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Abstract t 
Toll-lik ee receptors (TLRs) form a family of transmembrane receptors that are 
essentiall  for  the recognition of pathogen-associated molecular  patterns (PAMPs) 
suchh as lipopolysaccharide (LPS). The function of TLRs on the surface of immune 
cellss has been widely investigated, and TLR signalling has been shown to lead to 
cytokinee production and cell activation. A role for  TLRs in phagosome sensing, i.e. 
bindingg of a pathogen's PAMPs in the phagosome and subsequent signalling 
leadingg to killin g of the phagocytosed pathogen, has been suggested, but until now 
theree has been no proof that TLR signalling is indeed involved in this process. 
Here,, we show with a new sensitive assay at the level of ingested microorganisms 
thatt  LPS-mediated TLR4 signalling in phagocytes has a direct role in the activation 
off  the NADPH oxidase. Infection of neutrophils with wild-type, LPS-expressing, 
SalmonellaSalmonella resulted in the generation of reactive oxygen species (ROS) in the 
Salmonella-containingSalmonella-containing vacuole, a phenomenon that was much less pronounced in 
ann LPS mutant strain. Moreover, the generation of ROS in the wild-type 
&j//MO«e//tf-infecte dd neutrophils was largely inhibited by the action of a TLR4-
specificc cell-permeable peptide, but not by a TLR4 blocking antibody. This 
identifiess intracellular  TLR4 ligand binding and signalling as an essential factor  in 
thee sensing of phagosomes required for  the killin g of intracellular  micro-
organisms. . 

Introductio n n 
Thee intracellular  pathogen Salmonella typhimurium invades phagocytes, where it 
residess in a membrane-surrounded vacuole1'2. S. typhimurium is able to evade the 
hostt  immune response by virtu e of its pathogenicity islands, clusters of genes 
whosee products induce the uptake of the bacterium by host cells and interfere with 
thee killin g of the pathogen3. A large portion of these genes exerts their  effects by 
inhibitin gg or  counteracting microbicidal systems such as the NADPH oxidase . 
Moreover,, wild-type S. typhimurium restricts the activation of the NADPH oxidase 
afterr  uptake, through the action of the Salmonella pathogenicity island (Spi) 24; 5. 
Thiss cluster  of genes protects the intracellular  bacterium against full activation of 
thiss microbicidal system4,5. 

Resistancee of &  typhimurium to host defense mechanisms increases as the 
LPSS chain length increases, i.e., from avirulent strains containing a low number  of 
sugars,, so-called rough strains, to a high number  of sugars found in smooth virulent 
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bacteria.. Salmonella strains of the rough chemotype are susceptible to 
complement-mediatedd lysis, either  in the presence or  absence of antibody6'7, and 
aree non-invasive after  oral challenge819. Intracellular  killin g by human neutrophils 
iss enhanced by complement activity, and the survival of Salmonella spp. in the 
presencee of serum and neutrophils decreases as the LPS chain length shortens6. 
LPSS is a ligand for  Toll-lik e receptor  (TLR) 4, a member of the well-conserved 
TLRR family of pattern recognition receptors10'  n . TLRs are able to recognize 
pathogen-associatedd molecular  patterns (PAMPs), molecules that are exclusively 
foundd in pathogens and are often indispensable for  pathogen viabilit y in the host10* 
n .. TLR signalling has been shown to lead to cytokine production and cell 
differentiation ,, ultimately influencing the outcome of the immune response10'  n . 
TLRR expression is found in cells from the immune system as well as in non-
immunee cells. Usually, signalling via TLRs is studied for  cell-surface expressed 
TLRs,, although signalling via intracellular  TLRs has been suggested. Moreover, 
TLR ss have been hypothesized to "sample"  the contents of phagosomes for  the 
presencee of PAMPs12. Here, we investigated the role of LPS-mediated TLR4 
signallingg in the intracellular  killin g of wild-type and rough Salmonella strains in 
phagocytes.. When infected in RAW 246.7 cells under  serum-free conditions, LPS 
negative,, rough, Salmonella bacteria were found to be less efficiently killed than 
thee wild-type parent strain. This phenomenon was further  explored in human 
neutrophils,, where infection with the rough bacteria was shown to lead to lower 
levelss of reactive oxygen species (ROS) generated by the NADPH oxidase as 
comparedd with the LPS-positive ,wild-type, parent strain. To confirm the 
involvementt  of TLR4 in the activation of the NADPH oxidase upon infection with 
LPSS positive wild-type Salmonella, TLR4 signalling was inhibited with a TLR4-
specific,, cell-permeable peptide. Indeed, this peptide prevented the activation of 
thee NADPH oxidase. With a TLR4-blocking monoclonal antibody, the 
involvementt  of surface-expressed TLR4 in activating the NADPH oxidase in 
responsee to Salmonella-derived LPS in this system was ruled out. Together  these 
dataa prove the intracellular  ligand binding and signalling of TLR4 in response to 
Salmonella-derivedSalmonella-derived LPS, which results in the activation of the NADPH oxidase. 
Thiss is the first proof that TLR4 signals from intracellular  compartments and 
directlyy activates microbicidal systems. 
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Methods. . 

