  

45 -collection pre-immune serum 
- i.p injection 10 x 106 HEK-CD14-TLR2 

2nd round immunization 59 i.p injection 10 x 106 HEK-CD14-TLR2 
 66 collection immune serum 
3rd round immunization 73 i.p/i.v. injection 10 x 106 HEK-CD14-TLR2 
isolation of cells 77 isolation of spleen cells + peripheral lymph nodes  

 
Screening of hybridoma supernatants by FACS analysis 

To analyse the binding of hybridoma supernatants to both HEK-CD14-TLR2/4 and 
HEK-CD14 cells, hybridoma supernatants were added to a mixture of HEK-CD14 cells 
labelled with the intracellular fluorescent probe carboxyfluorescein-diacetate, succinimidyl 
ester (5(6)-CFDA, SE; CFSE, Molecular Probes, Eugene, OR, USA), and unlabeled HEK-
CD14-TLR2/4 cells. Binding of hybridoma supernatant to HEK-CD14-TLR2/4 and/or 
HEK-CD14 cells was detected by polyclonal goat-anti-mouse immunoglobulin antibodies, 
as detailed out below. 

HEK-CD14 cells were trypsinized at room temperature, washed in ice-cold IMDM 
containing 5% FCS, washed in ice-cold PBS, and resuspended in ice-cold PBS at a 
concentration of 20 x 106 cells/ml. All incubations were performed at 4 ºC. One volume of 
HEK-CD14 cells was incubated with 1 volume of CFSE solution (0.33 µM) for 10 min. 
CFSE staining was terminated by addition of 2 volumes FCS. Following a 2 min 
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incubation, HEK-CD14 cells were washed in IMDM containing 5% FCS, washed in PBA 
(PBS containing 0.5% (w/w) bovine serum albumin and 0.02% sodium azide) and 
resuspended in PBA at a final concentration of 4 x 106 cells/ml. HEK-CD14-TLR2/4 cells 
were trypsinized, washed with IMDM containing 5% FCS, washed in PBA and also 
resuspended in PBA at a concentration of 4 x 106 cells/ml. Equal volumes of HEK-CD14 
and HEK-CD14-TLR2/4 cells were mixed and 50 µl aliquots containing 100.000 CFSE-
labelled HEK-CD14 and 100.000 unlabeled HEK-CD14-TLR cells were added to 96-well 
round-bottom microtitre plates (Greiner Bio-One, Frickenhausen, Germany). 

HEK-cell mixtures (50 µl) were incubated for 20 min with 50 µl of hybridoma 
supernatant, or with an anti-human TLR mAb (for TLR2 fusions mouse anti-human TLR2 
mAb TL2.1, 20µg/ml, IgG2a, Cascade BioScience, Winchester, MA, USA and for TLR4 
fusions mouse anti-human TLR4 mAb HTA125, 20 µg/ml, IgG2a, eBiosciences, San 
Diego, CA, USA) and an irrelevant mouse IgG2a isotype (20 µg/ml, CLB) as positive and 
negative controls, respectively. Incubations with antibodies were performed in PBA 
containing human gamma globulins (3 mg/ml, CLB) to prevent non-specific binding. HEK-
cell mixtures were washed three times in PBA and incubated with a biotinylated polyclonal 
goat-anti-mouse antibody (1:1000, CLB) for 20 min. The cells were then washed three 
times in PBA and incubated with streptavidin-allophycocyanin (1:750; BD Pharmingen, 
San Diego, CA, USA) and measured on a FACS-calibur (Becton Dickinson, San Jose, Ca, 
USA).  

Mouse anti-human HLA class I (W6/32), IgG2a was from Abcam, Cambridge, UK. 
Mouse anti-human CD14 (CD14.22) was from Dr. Van der Schoot, Sanquin, Amsterdam. 
An IgM raised against the allergen Corylus avellana 1 was kindly provided by Dr. R. van 
Ree, Sanquin, Amsterdam. The isotype of the mAbs produced was determined using a 
mouse monoclonal antibody isotyping kit (Hycult Biotechnology, Uden, The Netherlands).  

 
 

Results 
 

Screening of mice sera for reactivity with HEK-CD14 and HEK-CD14-TLR2/4 cells 
To determine whether mice sera contained the desired antibodies, preimmune sera, sera 

collected after tolerization but before immunization, and immune sera, were compared for 
reactivity with HEK-CD14 and HEK-CD14-TLR2/4 cells. Compared to pre-immune sera, 
sera collected after tolerization did not show increased binding to HEK-CD14-cells (data 
not shown). After immunization with HEK-CD14-TLR2 or HEK-CD14-TLR4 cells, sera 
exhibited strong binding to the appropriate type of HEK-CD14-TLR cells (data not shown). 
However, these immune sera showed equally strong binding to HEK-CD14 cells 
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Table 2: Overview of 1st screening results. 

1st screening: hybridoma supernatants positive for: 

TLR CD14+TLR fusion antigenI nr. of wellsII

mildIII strongIV total  

1 TLR2 990 
2 

(0.2%)  

3 

(0.3%) 

5 

(0.5%) 

82 

(8.2%) 

2 TLR4 440 
3 

(0.7%) 

1 

(0.2%) 

4 

(0.9%) 

40 

(9%) 

3 TLR4 384 
4 

(1.0%) 

1 

(0.3%) 

5 

(1.3%) 

96 

(25%) 

4 TLR2 228V
7 

(3%) 

0 

(0%) 

7 

(3%) 

24 

(11%) 
 
I TLR2/TLR4 indicates HEK cells expressing both CD14 and TLR2/TLR4 
II Nr. of wells indicates the number of wells that were tested during the first (initial) screening 
III A mild positive signal represents a binding to HEK-CD14-TLR cells that is less than three times 

the IgG isotype control mAb signal 
IV A strong positive signal represents a binding to HEK-CD14-TLR cells that is more than three 

times the IgG isotype control mAb signal 
V Fusion performed with a pool of spleen cells derived from mice tolerized/immunized at 
 Diaclone, Besançon, France, using the same protocol.  

 
 

without the appropriate TLR present (data not shown), indicating that tolerance had been 
broken during immunization. Of the eight mice immunized (1-4: TLR2, 5-8: TLR4), one 
mouse (nr. 4) did not produce antibodies reactive with HEK-CD14 or HEK-CD14-TLR2 
cells (data not shown). 

 
Principle of FACS analysis screening.  

Technically, the fusions were successful. Out of 3000 wells tested, more than 96% of 
the wells showed growth of hybridomas. However, during the first screening (not shown) 
we noticed that a substantial part of the hybridomas bound to both HEK-CD14 and HEK-
CD14-TLR cells. Therefore, we developed a screening method (as described in the 
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materials & methods section) that enabled us to discriminate between supernatants only 
binding to HEK-CD14 cells and supernatants binding to HEK-CD14 cells expressing TLR. 
An example of this screening technique with HEK-CD14 and HEK-CD14-TLR2 cells using 
a mAb specific for TLR2 (TL2.1) is shown in figure 1. HEK-CD14 and HEK-CD14-TLR2 
cells show equal (auto)fluorescence after incubation with PBA (fig 1A) or an irrelevant 
IgG2a isotype control (fig 1B). However, the TLR2 recognizing mAb TL2.1 specifically 
bound to HEK-CD14-TLR2, and not to HEK-CD14 cells (fig 1C). Comparable results were 
obtained when HEK-CD14-TLR4 and HEK-CD14 cells were stained with a mAb specific 
for TLR4 (HTA125, data not shown). As a positive control, a mAb specific for HLA class I 
(W6/32) was used, that bound equally well to HEK-CD14 and HEK-CD14-TLR cells (fig 
1D). CD14 was found to be equally highly expressed on HEK-CD14-TLR2, HEK-CD14-
TLR4, and HEK-CD14 cells (data not shown). 

 
Screening of hybridoma supernatants by FACS analysis.  

We performed four fusions with spleen cells from mice immunized with HEK-CD14-
TLR cells (2x TLR2, 2x TLR4) and analysed the hybridoma supernatants by FACS 
analysis. An overview of the binding of these hybridoma suprnatants is provided in table 2. 
The fusions of spleen cells derived from mice immunized with HEK-CD14-TLR2 yielded 
three mAbs (designated 1F8, 5C9, and 1B3). The binding of two hybridoma supernatants 
(1F8, 1B3) to HEK-CD14-TLR2 cells, as analysed by FACS, is shown in fig 2A. Despite 
the tolerization procedure, several hybridoma supernatants recognized HEK-CD14 and 
HEK-CD14-TLR2 cells equally well (fig 2C). Because the first fusion yielded one 
monoclonal antibody recognizing TLR2 (1F8) which was of the IgM subclass, an irrelevant 
murine IgM was included as a negative control in subsequent screenings (fig. 2D). All three 
monoclonal antibodies that bound to HEK-CD14-TLR2 cells were found to be of the IgM 
isotype. Two fusions performed with spleen cells from HEK-CD14-TLR4-immunized mice 
did not yield any mAb that was specific for TLR4. 

 
Binding of IgM anti-HEK-CD14-TLR2 mAbs to THP-1 cells. 

To ascertain whether anti-HEK-CD14-TLR2 mAbs also recognized endogenous TLR2 
on human cells, THP-1 cells were stained with 3 IgM anti-HEK-CD14-TLR2 mAbs and 
TL2.1. None of the three IgM anti-HEK-CD14-TLR2 mAbs showed increased binding 
compared to the IgM isotype control, in contrast to control mAb TL2.1 (data not shown). 
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Discussion 
 
To study the role of TLR2 and TLR4 in the activation of cells of the immune system we 

sought to generate inhibitory and/or stimulatory monoclonal antibodies (mAbs) directed 
against TLR2 and TLR4. Since recombinant monomeric ectodomains of TLR2 and/or 
TLR4, with the correct folding and three-dimensional structure were not available for 
immunization (see chapter 2), HEK-cells overexpressing CD14 and the appropriate TLR 
were used for immunization. However, one of the disadvantages of immunizing mice with 
human cells is that antibodies which recognize abundant, immunodominant surface 
antigens other than the appropriate TLR, are likely to be generated. Therefore, a tolerization 
protocol with the alkylating agent cyclophosphamide40 was used. This strategy is based on 
the assumption that when the immune response is elicited after injection with HEK-CD14 
cells, resulting in the clonal expansion of B and T lymphocytes, the dividing cells are 
preferentially killed by cyclophosphamide. This would result in the lack of an immune 
response after subsequent exposure to HEK-CD14 cells, which then would significantly 
increase the likelihood of an immune response directed against the appropriate TLR after 
immunization with HEK-CD14-TLR cells. This so-called subtractive immunization 
procedure has been proven to be useful for other antigens.41,42 In our experiments, the 
tolerization procedure was only partly successful: the binding to HEK-CD14 cells of 
immune sera after tolerization was comparable to that of pre-immune sera. However, after 
subsequent immunization with HEK-CD14-TLR cells, immune sera also bound to HEK-
CD14 cells, which indicates that tolerization was, at least partly, lost. 

We developed a screening assay that enabled us to compare the binding of hybridoma 
supernatant to both HEK-CD14 and HEK-CD14-TLR cells within one single FACS assay. 
To achieve this, HEK-CD14 cells were labelled with the fluorescent probe CFSE that has 
its peak excitation wavelength at 488 nm and peak emission wavelength at 530 nm, which 
can be recorded using the FL1 channel. However, CFSE has a more powerful and broader 
emission spectrum than other fluorescein dyes and is also detected in the FL2 and FL3 
channels. Therefore, we used a combination of biotinylated polyclonal goat-anti-mouse IgG 
and streptavidin-allophycocyanin, which can be recorded at 660 nm using the FL4 channel, 
thus avoiding both the overlap of emission spectra that would require corrections, and 
autofluorescence. 

Fusions of spleen cells derived from mice immunized with HEK-CD14-TLR4 cells did 
not yield any specific mAb for TLR4. TLR2 fusions yielded three mAbs that specifically 
recognized HEK-CD14-TLR2 and not HEK-CD14, which were all of the IgM subclass. As 
many screening assays, our assay may preferentially detect multivalent antibodies, such as 
IgM, because their avidity may be higher than that of bivalent IgG antibodies. However, 
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Figure 1: Principle of FACS screening.  
Mixtures of CFSE-stained HEK-CD14 cells with HEK-CD14-TLR2 cells were incubated with PBA (A), 
IgG2A isotype control (B), anti-TLR2 mAb TL2.1 (C), and anti-HLA class I mAb W6/32 (D).  

 
titration of the control anti-TLR2 mAb TL2.1 indicated that the screening assay was able to 
detect as little as 1 µg/ml IgG2a-anti-TLR2 (data not shown), which is a concentration that 
is lower than that expected to be produced in the medium of hybridoma cells. In addition, 
the IgM anti-TLR2 mAbs did not recognize TLR2 on THP-1 cells, which may suggest that 
the density of TLR2 expressed on THP-1 cells was too low for a polyvalent interaction with 
the IgM ant-TLR2 mAbs. Antibody responses in mice against highly conserved mammalian 
proteins (such as TLRs) are often weak and mainly result in IgM antibodies, owing to the 
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lack of T-cell stimulation.43 Since the ectodomains of TLR proteins are comprised of 
leucine-rich repeats that are highly conserved in mammals and plants,44 this might account 
for the IgM response observed after HEK-CD14-TLR2 immunization.  

After Beutler and co-workers discovered the TLR4 gene in 1998,4 most progress in the 
identification and characterization of new members of the TLR family has been obtained by 
the generation of TLR-deficient mice and the overexpression of human recombinant TLRs 
in mammalian cells. However, to study the role of TLRs in the activation of human blood 
cells it would be desirable to specifically block or activate a particular TLR with functional 
mAbs. Given this need for the use of functional anti-human TLR mAbs surprisingly few 
mAbs have been generated.  

After its production the TLR2 neutralizing mAb TL2.1 antibody by Espevik and co-
workers28 has been relatively little used, perhaps because only limited inhibition of TLR2 
could be achieved.14,29,30,45 The mAb produced at Genentech6 has not been commercially 
available, but seems to be a better TLR2-neutralizing mAb.34,45,46 In a recent study, the 
inhibitory actions of TL2.1 and mAb 2392 on TLR2-ligand induced cytokine production in 
THP-1 cells were compared. The mAb 2392 blocked >99% of the TNF production induced 
by the TLR2 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.45 

The alleged TLR4-neutralizing mAb HTA 125 has been used as an inhibitor of cytokine 
production by TLR4 agonists in several cell lines.30,36-38,47 However, the usefulness of 
HTA125 was questioned when Wang and co-workers47 observed only weak binding of 
HTA125 to TLR4, which could be even further decreased by incubation with purified 
human IgG Fc, IgG1, and IgG4. Also, both our own as well as recent published 
experiments48 demonstrated that in whole blood, HTA125 was unable to block LPS-
induced cytokine production.. Perhaps because of these results obtained with these 
allegedly TLR-neutralizing mAbs, most research groups used TLR4-deficient C3H/HeJ 
mice to investigate the role of TLR4 in the immune response, rather than to use mAbs of 
questionable merit. Also Beutler mentioned that it is notoriously difficult to raise 
functionally antagonistic and/or agonistic mAbs against TLRs.49 

Nonetheless, recently, the generation of 15C1, a powerful mAb raised against TLR4, 
which inhibited LPS-induced cytokine production in a panel of primary cells and cell lines 
in vitro, was reported.48 This paper shed new light on the generation of TLR-neutralizing 
mAbs and reported some remarkable facts. First, the mice used in this study were 
immunized with CHO-cells co-expressing both TLR4 and MD-2. This was regarded 
essential for the generation of functional TLR4-neutralizing mAbs (G. Elson, NovoImmune 
SA, Switzerland, personal communication). Second, the final “hyper-booster” injecton was
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Figure 2: Screening of hybridoma supernatants by FACS analysis.  
Mixtures comprising CFSE-stained HEK-CD14 cells and HEK-CD14-TLR2 cells were incubated with 
hybridoma supernatants. A and B: Hybridoma supernatants (A, 1F8; B, 1B3) that specifically bound HEK-
CD14-TLR2. C: an irrelevant IgM isotype control that bound to to both HEK-CD14-TLR2 and HEK-CD14. 
D: Hybridoma supernatant that bound both to HEK-CD14-TLR2 and HEK-CD14. 

 
not given with CHO-TLR4-MD2 cells, but with the extracellular soluble part of human 
TLR4. Third, the inhibition of TLR4 signalling was demonstrated to be caused not by the 
hindrance of the binding between LPS and TLR4-MD2, but by prevention of dimerization 
of TLR4 receptors. Finally, the TLR4 inhibitory effect was demonstrated to be dependent 
on the interaction of the Fc part of the TLR4-neutralizing mAb with FcγR IIA (CD32A).48 
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At present, clinical trials are underway to test the efficacy of 15C1 against recurrent Gram-
negative pulmonary infection (G. Elson, personal communication). 

To summarize, we developed a new FACS assay which enabled us to compare 
efficiently the binding of hybridoma supernatants with HEK cells with and without TLR 
expressed. We attempted to generate mAbs against TLR2 and TLR4, but only produced 
three IgM anti-TLR2 mAbs. At present, we cannot account for the lack of a specific 
immune response after immunization with TLR-expressing cells. This, together with the 
fact that few mAbs against TLR2 and TLR4 have been developed by other research groups 
suggest that particular problems exist in the generation of a specific immune response to 
TLR structures, which remain to be elucidated. Recent reports suggest that, at least for 
TLR4, efficient generation of TLR-neutralizing mAbs depends on the presence of 
extracellular adaptor molecules, such as MD-2.  
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Background/aims: Periodontitis is a chronic infectious disease associated with a Gram-
negative subgingival microflora. Bacterial components stimulate, among other receptors, 
Toll-like receptor-2 (TLR2) and/or TLR4. Accumulating evidence indicates that both 
qualitatively and quantitatively distinct immune responses result from TLR2 triggering as 
compared to TLR4 triggering. The aim was to study the interaction of Porphyromonas 
gingivalis, Actinobacillus actinomycetemcomitans, Tannerella forsythensis, Prevotella 
intermedia, Prevotella nigrescens, Fusobacterium nucleatum, and Veillonella parvula with 
TLR2 and TLR4 receptors. We investigated all known serotypes (K-, K1-K6) of P. 
gingivalis and A. actinomycetemcomitans serotype a-e strains for their potency to stimulate 
cytokine production. 

 
Methods: Human embryonic kidney (HEK) cells, stably transfected with CD14, CD14-
TLR2, or CD14-TLR4 and whole blood were stimulated with bacterial sonicates. Cytokine 
production (IL-6, IL-8, IL-10, and IL-12) was measured in the supernatant by Enzyme-
Linked Immunosorbent Assay (ELISA). 

 
Results: All test bacteria stimulated HEK-CD14-TLR2, but only A. 
actinomycetemcomitans and V. parvula stimulated HEK-CD14-TLR4. No differences in 
activation of HEK-CD14-TLR2/4, or cytokine production in whole blood were found 
between serotypes of P. gingivalis, and A. actinomycetemcomitans. 

 
Conclusion: Gram-negative periodontal bacteria predominantly stimulate TLR2, which 
may be of importance for the Th1/Th2 orientation of the immune response in periodontitis.  
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Introduction 
 
Toll-like receptors (TLRs) are germ line encoded pattern recognition receptors (PRRs) 

expressed on cells of the innate immune system that recognize structural components 
conserved among 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 TLRs have been discovered in mammals, each 
of which recognizes a particular PAMP,2 thereby enabling the host to mount a pathogen-
specific immune response.  

Two members of the TLR family, TLR2 and TLR4, have been identified as the 
principal signalling receptors for bacterial cell wall components. Both TLR2 and TLR4 are 
expressed on dendritic cells (DCs), the only antigen-presenting cells (APC) that are capable 
of priming naïve T-cells, which includes the polarization of naïve T-cells toward a Th1 or 
Th2 response.3 Engagement of TLRs on DCs by pathogens plays a major role in skewing 
responses toward Th1 or Th24 and accumulating evidence exists that stimulation of TLR4 
leads to the production of Th1-associated IL-12, whereas TLR2 triggering promotes Th2 
development.4-7 

Currently, the consensus is that adult periodontitis, a chronic inflammatory disease 
characterized by deepened periodontal pockets, bleeding after pocket probing, suppuration 
and alveolar bone and tooth loss, is initiated by bacteria in dental plaque.8 Clear evidence 
has been obtained that the Gram-negative bacteria P. gingivalis, A. actinomycetemcomitans, 
P. intermedia, F. nucleatum, and T. forsythensis are major pathogens in adult 
periodontitis.9-11 Cell wall components of these periodontal bacteria stimulate, via TLR2 
and TLR4, production of pro-inflammatory cytokines from the host, such as IL-1β and 
TNF, which induce alveolar bone resorption and the production of matrix 
metalloproteases.12 In addition, cytokines are produced that may favor the development of a 
Th1 or Th2-biased adaptive immune response. Several studies have demonstrated that 
monocytes from periodontitis patients produce cytokines associated with a Th2 immune 
response.13,14 Therefore, the hypothesis that progressive periodontal lesions are associated 
with a Th2-biased immune response15 has been widely accepted.  

Encapsulated bacteria can resist phagocytosis and their polysaccharide capsules are 
important virulence factors for bacteria.16 Six polysaccharide capsular serotypes (K1-K6) 
have been described in P. gingivalis17,18 and subsequent clinical and animal studies have 
indicated that encapsulated P. gingivalis (K1-K6) strains are more virulent than 
uncapsulated (K-) strains.19,20 
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The chemical structure of P. gingivalis lipid A, the bio-active moiety of LPS, differs 
remarkably from lipid A produced by enterobacteria such as Escherichia coli.21 In addition, 
P. gingivalis lipid A has been shown to induce mitogenic responses in B and T cells 
isolated from LPS-non-responsive C3H/HeJ mice,22 which possess a point mutation in the 
TLR4 gene that prevents signalling by enterobacterial lipid A.23 Hirschfeld and co-
workers5,24 demonstrated that purification of lipid A is liable to contamination with 
lipoproteins or other lipid A species. Repurification by phenol re-extraction of lipid A 
indicated that E.coli lipid A signals through TLR424 and P. gingivalis lipid A through 
TLR2.5 Also other reports unequivocally demonstrated that P. gingivalis LPS stimulated 
TLR2, rather than TLR4.4,6,7,25 In spite of these numerous data, reports of the activation of 
TLR4 by P. gingivalis lipid A26-28 maintain the controversy as to which TLR is involved in 
P. gingivalis signalling. 

The purpose of the present study was to determine whether TLR2 and/or TLR4 was 
involved in the signalling of Gram-negative periodontal bacteria such as P. gingivalis, A. 
actinomycetemcomitans, T. forsythensis, P. intermedia, P. nigrescens, F. nucleatum, and V. 
parvula. In order to avoid problems of endotoxin contamination during purification of 
bacterial substances, we tested sonicates of bacteria for the capability to induce IL-8 
production in TLR-transfected HEK cells. In addition, we sought to determine whether 
different serotypes of P.gingivalis (serotype K-, K1- K6) and A. actinomycetemcomitans 
(serotype a-e) have different potency to stimulate cytokine production in TLR-transfected 
HEK cells and whole blood. 
 
 
Materials and methods 

 
Bacterial strains & stimuli 

Bacterial strains P. gingivalis 381 (K-), W83 (K1), HG184 (K2), A7A1-28 (K3), ATCC 
49417 (K4), HG1690 (K5), HG1691 (K6), T. forsythensis 92.582 (prtH-) and 92.795 
(prtH+), P. intermedia HG110, P. nigrescens HG65, F. nucleatum #313 and V. parvula 
HG318 were grown anaerobically (80% N2, 10% H2, 10% CO2) at 37 ºC on 5% horse blood 
agar plates (Oxoid no.2, Basingstoke, England) enriched with hemin (5 mg/L) and 
menadione (1 mg/L) for 4-7 days. A. actinomycetemcomitans strains HG569 (serotype a), 
HG90 (serotype b), HG683 (serotype c), 3381 (serotype d) and HG1650 (serotype e) were 
grown in a CO2 incubator (5% CO2 in air) at 37 ºC on 5% horse blood agar plates enriched 
with hemin (5 mg/L) and menadione (1 mg/L) for 3 days. For one experiment, P. gingivalis 
K- and K1 were also grown anaerobically (80% N2, 10% H2, 10% CO2) at 37 ºC in brain 
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heart infusion (BHI) broth enriched with hemin (5 mg/L) and menadione (1 mg/L) for 2 
days. E. coli HG101 was grown aerobically at 37 ºC in BHI broth for 4h. 

Bacteria on agar plates were harvested with a sterile cotton-tipped swap immersed in 
sterile PBS. All bacteria were washed three times in PBS, and resuspended in PBS at a 
concentration of OD690 =1, corresponding to approximately 2 x 108 CFU/ml. Bacteria were 
disrupted using a sonifier (Soniprep MSE 150, amplitude 18, 2 min, 5 sec intervals) in a 
sonifying vessel. The vessel was kept on ice during the process. The degree of disruption of 
the bacteria was assessed by phase-contrast microscopy and with Gram-staining by light 
microscopy. More than 95% of bacteria were required to be disrupted. Sonicates were 
stored at 4 ºC until use. Before use, sonicates were centrifuged (17,900 x g, 10 min at 4 ºC). 
Staphylococcus aureus Cowan I strain cells (SAC, Pansorbin) were from Calbiochem, La 
Jolla, CA, USA. Lipooligosaccharide (LOS) derived from Neisseria meningitides was a 
generous gift from Dr. J. Poolman, RIVM, Bilthoven, The Netherlands.  

 
Cells & cell cultures 

Human Epithelial Kidney 293 (HEK) cells stably transfected with CD14, CD14-TLR2 
or CD14-TLR4 were a kind gift from Drs. D. Golenbock and E. Latz, Worcester, MA, 
USA. and have been described elsewhere.29 Transfected HEK cells were cultured in 
Iscove’s Modified Dulbecco’s Medium (IMDM, Bio Whittaker, Verviers, Belgium) 
supplemented with 5% heat-inactivated fetal calf serum (FCS, Bodinco, Alkmaar, The 
Netherlands), penicillin 100 U/ml / streptomycin 100 μg/ml (Gibco, Merelbeke, Belgium), 
50 μM 2-mercaptoethanol (Sigma-Aldrich, Steinheim, Germany), and 5 μg/ml puromycin 
(Sigma-Aldrich). For stimulation experiments cells were seeded at 5 x 104 cells/well in 96-
well flat-bottom microtitre plates (Nunc, Roskilde, Denmark) and stimulated the next day. 
HEK-CD14-TLR4 cells were stimulated in the presence of additional 5-10% human serum. 
After 16-20 h of stimulation supernatants were harvested for determination of IL-8 
production. 

Blood samples were collected from eight healthy volunteers using endotoxin-free 
evacuated blood collection tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) 
containing sodium heparin. For whole blood cultures, venous blood was diluted 1/10 with 
IMDM supplemented with 0.1% heat-inactivated fetal calf serum, 15 U/ml heparin (Leo 
Pharmaceutical products, Weesp, The Netherlands), penicillin 100 U/ml / streptomycin 100 
μg/ml, and 50 μM 2-mercaptoethanol. After 16-20 h of stimulation of whole blood cultures 
with P. gingivalis (K-, K1-K6) and A. actinomycetemcomitans (serotype a-e) supernatants 
were harvested for determination of cytokine production.  
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Both HEK cells and diluted whole blood were cultured in 200 µl wells at 37 ºC in the 
presence of 5% CO2, in a humidified incubator. 

 
Cytokine measurements 

IL-6, IL-8, IL-10 and/or IL-12p40 levels were determined by ELISA kits (Peli-Kine-
compact, Sanquin Reagents, Amsterdam, the Netherlands), according to the manufacturer’s 
instructions. The plates were read in an ELISA-reader (Labsystems Multiskan Multisoft, 
Helsinki, Finland) at 450 nm, with 540 nm as a reference. 

 
Statistical analysis 

Differences in cytokine production were tested with one-way ANOVA test. Differences 
were considered significant when P < 0.05. 
 
 
Results 

 
Serum requirement and specificity of HEK-CD14-TLR2 and HEK-CD14-TLR4 cells. 

We observed that IL-8 production following stimulation of HEK-CD14-TLR4 cells 
with LOS was markedly increased in the presence of human serum (fig. 1A). In contrast, 
HEK-CD14-TLR2 cells did not require serum for optimal activation. IL-8 production 
following stimulation of these cells with TLR2 agonist SAC in the absence or presence of 
serum did not differ appreciably (fig. 1B). Therefore, stimulation of HEK-CD14-TLR4 
cells was performed in the presence of 5 or 10% human serum. Specificity of CD14-TLR 
transfected HEK-cells was checked with LOS and SAC. LOS stimulated IL-8 production in 
HEK-CD14-TLR4, but not in HEK-CD14-TLR2 (see fig. 1C), whereas SAC stimulated 
HEK-CD14-TLR2, but not HEK-CD14-TLR4 cells (see fig. 1D). Neither LOS nor SAC 
activated HEK-CD14 cells (fig 1C + D). 

