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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 



Chapter 10 
 

 186

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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