Growthh and labelling of bacterial strains 

Singlee colonies of smooth parental Salmonella enterica serovar Typhimurium, and 
itss rough Ra chemotype mutant were grown overnight in Luria-Bertani (LB) 
mediumm at 37°C while shaking (225 rpm). For infection of human neutrophils, 
overnightt cultures of different Salmonella strains were diluted ten times in fresh 
LBB medium. Bacteria were harvested in the log phase (OD=l at óOOnm). 
Subsequently,, bacteria were centrifuged and resuspended in phosphate-buffered 
salinee (PBS). The bacteria were labelled with 1 nM dihydrorhodamine-1,2,3 
(DHR)) (Molecular Probes), for 10 min at room temperature in the dark, washed 
withh PBS and resuspended in Hepes medium [132 mM NaCl, 6 mM KC1, 1 mM 
MgS04,1.22 mM KH2P04, 5.5 mM glucose, and 0.5% (wt/vol) human albumin (pH 
7-4)]. . 

NADPHH oxidase-mediated fluorescence of intracellular  bacteria 

Neutrophilss were purified from heparinized blood as described13. 106 neutrophils 
weree incubated with 107 bacteria of the different Salmonella strains at 37 C. At 
variouss time points, samples were taken and diluted twenty times in ice-cold PBS. 
Afterr the last time point, all samples were centrifuged and resuspended in 100 ul of 
ice-coldd PBS and analysed by flow cytometry in a Becton Dickinson FacsStar 
(Paloo Alto, USA). 

Electronn microscopic analyis 

Neutrophilss were fixed for 24 h in 4% paraformaldehyde in 0.1 M PHEM buffer (60 
mMM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM Mg Cl2, pH 6.9) and then 
processedd for ultrathin cryosectioning as previously described14. For double 
immunolabellingg the procedure described by Slot et al.15, was followed, with 10-
andd 15-nm protein-A conjugated colloidal gold probes (EM Lab., Utrecht 
University,, The Netherlands). After immunolabelling, the cryosections were 
embeddedd in a mixture of methylcellulose and uranyl acetate and examined with a 
Philipss CM 10 electron microscope (Eindhoven, The Netherlands). For the 
controls,, the primary antibody was replaced by a non-relevant rabbit or mouse 
antibody. . 
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Sub-cellularr  fractionation of human neutrophils 

Subcellularr fractions of neutrophils were obtained by nitrogen cavitation and 
centrifugationn on a 3-layer Percoll grandient as described by Kjeldsen et al16. 

Westernn Blot analysis of isolated neutrophil fractions 

Forr immunodetection of TLR4, 20 ug of protein of isolated neutrophil fractions 
weree subjected to SDS-PAGE and Western blotting as previously described17. 
Blotss were incubated with polyclonal anti-TLR4 (clone sc-10741, Santa Cruz), 
secondaryy antibodies were swine-anti-rabbit horseradish peroxidase conjugated 
polyclonall  antibodies (DAKO), and detection was performed with the enhanced 
chemiluminescencee (ECL) kit (Amersham Pharmacia). 

Cell-permeablee peptides 

Thee protein transduction domain of the HIV protein Tat18 was fused to amino acids 
366-3777 of TLR2 (YARAAARQARAGFKLCLHKRDFIPGKWI). As a control 
peptide,, a peptide containing only the protein transduction domain was used 
(YARAAARRQARAG).. Purified human neutrophils were pre-incubated with 200 
ug/mll  cell-permeable peptides for 1 min before priming or Salmonella infection. 