 
Stimulation of HEK-CD14-TLR cells with periodontal Gram-negative bacteria. 
E. coli K12 sonicates stimulated both HEK-CD14-TLR2 and HEK-CD14-TLR4 (fig. 2A). 
However, uncapsulated P. gingivalis (K-, fig. 2B) as well as encapsulated P. gingivalis 
strains (K1-K6, fig. 2C: K1) only stimulated HEK-CD14-TLR2. By contrast, all A. 
actinomycetemcomitans strains tested (serotype a-e) stimulated both HEK-CD14-TLR2 and 
HEK-CD14-TLR4 (fig. 2D: serotype a). Two strains of T. forsythensis, 92.582 prtH+ (fig. 
2E) and 92.795 prtH- (data not shown) exclusively stimulated HEK-CD14-TLR2. Also F. 
nucleatum (fig. 2F), P. nigrescens (fig. 2H), and P. intermedia (fig. 2I) failed to stimulate 
HEK-CD14-TLR4, and only stimulated HEK-CD14-TLR2. Finally, V. parvula, only
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Fig. 1. Serum requirement and specificity of HEK-CD14-TLR2 and HEK-CD14-TLR4 cells. 
HEK-CD14, HEK-CD14-TLR2, and HEK-CD14-TLR4 cells were stimulated with LOS and SAC in the 
absence or presence of 5% human serum. A: LOS stimulation of HEK-CD14-TLR4 +/- 5% human serum. 
B: SAC stimulation of HEK-CD14-TLR2 +/- 5% human serum. C: LOS stimulation of HEK-CD14, HEK-
CD14-TLR2, and HEK-CD14-TLR4 cells in the presence of 5% human serum. D: SAC stimulation of 
HEK-CD14, HEK-CD14-TLR2, and HEK-CD14-TLR4 cells. One representative of three experiments is 
shown. 

 
weakly stimulated both HEK-CD14-TLR2 and HEK-CD14-TLR4. None of the bacterial 
sonicates tested stimulated HEK-CD14 cells (data not shown). 
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Stimulation of TLRs by different P. gingivalis and A. actinomycetemcomitans serotypes. 
When IL-8 induction in HEK-CD14-TLR2 cells by different (K-, K1-K6) P. gingivalis 

strains was compared, no significant differences between uncapsulated (K-) and 
encapsulated (K1-K6) P. gingivalis strains were observed (fig. 3A). Similarly, no 
differences between serotypes a-e of A. actinomycetemcomitans in the stimulation of HEK-
CD14-TLR2 (fig. 3B) and HEK-CD14-TLR4 (fig. 3C) were found.  

 
Stimulation of whole blood by P. gingivalis. 

To verify the results obtained with the TLR-transfected HEK cells, whole blood of eight 
healthy donors was stimulated with P. gingivalis strains. In accordance with HEK-CD14-
TLR2 results, IL-8 (fig. 4A) and IL-6 (fig. 4B) production in whole blood after stimulation 
with P. gingivalis (K-, K1-K6) strains did not show significant differences between 
uncapsulated (K-) and encapsulated (K1-K6) strains. Also no significant differences 
between uncapsulated (K-) and encapsulated (K1-K6) strains were observed in the 
production of IL-10 (range 25-100 pg/ml at 1:25 dilution) and IL-12p40 (range 100-1200 
pg/ml at 1:25 dilution) after stimulation (data not shown). In these experiments, stimulation 
of whole blood with P. gingivalis sonicates was characterized by a high interindividual 
variability in the production of cytokines, as illustrated by the IL-8 production following 
stimulation with K- in eight individual donors (fig. 4C + D). Finally, whole blood IL-8 
production after stimulation with serotypes a-e of A. actinomycetemcomitans also did not 
exhibit any significant differences (data not shown).  
 
 
Discussion 

 
In the present study we demonstrated that sonicates of P. gingivalis, T. forsythensis, P. 

intermedia, P. nigrescens, and F. nucleatum, exclusively stimulated TLR2, as opposed to 
Gram-negative enterobacteria which can stimulate both TLR2 and TLR4.30 Only A. 
actinomycetemcomitans and V. parvula were capable of stimulating both TLR2 and TLR4. 

IL-8 production following stimulation of HEK-CD14-TLR4 cells with LOS, a potent 
agonist of TLR4,31 was markedly increased in the presence of human serum. Although 
lipid-binding protein (LBP) and soluble CD14 play an important role in the activation of 
TLR4 and are present in human serum, activation of TLR4 is dependent on the presence of 
the extracellular adaptor molecule MD-2.32 Therefore, in experiments with TLR4-
transfected cells, either cDNAs for both TLR4 and MD-2 are co-transfected or recombinant 
soluble MD-2 is supplemented.32 Indirect evidence strongly suggests that MD-2 is also
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Fig. 2. Stimulation of HEK-CD14-TLR2/4 cells with sonicates of Gram-negative periodontal bacteria. 
Induction of IL-8 production in HEK-CD14-TLR4 cells were performed in the presence of 10% human 
serum. Data indicate single measurements (A-D) or mean ± SEM of duplicate samples (E-I). A: E. coli K12, 
B: P.gingivalis K-, C: P. gingivalis K1, D: A. actinomycetemcomitans strain a, E: T. forsythensis 92.582, F: 
Fusobacterium #313, G: P. nigrescens, H: P. intermedia, and I: V. parvula. 
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present in human serum,33 which might explain the potentiating effect of serum on LOS-
stimulated HEK-CD14-TLR4 cells. 

A large body of evidence indicates that P. gingivalis LPS stimulates TLR2, and not 
TLR4.5,6,25,34 In fact, it has been reported that LPS from P. gingivalis is an antagonist for 
human TLR4.34,35 Nonetheless, activation of TLR4 by P. gingivalis LPS or lipid A has also 
been reported.26-28 Therefore, we sought to determine whether the reported TLR4 activation 
was P. gingivalis strain specific and whether TLR2 and/or possibly also TLR4 are involved 
in the recognition of uncapsulated (K-) and encapsulated (K1-K6) P. gingivalis strains. We 
used crude sonicates of washed bacteria to circumvent the problem of endotoxin 
contamination during lipid A purification.  

In our study, all P. gingivalis strains tested stimulated HEK-CD14-TLR2, and none 
stimulated HEK-CD14-TLR4 cells.6,25,34 It is noteworthy that in other studies which 
demonstrated stimulation of TLR4 by P. gingivalis, lipid A was used that was obtained 
after multiple isolation steps.26-28 One of the possible explanations for this discrepancy 
might be that the P. gingivalis lipid A used in these experiments was contaminated with 
other, TLR4-stimulating lipid A species during the elaborate lipid A isolation procedure. 
Darveau and co-workers26,36 reported that P. gingivalis ATCC 33277 contained multiple 
lipid A species that functionally interacted with both TLR2 and TLR4. However, lipid A 
from the same P. gingivalis strain stimulated only TLR2 in a previous study.5 To explain 
this inconsistency, Darveau and co-workers suggested that lipid A isolated from P. 
gingivalis ATCC 33277 was contaminated with trace amounts of other TLR4-activating 
lipid A species. In addition, it was suggested that hot phenol-extraction and acid hydrolysis 
during lipid A isolation procedures might have resulted in the loss of acid-labile fatty acids 
and/or phosphate groups from the lipid A core sugar, and thereby might have changed the 
TLR-stimulatory properties of lipid A.26 An alternative explanation for the stimulation of 
TLR4 by P. gingivalis lipid A was provided by Darveau and co-workers, who alleged that 
TLR4-stimulatory lipid A species in P. gingivalis resulted from ingredients in the culture 
broth of P. gingivalis.26,36 However, also when we cultured P. gingivalis (K-, K1) in culture 
broth instead of horse blood agar plates, no changes in TLR-stimulating properties were 
found, and only HEK-CD14-TLR2 was activated, and not HEK-CD14-TLR4 (data not 
shown). It is clear that further studies are required to elucidate the effects of both medium 
ingredients and lipid A isolation techniques on the TLR-stimulatory properties of P. 
gingivalis lipid A. Indeed, preliminary data by Darveau and co-workers36 suggested that 
modification of particular ingredients in culture broth affected P. gingivalis lipid A species. 
However, all P. gingivalis lipid A species in this study interacted with TLR4, and no 
explanation was provided for the fact that no TLR4 activation by P. gingivalis lipid A was 
observed by other groups.5,6,25,34 
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Fig. 3. Differences in virulence between strains within P. gingivalis and A. actinomycetemcomitans are 
not correlated with TLR-stimulating properties. 
HEK-CD14-TLR2 (A,B) and HEK-CD14-TLR4 (C) cells were stimulated with sonicates of P. gingivalis 
(K-, K1-K6) strains (A), and A. actinomycetemcomitans serotype a-e strains (B,C). HEK-CD14-TLR4 
stimulations were performed in the presence of 10% human serum. One of two similar experiments is 
shown. 

 
In addition to P. gingivalis lipid A, also other components of P. gingivalis such as 

lipoproteins27 and fimbriae37 have been demonstrated to stimulate TLR2. Apart from TLR2 
stimulation, we cannot rule out that stimulation of TLR4 by P. gingivalis LPS or lipid A is 
masked by inhibitory proteins or lipopeptides present in P. gingivalis sonicates. However, 
we argue that following infection with periodontal bacteria in vivo, the host is also exposed 
to multiple cell wall components, rather than purified components. Therefore, it can be 
assumed that in vivo, P. gingivalis will predominantly stimulate TLR2. 
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Fig. 4. Stimulation of whole blood with sonicates of P. gingivalis. 
Whole blood of eight healthy donors was diluted 1/10 and stimulated with sonicates of uncapsulated (K-) 
and encapsulated (K1-K6) P. gingivalis strains. A: IL-8, B: IL-6, C: IL-8 production following stimulation 
with P. gingivalis K- in whole blood of eight individual donors. D. IL-8 production (mean ± SD) following 
stimulation of whole blood of eight donors with K-. 

 
We additionally report here that sonicates of T. forsythensis, P. intermedia, P. 

nigrescens, and F. nucleatum exclusively stimulated TLR2, and that A. 
actinomycetemcomitans and V. parvula stimulated both TLR2 and TLR4. To the best of our 
knowledge we are the first to describe the TLR-stimulatory properties of P. nigrescens, F. 
nucleatum, and V. parvula. Lipoproteins of T. forsythensis ATCC 4303738 and of P. 
intermedia ATCC 2561139 have been demonstrated to stimulate TLR2, whereas others 
reported that highly purified lipid A from P. intermedia ATCC 25611 stimulated TLR4.40 
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Our data which demonstrate that A. actinomycetemcomitans stimulated, apart from TLR2, 
also TLR4, are in agreement with the literature.41 

The question whether or not TLR4 is activated by periodontal bacteria is important. 
Several studies demonstrated that activation of TLR4 promoted the production of IL-12p70, 
IFN-γ, and other Th1-associated cytokines, which were much lower, or not at all produced 
in response to TLR2 activation.4-7 Thus, it can be concluded that TLR2 stimulation, in the 
absence of simultaneous TLR4 stimulation, favours development of a Th2-like immune 
response. It has been generally accepted that Th1 cells are associated with (early) stable 
periodontal lesions, while Th2 cells are associated with progressive lesions.14,15 Indeed, 
stimulated whole blood from periodontitis patients exhibited increased Th2-associated 
prostaglandin E2 and decreased Th1-associated IL-12p70 production as compared to 
controls.13,42 Our study demonstrated that all bacteria tested, with the exception of A. 
actinomycetemcomitans and V. parvula, exclusively stimulated TLR2, and not TLR4. 
Therefore, we hypothesize that the continuous stimulation of TLR2 by periodontal bacteria 
plays an important role in the Th2 orientation of the immune response in chronic 
periodontitis. In agreement with this hypothesis, A. actinomycetemcomitans, an important 
pathogen in local juvenile periodontitis and aggressive periodontitis that additionally 
signals through TLR4, induced high levels of Th1-associated IFN-γ.41 

Different P. gingivalis17 and A. actinomycetemcomitans43 serotypes did not differ in the 
activation of HEK-TLR2/4 cells. The possibility remained that other receptors present on 
human monocytes and/or neutrophils, but not HEK-CD14-TLR2/4 cells such as CD11b-
CD18, are involved in cell activation by P. gingivalis44 and A. actinomycetemcomitans. 
Therefore, we also stimulated whole blood with P. gingivalis and A. 
actinomycetemcomitans strains. However, IL-8, IL-6, IL-10, and IL-12p40 production in 
whole blood showed only minor differences following stimulation with P. gingivalis (K-, 
K1-K6), which could not account for the known differences in virulence between the P. 
gingivalis strains. Also no differences in whole blood IL-8 production were observed 
following activation with A. actinomycetemcomitants serotype a-e strains.  

To summarize, in the present study we demonstrated that Gram-negative periodontal 
bacteria mainly stimulate TLR2, which may explain the predominant Th2 orientation of the 
immune response observed in periodontitis. Finally, we demonstrated that differences in 
virulence between P. gingivalis and A. actinomycetemcomitans serotypes could not be 
attributed to differences in HEK-TLR2/4 activation or whole blood cytokine production. 
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Abstract 

 
Background and Objective: Smoking is associated with increased severity of 
periodontitis. The underlying mechanisms of this phenomenon are not well understood. The 
purpose of the present study was to compare the monocyte-derived T cell directing 
(Th1/Th2) response and pro-inflammatory cytokine production in ex vivo whole blood cell 
cultures (WBCC) of smoking and non-smoking chronic periodontitis patients. 

 
Material and Methods: Venous blood was collected from 29 periodontitis patients (18 
non-smokers and 11 smokers) receiving supportive periodontal treatment (SPT), and 
diluted 10-fold for WBCC. WBCC were stimulated for 18 hours with Neisseria 
meningitidis lipooligosaccharide (LOS) and Porphyromonas gingivalis sonic extract (Pg-
SE). The production of the T cell directing cytokines interleukin (IL)-12 p40 and IL-10, as 
well as the pro-inflammatory cytokines IL-1β, IL-6 and IL-8, was measured in the culture 
supernatants. 

 
Results: After LOS stimulation of WBCC, smokers showed a lower IL-12 p40/IL-10 ratio 
than non-smokers (p<0.05). IL-1β production was significantly lower in smokers as 
compared to non-smokers after stimulation with both LOS and Pg-SE (p<0.05). IL-6 and 
IL-8 production was similar between both groups, for both LOS and Pg-SE. 

 
Conclusion: A more pronounced Th2 response in smoking periodontitis patients may be 
related to increased severity of the disease. 
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Introduction 
 

Periodontitis is a chronic, multifactorial, infectious disease of the supporting tissue of 
the teeth. Periodontitis patients suffer from gradual loss of tooth attachment in the jaw 
bone, leading to periodontal pockets, receding gums, loose teeth and eventually tooth 
exfoliation.1 The onset and progression of periodontitis is due to an imbalance of the 
interaction between bacterial pathogens and host immunity. Host immunity is greatly 
influenced by both genetic susceptibility and environmental risk factors.2 Although several 
specific periodontopathogens have been implicated in the disease, two gram-negative 
bacteria, Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, have the 
strongest association.3 Cigarette smoking is considered to be one of the most important 
environmental risk factors in periodontitis,4 since more clinical attachment loss and bone 
loss have been observed in smoking than in non-smoking patients.5,6 Moreover, smoking 
may be responsible for a less favourable outcome after periodontal treatment and may more 
frequently cause disease progression despite a strict periodontal maintenance care 
programme.7

Monocytes play a crucial role in orchestrating the host immune system. When triggered 
by whole bacteria, as well as bacterial components, monocytes produce cytokines 
(monokines) which direct both innate and adaptive immunity.8 Monokines, such as the pro-
inflammatory interleukin (IL)-1β, IL-6, IL-8 and IL-12 and the anti-inflammatory IL-10, 
have been shown to be part of the inflammatory response in periodontitis and most 
probably may determine the host susceptibility and thereby variation in periodontal 
destruction.8–11

Cytokines, derived mainly from dendritic cells, monocytes and macrophages, play a 
pivotal role in directing lymphocytic differentiation of noncommitted precursors, CD4+ T 
cells, into either T-helper (Th)1 or Th2 cells.12 In human infections, an imbalance of Th1 
and Th2 cytokine production may be related to disease progression.12 The role of T-helper 
cells in amplifying immune responsiveness is well established. In periodontitis, the nature 
of the lymphocytic infiltrate seems to be crucial in disease progression.13 A Th1 cytokine 
profile is the major mediator in the early/stable lesion, while the dominance of B-
cells/plasma cells in the advanced/progressive lesion would suggest a role for Th2 cells. 
Therefore, it is likely that in those later stages, changes in cytokine profiles that modulate 
the Th1/Th2 balance may affect the susceptibility to or the course of the periodontal 
infection.10 Previous studies have shown that periodontitis patients display a monocytic 
cytokine profile which may favour a Th2 immune response. Indeed, periodontitis is 
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currently regarded as a Th2-type disease; therefore, the Th2-monocytic promoting 
phenotype may be an important risk factor.14,15

Differences in monocytic cytokine production between smoking and non-smoking 
periodontitis patients have been scarcely investigated. However, clinical data demonstrate 
that, compared with non-smokers, patients who smoke show a more severe disease and 
relapse during supportive periodontal treatment (SPT). In other inflammatory diseases, it 
has been shown that tobacco smoke may exacerbate disease progression through ’priming’ 
of immune cells towards a Th2 phenotype.16,17 In several inflammatory conditions, 
including periodontitis, ex vivo stimulation assays of peripheral blood cells with 
lipopolysaccharide (LPS) stimulant have been used as a measure of the host immune 
capacity.18–21 Monocyte responsiveness, both in isolated monocyte cell cultures and in 
whole blood cell cultures (WBCC), is regarded as a reliable measure for the in vivo 
situation.22

The aim of the present study was to compare the ex vivo production of IL-1β, IL-6, IL-
8, IL-10 and IL-12 p40 in WBCC of smoking and non-smoking periodontitis patients 
positive for Porphyromonas gingivalis (P. gingivalis), after stimulation with lipo-
oligosaccharide from Neisseria meningitides (LOS) and a sonic extract of P. gingivalis (Pg-
SE).  

 
 

Material and methods 
 

Patients 
The study population consisted of patients referred to our clinic [Department of 

Periodontology at the Academic Center for Dentistry Amsterdam (ACTA)] for the 
treatment of periodontal disease. Patients were selected from a pool of 900 consecutive 
patients that were sampled for bacteriological investigation at the intake before periodontal 
treatment. The selection criteria included: (1) Western European Caucasian descent; (2) 
diagnosis of chronic adult periodontitis at intake; (3) receiving SPT after non-surgical and 
surgical treatment had been completed; (4) age between 40 and 60 years; (5) presence of 
≥20 permanent teeth; (6) periodontal bone loss of ≥ one-third of the total root length of ‡ 
two teeth as visible on peri-apical radiographs; and (7) subgingival presence of P. 
gingivalis. Exclusion criteria were: (1) presence of any systemic condition that may affect 
the periodontal status; (2) pregnancy; (3) use of antibiotics within the last 6 months 
preceding the study; and (4) use of any medicine that may interfere with the periodontal 
health. This selection resulted in 48 potentially eligible patients. Of the 48 patients, 29 
volunteered to participate in the present study. Subsequently, patients were classified into 
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two groups according to the reported smoking status: (1) non-smokers, who had never 
smoked or had ceased smoking more than 10 years before entering the study; and (2) 
smokers, who were current smokers and had been smoking for at least 10 years with a 
consumption of ≥10 cigarettes/day.  

The final study population included 18 non-smokers and 11 smokers. For each subject, 
all teeth were radiographically examined for interproximal bone loss at the mesial and distal 
aspects, using cemento-enamel junction (CEJ) of the tooth and the bone crest as reference 
points. With the use of a translucent plastic ruler (Schei ruler technique), the percentage of 
bone loss at the deepest proximal site of each tooth was measured. Approval for this study 
was obtained by the Medical Ethical Committee of the Academic Medical Center of the 
University of Amsterdam. Participants were informed both verbally and in writing about 
the purpose of the study, and provided signed informed consent. 

 
Stimuli 

Lipooligosaccharide (LOS) as used previously23 was purified from Neisseria 
meningitidis, strain H44/76 (a kind gift from Dr J. Poolman, Rijksintituut voor 
Volksgezondheid en Milieu, Bilthoven, The Netherlands). Porphyromonas gingivalis strain 
381 was grown in brain heart infusion broth enriched with hemin (5 mg/l) and menadione 
(1 mg/l) in an anaerobic atmosphere (80% N2, 10% H2, 10% CO2) for 48 h at 37°C. The P. 
gingivalis bacteria were harvested in the log phase, pelleted by centrifugation (8000 g), 
washed three times in phosphate-buffered saline (PBS), and resuspended in PBS at a 
concentration of optical density (OD)690 = 1, corresponding to approximately 7 x 108 
colony forming units per ml. Aliquots (500 µl) of resuspended bacteria were disrupted 
using a sonifier in a sonifying vessel on ice (Soniprep MSE 150, amplitude 18, 4 min, 5 s 
intervals).  

The degree of disruption of the bacteria was assessed by phase-contrast microscopy and 
with gram staining by light microscopy. Sonicates were stored at 4°C until use. Before use, 
P. gingivalis sonicates were centrifuged (8000 g, 1 min) and used in WBCC as described in 
the subsection below.  

A mouse monoclonal antibody raised against human CD3 (anti-CD3, CLB-T3/4.E) was 
from CLB, Amsterdam, The Netherlands and has been previously described.24

 
Whole blood cell cultures 

Preliminary experiments were performed to determine the most optimal LOS and Pg-SE 
concentration for the WBCC. Whole blood samples of periodontally healthy donors were 
used for this purpose. From each subject, venous blood was collected by venipuncture from 
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the antecubital fossae in a sterile pyrogen-free blood collection tube (Vacuette, Greiner Bio-
One, Alphen a/d Rijn, The Netherlands) containing sodium heparin, and diluted 10-fold in 
pyrogen-free Iscove’s modified Dulbecco’s medium (IMDM, Bio Whittaker, Verviers, 
Belgium) supplemented with 0.1% fetal calf serum (FCS, Bodinco, Alkmaar, The 
Netherlands), 100 IU/ml penicillin, 100 µg/ml streptomycin (Gibco, Merelbeke, Belgium) 
and 15 IU/ml sodium heparin (Leo Pharmaceutical Products BV, Weesp, The Netherlands). 
Diluted whole blood in 200 µl flat-bottomed microtitre culture plates (Nunc, Roskilde, 
Denmark) was stimulated for 18 h with different LOS concentrations (1000, 250, 62 and 16 
pg/mL23) or Pg-SE dilutions (1:100, 1:400, 1:1600 and 1:64 000), and cytokine production 
of IL-1β, IL-6, IL-8, IL-10 and IL-12 p40 was measured. The most optimal LOS and Pg-SE 
concentrations for WBCC stimulation were 1000 pg/ml and 1:100, respectively (data not 
shown). Especially for IL-10, the capacity of each stimulant alone to elicit cytokine 
production at the indicated concentrations was still weak. To increase IL-10 production, we 
decided to combine monocyte stimulation with a T cell stimulus. In the 18 h incubation 
period, anti-CD3 alone did not lead to measurable cytokine production. However, when 
combined with monocyte stimuli, such as LOS or Pg-SE, anti-CD3 led to strongly 
increased production of cytokines, such as IL-10 and IL-12 (data not shown). 

From each subject of the final study population (29 subjects), diluted whole blood as 
described previously was stimulated with LOS at a final concentration of 1000 pg/ml or 
with Pg-SE at 1:100 dilution, in the presence of anti-CD3 at 1 µg/ml. Unstimulated diluted 
whole blood served as a negative control. Supernatants were harvested and stored at -20°C 
until cytokine measurements. 

Venous blood of each participant was also collected in an EDTA (K3)-containing tube 
(Becton Dickinson Vacutainer System Europe, Meylan, France) for the determination of the 
total number of leukocytes and for leukocyte differentiation (neutrophils, eosinophils, 
basophils, lymphocytes and monocytes) with standard automated procedures (Cell-Dyn 
4000, Hematology Analyzer, Abbott Laboratories, Park, IL, USA) operated in the clinical 
chemistry laboratory of the Slotervaart Hospital, Amsterdam, The Netherlands.  

 
Toll-like receptor-transfected human embryonic kidney 293 (HEK 293) cell cultures 

Human embryonic kidney 293 (HEK 293) cells stably transfected with CD14, CD14–
Toll-like receptor (TLR)2 or CD14–TLR4 were a kind gift from Drs D. Golenbock and E. 
Latz, Division of Infectious Diseases, University of Massachusetts Medical School, 
Worcester, MA, USA. Transfected HEK 293 cells were cultured in IMDM supplemented 
with 5% heat-inactivated FCS, 100 IU/ml penicillin, 100 µL/ml streptomycin, 50 µM 2-
mercaptoethanol (Sigma-Aldrich, Steinheim, Germany) and 5 µg/ml puromycin (Sigma-
Aldrich). For stimulation experiments, cells were seeded at 5 x 104 cells per well in 96-well 
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flat-bottomed microtitre plates (Nunc, Roskilde, Denmark), and stimulated the next day 
with the appropriate preparation. The HEK293–CD14–TLR4 cells were stimulated in the 
presence of 5% human serum as described elsewhere.25 After 16–20 h incubation, 
supernatants were harvested for determination of IL-8 production as a marker for nuclear 
factor kappa B activation, i.e. cell activation. 

 
Assays for cytokines 

Cytokine levels of IL-1β, IL-6, IL-8, IL-10 and IL-12 p40 were measured in the 
supernatants of WBCC using commercially available enzyme-linked immunosorbent assay 
(ELISA) kits (PeliKine CompactTM human ELISA kits, CLB, Amsterdam, The 
Netherlands) as previously described.21 The plates were read in an ELISA reader 
(Labsystems Multiskan Multisoft, Helsinki, Finland) at 450 nm, with 540 nm as a 
reference. Cytokine production in WBCC supernatants was adjusted per 106 monocytes.  

 
Statistical analysis 

The SPSS package version 11.0 for Windows (SPSS, Chicago, IL, USA) was used for 
descriptive data, data analysis and box plot generation. Differences between smokers and 
non-smokers were analysed by Mann–Whitney U-test. Differences in number of subjects 
per group were tested by Fisher exact tests.  

 
 

Results 
 
Subject background characteristics, age, gender and educational level are presented in 

Table 1. Cigarette smoking consumption reported by current smokers showed a mean of 14 
cigarettes/day for 35 years, with a range of 10–20 cigarettes/day. The levels of total white 
blood cells were significantly higher in smokers than in non-smokers (7.42 x 109 and 5.78 x 
109/l, respectively, p = 0.001). This was mainly due to increased numbers of neutrophils in 
smokers compared with their non-smoking counterparts. Values for eosinophils, basophils, 
lymphocytes and monocytes did not differ between the two groups (Table 1). Dental 
radiographic analysis of subjects at the moment of intake is presented in Table 2. Smokers 
had, on average, 16.1 teeth with ≥ 30% bone loss and 5.1 teeth with ≥50% bone loss, while 
non-smoking patients had 12.1 and 3.7, respectively (differences not significant).  

After stimulation of WBCC with LOS, supernatants were analysed for the cytokines  
IL-12 p40 and IL-10 (Fig. 1A, B). Regarding IL-12 p40, no differences could be assessed 
between smokers and non-smokers. The median of IL-10 for non-smokers was  
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Table 1. Characteristics of the study population (non-smoking and smoking periodontitis patients).  
 Non-smokers Smokers  

 (N = 18) ( N = 11 ) p-value 
Age (years) 54 ± 5.3 51 ± 7.2 0.310 
Gender    
      Female 11 (61%) 7 (64%) 1.000 
      Male 7 (39%) 4 (36%) - 
Education level    
     ≤ High school 6 (33%) 2 (18%) 0.671 
     > High school 12 (67%) 9 (82%) - 
Smoking habits    
     Number of cigarettes/day 0 14.2 ± 4.4 - 
     Number of years smoking 0 35 ± 6.9 - 
Total WBC (109/l) 5.78 ± 1.36  7.42 ± 1.11 0.001 
      Neutrophils (109/l) 3.22 ± 1.11 4.31 ± 0.81 0.005 
      Eosinophils (109/l) 0.14 ± 0.12 0.19 ± 0.12 0.280 
      Basophils (109/l) 0.02 ± 0.07 0 ± 0 0.261 
      Lymphocytes (109/l) 1.90 ± 0.46 2.21 ± 0.77 0.079 
      Monocytes (109/l) 0.46 ± 0.13 0.50 ± 0.13 0.485 

Values are means ± SD or number (%) of subjects 
 

Table 2. Dental radiographic characteristics of the study population at intake (non-smoking and 
smoking periodontitis patients).  

 Non-smokers Smokers  
 (N = 18) ( N = 11 ) p-value 
     Number of teeth 26.4 ± 2.7  26.2 ± 3.2  0.964 
     Teeth ≥ 30% bone loss 12.1 ± 7.5  16.1 ± 5.6  0.120 
     Teeth ≥ 50% bone loss 3.7 ± 3.3  5.1 ± 4.3  0.420 

Values are means ± SD. 
 