Primin gg of ROS production of human neutrophils 

Purifiedd human neutrophils were primed at a concentration of 106 cells/ml in 
phosphate-bufferedd saline (PBS) containing 5.5 mM glucose and 0.5% (wt/vol) 
humann albumin, with either 20 ng/ml LPS (Salmonella, Sigma), 10 ug/ml 
Pam3CysSK44 (EMC Microcollections, Tubingen, Germany) or 500 ng MALP-2 
(EMCC Microcollections) for 30 min at 37°C. Hydrogen-peroxide production of 
purifiedd human neutrophils after fMLP (Sigma) activation was measured by the 
Amplexx Red Assay (Molecular Probes) measured on a Perkin Elmer platereader. 

Precipitationn of cell-permeable peptides 
Neutrophilss (107/ml) were lysed in 100 mM TrisHCl (pH 7.4) containing 100 mM 
NaCl,, 10% glycerol, 1% NP-40, 1 mM MgCl2 and protease inhibitors (Roche) for 
155 min on ice. Lysates were centrifuged at 14,000g for 15 min at 4°C. Supernatants 
weree incubated with 1 (ig/ml of biotinylated peptides and 50 ul of streptavidin-
agarosee beads (Sigma) for 1 h at 4°C. Beads were then washed three times with 
lysiss buffer. Proteins were extracted by boiling the beads in SDS sample buffer 
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(1255 mmol/L Tris, pH 6.8; 20% (w/v) SDS and 12.5% (v/v) p-mercaptoethanol) for 
55 min at^5°C. 

Intracellula rr  killin g of Salmonella 

Persistencee of Salmonella in RAW 264.7 macrophage-like cells was determined as 
follows:: cells were allowed to adhere to plastic wells at a density of 1 x 105 

cells/welll  during overnight incubation at 37°C in RPMI-medium containing 10% 
(v/v)) inactivated fetal calf serum. Bacteria grown overnight in LB were added to 
thee wells at a macrophage to bacteria ratio of 1:10, and centrifuged (10 min at 1200 
rpm)) onto the cells. Bacterial endocytosis was allowed to proceed for 10 min, and 
afterr three washes with PBS the cells were re-incubated at 37° C and 5% CO2 in 
mediumm containing gentamicin. To determine persistence and/or replication in 
RAWW 264.7 cells, gentamicin was added (100 ug/ml) for 10 min to kill remaining 
extracellularr bacteria. After washing, the cells were again incubated in medium 
containingg gentamicin (10 ug/ml) for determination of persistence after 3 and 24 
hrs.. The survival of intracellular bacteria against time was determined by plate 
countss following the removal of medium and hypotonic lysis of cells. 

Resultss and Discussion 
Too assess the role of LPS for intracellular survival in the absence of complement 
wee started to determine the intracellular survival of S. typhimurium 14028 strains 
withh smooth (s) and rough (Ra) chemotype within macrophage-like cells after 
ingestionn of non-opsonized bacteria. During the first hours after ingestion by 
macrophage-likee RAW264.7 cells in vitro, the intracellular killing of the 
SalmonellaSalmonella 14028 strains was defective for LPS-deficient rough bacteria as 
indicatedd by higher intracellular outgrowth during the first 24 hours after uptake, as 
comparedd with its wild-type parental smooth strain (Figure l).Thus, a Salmonella 
Raa strain that is killed extracellularly almost instantly in the presence of 
complement,, is remarkably enough able to survive and replicate better 
intracellularlyy than its wild-type parental smooth strain. These differences in 
intracellularr replication cannot be attributed to a differential susceptibility to 
antimicrobiall  peptides such as magainin 2 or defensins, because the length of the 
LPSS sugar side chain does not determine bacterial susceptibility to these 
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5-106-- ^ Figure 1 Number of viable intracellular 
—ii  wj |<j-type wild-type smooth Salmonella and 

 rough its rough Ra chemotype (CFU) *within 
macrophage-likee RAW cells at 3 and 24 
hourss after uptake of non-opsonized 
bacteria.. Values are means of three 
experimentss (+/- sd) performed in duplo 