14300 ng/106 monocytes, whereas in smokers the median was 21300 ng/106 monocytes. 
However, the values were not significantly different (p = 0.217). To explore the balance of 
Th1/ Th2, we calculated the IL-12 p40/IL-10 ratio (Fig. 1C). Results showed a significantly 
lower ratio in smokers when compared with non-smokers (p = 0.022), which may indicate a 
more pronounced Th2 response in this group. Production of IL-1β, IL-6 and IL-8 after LOS 

stimulation is presented in Fig. 1D, E and F, respectively. The IL-1β production was 
significantly higher in non-smokers than in smokers (p = 0.012), whereas no differences 

were found for IL-6 and IL-8 cytokine production between the two groups. 
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Figure 1. Boxplots for T cell directing monocytic cytokines IL-12 p40, IL-10, IL-12 p40/ IL-10 ratio 
(panels A, B, C, respectively), and pro-inflammatory cytokines IL-1β, IL-6, IL-8 (panels D, E, F) expressed 
as ng/106 monocytes of whole blood cell cultures from non-smoking (open bar) and smoking periodontitis 
patients (shaded bar) after 18 hrs stimulation with Neisseria meningitidis LOS (LOS) and Porphyromonas 
gingivalis sonicate extract (Pg-SE), in the presence of anti-CD3 1 μg/ml. *: p<0.05 and ***: p<0.001. 
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In addition to the LOS stimulation experiments, Pg-SE was similarly used to explore the 
cytokine production of WBCC when challenged with a periodontal pathogen. Results are 
displayed next to the LOS box plots in Fig. 1. No difference in IL-12 p40 production was 
found between smokers and non-smokers (Fig. 1A). The levels of IL-10 and the calculated 
IL-12 p40/IL-10 ratio showed no difference between smokers and non-smokers (Fig. 1B, 
C). Pro-inflammatory cytokine IL-1β, as it occurred after LOS stimulation, was 
significantly higher in non-smokers than in smokers (p = 0.015, Fig. 1D), while IL-6 and 
IL-8 did not differ between the groups (Fig. 1E, F).  

Smokers and non-smokers produced higher amounts of IL-8 after stimulation with Pg-
SE than after LOS (P < 0.001, Fig. 1F) showing a clear difference in the levels of cytokine 
production dependent on the stimulation used. It is well known that Toll-like receptors 
(TLR) have the ability of transmitting LPS signalling across the cell membrane. It has been 
previously shown that the activation of either TLR2 or TLR4 may influence the Th1/Th2 
balance. Therefore, in an effort to explain the observed differences between LOS and Pg-
SE, it was decided to test the specificity of LOS and Pg-SE used in our experiments for 
both TLR2 and TLR4 on transfected HEK 293 cells. After stimulation of the cells with 
either LOS or Pg-SE, IL-8 production was measured in harvested supernatants. We 
observed that LOS stimulated HEK 293–CD14–TLR4 but not HEK 293–CD14–TLR2 to 
produce IL-8. Conversely, when Pg-SE was used, only HEK 293–CD14–TLR2 cells were 
able to produce IL-8 (one set of graphs representative of three experiments is shown in  
Fig. 2). Thus, in line with expectations, we observed that LOS signalled through TLR4, 
whereas Pg-SE stimulated TLR2.  

 
 

Discussion 
 
A body of evidence indicates that both prevalence and severity of periodontal disease is 

increased in smokers compared with non-smokers and that smokers in SPT show faster 
relapse and/or progression of disease.25–27 To date, however, no comparative study of 
stimulated cytokine profile in smoking and non-smoking periodontitis patients exists in the 
literature. The present study constitutes a first attempt to explore the effects of smoking on 
the monocytic cytokine profile in chronic adult periodontitis patients. In previous studies, a 
common and highly purified LPS from Escherichia coli (E. coli) has been mostly used for 
WBCC stimulation purposes. However, the use of E. coli may be critised. Firstly, in the in 
vivo situation and during infection, LPS is surely not the only bacterial component 
interacting with immune cells. Secondly, E. coli is not a periodontal pathogen. In order to
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Figure 2. Interleukin-8 cytokine production of TLR2 and TLR4 in transfected HEK cell cultures induced 
by LOS and Pg-SE. HEK 293 cell lines were stimulated with Neisseria meningitidis LOS (LOS) at 
concentrations 0.01, 0.1, 1 and 10 ng/ml (A) and Porphyromonas gingivalis sonicate extract (Pg-SE) at 
serial dilutions (B). 

 
overcome these problems to some extent, we selected periodontitis patients who before 
treatment were subgingival positive for P. gingivalis, a major periodontal pathogen, and 
used for comparison with N. meningitidis LOS, a sonic extract of P. gingivalis for WBCC 
stimulation. The addition of anti-CD3 to the WBCC enhanced the monocytic cytokine 
production elicited by the single use of either LOS or Pg-SE. Via stimulation of the T cell, 
anti-CD3 leads to co-stimulation of TLR-triggered monocytes, possibly by upregulation of 
CD40-ligand.28 It could be argued that a potential mechanism of co-stimulation would be 
multivalent immunoglobulin (Ig) exposure to low-affinity Fcγ receptors (FcγR) or 
complement activation. However, to avoid such complications we made use of an anti-CD3 
monoclonal antibody of the IgE isotype which is incapable of interacting with FcγR and 
with complement.29

In our experiments, the decision to measure IL-12 p40 and not IL-12 p70 is supported 
by previous observations. Firstly, IL-12 p40 subunit can be produced in large excess over 
the heterodimer IL-12 p70, favouring IL-12 p40 detection in the supernatants, since IL-12 
p70 could be practically undetectable.30,31 Secondly, the production of IL-12 p40 and IL-12 
p70 by LPS and interferon-γ (IFN-γ)-stimulated macrophages is affected to the same degree 
by smokeless tobacco, suggesting that both cytokines may be similarly influenced by 
tobacco.32 Moreover, others have used the measurement of either p40 mRNA or p40 alone 
as indicators of total IL-12 production in humans.33,34 The Th1-promoting activity of IL-12 
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p40 has been demonstrated, and this cytokine is considered to be an indicator of Th1 
differentiation.35–38

Cytokine production has usually been studied in cultures of peripheral blood 
mononuclear cells. However, the study of cytokine production in WBCC has some 
advantages over separated cultures. Firstly, the whole blood culture system reduces the 
likelihood of endotoxin contamination since there is minimal handling of the cells. 
Secondly, the risk of cellular activation resulting from the isolation procedures is reduced. 
Thirdly, the WBCC system may represent more closely the natural environment, with the 
presence of various immunomodulating and pro- and anti-inflammatory mediators in whole 
blood. Fourthly, disturbances in the ratios of different cell types resulting from purification 
procedures are avoided.21,39 Therefore, the integrity of the cellular interactions is 
maintained as best possible, although the whole blood is diluted 1:10. It has been 
extensively studied and shown in parallel cultures of whole blood and freshly isolated 
monocytes as well as in kinetics that WBCC stimulated with LPS specifically reflect the 
behaviour of the monocytes.23,40,41

The present data show that smokers suffering from periodontitis have a lower IL-12 
p40/IL-10 ratio after LOS stimulation and lower IL-1β production after LOS and Pg-SE 
stimulation than their non-smoking counterparts. Recently, it was reported that tobacco 
smoke leads to an increase in cAMP levels in human oral epithelial cell line.42 In T cells, 
cAMP elevations lead to a greatly decreased IL-12 p40/IL-10 ratio.23 The lower IL-1β 
production in smokers is in agreement with in vitro experiments that demonstrated that 
tobacco smoke can inhibit cytokine production by peripheral blood monocytes, including 
production of IL-1β.43 Furthermore, it has been shown that IL-1 is involved in the 
upregulation of IFN-γ production by Th1 cells and downregulation of IL-4 production by 
Th2 cells.44–46 Since we found in smokers lower levels of IL-1β production and a lower IL-
12 p40/IL-10 ratio, it may be suggested that in periodontitis, smoking influences the 
Th1/Th2 balance into a more pronounced Th2 profile. This may result in continuous 
polyclonal B cell activation with less protective antibody production,47 which could partly 
explain the clinical finding of more severe periodontitis in smokers.  

The present study also showed that more IL-8 was produced in response to stimulation 
with Pg-SE compared with LOS, both in smoking and in non-smoking periodontitis 
patients. The finding that Pg-SE stimulates via TLR2, whereas LOS is recognized by 
TLR4, might provide an explanation for the difference in IL-8 production. This is in line 
with a body of evidence demonstrating striking differences in cytokine gene transcription in 
TLR2 and TLR4 activation.48,49 Alternatively, the difference in IL-8 levels might be caused 
by differences in the cell types involved in IL-8 production. Since TLR2, but not TLR4, is 
substantially expressed on the surface of human neutrophils, it is likely that Pg-SE activates 
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both monocytes and neutrophils, whereas after LOS stimulation only monocytes are 
activated.50 It is clear that the role of TLRs in periodontal pathogen recognition and 
subsequent cytokine production is not yet completely understood, and that the use of 
different microbial stimuli may be an important consideration for the interpretation of past 
and future data.  

In summary, the results showed differences between smoking and non-smoking 
periodontitis patients in ex vivo cell culture cytokine production. Our findings suggest that 
the Th2 pattern in periodontitis may be accentuated by smoking. This hypothesis is 
consistent with the contention that a strong innate immune response is associated with a 
protective Th1 pattern, favouring inflammatory responses that contain the infection with 
periodontal pathogens. Therefore, a more pronounced Th2 phenotype may accelerate 
disease progression and account for the relapse during SPT that is frequently observed in 
smoking periodontitis patients. Our findings may serve as another step in revealing 
generalized inflammatory patterns in smoking periodontitis patients.  
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Abstract 
 
Given the shortcomings in the measurement of pyrogenic contamination of 

pharmaceuticals and/or test substances by means of the rabbit pyrogen test and the Limulus 
amoebocyte lysate (LAL) test, several in vitro pyrogen tests have been developed based on 
the measurement of cytokine production by monocytes. In this study we measured cytokine 
production (IL-6, IL-8, IL-1β, and TNF) in diluted whole blood (WB), mononuclear cells 
(MNC), and HEK cells stably transfected with CD14 and Toll-like Receptor-2 (TLR2) or 
TLR4, after stimulation with both standard pyrogens and contaminated substances. Our 
study demonstrated that in MNC, IL-6 production was more sensitive to pyrogen 
stimulation than IL-1β and TNF production. The sensitivity of WB IL-8 production for 
pyrogens was comparable with that of MNC IL-6 production, but higher than WB IL-6 
production. MNC IL-8 production as readout for pyrogenic stimulation was not useful due 
to high background IL-8 production. Surprisingly, contaminated culture media potently 
stimulated WB IL-8 production, but not MNC IL-6 production. Finally, the value of TLR-
transfected HEK cells in the detection of pyrogenic contamination as well as the role of  
IL-10 in interindividual differences in cytokine production, is discussed. To summarize, the 
results presented herein together with literature data indicate that the measurement of WB 
IL-8 production may represent an advantageous alternative to the measurement of MNC  
IL-6 production, for the detection of pyrogenic contamination of pharmaceuticals. 
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Introduction 
 
Fever is one of the main symptoms of infectious diseases caused by bacteria, viruses, or 

parasites.1,2 However, induction of the fever reaction is not restricted to live micro-
organisms. As early as 1865 the German surgeon Billroth reported fever reactions 
following injections with some distilled waters. At present, the discovery of a large family 
of mammalian receptors termed Toll-like receptors (TLRs), which are expressed on various 
cells, explains how microbial products of different pathogens can evoke the same biological 
response, fever. Fever-inducing substances i.e. pyrogens, can be the so-called endotoxins or 
lipopolysaccharides, cell wall components of Gram-negative bacteria such as E. coli, which 
are recognized by TLR4.3 Also microbial constituents of Gram-positive bacteria such as 
peptidoglycan, lipoteichoic acid, as well as products from mycobacteria, yeast or fungi that 
all stimulate TLR24 can evoke fever.5,6 Although much less studied, also polyinosine-
polycytidylic acid (poly (I/C)), a synthetic analogue of double-stranded RNA from viruses 
that stimulates TLR37 is able to induce fever,5 and it is likely that all ligands that activate 
TLRs expressed on monocytes, are pyrogens.  

To prevent detrimental side-effects of pharmaceutical therapy, the measurement of 
pyrogens is an important safety precaution for parenterally applied pharmaceuticals. In the 
early 1940s, as a result of World War II, the use of intravenous therapy, particularly blood 
plasma or other blood products significantly increased. Occasionally, fever occurred during 
such therapies and because of this, the role of bacterial contamination as the cause for 
pyrogenic reactions was studied in more detail. In 1942, a rabbit test for the detection of 
pyrogens in solutions for parenteral administration was included in the twelfth revision of 
the U.S. Pharmacopoeia.8 Soon thereafter, a detailed report of the quantitative and 
qualitative nature of the thermal response of rabbits to 28 types of bacteria isolated from 
blood plasma was published,9 and since then, the rabbit pyrogen test has been commonly 
used for the detection of pyrogenic contamination of parenteral pharmaceuticals.  

The rabbit pyrogen test is able to detect various kinds of pyrogens but has several 
drawbacks: it requires the use of laboratory animals and is expensive. Also, the rabbit 
pyrogen test is not a quantitative test, i.e. it only gives a pass/fail result. In addition, both 
old and recent data suggest that considerable differences exist between humans and rabbits 
in the response to particular pyrogens.5,10,11 Even more importantly, there are reports that 
some parenteral products have caused pyrogenic responses in patients even after passing 
the rabbit pyrogen test.12,13 

Thus, despite these disadvantages of the rabbit pyrogen test only in the 1970s attempts 
were made to replace the rabbit pyrogen test, when radiopharmaceutical drugs were 
introduced into clinical practice for which testing in rabbits was deemed immoral.14 The 
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solution was the bacterial endotoxin test (BET), often referred to as the Limulus amebocyte 
lysate test (LAL). The principle of the LAL test is that endotoxin causes coagulation of the 
haemolymph of the American horseshoe crab Limulus polyphemus.15 However, The LAL-
test for bacterial endotoxin does not detect other bacterial products, whether Gram-positive 
or Gram-negative, and is susceptible to interference by high protein levels in test substances 
as well as by β-D-glucans.16-18 

In view of the shortcomings of both the rabbit pyrogen test and the LAL-test, several in 
vitro pyrogen tests have been developed. The basis of these in vitro pyrogen tests is that 
pyrogens, via TLRs and other receptors, stimulate cytokine production in monocytoid cells. 
Bacterial endotoxins stimulate monocytes via interaction with CD14 and TLR419 to 
produce IL-1β, IL-6, IL-8, and TNF.20,21 Also microbial constituents of Gram-positive 
bacteria such as peptidoglycan, lipoteichoic acid, lipoproteins, and lipopeptides, all of 
which signal through TLR24 induce cytokine production.22 Finally, although much less 
studied, also components derived from yeast23 or fungi24 can stimulate cytokine production 
in human monocytes. A number of different systems using peripheral blood mononuclear 
cells (MNC), diluted whole blood, as well as monocytoid cell lines Mono Mac 625 and 
THP-126 with various cytokine readouts have been established.27-29 

One of the absolute requirements for in vitro pyrogen test systems is that all reagents 
used should be free of pyrogenic contaminants. Trace amounts of bacterial constituents, 
such as endotoxin, occasionally contaminate medium and/or serum that is used for cell 
culture.30 To illustrate this, commercially available FCS was found to be easily 
contaminated by endotoxin during the manufacturing process.31 In addition, also plastics for 
cell culture,32 cell culture plates,33 and blood collection tubes34 were occasionally shown to 
be contaminated with pyrogens. Self-evidently, pyrogenic contamination of FCS, media, or 
consumables negatively affects in vitro pyrogen tests and may lead to erroneous results. 

At our institute, more than a hundred experiments performed during the last decade 
strongly suggested that the measurement of IL-8 production in WB could represent a useful 
alternative to the measurement of MNC IL-6 production for the detection of pyrogenic 
contamination. Therefore, the aim of the present study was to compare in more detail the 
cytokine production in the different cell culture systems and to determine which in vitro test 
is suitable for the detection of pyrogenic contamination. To this end, we compared cytokine 
production in diluted whole blood, peripheral blood mononuclear cells, and in TLR2/4-
transfected HEK cells following stimulation with TLR-ligands.  
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Materials & Methods 
 

Cells & cell cultures 
Blood was obtained from healthy volunteers after informed consent in line with the 

Sanquin Ethical Advisory Council. Blood samples were collected from healthy volunteers 
using endotoxin-free evacuated blood collection tubes (Greiner Bio-One, Alphen a/d Rijn, 
The Netherlands) containing sodium heparin. 

For WB cultures, venous blood was diluted 1/10 with Iscove’s Modified Dulbecco’s 
Medium (IMDM, Bio Whittaker, Verviers, Belgium) supplemented with 0.1% heat-
inactivated endotoxin-free fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands), 15 
U/ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), penicillin 100 
U/ml, streptomycin 100 μg/ml (Gibco, Merelbeke, Belgium), and 50 µM 2-
mercaptoethanol (Sigma-Aldrich, Steinheim, Germany). The supplementation of medium 
with 0.1% FCS was performed to ensure that all stimuli were homogeneously distributed 
and no stimuli (e.g. LPS) were lost due to adsorption to consumables.  

MNC were isolated from freshly drawn blood by separation over a Percoll gradient (d = 
1.078, Pharmacia Fine Chemicals, Uppsala, Sweden) and cultured in IMDM supplemented 
with 5% heat-inactivated FCS, penicillin 100 U/ml, streptomycin 100 µg/ml, 50 µM 2-
mercaptoethanol, and 20 µg/ml human transferrin (Sigma-Aldrich). For stimulation 
experiments MNC were seeded at 4 x 104 cells/well in 96-well flat-bottom microtitre plates 
(Nunc, Roskilde, Denmark) and stimulated for 16-20 h. 

Human Epithelial Kidney 293 (HEK) cells stably transfected with CD14, CD14-TLR2 
or CD14-TLR4 were a kind gift from Drs. D. Golenbock and E. Latz, Worcester, MA, USA 
and have been described elsewhere.35 Transfected HEK cells were cultured in IMDM 
supplemented with 5% heat-inactivated FCS (Bodinco), penicillin 100 U/ml / streptomycin 
100 μg/ml (Gibco), 50 μM 2-mercaptoethanol (Sigma-Aldrich), and 5 μg/ml puromycin 
(Sigma-Aldrich). For stimulation experiments cells were seeded at 5 x 104 cells/well in 96-
well flat-bottom microtitre plates (Nunc, Roskilde, Denmark) and stimulated the next day. 
HEK-CD14-TLR4 cells were stimulated in the presence of 5% human serum as described 
elsewhere.36 After 16-20 h of stimulation supernatants were harvested for determination of 
IL-8 production.  

All cells were cultured in 200 µl wells in flat-bottom microtitre plates (Nunc, Roskilde, 
Denmark) at 37 ºC in the presence of 5% CO2, in a humidified incubator. 
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Materials 
Four lots of fetal calf sera (1: lot S03125, 2: lot S04253, 3: lot 151923, 4: lot 151966) 

were obtained from Bodinco, Alkmaar, The Netherlands, and one lot FCS (5: lot 10270-106 
40F9545K) was purchased from Invitrogen, Leek, The Netherlands. As a reference, a 
previously characterized FCS, also from Bodinco, was used (6: lot S01933). 

Staphylococcus aureus Cowan I (SAC; Pansorbin) was from Calbiochem, La Jolla, CA, 
USA and E. coli LPS serotype O55:B5 was from Sigma. A neutralizing monoclonal 
antibody against IL-10 (αIL-10, BT-10) was a kind gift from Dr. J. Wijdenes (Diaclone, 
Besancon, France). 

Blood collection heparin tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) are 
routinely tested in this institute’s laboratory for the presence of endotoxins or other 
stimulatory contaminants. A particular batch that failed this test was used to investigate its 
stimulatory properties. To this end, 0.5 ml IMDM was incubated in 9 ml vacutainers, for 2 
h at room temperature.  

 
Cytokine measurements 

After stimulation (16-20 h) of cells, supernatants were harvested and stored at -20 °C 
until assayed. IL-1β, IL-6, IL-8, and TNF were determined by ELISA kits (Peli-Kine-
compact, Sanquin Reagents, Amsterdam, the Netherlands), according to the manufacturer’s 
instructions. The plates were read in an ELISA-reader (Labsystems Multiskan Multisoft, 
Helsinki, Finland) at 450 nm, with 540 nm as a reference. 

 
 

Results 
 

IL-1β, IL-6, IL-8, and TNF production after stimulation of WB and MNC with pyrogens 
To determine which in vitro assay for the detection of pyrogenic contaminants in drugs 

or medium ingredients was most suitable, WB from four different donors and MNC 
isolated from the same donors were stimulated with Staphylococcus aureus cells (SAC) and 
E. coli lipopolysaccharide (LPS), which are ligands for TLR2 and TLR4, respectively. 
After stimulation for 16-20 h supernatants were harvested and cytokine production (IL-1β, 
IL-6, IL-8, and TNF) was measured. In MNC, but not in WB, IL-8 production was 
characterized by high background production, up to 5 ng/ml. (fig. 1A and B). MNC 
exhibited also slightly increased background IL-6 production (approximately 40 pg/ml, fig. 
1C and D). In contrast, background production of neither IL-6 nor IL-8 was observed in 
whole blood. Also, no background production of IL-1β, and TNF was observed either in 
MNC or in WB (fig.1 E-H). Although MNC exhibited dose-dependent IL-8 production in 
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response to low concentrations of SAC and LPS, the dynamic range of WB IL-8 production 
was much larger at higher concentrations of these stimuli (fig. 1A and B). IL-6 production 
in MNC was more sensitive to low SAC and LPS stimulation as compared to IL-6 
production in WB (fig. 1C and D). SAC was the optimal stimulus for IL-1β production, 
both in MNC and WB (fig. 1G). SAC, at low concentrations, dose-dependently stimulated 
TNF production in MNC cells, whereas for substantial TNF production in WB much higher 
concentrations of SAC were required (fig. 1E). No differences between MNC and WB were 
found in TNF and IL-1β production after LPS stimulation. Both cytokines were only 
moderately produced after stimulation with rather high LPS concentrations (fig. 1F and H). 
Because the measurement of IL-6 and IL-8 as readout for pyrogenic contamination was 
superior to IL-1β and TNF production, we only measured IL-6 and IL-8 in subsequent 
experiments. 

 
Stimulation of TLR-transfectants with SAC and LPS 

Next, we sought to investigate whether human embryonic kidney cells (HEK) stably-
transfected with CD14/TLR2 or CD14/TLR4 were appropriate for the screening of 
pyrogenic contaminants in test substances. To this end, HEK-CD14-TLR2 (HEK-TLR2) 
and HEK-CD14-TLR4 (HEK-TLR4) cells were incubated with different concentrations of 
SAC and LPS, and after 16-20 h of stimulation supernatants were harvested for 
measurement of IL-8 production as readout of NFκB activation. Specificity of TLR2 and 
TLR4 for SAC and LPS, respectively, was checked: SAC only stimulated IL-8 production 
in HEK-CD14-TLR2 cells, and not in HEK-CD14-TLR4 cells, and conversely, LPS only 
stimulated IL-8 production in HEK-CD14-TLR4 cells, and not in HEK-CD14-TLR2 
cells.36 SAC, a ligand for TLR2, already at minute concentrations, dose-dependently 
increased IL-8 production in HEK-TLR2 cells (fig. 2A). In contrast, much higher 
concentrations of LPS were required to observe substantial IL-8 production in HEK-TLR4 
cells (fig. 2B). Finally, HEK-TLR4 cells showed somewhat higher background IL-8 
production compared to HEK-TLR2 cells. 

 
Stimulation of WB, MNC, and HEK-TLR transfectants by pyrogenic contaminants in FCS 

Studies in our laboratory on the role of TLRs in the production of pro-inflammatory 
cytokines in whole blood and MNC cultures were occasionally hampered by stimulatory 
material present in routinely used reagents, which gave rise to high background cytokine 
production. In those circumstances, all (new) components of the experimental conditions 
were carefully analysed and compared with previous successful experiments that were not 
impeded by high background cytokine production. Prior to the acquisition of a new FCS 
batch, aliquots of six different FCS batches were tested for the presence of contaminating
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Fig. 1. Production of IL-1β, IL-6, IL-8, and TNF after stimulation of WB and MNC with pyrogens.  
IL-8 (A and B), IL-6 (C and D), TNF (E and F), and IL-1β (G and H) were measured after stimulation of 
WB (open circles) and MNC (closed circles) with SAC (A, C, E and G) and LPS (B, D, F, and H; see 
Materials & Methods). Data represent mean cytokine production ± SEM of four different donors. A 
representative of two identical experiments is shown. 

 
substances that could affect background cytokine production in cell culture. Given our 
experience with the relative high frequency of false-positive and false-negative results in 
LAL-assays, we tested different batches of fetal calf sera in a WB assay. This demonstrated 
the presence of stimulatory material in FCS 4, as it markedly induced IL-8 production up to 
30.000 pg/ml (fig. 3A). 

Surprisingly, a strong dose-dependent effect of FCS 4 on WB IL-8 production was 
observed, whereas IL-8 production in MNC was only moderately increased at higher 
concentrations of FCS 4 (fig. 3B). IL-6 production in WB after FCS 4 stimulation was only 
present at the highest concentration FCS 4 tested (10%, fig. 3C), whereas IL-6 MNC 
production was only moderately increased at higher FCS 4 concentrations as compared to 
WB and MNC IL-8 production (fig. 3B and C).  

Finally, also IL-8 production in HEK-TLR2 cells was dose-dependently increased by 
FCS-4, whereas no such effect was observed in HEK-TLR4 cells (fig. 3D and E), which 
suggested that the pyrogenic contaminant in FCS 4 was not endotoxin. In addition, 
experiments with polymyxin-B, a polycationic compound that specifically inhibits LPS, 
also demonstrated that the pyrogenic contaminant in FCS 4 was not endotoxin (data not 
shown).  
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Fig. 2. Stimulation of TLR-transfectants with pyrogens. 
HEK-CD14-TLR2 (A) and HEK-CD14-TLR4 cells (B) were stimulated with SAC and LPS, respectively. 
Data represent mean IL-8 production ± SEM of duplicate samples. One representative of at least three 
experiments is shown. 

 
Stimulation of WB, MNC, and HEK-TLR transfectants by pyrogenic contaminants in 
vacutainers 

Also medium resuspended in vacutainers that were previously demonstrated to contain 
stimulatory substances, was tested both in WB, MNC, and HEK-TLR cells. Already at the 
lowest concentration of contaminated medium tested (2.5%), IL-6 and IL-8 production, 
both in WB and MNC, were markedly increased compared to background production (fig. 
4A and B). HEK-TLR2 cells, and not HEK-TLR4 cells, dose-dependently produced IL-8 
following stimulation with culture medium resuspended in contaminated vacutainers, 
suggesting that also this stimulus does not exert its effects via TLR4 (fig. 4C and D). 

 
The role of IL-10 in TLR ligand-induced cytokine production 

We hypothesized that the large interindividual differences in the production of IL-10,37 
an anti-inflammatory cytokine that inhibits the production of pro-inflammatory cytokines 
such as TNF, IL-1β, IL-6, and IL-8,38,39 may bring about a large variation between donors 
in monocyte/neutrophil cytokine production. Therefore, we hypothesized that stimulation of 
monocytes with TLR-ligands in the presence of a neutralizing antibody against IL-10, 
would result not only in enhanced cytokine production, thereby increasing the sensitivity 
for contaminating substances, but also in a reduced variation in cytokine production. 
Incubation of LPS-stimulated WB with a neutralizing mAb to IL-10 indeed strongly
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Fig. 3. Stimulation of WB, MNC, and HEK-TLR transfectants by pyrogenic contaminants in FCS. 
A: IL-8 production in WB after stimulation with 5% (white bars) and 10% (black bars) of six different 
batches of FCS. Data represent mean IL-8 production ± SEM of duplicate samples of one donor. One of 
two donors is shown. B and C: IL-8 production (B) and IL-6 production (C) in WB (open circles) and 
MNC (closed circles) after stimulation with FCS 4. Data represent mean cytokine production ± SEM of four 
different donors. One of two similar experiments is shown. D and E: IL-8 production in HEK-CD14-TLR2 
(D) and HEK-CD14-TLR4 cells (E) after stimulation with FCS 4. Data indicate mean ± SEM of duplicate 
samples. A representative of two experiments is shown. 
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potentiated IL-8, IL-6, and TNF production (fig. 5A-C), but not IL-1β production (fig. 5D). 
However, α-IL-10 did not inhibit the interindividual differences in cytokine production 
compared to stimulation in the absence of α-IL-10 (fig. 5A-D). Similar results were 
obtained when other TLR-ligands, such as SAC, monocyte-activating lipopeptide 2, 
Pam3Cys-SKKKK, lipoarabinomannan, peptidoglycan, zymosan (all TLR1/2 or TLR2/6) or 
flagellin (TLR5), were used for stimulation (data not shown). Incubation of MNC with 
TLR-ligands in the presence of the α-IL-10 mAb gave similar results (data not shown). 
Also incubation of either WB or MNC at higher cell density (1/2-diluted instead of 1/10-
diluted for WB, or 200,000 cells instead of 40,000 cells for MNC), did not affect the large 
interindividual variations in cytokine production (data not shown).  

 
 

Discussion 
 
Ample experience from many previous experiments and from the current study, as well 

as literature data30-34 emphasize the necessity of frequent testing of all components of 
cellular pyrogen assays, in particular when new batches of materials are purchased. In our 
laboratory, when testing media or drugs for the presence of contaminating substances prior 
to use in cellular assays, we arbitrarily measured IL-6 or IL-8 production in either WB or 
MNC, depending on the type of other ongoing experiments. Recently, we reported that 
under defined experimental conditions IL-8 production was observed in WB without 
concomitant IL-6 production,40 suggesting that differences exist between the regulation of 
IL-8 and IL-6 production, which may be of relevance when testing pyrogens. Since the 
measurement of IL-6 production by MNC as a readout for pyrogenic contamination of 
substances has been internationally validated,28,29 and no published data are available about 
the use of IL-8 as a readout for pyrogenic contamination, we compared IL-6 and IL-8 
production both in WB and MNC following stimulation with pyrogens. Because IL-1β 
production as a readout for contamination has been strongly advocated,41,42 we also 
included the measurement of this cytokine in our study.  

Following activation of TLRs on monocytes by pyrogens, monocytes respond with the 
production of the pyrogenic cytokines IL-1β, IL-6, and TNF as well as IL-8. In agreement 
with other research groups5,28,29 we confirm that IL-6 is to be preferred over IL-1β and TNF 
as readout for MNC cytokine production. The concentrations of IL-6 induced by SAC or 
LPS were higher than the induced concentrations of IL-1β and TNF. Moreover, IL-6 was 
induced at lower concentrations of pyrogen than IL-1β and TNF (fig. 1). The comparison 
between IL-6 and IL-8 is less clear cut. Our data as well as literature data43,44 indicate that 
MNC IL-8 production is not useful as a readout for pyrogen contamination because of high
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Fig. 4. Stimulation of WB, MNC, and HEK-TLR transfectants by pyrogenic contaminants in 
vacutainers. 
After IMDM was incubated in vacutainers known to contain pyrogenic contaminants (see M & M), WB, 
MNC, and TLR-transfectants were stimulated with this contaminated IMDM. A and B: IL-8 (A) and IL-6 
(B) production in WB (open circles) and MNC (filled circles) after stimulation with contaminated 
vacutainer medium. Data represent mean cytokine production ± SEM of four different donors. A 
representative of at least three experiments is shown. C and D: IL-8 production in HEK-CD14-TLR2 (C) 
and HEK-CD14-TLR4 cells (D) after stimulation with contaminated vacutainer medium. Data represent 
mean ± SEM of duplicate samples. One of two experiments is shown. 

 
background IL-8 production. Our studies after background cytokine production also 
indicated that MNC could effectively be cultured at 40.000 cells per well. Using this 
number of MNC economizes on blood/cells needed for in vitro pyrogen testing. In addition, 
at 40.000 cells per well, background cytokine production (IL-6/IL-8) was lowest, and 
specific cytokine production (induced by TLR-ligands) was highest when culture medium 
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containing endotoxin-free FCS was used (see materials and methods), as compared to 
medium containing AB-serum or autologous serum (data not shown). Therefore, all MNCs 
were cultured at 40.000 cells/well in medium containing FCS. 

WB IL-8 production closely resembled MNC IL-6 production, but was more sensitive 
to pyrogenic stimulation than WB IL-6 production (fig. 1). Surprisingly, particular 
substances such as contaminated FCS, dose-dependently stimulated WB IL-8 production, 
whereas the MNC IL-6 production was less sensitive (fig. 3 C and D). IL-6 has also been 
the preferred readout because it is secreted entirely into the medium, whereas IL-1β and 
TNF remain largely intracellular,45 raising the possibility that substances affecting cell-
permeability may influence IL-1β and TNF levels, rather than IL-6. Indeed, following 
synthesis of IL-1β, a secondary stimulus is required for its release.46 Also, certain bacterial 
components stimulate the production of IL-6, but not IL-1β and TNF.47 

In man48 and experimental animals,49 IL-6 has been demonstrated to be the principal 
circulating pyrogen, and studies with IL-6 knockout mice demonstrated that the pyrogenic 
activity of IL-1β and TNF is entirely dependent on IL-6.50,51 Finally, it has been claimed 
that IL-6 is the analyte in blood that correlates best with pyrogenicity.28 Thus, there are 
ample arguments for the use of IL-6, rather than IL-1β and TNF, as readout in cellular 
assays for the detection of pyrogenic contamination. However, in these studies no 
comparison was made between IL-6 and IL-8 production levels, nor was the role of IL-8 in 
the induction of fever investigated. 

In this study we demonstrate that in addition to IL-6, also IL-8 can be reliably used as 
readout for pyrogenic contamination. Moreover, WB IL-8 production was induced by lower 
concentrations of particular stimuli than were required to induce IL-6 production in MNC. 
Despite the fact that IL-8, like IL-6, is produced in large quantities following stimulation 
with pyrogenic substances, its role in the induction of fever has been much less studied. 
Nonetheless, data are available which demonstrated that at least in rats, IL-8 is able to 
induce fever.52,53 Unlike IL-6, which is entirely dependent on the generation of 
prostaglandin E2 for the induction of fever, IL-8 induces fever in a prostaglandin-
independent manner, mediated by corticotrophin-releasing factor.53,54 Also in favour of the 
use of IL-8 as a readout are a number of studies which demonstrated that plasma IL-8 
levels, next to IL-6, were predictive of fever and strongly correlated with pyrogenicity in 
febrile patients.55-58 In one of these studies, IL-8 levels correlated even better with 
pyrogenicity than IL-6 levels.58 Thus, IL-8 can be readily detected in WB following 
incubation with pyrogenic contaminants, it can be regarded as a genuine pyrogenic cytokine 
and it correlates strongly with pyrogenicity in man.  
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Fig. 5. The role of IL-10 in TLR ligand-induced cytokine production. 
WB was stimulated with LPS in the absence and presence of a neutralizing antibody to IL-10 (10 µg/ml) for 
16-20 h after which IL-8 (A), IL-6 (B), TNF (C), and IL-1β (D) production in the supernatant was 
measured. Data represent mean cytokine production ± SEM of four different donors. A representative 
experiment is shown. 

 
Apart from its relevance in fever, the measurement of WB IL-8 offers additional 

advantages. A particular practical advantage is that after collection of donor blood, WB can 
immediately be put in culture, whereas the isolation of MNC requires additional 
purification procedures and time. In addition, the dynamic range in IL-8 production is much 
larger than in IL-6 production, i.e. the induced production of IL-8 relative to IL-8 
background production is much larger than this ratio for IL-6 (fig. 6). FDA release criteria 
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for several pharmaceutical blood products state that the endotoxin content should be less 
than 0.5-1.33 EU/ml (~ 50-133 pg/ml of a control standard endotoxin, such as the E. coli 
strain used in our experiments).59 This indicates that the critical endotoxin concentration for 
a reliable pyrogen test is approximately 50 pg/ml. At this LPS concentration, the ratio of 
IL-8 production induced in WB relative to background IL-8 production is much larger than 
this ratio for MNC IL-6 (fig. 6B). Finally, since IL-8 is also produced by activated 
neutrophils, the pyrogen test using WB/IL-8 also detects possible stimulation of neutrophils, 
which may be of relevance when testing parenteral pharmaceuticals. Therefore, in addition 
to the well-validated use of IL-6 as readout in MNC cultures,28,29 we advocate the 
measurement of WB IL-8 production as a sensitive readout for pyrogenic contamination of 
pharmaceuticals. 

HEK-cells stably transfected with CD14/TLR2 or CD14/TLR4 are powerful tools in 
determining whether a contaminating substance is an agonist for TLR2 and/or TLR4. 
Knowledge of TLR-stimulatory properties of test substances may give important clues as to 
the source of contaminants present in the test substance. Therefore, also HEK-TLR2 and 
HEK-TLR4 cells were stimulated with SAC, LPS, FCS-4, and medium from contaminated 
vacutainers. The sensitivity of HEK-CD14-TLR2 cells was comparable with that of WB 
and MNC when stimulated with SAC, a specific TLR2 agonist. However, the sensitivity for 
LPS of HEK-TLR4 cells compared with that of WB or of MNC was much lower, indicating 
that WB and MNC, rather than HEK-CD14-TLR4 cells, are to be preferred in cellular 
assays to detect endotoxin contamination. The difference in sensitivity between HEK-TLR2 
and HEK-TLR4 cells for their respective ligands may be caused by the high background 
IL-8 production in HEK-TLR4 cells. Despite the fact that substantial IL-8 production in 
HEK-TLR4 cells is only observed at an LPS concentration of approximately 100 pg/ml, 
both FCS-4 and contaminated vacutainer medium only stimulated HEK-CD14-TLR2, and 
not HEK-CD14-TLR4, which strongly suggested that the contaminants present in FCS4 
and contaminated vacutainer medium is different from endotoxin.  

Because interindividual differences between donors in WB and MNC cytokine 
production after pyrogen stimulation may necessitate test substances to be tested in eight 
instead of four blood donors,28 we sought to reduce these interindividual differences. To 
this end, we stimulated WB with pyrogens in the presence of an IL-10 neutralizing antibody. 
However, unexpectedly, incubation with anti-IL-10 merely increased, rather than inhibited 
the interindividual differences. Since it was recently demonstrated that interindividual 
differences in the immune response to LPS were dependent on the level of TLR4 
expression on immune cells,60 it is likely that this differential expression of TLRs, rather 
than differences in IL-10 production is responsible for the large interindividual differences 
observed.  
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Fig 6: Pyrogen-induced IL-6 and IL-8 production in WB and MNC relative to background cytokine 
production. 
Cytokine production after stimulation of WB and MNC with SAC (A), LPS (B), FCS 4 (C) and 
contaminated vacutainers medium (D) was plotted relative to background cytokine production (see figures 1 
and 3). The different combinations of assay (WB or MNC) and readout (IL-8 or IL-6) are indicated 
(WB/IL-8 filled circles, MNC/IL-8 filled squares, WB/IL-6 open circles, MNC/IL-6 open squares). Data 
represent mean cytokine production relative to background cytokine production from one representative 
experiment using 4 different donors.  

 
To summarize, in this study we demonstrated that for the detection of pyrogenic 

contaminants in test substances or parenteral pharmaceuticals, IL-8 production in WB is a 
reliable readout that represents a valuable alternative to the well-established measurement 
of IL-6 production in MNC. We would like to emphasize that we do not claim that the 
measurement of WB IL-8 is a better readout for pyrogenic contamination than the 
measurement of MNC IL-6. However, we are confident that our results will give an 
incentive to the area of pyrogen testing and will contribute to the ongoing discussion on 
alternative pyrogen testing using the monocyte activation test. 
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Abstract 

 
The monocyte activation test (MAT) has been introduced as an alternative for the 

detection of pyrogens in pharmaceuticals with the rabbit pyrogen test or the Limulus 
amebocyte lysate (LAL) test. The basis of the MAT is that pyrogens, via Toll-like receptors 
(TLRs) expressed on monocytes, stimulate cytokine production. Here we report that, at 
concentrations that did not induce whole blood cytokine production when tested separately, 
(1→3)-β-D-glucans powerfully costimulated cytokine production (IL-6/IL-8) induced by 
ligands for TLR1/2, TLR2/6, TLR4, and TLR5. Experiments were performed to investigate 
the involvement of particular (1→3)-β-D-glucan receptors such as dectin-1. Spleen tyrosine 
kinase (Syk) inhibition attenuated the potentiating effects of (1→3)-β-D-glucans on TLR-
induced cytokine production, suggesting that dectin-1 was involved. However, experiments 
with low molecular (1→3)-β-D-glucans such as laminarin argued against the involvement 
of dectin-1 in the costimulatory effects of (1→3)-β-D-glucans. Thus, although the receptors 
involved in the costimulatory actions of (1→3)-β-D-glucans on TLR-induced cytokine 
production are yet to be elucidated, it is clear that (1→3)-β-D-glucans may greatly affect 
MAT results and, when undetected in pharmaceuticals, may give rise to serious side effects 
in patients co-exposed to other elicitors of innate immunity, such as during infections. 
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Introduction 
 
To prevent detrimental side-effects of pharmaceutical therapy, the measurement of 

pyrogens is an important safety precaution for parenterally applied pharmaceuticals. The 
presence of pyrogens in pharmaceutical products has been conventionally tested with the 
rabbit pyrogen test1 or the Limulus amebocyte lysate (LAL) test.2 However, in addition to 
ethical and financial objections against the rabbit pyrogen test, considerable differences 
between humans and rabbits in the response to particular pyrogens have been reported.3 
Even more importantly, some parenteral products have caused pyrogenic responses in 
patients even after passing the rabbit pyrogen test.4,5 The LAL-test for bacterial endotoxin 
does not detect other bacterial products, whether Gram-positive or Gram-negative, and is 
susceptible to interference by high protein levels in test substances as well as by (1→3)-β-
D-glucans,6,7 which are found in the cell walls of yeast, fungi, and some plant tissues.8 The 
(1→3)-β-D-glucan-related interference was explained by the discovery of a (1→3)-β-D-
glucan-mediated coagulation pathway in the Limulus hemolymph, which functions in 
addition to the endotoxin-mediated pathway.9 

In an effort to broaden the range of detectable pyrogenic substances, a number of 
different systems using peripheral blood mononuclear cells (MNC), diluted whole blood, as 
well as monocytoid cell lines Mono Mac 610 and THP-111 as a source for human monocytes 
with various cytokine readouts have been established.12 The basis of the in vitro pyrogen 
test, better referred to as monocyte activation test (MAT), is that pyrogens, via Toll-like 
receptors (TLRs) and other receptors, stimulate cytokine production in monocytoid cells. 
Endotoxins from Gram-negative bacteria and constituents of Gram-positive bacteria such as 
peptidoglycan, lipoteichoic acid, lipoproteins, and lipopeptides stimulate monocytes via 
TLRs and induce cytokine production.13-15 Although much less studied, also components 
derived from yeast16 and fungi17 can stimulate cytokine production in human monocytes, 
probably via TLR2.  

One of the absolute requirements for MAT systems is that all reagents used should be 
free of pyrogenic contamination. However, experience in our laboratory indicates that 
substances, which when tested separately are found to be free of stimulatory material, can 
still greatly increase cytokine production in cooperation with other stimuli (unpublished 
observations). Others also observed that aminoglycoside antibiotics, despite being free of 
cytokine-inducing contaminants, markedly augmented lipopolysaccharide (LPS)-induced 
cytokine production.18 This raises the question whether pharmaceutical products should be 
tested for the presence of these 'immunomodulatory' substances. 
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Known immunomodulators are ligands for Nod1/Nod2 receptors. Nod2 ligands, such as 
muramyldipeptides, were demonstrated to potentiate TLR ligand-induced cytokine 
production in monocytic cells,19 but little is known about the effects of Nod1 ligands on 
cytokine production. Other immunomodulators are (1→3)-β-D-glucans, a heterogeneous 
group of D-glucose polymers found in yeast, fungi, plants, and some bacteria, that have 
long been used as anti-infective and anti-tumor drugs due to their ability to trigger the 
production of reactive oxygen species, inflammatory mediators and cytokines, and the 
upregulation of cellular cytotoxicity.8,20 Several (1→3)-β-D-glucan receptors, such as 
complement receptor 3 (CR3),20 lactosylceramide and scavenger receptors,8 and the serum 
protein L-ficolin,21 have been implicated in these activities. However, most experimental 
data have indicated that the biological effects of (1→3)-β-D-glucans are mediated by the 
transmembrane receptor dectin-1.8 Dectin-1 is involved in the recognition of (1→3)-β-D-
glucans from the cell wall of fungi such as C. albicans and A. fumigatus, and from the cell 
wall of yeasts such as S. cerevisiae.22,23 

Interestingly, Zymosan, a particulate β-glucan-rich extract derived from S. cerevisiae, is 
recognized by TLR-2 in collaboration with dectin-1,16 and stimulates TNF production in 
macrophages.24 However, TLR2 does not appear to recognize purified (1→3)-β-D-glucan 
structures.8 Also, no consensus has been reached on the capacity of purified fungal/yeast 
(1→3)-β-D-glucan structures to induce cytokine production, as both stimulatory25-28 and 
inhibitory28-30 effects have been reported. 

In the present study we sought to investigate the powerful costimulatory effects of 
substances derived from cellulose dialysis membranes on TLR ligand-induced whole blood 
cytokine production. Since we hypothesized that (1→3)-β-D-glucans leached from the 
cellulose dialysis membrane exerted these effects, we compared the cytokine production in 
response to low concentrations of TLR ligands in the presence of dialysis membrane 
extract, an extract from menstrual tampons rich in (1→3)-β-D-glucans, the (1→3)-β-D-
glucan pachyman, as well as known immunomodulators such as ligands for Nod1/Nod2 
receptors.  
 
 
Materials & Methods 

 
Cells & cell cultures 

Blood was obtained from healthy volunteers after informed consent in line with the 
Sanquin Ethical Advisory Council. Blood samples were collected from healthy volunteers 
using endotoxin-free evacuated blood collection tubes (Greiner Bio-One, Alphen a/d Rijn, 
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The Netherlands) containing sodium heparin. For whole blood cultures, venous blood was 
diluted 1/10 with Iscove’s Modified Dulbecco’s Medium (IMDM, Bio Whittaker, Verviers, 
Belgium) supplemented with 0.1% heat-inactivated fetal calf serum, 15 U/ml heparin (Leo 
Pharmaceutical products, Weesp, The Netherlands), penicillin 100 U/ml / streptomycin 100 
μg/ml, and 50 μM 2-mercaptoethanol. All experiments, except those in which LPS was 
used as a stimulus, were carried out in the presence of 10 µg/ml polymyxin-B. After 16-20 
h of stimulation of whole blood cultures, supernatants were harvested for determination of 
cytokine production.  

Human Epithelial Kidney 293 (HEK) cells stably transfected with CD14, CD14-TLR2 
or CD14-TLR4 were a kind gift from Drs. D. Golenbock and E. Latz, Worcester, MA, USA 
and have been described elsewhere.31 Transfected HEK cells were cultured in IMDM 
supplemented with 5% heat-inactivated fetal calf serum (FCS, Bodinco, Alkmaar, The 
Netherlands), penicillin 100 U/ml / streptomycin 100 μg/ml (Gibco, Merelbeke, Belgium), 
50 μM 2-mercaptoethanol (Sigma-Aldrich, Steinheim, Germany), and 5 μg/ml puromycin 
(Sigma). For stimulation experiments cells were seeded at 5 x 104 cells/well in 96-well flat-
bottom microtitre plates (Nunc, Roskilde, Denmark) and stimulated the next day. HEK-
CD14-TLR4 cells were stimulated in the presence of 5% human serum as described 
elsewhere.32 After 16-20 h of stimulation supernatants were harvested for determination of 
IL-8 production.  

Both HEK cells and diluted whole blood were cultured in 200 µl wells at 37 ºC in the 
presence of 5% CO2, in a humidified incubator. 

 
Drugs & stimuli 

Regenerated cellulose dialysis membranes (dialysis tubing visking) were from Roth, 
Karlsruhe, Germany. Dialysis extract was prepared by boiling 100 cm2 of dialysis 
membranes in 50 ml saline for 30 min. Pachyman isolated from Poria cocos as described33 
and menstrual tampon extract were from the research department of Associates of Cape 
Cod, East Falmouth, MA, USA. A monoclonal antibody raised against human dectin-1 
(GE2)34 was a generous gift from Dr. G. Brown, Cape Town, South Africa. Glucan 
phosphate was kindly provided by Dr. D.L. Williams, Johnson City, TN, USA and has 
previously been described.35 Neutralizing mAbs raised against CD11b (44A) and CD18 
(1B4) were a kind gift of Dr. D. Roos, this institute, and have been described elsewhere.36 
FK156 and FK565 were kindly provided by Astellas Pharma Inc, Osaka, Japan and have 
been previously described.37 E. coli LPS serotype O55:B5, laminarin, Staphylococcus 
aureus lipoteichoic acid (LTA), and polymyxin-B were from Sigma. Staphylococcus 
aureus Cowan I cells (SAC; Pansorbin) and Syk inhibitor III (3,4-methylenedioxy-β-
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nitrostyrene) were from Calbiochem, San Diego, Ca, USA. A synthetic muramyldipeptide 
(MDP) and its inactive stereoisomer, N-acetylmuramyl-L-aranyl-L-isoglutamine (MDP-
LL) were purchased from InvivoGen, San Diego, CA, USA. S. aureus peptidoglycan and 
Salmonella typhimurium flagellin were also from InvivoGen. Polyriboinosinic 
polyribocytidylic acid (poly I/C) was from Pharmacia Biotech, Piscataway, NJ, USA, and 
FSL-1 (fibroblast-stimulating lipopeptide) and PAM-3 (Pam3Cys-S-KKKK x HCl) were 
from EMC microcollections, Tuebingen, Germany.  

 
Cytokine measurements 

IL-6 and IL-8 were determined by ELISA kits (Peli-Kine-compact, Sanquin Reagents, 
Amsterdam, the Netherlands), according to the manufacturer’s instructions. The plates were 
read in an ELISA-reader (Labsystems Multiskan Multisoft, Helsinki, Finland) at 450 nm, 
with 540 nm as a reference. 
 
 
Results 
 

In the course of experiments performed to evaluate the effect of a recombinant protein 
(IL-6), expressed in Pichia pastoris, on cytokine production, we noted that recombinant  
IL-6 potentiated LPS- or Staphylococcus areus Cowan 1 (SAC) cell-induced IL-8 
production in diluted whole blood (WB). The costimulatory effect of the recombinant IL-6 
was absent when it was directly added from P. pastoris cultures to WB cultures, but 
became apparent after dialysis of the protein against phosphate buffered saline (PBS). 
Subsequent experiments revealed that PBS itself, after dialysis, potentiated LPS- or SAC-
induced IL-8 production (not shown). This raised the possibility that so-called 
immunomodulatory mediators, possibly (1→3)-β-D-glucans, leached from the cellulose 
dialysis membranes and potentiated LPS/SAC-induced cytokine production. To investigate 
this, we prepared a dialysis membrane extract (see materials & methods section) and 
compared its effects with those of known immunomodulators such as FK156/FK565 and 
muramyldipeptide (MDP) on Toll-like receptor (TLR)-induced cytokine production. 

IL-6 and IL-8 production were increased two- or threefold after stimulation of whole 
blood with a combination of LPS and Nod1 ligands (FK156 or FK565) compared to 
stimulation with LPS alone (fig. 1). Also the Nod2 ligand MDP moderately potentiated 
LPS-induced IL-8 production (not shown). The extract prepared from cellulose dialysis 
membranes failed to stimulate WB IL-8 (fig. 2A) or IL-6 production (fig. 2B) when tested 
separately, but powerfully enhanced (3-15 fold) SAC-induced IL-8 and IL-6 production.  
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Fig. 1: Costimulation of LPS-induced cytokine production by Nod1 ligands.  
Whole blood was stimulated with Nod1 ligands FK156 or FK565 (10 µg/ml), LPS (64 pg/ml), or the 
combination of FK156 or FK565 and LPS. Data represent mean cytokine production ± SEM of two donors. 

 
Also, WB cytokine production induced by other TLR-ligands such as lipoteichoic acid, 

PAM-3, FSL-1, peptidoglycan (all TLR2), LPS (TLR4), and flagellin (TLR5) was 
markedly potentiated by the dialysis membrane extract (not shown). Since a large body of 
evidence indicates that (1→3)-β-D-glucans may leach from other cellulose membranes and 
filters38-42 and because cotton medical devices, such as medical gauze sponges, packings, 
and tampons were observed to very rapidly leach large quantities of (1→3)-β-D-glucans 
into normal saline,43 we tested a (1→3)-β-D-glucan-rich extract prepared from menstrual 
tampons for its potency to costimulate SAC-induced cytokine production. Again, both SAC 
and tampon extract only moderately stimulated IL-8 production when tested separately, 
whereas the combination of SAC and tampon extract synergistically induced IL-8 
production (fig. 3). Since these data strongly suggested that (1→3)-β-D-glucans were 
responsible for the costimulatory effects observed, we continued our experiments with a 
purified (1→3)-β-D-glucan, pachyman, an almost linear (1→3)-β-D-glucan with only 
minor β-(1→6) glucosidic side-chains, similar in structure to curdlan,33 for its potency to 
costimulate TLR ligand-induced cytokine production.  

Like dialysis membrane extract and tampon extract, pachyman markedly potentiated  
IL-8 (fig. 4A) and IL-6 (fig. 4B) production induced by SAC. To illustrate this, in 
conditions where pachyman and SAC separately induced only minor IL-8 production (0.41 
± 0.05 ng/ml and 0.23 ± 0.04 ng/ml, respectively), we tested the combination of pachyman 
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Fig.2: Costimulation of Staphylococcus aureus Cowan 1 cells (SAC)-induced cytokine production by 
dialysis extract.  
Dialysis membrane extract was obtained as described in the materials & methods section. Whole blood was 
stimulated with different concentrations of SAC in the absence or presence of dialysis membrane extract 
(1/32 dilution). A: IL-8. B: IL-6. Data represent mean cytokine production ± SEM of two donors. One of 
two representative experiments is shown.  

 
and SAC. This combination induced much higher levels of IL-8 (9.0 ± 0.7 ng/ml; fig. 4C). 
Pachyman, by itself, also dose-dependently induced some IL-8 production (fig. 4A). 
However, as we were interested in the possible costimulatory effects of low levels of 
(1→3)-β-D-glucan contamination in test substances for the MAT, we chose a concentration 
of pachyman (0.25 µg/ml) that only minimally stimulated IL-8 production for subsequent 
experiments. 

The effect of pachyman on cytokine production induced by other TLR-ligands was also 
studied. WB was stimulated with FSL-1 (TLR2/6), PAM-3 (TLR1/2), flagellin (TLR5, fig. 
5A) or LPS (TLR4, fig. 5B) at low concentrations that only induced moderate IL-8 
production when tested separately. Again, stimulation of whole blood with both TLR 
ligands and pachyman markedly potentiated IL-8 production compared to the separate 
stimuli (fig. 5A and 5B). Also IL-6 production induced by FSL-1, PAM-3, flagellin, and 
LPS was potentiated by pachyman, albeit to a much smaller extent than IL-8 production 
(fig. 5C and 5D). Pachyman only slightly increased IL-8 production induced by poly I/C, a 
ligand for TLR3 (fig. 5A).  

Next, we investigated whether the potentiating effect of (1→3)-β-D-glucans on TLR 
ligand-induced cytokine production was mediated by dectin-1. Since dectin-1-mediated
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Fig. 3: Costimulation by menstrual tampon extract of SAC-induced IL-8 production. 
Whole blood was stimulated with SAC (1/256000) in the absence or presence of menstrual tampon extract 
(TE; 0.25 µg/ml). IL-8 production was measured. Data represent mean ± SEM of three donors. 
 

activation of cells could be prevented, at least partially, by inhibition of spleen tyrosine 
kinase (Syk),22,44 we also tested whether Syk inhibition suppressed the costimulatory effects 
of pachyman on cytokine production. Pachyman and FSL-1 induced minimal IL-8 
production when tested alone, whereas the combined use of pachyman and FSL-1 led to a 
vigorous IL-8 response (fig. 6A). Syk inhibition partially suppressed the costimulatory 
effect of pachyman on FSL-1-induced IL-8 production (fig. 6B). Also the costimulatory 
effect of pachyman on SAC-induced IL-8 production was partially inhibited by Syk kinase 
inhibition, whereas the IL-8 production induced by SAC alone was unaffected (fig. 6C). 

To further investigate the involvement of dectin-1, we tested whether low molecular 
mass (1→3)-β-D-glucans, such as laminarin and glucan phosphate, were capable of 
inhibiting the costimulatory effects of pachyman on TLR ligand-induced cytokine 
production. At a concentration of 100 µg/ml, laminarin alone did not induce IL-8 
production and failed to inhibit the costimulatory effect of dialysis extract (not shown) and 
pachyman on SAC-induced IL-8 production (fig. 7A). However, laminarin partially 
inhibited IL-8 production when WB was stimulated with higher concentrations of 
pachyman (>1 µg/ml; fig. 7B), whereas IL-6 production was completely abrogated (fig. 
7C). Finally, glucan phosphate35 as well as mAbs raised against human dectin-1,34 CD11b, 
or CD18, failed to inhibit cytokine production induced by either pachyman alone or by 
pachyman together with a TLR stimulus (data not shown).  
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Discussion 
 
In keeping with the results obtained by others37 we found that LPS-induced cytokine 

production was moderately potentiated by Nod1 ligands FK156 and FK565, as well as by 
the Nod2 ligand MDP. In contrast with the moderate effects of these immunomodulators on 
LPS-induced cytokine production, dialysis membrane extract vigorously potentiated TLR-
induced cytokine production. Because our dialysis extract was ill-defined and a body of 
evidence indicated that regenerated cellulose membranes, such as dialysis membranes, 
leach (1→3)-β-D-glucans,38-42 we hypothesized that (1→3)-β-D-glucans were responsible 
for the costimulatory effects observed. Therefore, we continued our experiments with a 
(1→3)-β-D-glucan-rich extract from menstrual tampons and a purified (1→3)-β-D-glucan, 
pachyman,33 that is used as (1→3)-β-D-glucan standard in an alternative LAL assay 
(Fungitell®, Associates of Cape Cod, East Falmouth, MA, USA) which specifically 
measures (1→3)-β-D-glucans.42 

At concentrations as low as 0.25 µg/ml, pachyman markedly costimulated IL-8 
production induced by ligands for TLRs expressed on monocytes and/or neutrophils, such 
as TLR1/2, TLR2/6, TLR4 and TLR5. It should be noted that in these experiments 
stimulation with TLR ligands (other than LPS) was carried out in the presence of 
polymyxin-B, a polycationic compound that specifically inhibits LPS, and which, at 10 
µg/ml, is able to neutralize at least 1 ng/ml E. coli LPS in whole blood assays. Therefore, 
we assume that the potentiating effects of pachyman on TLR ligand-induced cytokine 
production are exerted by the (1→3)-β-D-glucan structure itself, and not by possible 
endotoxin contamination. In support of this, pachyman did not stimulate HEK cells stably 
transfected with CD14/TLR2 or CD14/TLR4 (data not shown), which also indicates that 
the moderate stimulation of cytokine production in whole blood induced by pachyman is 
caused by the (1→3)-β-D-glucan itself. 

Also others26,27 demonstrated costimulatory effects of (1→3)-β-D-glucans on cytokine 
production. In these studies, high concentrations of LPS (0.1-10 µg/ml;26 0.5-50 ng/ml27) 
and (1→3)-β-D-glucans (50-500 µg/ml;26 2-20 µg/ml27) were used, and only moderate 
increases in cytokine production (3-4 fold) were reported. Thus, these studies reported that 
(1→3)-β-D-glucans increase the maximum response to LPS only, whereas our study 
demonstrates that low concentrations of the (1→3)-β-D-glucan pachyman (0.25 µg/ml) 
exert a powerful effect on cytokine production induced by low concentrations of multiple 
TLR-ligands.  
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Fig. 4: Costimulation of SAC-induced cytokine production by pachyman.  
A and B: Whole blood was stimulated with SAC in the presence of different concentrations of pachyman 
and the production of IL-8 (A) and IL-6 (B) was measured. C: IL-8 production after stimulation by culture 
medium alone, pachyman (PM, 0.25 µg/ml), SAC (1/256000), and the combination of pachyman and SAC. 
Data represent mean cytokine production ± SEM of two donors. One of two representative experiments is 
shown.  

 
As a matter of course, we sought to investigate which receptors on monocytes and/or 

neutrophils were involved in the costimulatory effects of pachyman on TLR-induced 
cytokine production. Recently, it was demonstrated that activation of cells via dectin-1, the 
major human receptor for (1→3)-β-D-glucans,8,45 could be prevented by inhibition of the 
tyrosine kinase Syk.22,44 Also the potentiating effects of pachyman on FSL-1- and SAC- 
induced cytokine production were partially inhibited by Syk inhibition, whereas the 
response to SAC was unaffected. However, caution should be exercised when interpreting 
data on blood cells and enzyme inhibitors, because of the frequently observed non-specific
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Fig.5: Costimulation by pachyman of TLR ligand-induced cytokine production.  
A and C: Whole blood was stimulated with FSL-1 (3 ng/ml), Pam-3 (3 ng/ml), poly I/C (25 µg/ml), and 
flagellin (15 pg/ml) in the absence or presence of pachyman (0.25 µg/ml). IL-8 (A) and IL-6 (C) production 
was measured. B and D: Costimulation of IL-8 (B) and IL-6 (D) production by LPS (16 pg/ml) and 
pachyman (0.25 µg/ml). Data represent mean ± SEM cytokine production in whole blood of two (A+C) or 
four (B+D) donors. One of two representative experiments is shown. 

 
and toxic effects of these inhibitors on blood cells. Hence, we attempted other methods of 
inhibiting dectin-1. Previous studies have indicated that low molecular mass (1→3)-β-D-
glucans such as laminarin or glucan phosphate inhibited the dectin-1-mediated 
phagocytosis of (1→3)-β-D-glucan-rich zymosan.16,34,45,46 However, both laminarin and 
glucan phosphate failed to inhibit the costimulatory effect of pachyman on TLR-induced 
cytokine production, suggesting that the costimulatory actions of pachyman may be 
mediated by (1→3)-β-D-glucan receptors different from dectin-1. Because we found that 
high concentrations of pachyman (>1 µg/ml) stimulated cytokine production without the 
requirement of a TLR stimulus, we sought to inhibit cytokine production induced by 
pachyman alone with these low molecular mass (1→3)-β-D-glucans. Although glucan 
phosphate was ineffective in this regard, laminarin partially inhibited pachyman-induced
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Fig. 6: The costimulatory effect of pachyman on FSL-1-induced cytokine production is abrogated by 
Syk inhibition. 
A: Whole blood was stimulated with pachyman (0.25 µg/ml), FSL-1 (10 ng/ml), or both and the IL-8 
production measured. B: Suppression of IL-8 production induced by the combination of pachyman (0.25 
µg/ml) and FSL-1 (10 ng/ml) by Syk inhibition. C: Effect of Syk inhibition on IL-8 production induced by 
SAC (1/64000) alone and in combination with pachyman (1 µg/ml). Data represent mean ± SEM of two 
donors. 

 
IL-8 production and completely abrogated pachyman-induced IL-6 production. Since 
neutrophils are incapable of synthesizing IL-6,47 this suggested that a particular (1→3)-β-
D-glucan receptor expressed on monocytes, possibly dectin-1, is preferentially inhibited by 
laminarin. Due to alternative splicing human dectin-1 is expressed as two major isoforms.46 
The A isoform contains a stalk region and is expressed exclusively on neutrophils, whereas 
the B isoform lacks the stalk region and is expressed both on neutrophils and monocytes.46 
Therefore, we surmise that laminarin blocks the B isoform of dectin-1, which would 
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Fig. 7: Inhibition of pachyman-induced cytokine production by laminarin. 
A: Whole blood IL-8 production after stimulation with laminarin (LAM, 100 µg/ml), pachyman (0.25 
µg/ml), or both, in the absence or presence of SAC (1/256000). One of three representative donors is 
shown. B and C: Whole blood was stimulated with different concentrations of pachyman in the absence or 
presence of laminarin (100 µg/ml). B: IL-8. C: IL-6. Data represent mean ± SEM of three donors. 

 
explain the partial inhibition of IL-8, and the complete inhibition of IL-6 production 
induced by pachyman. Finally, a mAb raised against dectin-1 failed to inhibit cytokine 
production induced by pachyman alone or induced by pachyman together with a TLR 
stimulus. This indicates that this mAb, despite blocking dectin-1-mediated phagocytosis of 
zymosan,34 is not capable of preventing dectin-1-mediated cytokine production, or 
alternatively, that dectin-1 is not involved in the costimulatory actions of pachyman on 
TLR-induced cytokine production. As glucan phosphate, laminarin, and the anti-dectin-1 
mAb did not inhibit the costimulatory effects of pachyman on TLR-induced cytokine 
production, we hypothesize that (1→3)-β-D-glucan receptors different from dectin-1 are 
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involved in the costimulation of TLR-induced cytokine production by low concentrations 
(0.25 µg/ml) of pachyman. However, at higher concentrations (>1 µg/ml) of pachyman, 
dectin-1 may also become activated and play, independent of TLR activation, a role in the 
activation of monocytes and neutrophils resulting in cytokine production. It is clear that 
further studies on the potentiation by (1→3)-β-D-glucans of TLR-induced cytokine 
production are warranted. A recent review illustrates the influence of β-glucan molecular 
mass, (1→4) and/or (1→6) branching frequency, and physical state (soluble versus 
insoluble) on the biological activity of (1→3)-β-D-glucans.48 This complexity of (1→3)-β-
D-glucan parameters, as well as the role of several (monocyte) receptors in the 
costimulation by (1→3)-β-D-glucans of TLR-induced cytokine production, should be 
investigated in future experiments.  

When pharmaceuticals for parenteral use are tested in vitro for the presence of 
pyrogens, the common assumption is made that a ‘pass’ result implies that the drug is safe 
for use in humans. However, the MAT is performed in optimal and strictly controlled 
pyrogen-free conditions, whereas humans taking the same drug are exposed to multiple 
influences, including (sub)clinical viral or bacterial infections and drugs (e.g. antibiotics, 
NSAIDs). In this study we have demonstrated that (1→3)-β-D-glucans can play a pivotal 
role in the magnitude of cytokine production after TLR stimulation. Therefore, it is clear 
that in vitro assays to test the pyrogenicity of pharmaceuticals should take this effect of 
(1→3)-β-D-glucans into consideration. To illustrate this, recent data demonstrated that 
some pharmaceuticals such as vaccine allergens49 and intravenous antibiotics50,51 contain 
(1→3)-β-D-glucans, which may explain how antibiotics enhanced the endotoxin activity as 
observed by others.18 In addition, harmful interactions between NSAIDs and (1→3)-β-D-
glucans were demonstrated in mice52 which may exist in humans as well. Therefore, we 
consider it reasonable to test pharmaceuticals for the presence of (1→3)-β-D-glucans. For 
this purpose a (1→3)-β-D-glucan-specific LAL assay may be employed.42 Alternatively, 
pharmaceuticals may be tested in the MAT in the presence of low concentrations of TLR 
ligands which alone do not stimulate cytokine production, but in synergy with (1→3)-β-D-
glucan contamination greatly increase cytokine production, thereby exposing possible 
(1→3)-β-D-glucan contamination of pharmaceuticals. 
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Abstract 

 
Activation of TLR4 by LPS has been generally accepted to be dependent on the 

presence of LPS-binding proteins as well as the extracellular adaptor molecule MD-2. We 
noticed that addition of human serum to LPS-stimulated human embryonic kidney (HEK) 
cells stably-transfected with CD-14 and TLR4 resulted in abundant cell activation and IL-8 
production, whereas in absence of serum little IL-8 was produced. As we hypothesized that 
human MD-2 was involved in the TLR4-potentiating effect, we attempted to purify MD-2 
from human serum. Using a combination of size exclusion, anion, and cation 
chromatography two candidate protein bands were identified. However, mass spectrometry 
analysis indicated that the candidate protein bands were not MD-2, but suggested that 
angiostatin, a proteolytic fragment of plasminogen, the expression of which is increased 
during sepsis, was capable of potentiating TLR4 activation. Follow-up experiments with 
serum either depleted or enriched for small plasminogen-like molecules, failed to support 
the hypothesis that angiostatin potentiates the LPS activation of TLR4. Nonetheless, we 
found that the activation of CD14/TLR4-expressing HEK cells was greatly increased by 
human serum obtained from septic patients as compared to normal serum, which sheds new 
light on the findings published by other groups. 
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Introduction 
 
After the identification of toll-like receptor (TLR) 4 as the cellular lipopolysaccharide 

(LPS) receptor in 1998,1 great progress has been made in the understanding of the immune 
response to Gram-negative bacteria. Following activation of TLR4, several intracellular 
adaptor molecules such as MyD88,2 MAL,3 TIR domain-containing adaptor inducing 
interferon-beta (TRIF),4 or TRIF-related adaptor molecule (TRAM).5,6 are activated, which 
in turn orchestrate the activation of several transcription factors ultimately culminating in 
activation of the transcription factor nuclear factor-kappa B (NF-κB), which controls the 
expression of an array of inflammatory cytokine genes.7 An exaggerated response to LPS 
can contribute to the harmful events of severe sepsis, which include coagulation disorders, 
(multiple) organ failure, hypotensive shock, and frequently, death. Unravelling of the 
intracellular signalling components following TLR4 activation has brought the 
development of therapeutic intervening agents closer,8 but it has become clear that also 
extracellular proteins which bind LPS play a crucial role in the activation of TLR4: First, 
LPS-binding protein (LBP) and CD14 have been long known to enhance LPS responses,9 
and second, the extracellular adaptor molecule MD-2 was claimed to be essential for TLR4 
activation.10 

When human embryonic kidney (HEK) cells stably transfected with CD14 and TLR4 
were stimulated with LPS, we surprisingly noticed an almost complete lack of activation by 
LPS, which was restored when human serum was supplemented. As our group previously 
observed marked effects of the presence of human serum on LPS stimulation of monocytes, 
and other groups reported alternative LPS-binding proteins,11 we set out to purify the serum 
protein(s) involved in the potentiation of TLR4 activation by LPS. In view of the role of 
(soluble) CD14, LBP, and MD-2 in the activation of TLR4, the obvious question to answer 
was whether or not these proteins are involved in the effect of serum.  

 
 

Materials & Methods 
 

Blood/serum 
Blood was obtained from healthy volunteers after informed consent in line with the 

Sanquin Ethical Advisory Council. Blood samples were collected using endotoxin-free 
blood collection tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). After 
incubation at 37 °C for 30 min to allow coagulation, blood samples were centrifuged (for 
10 min at 1300 x g) after which the supernatant serum was collected and stored at -20 °C 
until use. For large scale isolation experiments, serum (250 ml) of healthy voluntary blood 
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donors was provided by Sanquin Blood Bank North West. Sera from septic patients were 
obtained in a clinical study.12 

 
TLR-transfected HEK-cells and bio-assay 

Human Epithelial Kidney 293 (HEK) cells stably transfected with CD14, CD14-TLR2 
or CD14-TLR4 were a kind gift from Drs. D. Golenbock and E. Latz, Worcester, MA, USA 
and have been described elsewhere.13 Transfected HEK cells were cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM, Bio Whittaker, Verviers, Belgium) supplemented 
with 5% heat-inactivated foetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands), 
penicillin 100 U/ml / streptomycin 100 μg/ml (Gibco, Merelbeke, Belgium), 50 μM 2-
mercaptoethanol (Sigma-Aldrich, Steinheim, Germany), and 5 μg/ml puromycin (Sigma). 
HEK cells were cultured in 200 µl wells at 37 ºC in the presence of 5% CO2, in a 
humidified incubator. 

For stimulation experiments cells were seeded at 5 x 104 cells/well in 96-well flat-
bottom microtitre plates (Nunc, Roskilde, Denmark) and stimulated the next day. After 16-
20 h of stimulation, supernatants were harvested for determination of IL-8 production, as a 
read out for NF-κB activation. Fractions obtained after gelfiltration (AcA54) or after 
anion/cation ion exchange chromatography were tested at a concentration of 6.25 – 12.5% 
(v/v) in this bio-assay. At these concentrations the inhibitory effect of Tween in 
gelfiltration/ chromatography buffers (0.02% in buffers, resulting in a final concentration of 
0.001% - 0.0025% in the assay) on HEK-CD14-TLR4 cell activation was negligible. 
 
Drugs, stimuli, mAbs 

Recombinant Lipopolysaccharide-binding Protein (rLBP) from R&D Systems, 
Abingdon, Oxon, United Kingdom was a generous gift from Dr. A.T.J. Tool, Sanquin 
Research. A human monoclonal antibody against lipopolysaccharide-binding protein (LBP, 
clone 1C7) was purchased from Hycult Biotechnology, Uden, The Netherlands. 
Lipooligosaccharide (LOS), derived from Neisseria meningitidis was a generous gift from 
Dr. J. Poolman, RIVM, Bilthoven, The Netherlands. E. coli LPS serotype O55:B5 was from 
Sigma. Staphylococcus aureus Cowan I cells (SAC; Pansorbin) was from Calbiochem, San 
Diego, Ca, USA. Hirudin (15 U/ml) was a gift from Dr. H. te Velthuis, Sanquin Research. 
MAb anti-C1q-85, which inhibits activation of C1q by immune complexes, was described 
before.14 C3-2 is a C3-inhibitory monoclonal antibody and was a kind gift from Dr. E. 
Hack. C1-esterase inhibitor (Cetor®) was a gift from Sanquin Plasma Products. Anti-CD3 
murine IgE (CLB.T3/4E) was developed at Sanquin15 and obtained from Sanquin Reagents. 
Recombinant human Angiostatin K1-3 was from Sigma. CLB/AP-1, a monoclonal antibody 
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raised against plasminogen and polyclonal antibodies specific for plasminogen were 
produced in our laboratory and were described elsewhere.16 Recombinant MD-2 was a 
generous gift from Y. Kruize, LUMC, Leiden, The Netherlands. IMG-539, a polyclonal 
antibody raised against a KLH-conjugated synthetic peptide corresponding to amino acids 
120-133 of human MD-2 was purchased from Imgenex, Huissen, The Netherlands. 
 
Size exclusion chromatography 

Human serum was chromatographed on an AcA54 M column (height 90 cm, diameter 
5.3 cm, Amersham Biosciences, Uppsala, Sweden) equilibrated in 140 mM NaCl, 10 mM 
Hepes (pH 7.2) containing 0.02% Tween (Mallinckrodt Baker, Deventer, The Netherlands). 
Fractions of 12 ml were collected at 72 ml/h. Aliquots (25µl) of these fractions were 
analysed for absorption at 280 nm and for TLR4-potentiating activity in the HEK-CD14-
TLR4 bioassay. Pooled and concentrated Biogel A 1.5 M fractions containing TLR4-
potentiating activity were further processed by high performance liquid chromatography 
(HPLC). 
 
Anion-exchange chromatography 

After equilibrating a 2 ml Mono Q-Sepharose column (Tricorn Mono Q™ 5/50 GL, 
Amersham Biosciences) in starting buffer (20 mM Tris-HCl, 0.02% Tween, pH 8.0), the 
TLR4-potentiating activity-containing sample (0.5-2 ml) that had been dialysed against 
starting buffer before, was loaded onto the column. The column was washed with 20 ml 
starting buffer. Elution was performed using a continuous NaCl gradient from 0–1 M NaCl. 
The eluted fractions from the anion-exchange chromatography were collected  
(2 ml/fraction) and stored at -20 °C until use. All fractions were tested for TLR4-
potentiating activity, after dialysis against PBS.  
 
Cation-exchange chromatography 

After equilibrating a 2 ml Mono S-Sepharose column (Tricorn Mono S™ 5/50 GL, 
Amersham Biosciences) in starting buffer (20 mM Na-Ac, 0.02% Tween, pH 4.6), the 
TLR4-potentiating activity-containing sample (0.5-2 ml) that had been dialysed against 
starting buffer before, was loaded onto the column. The column was washed with 20 ml 
starting buffer. Elution was performed using a continuous NaCl gradient from 0–1 M NaCl. 
The eluted fractions from the cation-exchange chromatography were collected  
(2 ml/fraction) and stored at 4 °C until use. All fractions were tested for TLR4-potentiating 
activity, after dialysis against PBS.  
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SDS-PAGE, mass spectrometry 
Fractions containing TLR4-potentiating activity were analysed on SDS/PAGE gels 

(NuPAGE Novex 4-12% or 10% Bis-Tris polyacrylamide gels, Invitrogen) following the 
manufacturers’ instructions. After electrophoresis, the gels were stained with silver or 
Coomassie Blue. For N-terminal sequencing of proteins, fraction samples were 
concentrated by 5% trichloroacetic acid (TCA) precipitation. After washing with ethanol 
the samples were separated by SDS/PAGE. N-terminal sequencing of protein bands excised 
from SDS-PAGE gels was performed at the Proteomics Center VUMC, OncoProteomics 
Laboratory, Dept. Medical Oncology, Amsterdam, The Netherlands. Tryptic digests of 
protein samples were analyzed by a mass spectrometer (MALDI TOF/TOF Applied 
Biosystems 4700 Proteomics Analyzer). MS spectra were searched against the Mascot data 
base search engine (Matrix Science) to identify the proteins. 
 
Cytokine measurements 

IL-8 was determined by an ELISA kit (Peli-Kine-compact, Sanquin Reagents, 
Amsterdam, the Netherlands), according to the manufacturer’s instructions. The plates were 
read in an ELISA-reader (Labsystems Multiskan Multisoft, Helsinki, Finland) at 450 nm, 
with 540 nm as a reference. 

 
 
Results 
 
The effect of serum on TLR4 activation 

When human embryonic kidney (HEK) cells, stably transfected with CD14 and TLR4, 
were stimulated with the TLR4 ligand LOS (or LPS), IL-8 production was only marginally 
stimulated. In contrast, SAC, a ligand for TLR2, powerfully stimulated IL-8 production in 
HEK-CD14-TLR2 cells (data not shown). At the time, only limited knowledge was 
available as to the role of MD-2 in the stimulation of human TLR4. However, multiple 
studies reported that serum enhanced the pro-inflammatory cytokine response after LPS 
stimulation.9,17,18 Therefore, we tested whether human serum was able to potentiate IL-8 
production in HEK-CD14-TLR4 cells after LOS (LPS) stimulation. Indeed, LOS 
powerfully stimulated IL-8 production in HEK-CD14-TLR4 cells in the presence of human 
serum (figure 1A). In the presence of 10 % human serum, LOS dose-dependently induced 
IL-8 production (figure 1B). Moreover, incubation of LOS-stimulated HEK-CD14-TLR4 
with different concentrations of human serum indicated that in the presence of less than 1% 
serum, IL-8 production in HEK-CD14-TLR4 cells was increased as compared to medium
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Figure 1. Serum powerfully potentiates LOS-stimulated IL-8 production in HEK-CD14-TLR4 cells. 
A: HEK-CD14 (white bars), HEK-CD14-TLR2 (hatched bars), and HEK-CD14-TLR4 (black bars) cells 
were left untreated (control), stimulated with LOS (10 ng/ml), or stimulated with LOS (10 ng/ml) in the 
presence of 10% human serum (see Materials & Methods for details). After 16-20 h of stimulation 
supernatants were harvested for measurement of IL-8 production. A representative of at least 5 experiments 
is shown. 
B: Stimulation of HEK-CD14-TLR4 cells with LOS in presence of 10% human serum. A representative of 
three experiments is shown. 
C: Incubation of HEK-CD14-TLR4 cells in the absence (open circles) and presence (10 ng/ml, closed 
circles) of LOS with different concentrations of human serum. 
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control (figure 1C). Only sera from humans were capable of potentiating LOS-stimulated 
IL-8 production in HEK-CD14-TLR4 cells as sera obtained from various mammals (mice, 
rats, rabbits, pigs, goats, cows, horses, baboons) did not exhibit the TLR4-potentiating 
effect (data not shown). The effect of serum was lost after heating for 30 min at 56°C (not 
shown). No differences were found between serum, citrate plasma, and heparin plasma in 
the TLR4 potentiating effect (data not shown). 

 
LPS-binding Protein 

An obvious candidate for the serum protein responsible for the increased TLR4 
activation was LPS-binding protein (LBP).9 Therefore, we stimulated HEK-CD14-TLR4 
cells with LPS in the absence/presence of LOS, human serum, recombinant LBP, and/or 
neutralizing antibodies to LBP. LBP failed to potentiate LOS-stimulated IL-8 production 
and a neutralizing antibody to LBP failed to inhibit the LOS-induced IL-8 production in 
HEK-CD14-TLR4 cells in the presence of human serum (figure 2). 

 
Size Exclusion Chromatography 

As LBP was not the serum protein responsible for the TLR4 potentiating effect, MD-2 
was the most likely candidate to be involved. However, at that time, no MD-2-recognizing 
mAbs were available to investigate the serum effect. To identify the molecular size of the 
TLR4-stimulating bioactivity size, human serum was separated by size exclusion 
chromatography (SEC) using an Ultrogel AcA54 column, after which the fractions were 
tested for TLR4-potentiating activity (figure 3). Fractions containing TLR4-potentiating 
activity (typically fraction 72 – 95) were pooled, concentrated and subjected to another 
round of SEC which separated the fractions containing TLR4-potentiating activity from 
fractions predominantly containing human albumin. SEC using both an AcA54 column and 
a Superdex 200HR 10/30 column, in the presence of molecular weight markers, indicated 
that the TLR4-potentiating activity eluted at approximately 30-33 kDa. 

 
Ion Exchange chromatography 

To further characterize the serum protein(s) with TLR4-potentiating activity, pooled and 
concentrated AcA54 fractions were separated by mono Q anion exchange chromatography 
(see materials & methods). HEK-TLR4-potentiating activity eluted in one peak. As 
expected, the mono Q fractions showing activity (fraction 20 and 21, fig. 4B) still contained 
several proteins (see fig. 4A). In addition, the elution profile of none of the protein bands 
coincided with the biological activity (not shown). Therefore, mono Q fraction 20 and 21 
were combined and separated by cation exchange using a Mono S column (figure 5A). 
Mono S fraction 20, and to a lesser extent fractions 19 and 21, showed activity in the assay
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Figure 2. The role of LBP in the potentiation of LOS-stimulated IL-8 production in HEK-CD14-
TLR4 cells. 
HEK-CD14-TLR4 cells were stimulated with LOS (10 ng/ml), LOS + LBP (250 ng/ml), LOS + 5% human 
serum, or LOS + 5% human serum in the presence of a LBP neutralizing antibody (10 µg/ml). Data 
represent mean IL-8 production ± SEM of duplicate samples.  

 
(figure 5B). SDS-PAGE showed that this activity co-eluted with a protein band with an 
estimated molecular weight of 35 kDa under non-reducing conditions (fig. 5C). Reduction 
led to a shift towards a slightly higher molecular weight. These bands were excised. N-
terminal mass spectrometry analysis revealed that the excised protein bands from both the 
reduced and non-reduced gel were identical and that the N-terminal sequence corresponded 
to that of angiostatin (figure 6), an internal fragment of plasminogen.  

 
Angiostatin 

Mini-plasminogen molecules such as angiostatin have been observed in septic 
patients.19 In addition, it was reported that TLR4-potentiating activity is present in sera 
from septic patients, and not in sera from healthy volunteers.20 Therefore, sera derived from 
40 well-characterized septic patients were tested for the TLR4-potentiating effect. Although 
serum from healthy controls powerfully stimulated IL-8 production in HEK-CD14-TLR4 
cells, we found that the sera from septic patients were more active as compared to sera from 
healthy controls (figure 7). Because we surmised that cleavage from plasminogen of small 
plasminogen-like molecules such as angiostatin may occur during coagulation, and that this
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Figure 3. Partial purification of TLR4-potentiating serum fractions by gel filtration. 
Human serum (40 ml) was chromatographed on a Ultrogel AcA54 column (10 X 60 cm) equilibrated in 140 
mM NaCl, 20 mM Hepes (pH 7.2) containing 0.02% Tween. Fractions of 12 ml were collected at 72 ml/h. 
Aliquots of these fractions were analysed for absorption at 280 nm (left Y-axis, open circles) and activity 
(as defined by potentiation of LOS-stimulated IL-8 production in HEK-CD14-TLR4 cells, right Y-axis, 
closed circles). Activity was determined by stimulation of HEK-CD14-TLR4 cells with LOS (10 ng/ml) in 
the presence of 25% v/v of AcA54 Ultragel fractions. The void volume eluted at fraction 48. A 
representative of six AcA54 runs is shown. 

 
may be increased in septic sera, we depleted human serum from plasminogen using a 
previously described method.16 However, no differences could be found in the potentiation 
of LPS-induced HEK-CD14-TLR4 activation between normal human serum and 
plasminogen-depleted serum (data not shown). We also stimulated HEK-CD14-TLR4 cells 
with LPS in the presence of a recombinant fragment (K1-3) of angiostatin or serum. 
Whereas serum potentiated IL-8 production in LPS-stimulated HEK-CD14-TLR4 cells, 
angiostatin K1-3 at concentrations ranging from 1 to 10,000 ng/ml did not (data not 
shown).  
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Discussion 
 
Responses to LPS of TLR4-expressing cells such as monocytes were shown to be 

enhanced by human serum,17,18 which was presumed to be caused by serum proteins such as 
LBP and soluble CD14. Muta & Takeshige21 reported that human serum potentiated LPS-
stimulated NFκB-driven luciferase activity in CD14- and TLR4-transfected HEK cells, a 
cellular system similar to the one used in our studies. Moreover, in this study the effect of 
incubation with 5% human serum on LPS-stimulated HEK-CD14-TLR4 cells was 
comparable to incubation with 250 ng/ml LBP. However, in our experiments (figure 2) we 
were unable to demonstrate a role for LBP in the potentiation of TLR4. Perhaps this is not 
surprising as LBP merely functions to enhance the presentation of LPS to CD14, a co-
receptor which is highly expressed on the CD14-TLR4-transfected HEK cells used. 
Moreover, LBP was reported to be stable at high temperatures,17 and because we found a 
marked loss in the TLR4-potentiating activity of serum after incubation at 56 °C (not 
shown), it is improbable that in our assays LBP is the serum factor conferring the TLR4-
potentiating effect.  

Because of the high expression of CD14 on HEK-CD14-TLR4 cells it is also difficult to 
envisage that soluble CD14 in human serum would be responsible for the TLR4-
potentiating effect in our assays. Indeed, we observed that very high concentrations of anti-
CD14 mAbs only slightly inhibited LPS-induced IL-8 production, indicating that additional 
soluble CD14 is not required for TLR4 activation. Moreover, there is general consensus 
that LBP and CD14 are not absolutely required for LPS responses.22 

Apart from these serum proteins we also investigated the role of the coagulation/ 
complement system. TRL4 was originally discovered as the human homolog of the 
Drosophila Toll protein23 which is activated by Spätzle in response to pathogens via 
particular serine proteases.24,25 Remarkably, there is considerable evolutionary homology in 
the serine protease cascades of the coagulation, complement, and innate immune 
system.26,27 The pro-inflammatory role of coagulation28,29 together with reports 
demonstrating that 1) activation of human TLR4 was inhibited by a serpin (serine protease 
inhibitor),30 and 2) Drosophila mutants lacking particular serpins exhibited increased Toll 
activation,31 prompted us to investigate the involvement of serine proteases in the activation 
of TLR4. However, protease inhibitors of coagulation or inhibitors of the complement 
system such as hirudin, tissue factor plasminogen inhibitor (TFPI), C1-esterase inhibitor, 
anti-C1q-85 mAb, and anti-C3-2 mAb failed to inhibit the serum-mediated activation of 
TLR4 by LPS (data not shown).  

Thus, because no role for LBP, soluble CD14, or for the coagulation/complement 
system in the potentiation of TLR4 could be demonstrated, we next sought to isolate the
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Figure 4. purification ion of TLR4-potentiating activity by Mono Q  
A: Mono Q chromatography of pooled AcA54 fractions containing TLR4 potentiating activity (solid line = 
OD280; dashed line = % buffer B). The fractions containing TLR4-potentiating activity are indicated by 
arrows). 
B: TLR4-potentiating activity of fractions after mono Q chromatography. Fractions were dialysed against 
PBS and tested (12,5% v/v) in duplicate. 
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responsible factor(s), possibly being MD-2, from human serum. As no mAbs raised against 
MD-2 were available to study the TLR4-potentiating effect, we isolated the TLR4-
potentiating activity by size-exclusion chromatography. Because the activity eluted from 
the column at a molecular mass of 30-33 kDa (fig. 3), it was clear that LBP and soluble 
CD14, with a molecular mass of 60 kDa and 55 kDa, respectively, were not involved in the 
TLR4-potentiating effect. Data on the molecular mass of MD-2 are less clear-cut. 
Recombinant monomeric MD-2 has a molecular mass ranging from 18-25 kDa, dependent 
on its glycosylation.32,33 However, several research groups found that MD-2, when 
recombinant expressed, exists as heterogeneous large disulfide-linked oligomers ranging in 
molecular mass from 30 – 250 kDa.32,34,35 Only the monomeric form of MD-2 is able to 
facilitate TLR4 activation by LOS/LPS.34 Using mAbs raised against recombinant MD2, 
human normal plasma MD-2 was reported to exist in oligomers. However, MD-2 in septic 
sera was apparently also present in monomers.36 In contrast, Pugin et al.,20 found that, also 
by using size exclusion chromatography, MD-2 activity in sera from sepsis patients eluted 
at a molecular weight of approximately 60 kDa. Thus, the finding that in our experiments, 
TLR4-potentiating activity in human normal serum eluted at 30-33 kDa, was in conflict 
with both Wolfs (monomeric MD-2 only present in septic serum)36 and Pugin (MD-2 
activity eluted at 60 kDa).20 

In our experiments, following a combination of size exclusion, cation, and anion 
chromatography, one single fraction with TLR4-potentiating activity was obtained. When 
this particular fraction was compared with neighbouring chromatography fractions on SDS-
gels, a distinct protein band was identified as a candidate for the TLR4-potentiating effect. 
N-terminal mass spectrometry analysis revealed that the candidate protein band was 
angiostatin. As small plasminogen-like molecules such as angiostatin have been reported to 
be increased in the serum of septic patients19 and because in other studies, TLR4-
potentiating activity was reported to be present in serum of septic patients, but not of 
healthy controls,20 we compared both types of serum. In contrast with Pugin et al. we found 
TLR4-potentiating activity also in normal sera, but in agreement with Pugin et al.20 this was 
greatly increased in septic sera. Serum depleted for plasminogen (>99% depletion) 
exhibited similar TLR4 potentiation as normal serum. Also the use of a recombinant 
fragment of angiostatin/plasminogen (K1-3) did not support the hypothesis that the TLR4-
potentiating effect of human serum was mediated by angiostatin. Angiostatin, which 
comprises four so-called Kringle domains (K1-4), is cleaved from plasminogen, which 
contains five Kringle domains (K1-5), by the action of neutrophil elastase.37 The 4th Kringle 
domain (K4) contains five lysines that constitute a positively charged area,37 which may be 
involved in the binding of negatively charged LPS. Also lysine residues in a particular 
region of the MD-2 molecule have been shown to play a crucial role in the LPS-signalling
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Figure 5. purification ion of TLR4-potentiating activity by a combination of Mono Q and mono S-
sepharose chromatography. 
A: Mono S chromatography of pooled mono Q fractions containing TLR4 potentiating activity (straight line 
= OD280; dashed line = % buffer B). The fraction containing TLR-potentiating activity (fraction 20) is 
indicated by an arrow. 
B: Bioassay of fractions after a combination of mono Q and mono S chromatography. Fractions were 
dialysed against PBS and tested 12,5% v/v.  
C: Mono S fractions were TCA precipitated (see materials and methods) and separated by SDS-PAGE. 
Protein bands indicated by arrows were excised for mass spectrometry analysis. 
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and TLR4-activating properties of MD-2.38,39 Because the epitope of the mAb used for the 
depletion of plasminogen from human sera has not (yet) been mapped, it is conceivable that 
it binds to the 5th Kringle domain (K5) of plasminogen and therefore is unable to deplete 
angiostatin (K1-4) from human serum. Similarly, the angiostatin fragment (K1-3) used may 
exert no effect on TLR4 potentiation if the 4th Kringle domain of angiostatin is required for 
the potentiating effect. Future experiments will be required in order to elucidate the 
possible involvement of the 4th Kringle domain in the TLR4-potentiating effect.  

We have also considered the possibility that the serum factor responsible for the TLR4-
potentiating effect is co-purified with angiostatin without being detectable in SDS-PAGE. It 
was reported that picomolar concentrations of endotoxin and recombinant MD-2 at 
nanogram per millilitre doses, stimulate TLR4.40 In our experiments, detection of the 
presence of native MD-2 in serum and active fractions is prohibited by a lack of available 
MD-2-recognizing mAbs. Like Visintin et al.,22 we were also unable to demonstrate the 
presence of native MD-2 either in human serum or in active serum fractions by Western-
blotting with a commercially available polyclonal antibody against MD-2 (data not shown). 
Although it is highly unlikely that in our studies, MD-2, co-purified with angiostatin, exerts 
the TLR-4 potentiating effect, other research groups have proposed that MD-2 is a 
biologically active serum constituent.22,38 Using soluble human TLR4-chimeric molecules 
(sTLR4-Fc) Visintin et al.22 were able to deplete “MD-2 activity” from human serum, 
which was restored by supplementation of recombinant MD-2. Although these experiments 
suggested that MD-2 is present in human serum, the authors acknowledged that their 
evidence was indirect.22 After all, the sTLR4-Fc molecules would deplete any (other)
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Figure 6. The amino acid sequence of human angiostatin. (NCBI gi|21465835|). 
Boxed areas indicate fragments of angiostatin that were identified by mass spectrometry. 

 
TLR4-binding serum protein and recombinant MD-2 may constitute one of several proteins 
involved in TLR4 potentiation. As in our studies, but in conflict with the study by Pugin et 
al.,20 Visintin et al. also reported potentiation of LPS-stimulated TLR4 activation by normal 
human serum.22 Pugin et al. used HEK293 cells transfected with TLR4 only, and found 
strong effects of neutralizing mAbs against LBP and CD14 on TLR4 activation, indicating 
that the effects of septic serum might be caused by up-regulated levels of soluble CD14 and 
LBP. Nonetheless, Pugin also reported increased MD-2 mRNA levels in sera from septic 
(shock) patients as compared to serum from healthy controls.20 Using the same HEK-TLR4 
cells and using mAbs raised against recombinant MD-2, Wolfs et al. recently also reported 
TLR4 potentiation by sera from septic, but not from normal donors.36 Also using mAbs 
raised against recombinant MD-2, Viriyakosol et al. demonstrated that MD-2 was greatly 
increased in the serum of septic patients as compared to the serum of healthy controls.41 
Nonetheless some problems remain: first, Pugin et al.20 and Wolfs et al.36 reported 
potentiation of TLR4 activation only by septic sera whereas Visintin et al.22 and our group 
additionally found potentiation of TLR4 by normal serum. Second, only indirect evidence 
has been presented to support the presence of MD-2 in human serum, and the possibility of 
other serum proteins involved in the potentiation of LPS-induced TLR4 activation cannot 
be ruled out and merits further research. Moreover, Visintin et al. concluded that MD-2 is 
present in human serum with a concentration of 50 nM, corresponding to 1.9 µg/ml. If  
MD-2 were present in such high concentrations it is highly surprising that we and other 
groups20 were unable to isolate MD-2 from human serum. Remarkably, the anti-MD2 
mAbs used by Viriyakosol and Wolfs demonstrated a MD-2 protein with a molecular 
weight of 18 – 25 kDa, whereas size exclusion and ion exchange chromatography 
performed by Pugin revealed that the TLR4-potentiating fractions eluted at approximately 
60 kDa.20 This is particularly surprising because a number of studies have indicated that 
LPS activates TLR4 only when (recombinant) MD-2 is present in monomeric form,34 
suggesting that other serum proteins may be involved. Future experiments will be necessary 
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Figure 7. The potentiating effect of serum on IL-8 production in LOS-stimulated HEK-CD14-TLR4 
cells is increased in sepsis patients.  
HEK-CD14-TLR4 cells were stimulated with LOS (10 ng/ml) in the presence of serum (5%) from healthy 
individuals or from sepsis patients. Indicated is individual and median IL-8 production. (*** P<0.0001, 
Mann-Whitney U-test).  

 
to formally demonstrate the presence of native MD-2 in human serum and to elucidate the 
role of angiostatin in the potentiation by human serum of LPS-stimulated TLR4.  

To summarize, we found that activation by LPS of TLR4 is potentiated by human 
normal serum and even further enhanced by serum from septic patients. Chromatography 
data suggested that angiostatin derived from human serum was involved in the TLR4-
potentiating effect, but this remains to be corroborated. Meanwhile, recent developments in 
TLR research suggest an important role for serum proteins in the regulation of multiple 
TLRs. Notably, the serum protein vitronectin in collaboration with integrin β3 receptors 
expressed on monocytes was recently reported to potentiate bacterial lipoprotein (BLP) 
activation of TLR2.42 Thus, several as yet undiscovered serum proteins might play a role in 
the regulation of TLR activation, and angiostatin might constitute one of the proteins 
involved in HEK-TLR4 activation. 
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Abstract 

 
Stimulation of T cells in whole blood (WB) by anti-CD3 monoclonal antibodies (mAbs) 

results in T cell proliferation and concomitant production of cytokines such as IL-2, GM-
CSF, TNF, IL-13, and IFNγ. Here we demonstrate that T cell activation in WB led to IL-8 
production, but not IL-6 production. Neutralization of GM-CSF and TNF completely 
abrogated IL-8 production in anti-CD3-stimulated WB. Conversely, GM-CSF and TNF 
synergistically induced IL-8 production not only in WB, but also in mononuclear cells and 
isolated neutrophils. Again, no IL-6 was produced under these circumstances. Because IL-8 
production in WB induced by GM-CSF and TNF was markedly lower than IL-8 production 
after T cell stimulation, we attempted to identify a putative additional factor involved, and 
found that IL-2 markedly enhanced GM-CSF/TNF-induced IL-8 production. At high 
concentrations IL-2 alone induced WB IL-8 production, which was abrogated by 
neutralization of GM-CSF and TNF. At lower IL-2 concentrations GM-CSF and TNF 
strongly synergized in IL-8 production. Our study demonstrates that IL-2, in a GM-CSF- 
and TNF-dependent fashion, induces WB IL-8 production. This finding may be of clinical 
importance as it may explain the activation of neutrophils which is frequently observed in 
patients undergoing IL-2 immunotherapy in advanced malignancy. 

 
 

Introduction 
 
In the late 1980s, the measurement of interleukin-6 (IL-6) production by mononuclear 

cells (MNC) was introduced as an alternative for the detection of pyrogens (fever causing 
agents) in pharmaceuticals with the rabbit pyrogen test or the Limulus amebocyte lysate 
(LAL) test.1 To study the effects of coagulation on pro-inflammatory cytokine production, 
in addition to the effects of pyrogens such as endotoxins, our group developed a sensitive 
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assay based on cytokine production in diluted WB.2,3 The WB assay was first described by 
Kirchner et al. for the measurement of IFN production4 and later re-established.5 At 
present, the monocyte activation test (MAT), using mononuclear cells as well as diluted 
WB, has been internationally validated and generally established for the measurement of 
pyrogens.6 In contrast with the activation of innate immunity, studies on the activation of 
adaptive immunity have been limited mostly to MNC. For example, studies with 
monoclonal antibodies (mAbs) against CD3, which can initiate T cell activation in the 
absence of antigen and which have been commonly used to study polyclonal activation of T 
cells, have been predominantly conducted in MNC.  

Previously, we observed that stimulation of WB with a combination of anti-CD3 and 
anti-CD28 mAbs leads, as expected, to production of T cell cytokines such as IL-2, TNF, 
GM-CSF, IL-13, and IFNγ. In those conditions hardly any IL-6 production was observed, 
but extremely high levels of IL-8 were found.7 This was particularly surprising because a) 
both IL-6 and IL-8 are predominantly produced by monocytes, but not by T cells, and b) 
the regulation of IL-6 and IL-8 production is very similar.8-10 Moreover, the previous and 
scarce studies by a different group on CD3/CD28-induced cytokine production also using 
WB did not investigate IL-6 and IL-8 production.11-13 Therefore, the aim of the present 
study was to investigate T cell proliferation and cytokine production in WB, after T cell 
activation by anti-CD3 mAbs, and to elucidate how T cell stimulation led to production of 
IL-8, but not IL-6. We found that WB IL-8 production, but not IL-6 production, paralleled 
T cell proliferation, and was dependent on IL-2, GM-CSF, and TNF production. 
 
 
Materials & Methods 

 
Cells & cell cultures 

Blood was obtained from healthy volunteers after informed consent in line with the 
Sanquin Ethical Advisory Council. Blood samples were collected using endotoxin-free 
evacuated blood collection tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands) 
containing sodium heparin.  

For WB cultures, venous blood was diluted 1/10 with IMDM (Bio Whittaker, Verviers, 
Belgium) supplemented with 0.1% FCS (Bodinco, Alkmaar, The Netherlands), 15 U/ml 
heparin (Leo Pharmaceutical products, Weesp, The Netherlands), penicillin 100 U/ml/ 
streptomycin 100 µg/ml (Gibco, Merelbeke, Belgium), and 50 µM 2-mercaptoethanol 
(Sigma-Aldrich, Steinheim, Germany). The supplementation of medium with 0.1% FCS 
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was performed to ensure that all stimuli were homogeneously distributed and no stimuli 
(e.g. LPS) were lost due to adsorption to consumables. 

Mononuclear cells (MNC) were isolated from freshly drawn blood by separation over a 
Percoll gradient (d = 1.078, Pharmacia Fine Chemicals, Uppsala, Sweden) and cultured in 
IMDM supplemented with 5% heat-inactivated FCS, penicillin 100 U/ml / streptomycin 
100 µg/ml, 50 μM 2-mercaptoethanol, and 20 μg/ml human transferrin (Sigma-Aldrich) at 
a concentration of 40.000 cells/well. 

Neutrophils were isolated from the pellet fraction of the Percoll gradient by lysis of the 
erythrocytes with ammonium chloride solution (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM 
EDTA, pH 7.2). The remaining neutrophils were washed 3 times in PBS containing 10% 
trisodiumcitrate (Sanquin, Amsterdam, The Netherlands) and 10% pasteurized plasma 
proteins (Sanquin Plasma Products) and cultured in IMDM supplemented with 5% heat-
inactivated FCS, penicillin 100 U/ml / streptomycin 100 µg/ml, 50 µM 2-mercaptoethanol, 
and 20 µg/ml human transferrin at a concentration of 50.000 cells/well. 

Donors expressing HR-FcγRIIa or LR- FcγRIIa were selected using MNC based on the 
functional FcγRIIa polymorphism, as described previously.16-18 

All cells were cultured in 200 µl wells in flat-bottom microtitre plates (Nunc, Roskilde, 
Denmark) at 37ºC in the presence of 5% CO2, in a humidified incubator. 

 
Stimuli and monoclonal antibodies 

Anti-CD3 murine IgE (CLB.T3/4E), anti-CD3 mIg1 (CLB.T3/4.1) and anti-CD28 
(CLB.CD28/1) were from Sanquin, Amsterdam, The Netherlands. For T cell activation, the 
anti-CD3 murine IgE isotype was used, unless otherwise stated. AT-10, a FcRγIIa-blocking 
mAb produced by Dr. M Glennie, Tenovus Research Laboratory, Southampton, United 
Kingdom55 was a kind gift from Dr. J.G. van de Winkel, Immunotherapy Laboratory, 
Department of Immunology, University Medical Centre Utrecht, Utrecht, The Netherlands. 
Anti-GM-CSF was a kind gift from Dr. G. Trinchieri, then at the Wistar Institute, 
Philadelphia, PA, USA. Anti-TNF 5 and anti-TNF 7 were from Sanquin, and a stimulatory 
mAb to CD40 (clone MAB89) was from Abcam, Cambridge, UK. Etanercept (Enbrel®) 
was from Wyeth Pharmaceuticals, Hoofddorp, The Netherlands, Infliximab (Remicade®) 
from Centocor, Leiden, The Netherlands, and Adalimumab (Humira®) from Abbott, 
Hoofddorp, The Netherlands.  

Human recombinant cytokines were used at a concentration of 5 ng/ml, unless 
otherwise indicated. Cytokines were purchased at the following companies: IL-1β: 
CellGenix, Freiburg, Germany; IL-3: Strathmann Biotec, Hamburg, Germany; IL-6: 
Sanquin Reagents; IL-7 and IL-15: R & D Systems, Abingdon, Ox, UK; IL-10 and IFNγ: 
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Peprotech, London, UK; IL-12p70: Hoffman la Roche, Basel, Switzerland; GM-CSF: 
Sandoz, Basel, Switzerland. IL-4 was a kind gift from M. Schreier, Sandoz, Basel, 
Switzerland and IL-17 was kindly donated by Dr. R. Lutter, Amsterdam Medical Centre, 
The Netherlands. IL-2 and TNF were a kind gift from Dr. A Creasy, Cetus Corporation, 
Emeryville, CA, USA.  

Lipooligosaccharide (LOS), derived from Neisseria meningitidis was a generous gift 
from Dr. J. Poolman, RIVM, Bilthoven, The Netherlands. E. coli LPS serotype O55:B5 and 
polymyxin-B were from Sigma-Aldrich. 

 
Proliferation assays 

Proliferation of WB or MNC was measured by thymidine incorporation. Briefly, 1/10 
diluted WB or 40,000 MNC were seeded in 96-well flat bottom microtitre plates and 
incubated with the appropriate stimuli for the indicated time. [3H]-thymidine (Amersham, 
Bucks, UK) was added at a final concentration of 1 µCi/ml (37 kBq/ml) during the last four 
hours of the incubation, after which the cells were harvested onto glass fibre filters (Wallac, 
Turku, Finland) and the radioactivity was measured by liquid scintillation counting. 

 
Cytokine measurements 

Following stimulation of WB, MNC, or neutrophil cultures, supernatants were 
harvested and stored at -20ºC until time of assay. IL-6, IL-8, and TNF were determined by 
ELISA kits (Peli-Kine-compact, Sanquin Reagents, Amsterdam, the Netherlands), 
according to the manufacturer’s instructions. The plates were read in an ELISA-reader 
(Labsystems Multiskan Multisoft, Helsinki, Finland) at 450 nm, with 540 nm as a 
reference. 

 
Results 

 
IL-8, but not IL-6 is produced in T cell-stimulated WB. 

When WB cultures were stimulated with anti-CD3 alone (fig. 1A), or in combination 
with anti-CD28 (fig 1B), T cell proliferation and moderate TNF production were measured, 
similar as in T cell-stimulated MNC. Surprisingly, IL-8 was abundantly produced under 
these circumstances. Because regulation of IL-8 production is very similar to IL-6 
production8,9 we were even more surprised by the finding that virtually no IL-6 was 
produced after T cell stimulation with anti-CD3 (fig. 1A). Even when WB was stimulated 
with both anti-CD3 and anti-CD28, IL-8 production was > 100-fold larger compared to  
IL-6 production, and IL-6 was only produced in minute quantities (fig. 1B). In contrast, 
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both IL-8 and IL-6 were produced in large quantities when LPS was used for stimulation 
(fig. 1C). Cytokine production in unstimulated WB was below 100 pg/ml for TNF, below 
200 pg/ml for IL-8, and below 50 pg/ml for IL-6 (data not shown). 

 
Correlation of T cell proliferation with TNF and IL-8 production in T cell-stimulated whole 
blood: the role of FcγRIIa crosslinking.  

We next investigated the lack of IL-6 production in T cell-stimulated WB. Several 
reports demonstrated that Fcγ receptor crosslinking on monocytes and/or neutrophils by 
anti-CD3 mAbs induced cytokine production, including IL-6.14,15 Therefore, we stimulated 
WB with a murine IgG1 anti-CD3 mAb that selectively crosslinks the High Responder-
form of the polymorphic FcγRIIa (HR-FcγRIIa). Experiments using MNC previously 
demonstrated that only T cells of donors expressing HR-FcγRIIa, and not the Low 
Responder-form of FcγRIIa (LR-FcγRIIa), proliferate in response to mIgG1 anti-CD3.16-18 
As expected, in WB only T cells of donors expressing HR-FcγRIIa, and not LR-FcγRIIa, 
proliferated in response to mIgG1 anti-CD3 (fig. 2A). In addition, TNF (fig.2B) and IL-8 
(fig. 2C) were only produced in WB of donors expressing HR-FcγRIIa, but not LR-
FcγRIIa, after mIgG1 anti-CD3 stimulation. Again, in these conditions where IL-8 was 
produced, no IL-6 was produced (data not shown). Stimulation of WB with mIgE anti-CD3, 
which activates T cells independent of accessory cells or FcγR allotype,19 led to equal T cell 
proliferation, TNF production, and IL-8 production in HR- and LR-FcγRIIa donors (data 
not shown). 

Further support for the role of FcγRIIa crosslinking in the activation of cells is that both 
T cell proliferation (data not shown) and IL-8 production (fig. 2D) were almost completely 
abrogated by an FcγRIIa-blocking mAb after mIgG1 anti-CD3 stimulation. In contrast, 
when mIgE anti-CD3 was used for T cell stimulation, T cell proliferation (data not shown) 
and IL-8 production (fig. 2D) were unaffected by the FcγRIIa-blocking mAb. Thus, 
although FcγRIIa crosslinking led to T cell proliferation, TNF production, and IL-8 
production, no IL-6 was produced under these circumstances. 

 
Neutralization of GM-CSF and TNF in T cell-stimulated WB inhibits IL-8 production. 

Next, we investigated which cells in WB produced IL-8 after T cell activation. Cells 
present in WB that are known for their capacity to synthesize IL-8 are neutrophils and 
monocytes. Since neutrophils are not capable of synthesizing IL-6,20 and isolated T cells 
stimulated with anti-CD3/CD28 do not produce IL-8 (data not shown), we hypothesized 
that following T cell stimulation with anti-CD3 mAbs only neutrophils would become 
activated, and not monocytes, which might explain why only IL-8 was produced. An
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Figure 1: Correlation of T cell proliferation with production of TNF and IL-8 after T cell stimulation 
in whole blood.  
Heparinized WB from 10 donors was diluted 1/10 and incubated with (A) anti-CD3 mAbs (1 µg/ml), (B) 
anti-CD3 and anti-CD28 mAbs (1 µg/ml and 5 µg/ml respectively or (C) E. coli LPS (1 ng/ml). At day 4 (A 
and B), supernatants were harvested for determination of cytokine production, and proliferation of T cells 
was assessed in a 4 h [3H]-thymidine incorporation assay. Supernatant of WB cultures incubated with LPS 
(C) were harvested after 1 day stimulation. Data represent mean ± SEM of 10 donors. Cytokine production 
in unstimulated WB was below 100 pg/ml for TNF, below 200 pg/ml for IL-8, and below 50 pg/ml for IL-6 
(data not shown). 
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alternative hypothesis is that T cell stimulation might lead to stimulation of monocytes to 
synthesize exclusively IL-8, and not IL-6. Incubation of isolated neutrophils with 
supernatant of anti-CD3/CD28-activated T cells induced IL-8 production, whereas 
incubation of neutrophils with aCD3/aCD28 mAbs or with supernatant of unstimulated T 
cells did not. Thus, activated T cells release soluble mediators that can induce IL-8 
production, at least in neutrophils (data not shown). 

Two cytokines produced by activated T cells that have been reported to increase 
neutrophil effector functions are GM-CSF and TNF.21-23 Therefore, we tested whether GM-
CSF and TNF were involved in IL-8 production. Neutralization of GM-CSF or TNF 
markedly inhibited IL-8 release in T cell-stimulated WB with approximately 75% (fig. 3). 
The combined use of antibodies against GM-CSF and TNF even further inhibited IL-8 
production with 95% (fig. 3). Also, anti-TNF therapeuticals such as the anti-TNF mAbs 
Infliximab and Adalimumab, and the recombinant human soluble TNF-Receptor 
Etanercept24 inhibited anti-CD3/CD28 stimulated IL-8 production by approximately 75% 
(data not shown). 

 
GM-CSF and TNF induce IL-8, but not IL-6 production in WB, MNC, and isolated 
neutrophils. 
As we demonstrated that IL-8 production in T cell-stimulated WB is dependent on GM-
CSF and TNF production, we investigated whether both cytokines, alone or in combination, 
were capable of inducing IL-8 production in WB, mononuclear cells, and isolated 
neutrophils (fig. 4). In WB, both GM-CSF and TNF stimulated IL-8 production. However, 
the combined use of GM-CSF and TNF synergistically potentiated IL-8 production 8-10 
fold compared to the separate stimuli (fig. 4A). Also in MNC, GM-CSF and TNF co-
operatively stimulated IL-8 production. To compare the sensitivity of WB and MNC for 
GM-CSF and TNF, both cytokines were titrated and the IL-8 production measured. At all 
concentrations between 0 and 5 ng/ml tested, GM-CSF and TNF dose- dependently induced 
WB IL-8 production (data not shown). A major difference between WB and MNC cultures 
is that MNC become activated during isolation,25,26 even when the materials or media used 
for isolation are free from endotoxins and other stimulatory contaminants. Also, we 
frequently observed that isolated MNC exhibited increased background IL-8 production. In 
our hands, background IL-8 production ranges from 1000-10,000 pg/ml in isolated MNC, 
whereas background IL-8 production in WB is always below 200 pg/ml (data not shown). 
Because of the background IL-8 production in MNC, we were unable to demonstrate 
reproducible dose-dependent effects of GM-CSF and TNF at low concentrations, on MNC 
IL-8 production.  
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Figure 2: The effect of FcγRIIa-crosslinking by mIgG1 anti-CD3 on whole blood cytokine production. 
(A, B, C) WB of 5 HR and 5 LR donors was stimulated with mIgG1 anti-CD3 (1 µg/ml). After 4 days of 
stimulation, supernatants were harvested for determination of T cell proliferation (A), TNF production (B), 
IL-8 production (C), and IL-6 production (data not shown). For T cell proliferation assays (A), data 
represent median thymidine incorporation of triplicate samples. A representative experiment with 10 
different donors is shown. *** p<0.001, ** p<0.01, Mann Whitney U-test. 
(D) WB of a HR donor was stimulated with mIgE and mIgG1 anti-CD3 (0.1 µg/ml) together with anti-
CD28 (1 µg/ml) in the absence or presence of total IgG or F(ab)2-fragment of an FcγRIIa-neutralizing mAb 
(10 µg/ml). At day 4, supernatants were harvested for determination of T-cell proliferation (data not shown) 
and IL-8 production. Data represent mean IL-8 production ± SEM of duplicate samples. A representative of 
two experiments is shown.  

 
In isolated neutrophils, IL-8 production induced by GM-CSF and TNF was somewhat 
different: GM-CSF dose-dependently increased IL-8 production, whereas TNF at low levels 
had little effect (fig. 4B). TNF at higher concentrations (>1 ng/ml) seemed to inhibit GM-
CSF-induced IL-8 production (fig. 4B). 

Interestingly, IL-8 production in WB and MNC induced by GM-CSF and/or TNF was 
not accompanied by IL-6 production (< 20 pg/ml, data not shown), whereas both IL-6 and
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Figure 3: Neutralization of GM-CSF and TNF in T cell-stimulated whole blood inhibits IL-8 
production. 
WB was stimulated with anti-CD3 and anti-CD28 mAbs (1 µg/ml) for 3 days in the absence or presence of 
anti-TNF (anti-TNF 5 and anti-TNF 7, 5 µg/ml each) and anti-GM-CSF (10 µg/ml). After stimulation IL-8 
in the supernatant was measured by ELISA. Data represent mean IL-8 production ± SEM of duplicate 
samples. One representative of at least 3 experiments is shown. 

 
IL-8 were abundantly produced after stimulation with LOS, a ligand for TLR4 (fig. 4C). 
Similar results were found when LPS was used for stimulation (data not shown). Thus, 
similar as in anti-CD3/CD28-stimulated WB, GM-CSF and TNF induced IL-8, but not IL-6 
production. 
 
IL-2 potentiates GM-CSF/TNF-induced IL-8 production in WB. 

We demonstrated that IL-8 production in T cell-stimulated WB is almost entirely 
dependent on GM-CSF and TNF production. However, IL-8 production in T cell-stimulated 
WB was always several fold higher compared with the IL-8 production induced by GM-
CSF and TNF. Even after stimulation of WB with TNF (0.5 ng/ml) and GM-CSF at 
supraphysiological concentrations (50 ng/ml), IL-8 levels remained below those induced by 
T cell stimulation (data not shown). Therefore, we analysed whether other cytokines might 
be responsible for the observed difference between IL-8 production induced by T cell 
activation and by GM-CSF/TNF stimulation. To test this, WB was incubated with GM-CSF 
and TNF, and co-stimulated with several cytokines, some of which are known to be 
produced by activated T cells (fig. 5A). Strikingly, IL-2 powerfully enhanced GM-
CSF/TNF-induced IL-8 production to comparable levels as those induced by anti-
CD3/CD28 stimulation, whereas several other cytokines (IL-1β, IL-3, IL-4, IL-6, IL-7, IL-
10, IL-12p70, IL-15, IL-17, and IFNγ) were without effect (fig. 5A). IL-2, when acting 
alone, also potently induced IL-8 production, reaching levels approximately 50% of those 
induced by T cell stimulation (fig. 6A). However, maximum IL-8 levels, such as after T cell 
stimulation, were only reached when WB was stimulated with a combination of GM-
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Figure 4: GM-CSF and TNF induce IL-8, but not IL-6 production in whole blood, mononuclear cells, 
and isolated neutrophils. 
(A, C) WB and MNC of four donors were left untreated (control), stimulated with TNF, GM-CSF, or both 
cytokines (A). In parallel, WB and MNC of the same donors were stimulated with LOS (100 pg/ml, C) 
After 1 day of LOS stimulation (C) and 4 days of T cell stimulation (A), supernatants were harvested and 
cytokines (IL-6 and IL-8) measured by ELISA. Data represent mean cytokine production ± SEM of 
duplicate samples of four different donors.  
(B) Neutrophils were stimulated with different concentrations of GM-CSF and TNF for 3 days, after which 
supernatants were harvested and the IL-8 production measured by ELISA. Data represent mean IL-8 
production ± SEM of duplicate samples of 1 donor. A representative experiment is shown.  
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Figure 5: IL-2 potentiates GM-CSF/TNF-induced IL-8 production in WB. 
WB, in the presence of polymyxin-B (10 µg/ml), was stimulated with both GM-CSF and TNF together with 
a third cytokine as indicated. In parallel, WB was stimulated with anti-CD3 and anti-CD28 (0,1 µg/ml and 1 
µg/ml, respectively). After 4 days supernatants were harvested for determination of IL-8 production. Data 
represent mean ± SEM of duplicate samples of two donors. Cytokine-induced IL-8 production is expressed 
as % of IL-8 production induced by anti-CD3/CD28 stimulation which was defined as 100%.  

 
CSF/TNF and IL-2 (fig. 6A). When WB was stimulated with IL-2 in the presence of 
neutralizing mAbs to GM-CSF and TNF, IL-8 production was completely abrogated, 
indicating that the effects of IL-2 on IL-8 production were mediated by GM-CSF and TNF 
(fig. 6B). Finally, titration experiments revealed that IL-2 alone induced WB IL-8 
production at high concentrations (>2.5 ng/ml) only, whereas in the presence of GM-
CSF/TNF, IL-2 already at low concentrations dose-dependently induced WB IL-8 
production (fig. 6C). IL-2 alone or in combination with GM-CSF and TNF also induced IL-
6 production, albeit to a much lower extent (approximately 100-fold less) than IL-8 
production (fig. 6D). Remarkably, IL-6 production induced by IL-2 combined with GM-
CSF/TNF was higher (approximately 4-fold) than IL-6 production induced by anti-
CD3/CD28 (fig. 6D). 
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Discussion 
 
In this study, we unexpectedly found that IL-8, a potent activator and chemoattractant 

for neutrophils,27 is produced in T cell-stimulated WB. Moreover, this IL-8 production was 
entirely correlated with T cell proliferation and TNF production. Since the regulation of  
IL-6 and IL-8 production is very similar,8,9 we were also surprised by the finding that IL-8 
production in T cell-activated WB was not accompanied by IL-6 production. 

In general, activation of WB with LPS or other ligands for Toll-like receptors (TLRs) 
expressed on monocytes and/or neutrophils leads to approximately 10-15 fold higher levels 
of IL-8 compared to IL-6.28 However, in T cell-activated WB, 100-1000 fold higher levels 
of IL-8, compared to IL-6, are produced. Also crosslinking of HR-FcγRIIa by a murine 
IgG1 switch variant of the anti-CD3 mAb induced proliferation, TNF and IL-8 production, 
but not IL-6 production in WB. Therefore, we next attempted to determine which factor(s) 
in T cell-stimulated WB selectively induced the production of IL-8, and not IL-6. 
Subsequent experiments demonstrated that neutralization of GM-CSF and TNF markedly 
inhibited IL-8 production in T cell-stimulated WB. Conversely, GM-CSF and TNF co-
operatively induced IL-8, but not IL-6 production in WB, MNC, and neutrophils. Several 
studies demonstrated co-operative stimulatory effects of GM-CSF and TNF on neutrophil 
functions.21-23 Therefore, it is tempting to speculate that the stimulatory effects on 
neutrophils observed were caused by IL-8 induced by GM-CSF and TNF. Our experiments 
showed that the effects of GM-CSF and TNF on IL-8 production were not confined to 
neutrophils only, but that GM-CSF and TNF also co-operatively induce the production of 
IL-8 in WB and MNC. Thus, similar as after T cell stimulation, GM-CSF and TNF induced 
production of IL-8, but not IL-6, both in WB and MNC. 

Although some research groups have reported that T cells produce minute amounts of 
IL-8 (< 1 ng/ml) after T cell activation,29,30 it is generally accepted that isolated T cells do 
not produce IL-8 after anti-CD3 stimulation.8,10 In addition, we (data not shown) and 
others10 have observed that contamination of isolated T cell cultures with even less than 1% 
monocytes may cause a marked induction of IL-8 production after anti-CD3 stimulation 
(data not shown). Because T cells do not produce IL-8, we next sought to determine the 
contribution of monocytes and neutrophils to the total IL-8 production in WB after GM-
CSF/TNF stimulation.  

A problem that occurs in these experiments is that isolated neutrophils rapidly undergo 
spontaneous apoptosis during cell culture,31,32 which may lead to underestimation of IL-8 
production by neutrophils in WB. Although GM-CSF treatment of isolated neutrophils has 
been shown to prevent apoptosis,33,34 a number of studies indicated that TNF induces or
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Figure 6. IL-2-induced IL-8 production in whole blood is dependent on GM-CSF and TNF 
production 
(A) WB was stimulated with anti-CD3/CD28 (as in fig. 5), GM-CSF/TNF, IL-2, or with the combination 
GM-CSF/TNF and IL-2. (B) WB was stimulated with anti-CD3/CD28 (data not shown) or IL-2 in the 
absence and presence of neutralizing mAbs to GM-CSF (10 µg/ml) and TNF (anti-TNF 5 and anti-TNF 7, 5 
µg/ml each). Cytokine-induced IL-8 production is expressed as % of IL-8 production induced by anti-
CD3/CD28 stimulation (A and B) (C, D) WB was stimulated with different concentrations of IL-2 in the 
absence (open circles) or presence (filled circles) of GM-CSF and TNF. At day 4, supernatants were 
harvested for determination of IL-6 and IL-8 production. Dotted lines (C, D) indicate cytokine production 
induced by anti-CD3/CD28 stimulation. Data represent mean ± SEM of duplicate samples of 3 (A) or 2 (B, 
C, D) donors. 
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accelerates neutrophil apoptosis, even in the presence of GM-CSF.35,36 Studies by Van den 
Berg et al36 demonstrated that low concentrations of TNF exerted anti-apoptotic effects, 
whereas TNF concentrations above 1 ng/ml rapidly induced apoptosis in isolated 
neutrophils, which might explain why in our experiments TNF did not stimulate GM-CSF-
induced IL-8 production in isolated neutrophils (fig. 4B). Although the presence of 
monocytes in neutrophil cultures delays apoptosis of neutrophils,32 and little is known about 
the life-span of neutrophils in more physiological circumstances such as in diluted WB, it 
remains to be elucidated to what extent neutrophils in WB become apoptotic under the 
influence of TNF. Thus, the fact that isolated neutrophils have a short life-span renders 
answering the question as to their relative contribution to total IL-8 production in T cell-
stimulated WB difficult. The determination of the relative contribution of MNC to total IL-
8 production in T cell-stimulated WB encounters other difficulties. We (data not shown) 
and others25,26 consistently observed increased background IL-8 production in isolated 
MNC, which greatly influences the sensitivity of the system, and which impedes the 
measurement of specific IL-8 induction by low concentrations of GM-CSF and/or TNF. 
The increased background IL-8 production was not caused by minor contamination with 
endotoxins, because polymyxin-B, a polycationic compound that specifically inhibits 
endotoxins, failed to inhibit background IL-8 production (data not shown). The activation 
of MNC during isolation might also lead to background TNF production, which might 
explain why GM-CSF alone strongly stimulated IL-8 production in MNC (fig. 4A). Thus, 
although it is clear that MNC present in WB constitute an important source of IL-8 
production after GM-CSF/TNF stimulation, high background IL-8 production of MNC 
prevented a detailed and accurate determination of the MNC contribution to WB IL-8 
production. Because of the background cytokine production in MNC we continued our 
experiments in WB, a system which has very low background IL-8 production and which is 
very sensitive to low concentrations of cytokines and/or stimuli.  

Although we clearly established that WB IL-8 production after T cell activation was 
entirely dependent on GM-CSF and TNF, we presumed that a third factor was involved. 
This presumption was based on the fact that IL-8 production in T cell-stimulated WB was 
always several-fold higher than WB IL-8 production induced by GM-CSF and TNF. 
Experiments with a "third" cytokine, in addition to GM-CSF and TNF, demonstrated that 
IL-2 induced WB IL-8 levels comparable to those as observed after T cell stimulation. 
Since IL-2 is produced by proliferating T cells, the IL-2-induced production of IL-8 in GM-
CSF/TNF-stimulated WB is consistent with our finding that IL-8 production completely 
paralleled T cell proliferation.  
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Actions of IL-2 are mediated through binding to a specific surface IL-2 receptor 
consisting of the IL-2Rα-, β-, and γ-chain.37 Apart from activated T cells, also monocytes 
and neutrophils express the β-chain of the IL-2R.37-40 Therefore, we hypothesize that IL-2 
induced by T cell activation, via IL-2 receptors expressed on monocytes and neutrophils, 
stimulates IL-8 production. Indeed, other research groups demonstrated that IL-2 was 
capable of stimulating IL-8 gene expression in isolated monocytes41 and isolated 
neutrophils.39 Our data demonstrate that the stimulatory effect of IL-2 on IL-8 production is 
entirely dependent on GM-CSF and TNF, because neutralization of GM-CSF/TNF 
completely abolished IL-2-induced IL-8 production. In the presence of GM-CSF/TNF, low 
concentrations of IL-2 (< 1.25 ng/ml) already markedly stimulated IL-8 (fig. 6C), whereas 
IL-6 was hardly produced under these circumstances (fig. 6D). Only at higher IL-2 
concentrations (> 1.25 ng/ml) IL-6 was produced (fig. 6D). Other research groups reported 
small or no effects of IL-2 on monocyte IL-6 production.42,43 However, in our experiments 
IL-6 production induced by IL-2, alone or in combination with GM-CSF/TNF, was always 
100-fold lower than IL-8 production (fig. 6C and D). Also, IL-6 production induced by 
anti-CD3/CD28 remained below the IL-6 levels induced by IL-2 and GM-CSF/TNF, 
whereas IL-8 production induced by IL-2/GM-CSF/TNF and by anti-CD3/CD28 was 
comparable. Therefore, it can be concluded that IL-2 generated after T cell activation, 
together with GM-CSF and TNF, predominantly stimulates IL-8 production, and not IL-6 
production. Further studies are underway in our laboratory to elucidate the interplay 
between GM-CSF, TNF, and IL-2, on IL-8 production. The finding that the effects of IL-2 
on WB IL-8 production are completely dependent on GM-CSF and TNF, whereas 
supraphysiological levels of TNF and GM-CSF were unable to induce IL-8 production to 
comparable levels as after T cell activation, may suggest that additional (T cell) factors are 
involved. In this regard the role of the T cell cytokine IFNγ in WB IL-8 production merits 
further studies. Previous studies using isolated monocytes demonstrated that IFNγ 
upregulates monocyte expression of the IL-2 receptor β subunit,44 but suppresses monocyte 
IL-8 production.41 

In contrast to previous studies,25,26,45-47 we were unable to demonstrate co-stimulation of 
IL-8 production by other "third" cytokines such as IL-3, IL-7, IL-12, and IL-15. IL-15 has 
been reported to increase both neutrophil and monocyte IL-8 production.46,47 Also we found 
that IL-15 moderately stimulated IL-8 production in isolated neutrophils (data not shown). 
However, we were unable to demonstrate this effect in WB. This is particularly surprising 
because IL-15 shares a number of biologic effects with IL-2 and was able to activate both 
the β- and γ-chain of the IL-2 receptor.48 To date, we cannot explain the lack of WB IL-8 
induction by IL-15. However, it should be noted that in our co-stimulation experiments 
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polymyxin-B was included to prevent stimulation of cells by endotoxin contamination. This 
is of particular interest as we observed that GM-CSF and TNF increase the sensitivity of 
WB for endotoxin and other TLR ligands (data not shown). 

Our study demonstrates that T cell proliferation is accompanied by IL-8 production, and 
that this IL-8 production is entirely dependent on the interplay between IL-2, GM-CSF and 
TNF. This may be of importance from a mechanistic point of view and may illustrate how 
adaptive immunity (activation of T cells) may lead to enhanced activity of innate immunity 
(neutrophil chemotaxis). In addition, our study may provide an explanation for the 
activation of neutrophils observed in patients who receive IL-2 immunotherapy for 
advanced malignancy.49,50 Also other groups hypothesized that IL-8 generation induced by 
IL-2 plays a major role in the chemotaxis and activation of neutrophils.51 Consequently, 
activated neutrophils may cause indirect endothelial injury through the release of vasoactive 
mediators or direct damage by elastase, lysosomal enzymes, and the generation of oxygen 
free radicals52 possibly leading to the sepsis-like vascular leak syndrome (VLS) associated 
with this therapy.53,54 Finally, our study illustrates that the effects of T cell activation on 
monocyte and/or neutrophil cytokine production can be accurately studied in WB without 
concomitant problems such as the increased background cytokine production frequently 
observed in MNC. The WB system is a highly suitable system for the sensitive 
measurement of cytokine production not only after TLR triggering such as in the monocyte 
activation test, but also after T cell stimulation.  
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Summary and general discussion 
 

In chapter 2 we sought to express the extracellular domain of TLR2 in order to 
immunize mice and develop monoclonal antibodies. Several expression methods using 
different hosts (yeast, bacteria, and human cells) did not yield soluble ectodomains of TLR2 
that were suitable for immunization. After we terminated our attempts, papers were scantily 
published reporting successful efforts of TLR ectodomain expression. First, only expression 
systems using baculovirus -the only system we did not attempt- allowed proper expression 
of TLR protein.1-4 Some other groups also mentioned failed attempts to express 
extracellular TLRs in yeast and bacteria5,6 Second, TLR2 expression was only obtained 
when the entire TLR2 ectodomain (residues 1-589) including the TLR2 signal sequence, 
together with 70 nucleotides of the 5’-untranslated region preceding methionin 1 (ATG) of 
the TLR2 cDNA, were cloned into the baculovirus expression vector.2,5,6 Also the 
ectodomain of TLR4 was successfully expressed in insect cells using baculovirus and also 
here, this was only achieved after transforming cells with a cDNA containing the entire 
extracellular domain including the signal sequence.4,5 Likewise, using a full length TLR 
cDNA including the TLR signal sequence, the ectodomain of TLR27 and of TLR48 were 
successfully expressed in human embryonic kidney (HEK) cells. At present, this method of 
expressing TLR ectodomains is routinely performed, despite the fact that new data on the 
(crystallographic) structure of TLR1 and TLR2 did not provide information as to why a 
TLR-signal sequence and the 5’-untranslated region are required for proper TLR 
expression.9,10 

 
In chapter 3 we sought to raise monoclonal antibodies to TLRs and immunized mice 

with HEK-cells expressing TLR2 or TLR4. Because HEK-cells are human cells it was 
expected that HEK cells themselves, even without a TLR, might raise a vigorous immune 
response. Therefore, a tolerization procedure was followed which, according to theory,11-13 
would result in Ig production against TLRs, and not against other membrane proteins 
expressed on HEK-cells. In order to screen hybridomas for specific anti-TLR Ig production 
we developed a FACS screening assay that enabled us to compare the binding of 
hybridoma supernatant to both HEK-CD14 and HEK-CD14-TLR cells within one single 
FACS assay. Four (2x TLR2, 2x TLR4) fusions of spleen cells with mouse myeloma cells 
yielded only three mAbs that recognized TLR2 and which were of the IgM subclass. No 
explanation can be provided for the lack of generation of mAbs to TLRs, other than that it 
apparently is difficult to raise antibodies to evolutionary highly conserved proteins,14 such 
as TLRs. Perhaps because of the high structural homology between TLRs (although 
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homology of the extracellular part of TLR2 in mice and men is only 66%), the group of 
Kirschning15 used TLR2 knock-out mice and succeeded in generating a neutralizing mAb 
(T2.5) raised against TLR2 by immunization of these mice with the extracellular part of 
TLR2 expressed in and cleaved from HEK cells.  

Also Beutler mentioned that it is notoriously difficult to raise functionally antagonistic 
and/or agonistic mAbs against TLRs.16 Nonetheless, recently, the generation of a panel of 
mAbs raised against TLR4 was reported.17 In this study, mice were immunized with 
Chinese Hamster Ovary (CHO) cells overexpressing TLR4, together with its adaptor 
protein MD-2. Remarkably, the final “hyper-booster” injecton was not given with CHO-
TLR4-MD2 cells, but with the extracellular soluble part of human TLR4. According to this 
group, the co-expression of MD-2 next to TLR4 was crucial in generating inhibitory mAbs 
to TLR4 (G. Elson, NovoImmune SA, Switzerland, personal communication). One of these 
raised mAbs, 15C1, was particularly potent in inhibiting TLR4 activation in LPS-
stimulated whole blood. Moreover, this study revealed that CD32 (Fcγ Receptor IIa) 
signalling was particularly important in the inhibitory effects of 15 C1, as CD32-blocking 
mAbs reduced the inhibitory effect of 15 C1 on LPS-induced TLR activation in whole 
blood.17 It was also suggested that the 15C1 mAb exerted its action by the prevention of 
TLR4-MD-2 dimerization (G. Elson, personal communication), which is in agreement with 
the current views on TLR dimerization and activation.9,10 Given the pace of new discoveries 
of extracellular adaptor and/or accessory proteins in TLR biology,18 we cannot rule out that 
similar requirements for adaptor/accessory molecules may exist for TLR2 and that in our 
experiments, critical proteins for the generation of anti-TLR2 mAbs were not present in the 
HEK-TLR2 cells used.  

In view of the rapidly expanding field of TLR biology and the important role of both 
TLR2 and TLR4 in diseases such as sepsis,19 it is surprising that relatively few mAbs have 
been produced. Rather than performing experiments with knock-out mice and cellular 
expression systems, neutralization of TLRs by mAbs would provide an interesting 
possibility to investigate in clinical studies. Currently, preclinical studies are performed in 
order to start a phase I trial with the anti-TLR4 mAb 15C1 in pulmonary inflammation (G. 
Elson, personal communication). A different method of neutralizing mAbs is the use of 
(synthetic) antagonists of TLR4. One of these antagonists, Eritoran (or alternatively known 
as E5564, a synthetic lipid A structure derived from Rhodobacter sphaeroides) is currently 
being investigated in a phase III trial in the treatment of sepsis.20 

 
In chapter 4 we investigated the TLR-stimulating properties of Gram-negative black 

pigmented oral bacteria. We found that sonicates of bacterial species associated with 
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periodontitis such as P. gingivalis, T. forsythensis, P. intermedia, P. nigrescens and F. 
nucleatum, exclusively stimulated TLR2. Because chronic periodontitis is characterized by 
a Th2-biased immune response,21-23 and because TLR2 stimulation, as opposed to TLR4 
stimulation, was demonstrated to also favour Th2 development,24-28 our data suggest that it 
is these TLR2-stimulatory properties of the oral bacteria examined that are responsible for 
the Th2-skewed immune response. This is underlined by our finding that A. 
acinomycetemcomitans additionally stimulated TLR4. Subgingival infection caused by A. 
acinomycetemcomitans is different as compared to infection caused by the TLR2-
stimulatory oral bacteria, because it is characterized by an early, juvenile onset of 
periodontitis (also referred to as localized aggressive periodontitis). Although we clearly 
demonstrated the different TLR-stimulatory properties of these Gram-negative black 
pigmented oral bacteria, we were unable to find differences, neither between TLR2- and 
TLR-4 stimulating species, nor between different isotype species, in cytokine production in 
whole blood.  

 
The results as demonstrated in chapter 5 suggest that a decreased IL-12p40/IL-10 ratio 

exists in whole blood cultures of cigarette smoking periodontitis patients following TLR4 
stimulation, which may explain why cigarette smoking aggravates periodontal disease.29 
Previously, it was demonstrated that cigarette smoking lead to increases in cAMP levels and 
consecutive protein kinase A activity.30 Increased cAMP levels are known to inhibit IL-
12p40 and IL-12p70 production in monocytes31 and thus also to decrease the IL12p40/IL-
10 ratio. We also found reduced IL-1β responses in whole blood of smoking periodontitis 
patients after both TLR2 and TLR4 stimulation. Although inhibition of monocyte IL-1β 
production in smoking subjects was previously reported,32 the clinical relevance of this 
finding in periodontitis patients remains to be elucidated. 

 
In chapter 6 we investigated several variants of the in vitro monocyte activation test 

(MAT). Pyrogens in parenteral pharmaceuticals have been traditionally tested using the 
rabbit pyrogen test or the Limulus amoebocyte lysate (LAL) test. However, given the large 
body of evidence demonstrating important deficiencies in these tests,33-40 efforts to establish 
an alternative in vitro pyrogen test were intensified41,42 and at present large scientific 
consensus has been achieved regarding pyrogen tests based on human monocytoid cells, the 
so-called monocyte activation test (MAT).43 In a follow-up statement the European 
Commission (European Centre for the Validation of Alternative Methods; EVCAM) 
selected five methods of the MAT (see table 1) which were considered to have the potential 
to satisfy regulatory requirements for the detection and quantification of the pyrogens in 
these materials subject to product-specific validation.44 
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Table 1: Different EVCAM-approved MATs based on monocytoid cells. 

source of cells 
cytokine 
read out 

status 

Human Whole Blood IL-1 EVCAM-supported 
Human Whole Blood IL-6 EVCAM-supported 
PBMC IL-6 EVCAM-supported 
MM6 IL-6 EVCAM-supported 
Cryo-preserved Whole Blood IL-1 EVCAM-supported 
Human Whole blood IL-8 ?? 

 
Nonetheless, pharmaceuticals for parenteral use are not yet tested for pyrogens using the 

MAT. This is partly due to a lack of regulatory framework as at present, no EMEA draft 
guideline for implementation of the monocyte activation text is available to assist 
pharmaceutical companies, as well as regulatory agencies.45 On the other hand, 
pharmaceutical companies may be slightly reluctant to implement these assays because 
specific knowledge on this type of bioassays is required. Moreover, not all companies may 
have access to the infrastructure (blood donors, purification and culture facilities) necessary 
for the MAT. Finally, the sensitivity of all these MATs is markedly increased compared to 
the traditional rabbit pyrogen test or LAL test, which may render pharmaceutical companies 
hesitant to test compounds that previously passed the traditional pyrogen test. 

Our studies confirmed that the most sensitive, accurate, and reproducible data are 
obtained with mononuclear cells and IL-6 as cytokine read out. In addition, we clearly 
demonstrated that the sensitivity of the MAT using either mononuclear cells or human 
whole blood with IL-1β (and also TNF) as read out is compromised, confirming literature 
data.35,42,43,46 We did not study the use of cryo-preserved whole blood regardless the 
cytokine read out, as the scientific basis for a test based on a mixture of live monocytoid 
cells amidst a debris of necrotic neutrophils, is lacking. It should be noted that in the 
international validation of novel pyrogen tests based on human monocytoid cells43 a 
threshold pyrogen concentration of 0.5 EU/ml was used. In other words, the sensitivity of 
the different MATs was determined on the basis of whether or not this rather high 
endotoxin concentration could be detected. Because we previously found that MM6 cells 
were less sensitive in detecting low concentrations of LPS, we did not include these cells in 
our assays. WB IL-8 production closely resembled MNC IL-6 production, but was more 
sensitive to pyrogenic stimulation than WB IL-6 production. In addition, whole blood 
stimulated with pyrogens such as LPS, reproducibly and dose-dependently produces 10-15-
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fold more IL-8 than IL-6. We also found that particular substances stimulated IL-8 
production, but failed to stimulate IL-6 production in whole blood, perhaps because 
predominantly neutrophils were activated. Finally, the whole blood assay using IL-8 as read 
out is also advantageous in that it requires less time than assays which necessitate the 
isolation of mononuclear cells. Our experience has indicated that the risk of pyrogen 
contamination in cell culture experiments is directly proportional to the time required for 
handling of the cells (collecting, isolation and incubation of cells with stimuli) prior to cell 
culturing. Isolation procedures as such may also spontaneously stimulate cytokine 
production, as we reproducibly found when using mononuclear cells and measuring IL-8. 

In summary, we contend that the MAT based on whole blood with IL-8 as cytokine read 
out should be included in the list of test methods that have the potential to satisfy 
regulatory requirements for the detection and quantification of the pyrogens. 

 
In chapter 7 we reported that after dialysis, PBS was capable of potentiating TLR-

ligand-induced cytokine production in whole blood. Since a number of studies had 
indicated that (1→3)-β-D-glucans may leach from cellulose filters or cellulose dialysis 
membranes,47-51 we tested several (1→3)-β-D-glucans from different sources, on TLR 
ligand-induced cytokine production and compared the effects of those with known 
“immunomodulatory” substances. Although Nod1/Nod2 ligands mildly potentiated 
cytokine production, (1→3)-β-D-glucans isolated from menstrual tampons or the (1→3)-β-
D-glucan pachyman derived from the mushroom Poria cocos, powerfully potentiated TLR-
induced cytokine production in whole blood. Because of the important role of the 
transmembrane receptor dectin-1 in the biological effects of (1→3)-β-D-glucans derived 
from fungi such as C. albicans and A. fumigatus, and of (1→3)-β-D-glucans-containing 
zymosan from yeasts such as S. cerevisiae,52,53 we inhibited the spleen tyrosine kinase Syk, 
which was demonstrated to play an important role in the dectin-1-mediated activation of 
cells.52,54 Syk inhibition partly reduced the co-stimulatory effect of pachyman on TLR-
ligand induced cytokine production. However, an excess of non-stimulating β-glucans such 
as laminarin or glucan-phosphate, which have been commonly used to block dectin-1-
mediated effects, did not inhibit the pachyman effect. Nonetheless, at high concentrations 
of pachyman, at which no TLR stimulus is required for the induction of whole blood 
cytokine production, laminarin partly reduced IL-8 production and completely inhibited  
IL-6 production, whereas glucan phosphate and a dectin-1-neutralizing monoclonal 
antibody (GE2) were ineffective in this regard. Our results thus strongly suggested that 1) 
multiple (1→3)-β-D-glucan receptors may be differentially expressed on different cells 
(monocytes/neutrophils) and 2) although a clear role for dectin-1 has been established in the 
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opsonization and phagocytosis uptake of (1→3)-β-D-glucans, the role of dectin-1 in the co-
stimulatory effects of (1→3)-β-D-glucans on whole blood cytokine production, may be 
limited. After our study, more recent studies with dectin-1 or Syk-kinase knock-out mice 
also demonstrated co-stimulatory effects of β-glucans derived from Saccharomyces 
cerevisiae or Candida albicans on murine macrophage cytokine production.55,56 However, 
in these studies 40-100-fold higher concentrations of β-glucans and 3-300-fold higher 
concentrations of TLR-ligands were used.55,56 The differences with our study may also be 
caused by the fact that β-glucans may exert different effects in different species. 
Exclusively based on the work with dectin-1 knock-out mice Taylor et al contended that 
dectin-1 is a nonredundant receptor for β-glucans, leaving little room for action of 
alternative β-glucan receptors such as CR3, lactosylceramide, and scavenger receptors.56 
However, these alternative β-glucan receptors may play a role in human cells. Hitherto, 
only one paper was published which demonstrated that the co-stimulatory effect of the 
(1→3)-β-D-glucan curdlan on TLR2 and TLR4 ligand-induced cytokine production in 
mononuclear cell cultures was dependent on dectin-1 and Syk-kinase.57 Of course, (1→3)-
β-D-glucans may stimulate additional receptors in whole blood cultures as compared to 
mononuclear cell cultures. Finally, slight structural differences in (1→3)-β-D-glucans may 
greatly affect the dectin-1-binding properties.58 Thus, although the exact mechanism of 
(1→3)-β-D-glucan induced co-stimulation of TLR-ligand induced whole blood cytokine 
production remains to be established, we clearly demonstrated that the potential presence of 
(1→3)-β-D-glucans in pharmaceuticals for parenteral use should be taken into account, in 
particular in MAT assays. 

 
In chapter 8 the efforts to isolate the serum factor(s) responsible for the potentiation of 

LPS-induced cytokine production in human embryonic kidney cells, stably transfected with 
CD14 and TLR4, are described. It is generally accepted that the adaptor protein MD-2 plays 
an essential role in the stimulation of TLR4 by LPS. However, this prevailing paradigm is 
solely based on studies using transfectant cell lines or knock-out mice.59-62 We observed 
potentiation of IL-8 production in LPS-stimulated HEK-CD14-TLR4 cells by human 
serum. Because MD-2 is a secreted extracellular protein, and because the most extreme 
example of uncontrolled, exaggerated TLR4 activation occurs during Gram-negative sepsis, 
we hypothesized that MD-2 may be present in (human) serum. Indeed, we observed that 
potentiation of TLR4 was significantly increased by septic serum as compared to serum 
from healthy volunteers. However, consecutive rounds of chromatography purifications of 
the active factor(s) in human serum did not reveal the presence of MD-2. Instead, mass 
spectrometry of proteins from active serum fractions suggested that angiostatin, a 
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proteolytic fragment of plasminogen, was involved. Hitherto, we were unable to 
demonstrate that angiostatin causes the serum effect on TLR4 activation. Also, other 
research groups have also hypothesized that MD-2 is present in (septic) serum.8,60,63-65 
However, the evidence accumulated thus far is only indirect. Although in our study a role 
for LBP and soluble CD14 in the potentiation of TLR4 stimulation was eliminated, our data 
suggest that additional proteins/factors may exist that potentiate TLR4 activation. Recently, 
it was demonstrated that the alleged crucial requirement for MD-2 in TLR4 activation could 
be overcome by recombinant Dermatophagoides pteronyssinus 2 (Der p 2), a lipid-binding 
protein with homology to MD-2.66 Likewise, the serum protein vitronectin, in collaboration 
with integrin β3 receptors expressed on monocytes, was recently reported to potentiate 
bacterial lipoprotein (BLP) activation of TLR2.67 Our data, combined with these latter two 
studies66,67 suggest that several as yet undiscovered (serum) proteins might play a role in the 
regulation of TLR activation. Clearly, elucidation and characterization of these extracellular 
(serum) proteins may be of paramount importance in the development of drugs aimed at 
diseases characterized by uncontrolled and exaggerated TLR activation.  

 
Chapter 9 focuses on the production of IL-6 and IL-8 in whole blood after T-cell 

stimulation. In agreement with the consensus that IL-6 and IL-8 are cytokines with similar 
regulation68,69 we consistently observed parallel responses in IL-6 and IL-8 production after 
TLR stimulation of whole blood or MNC cultures. In general, TLR stimulation leads to 
approximately 10-15 fold higher levels of IL-8 compared to IL-6.70 Therefore, we were 
surprised that after T cell receptor ligation with anti-CD3 mAbs, only a robust IL-8 
production response was observed, and very little IL-6. The T cell activation-induced IL-8 
production paralleled T-cell proliferation and was completely dependent on GM-CSF and 
TNF production. Also GM-CSF and TNF alone induced IL-8 production, but not IL-6 
production in whole blood and MNC. However, because the IL-8 production induced by 
GM-CSF and TNF was always much lower as compared to after T cell receptor triggering, 
we argued that an additional “third” cytokine should be involved. Tests with several 
possible “third” cytokines revealed that IL-2 was the key player in the IL-8 response. 
Again, TNF and GM-CSF neutralization powerfully inhibited the effect of IL-2 on IL-8 
production. Thus, in T cell-stimulated whole blood, IL-8 production is dependent on IL-2, 
TNF, and GM-CSF production. This study revealed that stimulation of whole blood via the 
T cell receptor yields a unique pattern of cytokine production, as 100-1000 fold higher 
levels of IL-8, compared to IL-6, are produced. Remarkably, in a recent study showing a 
comparative analysis of cytokine/chemokine expression profile in human MNC treated with 
TLR and direct T-cell receptor agonists, the production of 11 cytokines/chemokines, but 
not of IL-6, was measured.71 Our study suggests that T cell stimulation might differentially 
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stimulate IL-6 and IL-8 gene expression, the significance of which remains to be 
determined. Finally, we demonstrated that the whole blood system is highly suitable for the 
sensitive measurement of cytokine production not only after TLR triggering such as in the 
monocyte activation test, but also after T cell stimulation.  

 
 

Future of TLR research 
 
After the discovery of TLR4 as the long-sought LPS receptor,72 TLR research has 

become one of the main interests of immunologists, and currently it generally accepted that 
TLRs are a key system for detecting microbes in mammals. For a long time long it has been 
hypothesized that TLRs also play an essential nonredundant role in the initiation of an 
adaptive immune response.73 Recently, however, it was reported that TLR signalling-
deficient mice showed normal immune responses after challenge with a variety of classical 
adjuvants.74,75 which indicates that the innate immune system may comprise alternative 
recognition systems for microbes other than TLRs, which may direct the adaptive immune 
response.76 At present, there is increasing support for the hypothesis that TLRs also play an 
important role in the recognition of endogenous substances derived from stressed, injured, 
or damaged cells,77,78 the importance of which remains to be established. 

Despite the numerous important discoveries of TLRs, TLR ligands, and of intricate 
TLR signalling cascades, little progress has been made in the pharmaceutical development 
of drugs that might be capable of interfering with TLR signalling, or which affect TLR-
mediated diseases/syndromes. Three developments merit mentioning: First, after the 
discovery of TLR9 as a receptor for synthetic CpG DNA-containing nucleotides,79 Krieg 
and his colleagues successfully studied the role of CpG as an adjuvant during vaccination 
of human subjects that previously showed a lack of immune response after hepatitis B 
vaccination.80 Second, the synthetic lipid A structure Eritoran (E5564) is being investigated 
as a TLR4 antagonist in a phase III trial for the treatment of sepsis.20 Finally, preclinical 
studies are currently performed with 15C1, a powerful TLR4-neutralizing monoclonal 
antibody,17 in order to initiate phase I clinical trials for the treatment of pulmonary 
inflammation (infection, asthma, COPD). 

Despite the lack of clinical applications of TLR immunology-based knowledge, 
important advance has been made in the understanding of how microbial substances initiate 
fever (see chapter 6). Based on this knowledge alternative in vitro pyrogen tests (monocyte 
activation tests) have been developed, which will render the testing of pharmaceuticals in 
rabbits, apart from moral and financial objections, scientifically obsolete. At present, a 
guideline for in vitro pyrogen tests is in preparation by the European Medicines Agency 
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(EMEA), and in future, the European Directorate for the Quality of Medicines (EDQM) 
will undoubtedly launch a new monograph for the detection of pyrogens by Monocyte 
Activation Tests.  

Meanwhile, fundamental TLR research will continue. New TLR ligands will be 
identified and new signalling cascades will be unravelled. Because TLRs are ”hot”, certain 
correlations between some TLRs (for which the ligands have yet to be identified) and 
particular diseases or phenomena have been published, that make one wonder whether they 
are at random observations or genuine contributions to our understanding of TLR 
immunology. For instance, TLR10 polymorphisms have been claimed to affect the risk for 
nasopharyngeal81 and prostate82 cancer. Also, the expression of TLRs is apparently 
dependent on the menstruation cycle.83 TLRs have also been claimed to play a role in the 
initiation of labour at delivery84 and are even expressed in the oviduct of hen.85 Thus, it is 
obvious that in the current era of booming TLR research, a lot of chaff will have to be 
separated from the grain.  
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Toll-like receptoren (TLRs) zijn homologe type 1 transmembraaneiwitten die bestaan 
uit een extracellulair leucine-rich repeat (LRR) domein dat betrokken is bij de herkenning 
van pathogeen-geassocieerde moleculaire structuren (PAMPs), en een cytoplasmatisch 
domein dat zorgt voor signaaltransductie. Sinds de ontdekking van de rol die TLR4 speelt 
in de immuunrespons van lipopolysaccharide (LPS), zijn meerdere TLRs ontdekt die 
allemaal één of meerdere specifieke liganden herkennen en de immuunrespons sturen. 
Stimulatie van TLRs leidt via intracellulaire transcriptiefactoren uiteindelijk tot de 
productie van cytokines en verhoogde expressie van zowel B7 co-stimulatoire moleculen 
als MHC klasse II. Op dit moment zijn dertien verschillende TLRs beschreven die elk 
specifieke, lichaamsvreemde liganden herkennen en die elk op specifieke wijze de 
immuunrespons kwalitatief en kwantitatief verschillend beïnvloeden. Recent is aangetoond 
dat ook lichaamseigen stoffen als ligand voor TLRs kunnen dienen en dat deze om die 
reden kunnen bijdragen aan het ontstaan van auto-immuunziekten. Gewone lichaamseigen 
stoffen worden niet herkend, maar wanneer deze stoffen veranderd zijn in structuur (neo-
epitopen), of wanneer deze stoffen, doordat cellen beschadigd zijn, zich voordoen op 
ongebruikelijke plaatsen in het organisme, kunnen deze herkend worden door TLRs. De 
notie dat TLRs niet alleen lichaamsvreemde, maar ook endogene stoffen kunnen herkennen 
heeft grote gevolgen gehad voor het concept van de aangeboren (innate) immuunrespons. 

Doel van dit proefschrift was om TLRs recombinant tot expressie te brengen en 
monoklonale antistoffen tegen TLRs te maken. Met deze antistoffen zou de rol onderzocht 
kunnen worden die specifieke TLRs hebben in de respons tegen bepaalde liganden en/of 
pathogenen. Daarnaast is onderzocht hoe specifieke TLR-liganden, bepaalde 
bacteriestammen, en bepaalde verontreinigingen (contaminaties) de cytokineproductie in 
verschillende celsystemen beïnvloedden zoals volbloed (VB), perifere mononucleaire 
(MNC) cellen, en TLR-getransfecteerde HEK-cellen.  

 
Hoofdstuk 2 beschrijft onze pogingen om het extracellulaire deel van TLR2 

recombinant tot expressie te brengen. Expressie van TLR2 was afwezig in de de gist Pichia 
pastoris en extreem laag in humane embryonale niercellen (HEK293 cellen). Met behulp 
van verschillende expressievectoren kon een hoge expressie van TLR2 bereikt worden in 
verschillende E. coli bacteriestammen. Echter, het in bacteriën tot expressie gebrachte 
TLR2 eiwit was dusdanig geaggregeerd in inclusion bodies, dat dit eiwit niet gebruikt kon 
worden voor het immuniseren van muizen om monoklonale antistoffen te maken. Meerdere 
pogingen om het TLR2 eiwit anders te produceren, of om verkeerd gevouwen TLR2 eiwit 
te hervouwen, waren zonder succes. 
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Hoofdstuk 3 beschrijft hoe muizen geïmmuniseerd werden met CD14-TLR2 of CD14-
TLR4-getransfecteerde HEK293 cellen. Hiervóór waren de muizen eerst getoleriseerd door 
injectie met HEK293-CD14 cellen zonder TLR, gevolgd door een cyclofosfamide injectie. 
Met behulp van de intracellulaire kleurstof CFSE ontwikkelden we een screening assay om 
onderscheid te maken tussen hybridoma supernatanten die HEK-CD14 en HEK-CD14-TLR 
herkenden. Meerdere immunisaties leidden tot drie anti-TLR2 monoklonale antistoffen die 
alledrie van de IgM subklasse waren en dus niet voor functionele experimenten gebruikt 
konden worden. We vonden geen antistoffen gericht tegen TLR4. 

 
Hoofdstuk 4 en 5 gaan over parodontitis, een chronische ontsteking die veelal in 

verband wordt gebracht met een Gram-negatieve subgingivale microflora.  
Bacteriële componenten stimuleren onder andere TLR2 en/of TLR4. Omdat er sterke 

aanwijzingen zijn dat er zowel kwalitatieve als kwantitatieve verschillen zijn in de 
immuunrespons na TLR2 en TLR4 stimulatie onderzochten wij of en hoe Gram-negatieve 
orale bacteriën zoals P. gingivalis, A. actinomycetemcomitans, T. forsythensis, 
P.intermedia, P. nigrescens, F. nucleatum, en V. parvula TLR2 en/of TLR4 stimuleerden. 
Alle onderzochte bacteriën stimuleerden TLR2, terwijl alleen A. actinomycetemcomitans en 
V. parvula eveneens TLR4 stimuleerden. Daarnaast onderzochten we van meerdere 
serotypes van twee orale bacteriestammen (A. actinomycetemcomitans stam a-e en P. 
gingivalis stam K-, K1 t/m K6) het vermogen tot inductie van cytokineproductie (IL-6,  
IL-8, IL-10, IL-12) in VB. Verschillen in serotype, die geassocieerd zijn met een verschil in 
virulentie, leidden niet tot verschillen in cytokineproductie na stimulatie. De ontdekking dat 
de meeste orale bacteriën uitsluitend TLR2 stimuleren, zou een goede verklaring kunnen 
zijn voor de Th2 oriëntatie van de immuunrespons in parodontitis (hoofdstuk 4). 

Omdat het roken van sigaretten geassocieerd is met een grotere kans op en een 
verergerde vorm van parodontitis, onderzochten we of rokers in vergelijking met niet-
rokers een immuunrespons vertoonden met een Th2 oriëntatie. Inderdaad bleek dit, na 
stimulatie van VB met P. gingivalis en LOS (lipo-oligosaccharide, een ligand voor TLR4), 
het geval te zijn. Daarnaast vonden we dat na LOS stimulatie de VB IL-1β productie van 
rokers verminderd was in vergelijking met de niet-rokers (hoofdstuk 5). 

 
Hoofdstuk 6 en 7 beschrijven ontwikkelingen in de monocytenactivatietest (MAT), een 

in vitro pyrogeen test. De MAT is ontwikkeld om de konijnenpyrogeentest en de LAL 
(Limulus Amoebocyte Assay)-test overbodig te maken omdat er wetenschappelijke, 
ethische, en financiële bezwaren zijn tegen deze tests.  

In hoofdstuk 6 bevestigen we dat voor MATs het gebruik van perifere MNC als 
monocytenbron en IL-6 als read-out de meest gevoelige combinatie is van de vijf door de 
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EVCAM (European Centre for the Validation of Alternative Methods) voorgestelde 
methodes (VB + IL-1, VB + IL-6, MNC + IL-6, MonoMac6 + IL-6, cryo-VB + IL-1). Onze 
experimenten tonen aan dat het gebruik van 1 op 10 verdund VB als monocytenbron en de 
detectie van IL-8 in het supernatant als read-out een vergelijkbare gevoeligheid oplevert als 
de MNC/IL-6 combinatie. Bepaalde verontreinigingen of TLR-liganden geven zelfs een 
meer robuuste respons in de VB/IL-8 combinatie dan in de MNC/IL-6 combinatie, 
waarschijnlijk omdat voornamelijk neutrofielen worden geactiveerd. Het grote voordeel 
van het meten van VB IL-8 productie is dat langdurige zuiveringsstappen van monocyten 
vermeden worden. Dit is belangrijk omdat de kans op verhoging van de 
achtergrondcytokineproductie recht evenredig is met de tijd die nodig is voor 
zuiveringsstappen. Deze zuiveringsstappen zelf kunnen ook aanleiding geven tot stimulatie 
van de achtergondcytokineproductie, zoals aangetoond bij de combinatie MNC/IL-8. 
Kortom, dit hoofdstuk laat zien dat het meten van IL-8 productie in 1 op 10 verdund VB 
een volwaardig alternatief is voor de reeds geaccepteerde combinatie MNC en IL-6. 

In hoofdstuk 7 beschrijven we de ontdekking dat PBS, na dialyse, de TLR-ligand 
geïnduceerde cytokineproductie (IL-6 en IL-8) in VB stimuleert. Omdat cellulosefilters of 
cellulosedialysemembranen (1→3)-β-D-glucanen kunnen lekken, testten we meerdere 
(1→3)-β-D-glucanen op de TLR-ligand geïnduceerde cytokineproductie. De (1→3)-β-D-
glucanen geïsoleerd uit (menstruatie) tampons en de (1→3)-β-D-glucan pachyman uit de 
paddestoel Poria cocos versterkten de TLR-gestimuleerde cytokineproductie in VB, terwijl 
de afzonderlijke stimuli (TLR-liganden en (1→3)-β-D-glucanen) slechts leidden tot een 
zeer lage cytokineproductie. De receptor dectine-1 speelt een belangrijke rol in de 
biologische effecten van (1→3)-β-D-glucanen. Omdat aangetoond was dat de activatie van 
dectine-1 afhankelijk was van het tyrosine kinase Syk, probeerden we dit enzym te 
remmen, wat slechts leidde tot een gedeeltelijke vermindering van het co-stimulatoire effect 
van pachyman op TLR-geïnduceerde cytokineproductie. Het blokkeren van dectine-1 door 
een overmaat van niet stimulerende en klein moleculaire β-glucanen (laminarine, glucaan-
fosfaat) verminderde niet het effect van een lage concentratie pachyman. Echter bij hoge 
concentraties pachyman werd IL-8 gedeeltelijk, en de IL-6 productie volledig geremd door 
laminarine, terwijl glucaanfosfaat en een dectine-1 neutraliserende antistof dit effect niet 
hadden. Deze resultaten suggereren dat er meerdere (1→3)-β-D-glucan receptoren in 
verschillende mate tot expressie komen op verschillende cellen (MNC/neutrofielen) en dat 
de rol van dectine-1 in de co-stimulatie van TLR-geïnduceerde cytokineproductie beperkt 
is. Samenvattend, (1→3)-β-D-glucanen kunnen een belangrijke rol spelen in de 
kwantitatieve respons na TLR triggering. Dit is van belang voor geneesmiddelen die 
toegepast worden bij patiënten die blootstaan aan microbiële infecties. Daarnaast moet er 
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rekening gehouden worden met het feit dat (1→3)-β-D-glucanen kunnen leiden tot vals 
positieve resultaten in MAT-assays.  

 
In hoofdstuk 8 beschrijven we dat na stimulatie met LOS/LPS, de IL-8 productie in 

HEK-cellen stabiel getransfecteerd met CD14 en TLR4 sterk gepotentieerd werd na 
incubatie met humaan serum. De eerste experimenten sloten een rol uit voor LPS-binding 
protein en (soluble) CD14, als ook van complement- en stollingsfactoren. Isolatie van de 
actieve serumcomponent door middel van size-exclusion chromatografie en anion/cation 
chromatografie leverden één actieve fractie op. Vergelijking van deze actieve fractie met 
andere fracties na SDS gelelectroforese leverden een kandidaat bandje op waarvan d.m.v. 
N-terminal sequencing werd vastgesteld dat het om angiostatine ging, een proteolytisch 
fragment van het serumeiwit plasminogeen. Ongeveer vergelijkbaar met gepubliceerde 
studies vonden ook wij dat septische sera, die kleine plasminogeen fragmenten bevatten 
zoals angiostatine, de LPS-geïnduceerde IL-8 productie in HEK-CD14-TLR4 cellen 
significant versterkten in vergelijking met normale sera. Samenvattend tonen we aan dat 
hoewel de actieve ingrediënt nog niet met zekerheid geïdentificeerd kon worden, humaan 
serum de respons van TLR4 na LPS triggering versterkt en dat deze serumfactor verhoogd 
is tijdens sepsis.  

 
In hoofdstuk 9 onderzochten we de cytokineproductie in VB na T cel stimulatie. Wij 

vonden dat stimulatie met anti-CD3 monoklonale antistoffen leidt tot T cel proliferatie en 
de productie van T-cel cytokines zoals IL-2, GM-CSF, TNF, IL-13, en IFNγ, maar ook tot 
een robuuste IL-8, maar geen IL-6 productie. De IL-8 productie in anti-CD3 gestimuleerd 
VB werd voor meer dan 80% geremd door neutralisatie van GM-CSF en TNF. Omgekeerd 
induceerden TNF en GM-CSF de productie van VB IL-8, maar niet die van VB IL-6. 
Omdat de VB IL-8 productie na GM-CSF en TNF stimulatie altijd lager was dan die na T 
cel stimulatie, probeerden we een hypothetische derde T cel factor te identificeren. IL-2 
bleek de T cel factor te zijn die de GM-CSF en TNF geïnduceerde IL-8 productie 
aanzienlijk versterkte. Toediening van louter IL-2 leidde tot een IL-8 productie die geremd 
kon worden door neutralisatie van GM-CSF en TNF. Bij lage concentraties van IL-2 was er 
een sterke synergie tussen GM-CSF en TNF in de inductie van IL-8 productie. 
Samenvattend toont deze studie aan dat IL-2 de productie van IL-8 in VB induceert, en dat 
dit gebeurt op een GM-CSF en TNF afhankelijke manier.  

 
In hoofdstuk 10 is dit proefschrift samengevat. 
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Eindelijk is het dan zover! Het is af! Hiervan genieten gaat natuurlijk niet zonder stil te staan bij 
de mensen die hebben bijgedragen aan de totstandkoming van dit proefschrift: 

 
Allereerst wil ik Friso Postma, Annemiek de Melker, en Jannie Borst (NKI) bedanken voor de 

mogelijkheid om wetenschappelijk onderzoek te doen bij het NKI. Na eerdere negatieve ervaringen 
hebben jullie mij laten zien dat integere wetenschap wel degelijk mogelijk is. Deze NKI periode heeft 
mij in staat gesteld vervolgens promotieonderzoek te doen. 

Geachte leden van de promotiecommissie (Prof. Yazdanbakhsh, Dr. Appelmelk, Prof. 
Kapsenberg, Prof. van der Poll, en Prof. Roos), dank voor de bereidheid dit proefschrift op zijn 
wetenschappelijke merites te beoordelen.  

Beste Lucien, ik ben je dankbaar voor de gelegenheid promotieonderzoek te doen bij Sanquin. Bij 
jou staan integriteit en de echtheid van onderzoeksdata voorop, dat waardeer ik enorm. Jouw kritische 
blik was verrijkend, daar heb ik veel van geleerd. Van jou heb ik als geen ander geleerd hoe je 
kritisch naar proeven en onderzoeksdata kunt kijken. Deze kritische kant had natuurlijk ook zijn 
keerzijde: tegenstrijdige resultaten leidden steevast tot vervolgonderzoeken om de waarheid boven 
tafel te krijgen. Deze waren stuk voor stuk wetenschappelijk gezien interessant en leidden vaak tot 
interessante ideeën en inzichten, maar niet altijd tot een voor een proefschrift bruikbaar resultaat. Ook 
hier heb ik veel van geleerd. Pas heel laat kwam ik erachter dat wanneer ik het niet met je eens was en 
daar duidelijk stelling in nam, we de beste werkbesprekingen hadden. Jouw kritische begeleiding 
heeft me gevormd. 

Piet, als ik jou toch niet had gehad. Je hebt me ingewerkt in de technieken en infrastructuur van 
het moleculair-biologische en Pichia-werk. De nog bij weinig mensen bekende wet van Muddy (niet 
te verwarren met de wet van Murphy) is hierbij veel toegepast. Later heb je me erg geholpen door 
stukken van me te reviewen. Als ik al dacht dat mijn Engels erg goed was, wist je met jouw Pietje-
precies taalgevoel altijd wel een onverkwikkelijkheid uit m’n teksten te halen. Ik waardeer het enorm 
dat jij één van mijn paranimfen wilde zijn. Jouw plotseling overlijden is als een donderslag bij heldere 
hemel aangekomen en betekent een grote klap voor al je vrienden en collega’s bij Sanquin. En, nu zal 
ik nooit weten wat die toegezegde vileine grap was die je nog voor me in petto had. 

Ingrid, wat begon als louter rookmaatjes eindigde in samen proeven doen en proeven bespreken. 
Jouw energieke aanpak en doortastende houding hebben mij voor fouten behoed en heel snel tot het 
leukste artikel in het proefschrift geleid. Ik ben ontzettend blij met je als paranimf.  

Els, je bent de motor van de afdeling Immunopathologie. En niet alleen door al het cellulaire en 
ELISA werk. Jouw proevenboeken vormen de harde schijf van Lucien en zijn een leidraad voor de 
afdeling. Hoe vaak Lucien of ik niet bovenop jouw bureau hebben gestaan om in jouw 
mappenbestand op de plank te kijken hoe het nu met die ene proef uit het verre verleden was 
afgelopen en welke consequenties dit had voor de interpretatie van recente proeven. Zonder jouw 
hulp was dit proefschrift niet tot stand gekomen. 

Rishi, afgezien nog van het moleculaire TLR2 voorwerk dat je gedaan hebt, wil ik je bedanken 
voor alles wat ik van je heb geleerd. Vooral jouw inspanningen hebben ervoor gezorgd dat ik, als a-
technisch persoon, niet meer bang ben voor onnavolgbare apparaten zoals HPLCs of grote kolommen.  
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Marja en Arie-Jan, met jullie hulp heb ik mijn eerste paper geschreven. De eerste Word track-
changes ervaring kan ik mij nog goed herinneren. Jullie enthousiasme en hartelijke samenwerking 
waren erg prettig om mee te maken. Arie-Jan, jouw uitspraak over het vaderschap is één van mijn 
motto’s geworden, en deze geef ik door aan anderen. 

Malcolm, it was a pleasure working with you. Our TLR work and your β-glucan interest were a 
beautiful example of co-stimulation, which resulted in an interesting paper in one of my favourite 
journals. In addition, if there were an award for Americans who superbly use the English language 
you should receive it: every e-mail I received from you forced me to consult an English dictionary! 

Gaudy, het was interessant om vanuit totaal verschillende invalshoeken onze interesse voor TLRs 
te delen. Dank voor al het kweekwerk van deze paardenbloed consumerende, en onzettend stinkende 
orale bacteriën. Zonder deze monsters waren hoofdstuk 4 en 5 niet ontstaan. 

Alle mensen uit het U110 lab (Angela, Anja, Anneke, Dorina, Hanny, Irma, Margreet, Marja, 
Mieke, Mirjam, Shabnam, en Tineke) wil ik bedanken voor de prettige samenwerking. Er werden 
ELISAs voor elkaar gedaan, PCRs ingezet, culturen, cellijnen en hybridoma’s doorgezet, en 
chemicaliën uitgewisseld.  

Mijn mede-AIO’s Diana en Yuri, veel dank voor de support voor en het overleg over het 
submitten van papers en het afronden van het proefschrift.  

Marieke en Dörte, dank voor jullie betrokkenheid en telkens weer getoonde interesse, ook nadat 
ik niet meer op de afdeling werkte. 

Mijn ex-kamergenoten Piet, Sacha, en Henk: dank voor de vele inhoudelijke discussies. Maar 
bovenal dank, ook aan joker Steven, voor de vermakelijke monologen tijdens de lunch. Over de 
meedogenloze Mozart (Wilders), over trik-trak naar Irak (de Irak oorlog van Bush als opzettelijke 
verwarring met de signaleringscascade van toll-like receptors, Trif-Traf-IRAK), en over de vraag of 
de hersteloperatie van het maagdenvlies van jonge moslimmeisjes nu wel of niet in het 
ziektekostenverzekeringspakket moest worden opgenomen.  

Fatima en Kaoutar, dank voor de service en ondersteuning bij de communicatie met het AMC en 
de promotiecommissie tijdens de laatste fase. 

Van mijn huidige divisie heb ik tijdens de laatste schrijffase de support van Elise, Marjon, Paul, 
Rachel en Valerie zeer gewaardeerd. 

 
Lieve Muriel en Rubia, het is voorbij dat ik twee avonden in de week niet mee-eet omdat ik door 

moet werken aan mijn boekje. En ook nog eens een boekje zonder mooie plaatjes, waarvan ik jullie 
alleen maar ongeveer kon uitleggen waarover het ging. Jullie zullen het later wel begrijpen. Ik vind 
het in ieder geval heerlijk dat jullie bij papa’s feestje aanwezig kunnen zijn. 

Hester, mijn liefste, je hebt alle “ups and downs” meegemaakt. Het doorwerken tijdens de 
weekends. Het gefrustreerd thuiskomen na 12 uur FACSen zonder een positieve hybridoom gevonden 
te hebben. Mijn zorg of ik wel genoeg papers voor een proefschrift bij elkaar kon pipetteren. Maar 
ook: het eerste geaccepteerde paper en het plezier in het schrijven daarvan. Het is onbegrijpelijk dat je 
al die jaren geduld met mij hebt gehad totdat het eindelijk eens af was. Ik ben nieuwsgierig naar wat 
er met ons gebeurt zonder het proefschrift op de achtergrond, en met veel meer vrije tijd voor ons 
tweeën en ons gezinnetje. Daar heb ik zin in!  
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