Thee NADPH oxidase of phagocytes -and more so in neutrophils compared 
too macrophages- converts molecular oxygen to superoxide, the parent compound 
fromm which other, more aggressive reactive oxygen species (ROS), such as 
hydrogenn peroxide and hypochlorous acid, are formed21. Human neutrophils can be 
primedd to secrete ROS by bacterial products such as LPS and proteoglycan (PGN), 
viaa TLRs expressed on the cell surface of the neutrophil22. Triggered by the 
additionn of the bacterial peptide fMLP, primed neutrophils show high NADPH 
oxidasee activity, resulting in secretion of large amounts of ROS. Salmonella-
derivedderived LPS is also able to prime the secretion of ROS by human neutrophils in a 
TLR4-dependentt fashion23. Since Salmonella invasion of human phagocytes leads 
too the generation of ROS7, we investigated the importance of LPS for the activation 
off  the NADPH oxidase. 

Too show that invaded Salmonella bacteria encounter ROS, wild-type and 
roughh bacteria were labelled with dihydrorhodamine-1,2,3 (DHR), a dye that is 
convertedd to the fluorescent product rhodamine-1,2,3 in the presence of hydrogen 
peroxidee and a peroxidase24. After labelling, the bacteria were allowed to infect 
humann neutrophils, and the fluorescence of both wild-type and rough Salmonella 
typhimuriumtyphimurium strains inside the neutrophils was assayed at fixed times by flow 
cytometryy (Figure 2a). Neutrophils infected by wild-type bacteria displayed a 
fluorescencee signal that appeared after 30 min of infection and was maximal at 45 
min.. Although the fluorescence signal observed in neutrophils infected with the 
roughh strain showed the same kinetics as the wild-type strain-infected cells, the 
observedd fluorescence was much lower (Figure 2a,b). Infection rates of both strains 
weree similar, as determined by counting the number of intracellular Salmonella 
bacteriaa after May-Griinwald-Giemsa staining (Figure 2c). The observed 
differencess in fluorescence were not due to varying degrees of DHR labelling of 
thee two strains, since phorbol myristate acetate (PMA) stimulation, resulting in 
vigorouss NADPH oxidase activation and conversion of all DHR present into 
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4 4 Figuree 2 Infection of human neutrophils by wild-
typee and rough Salmonella, a, Kinetics of 
hydrogenn peroxide production induced by wild-
typee and rough Salmonella, b, Confocal 
microscopicc image of infected wild-type and 
roughh Salmonella bacteria at t=60 min. c, Number 
off  intracellular Salmonella bacteria at t=60 min. 
d,, Expression of cell-surface markers at t=60 min. 
Salmonella-infectedd cells were compared with 
uninfectedd cells (PMN) and cytochalasin 
B/fMLP-stimulatedd cells, e, Neutrophil clustering 
afterr wild-type Salmonella infection. 

rhodamine,, showed equal fluorescence of wild-type and rough strain-infected 
neutrophilss (Figure 2a). Together, these data show that at equal infection rates 
wild-typee Salmonella encounters more ROS after infection of human neutrophils 
thann does an LPS mutant strain, which is a strong indication that LPS-mediated 
signallingg results in NADPH oxidase activation. Furthermore, wild-type 
SalmonellaSalmonella infection leads to activation of human neutrophils, as determined by 
expressionn of the cell-surface markers CD10, CDllb, CD14, and CD16 (Figure 
2d).. Clearly, infection of neutrophils with either wild-type or rough Salmonella 
bacteriaa leads to altered expression of activation markers, as compared to 
uninfectedd cells (PMN). However, wild-type Salmonella induced a more 
pronouncedd expression of CDllb and CD 14, while infection with rough bacteria 
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ledd to marked shedding of CD 16 and a slight increase in CD 10 expression. 
Furthermore,, infection with wild-type Salmonella induced clustering of the 
infectedinfected neutrophils (Figure 2e). 

Itt was then investigated whether the differences in fluorescence between 
wild-typee and rough bacteria were due to priming effects of LPS present on the 
wild-typee bacteria via TLR4 expressed on the cell surface of the neutrophils. 
Humann neutrophils express TLR4 at low but detectable levels on their cell surface 
(Figuree 3a). TLR2 expression can also be detected in all donors tested, but the 
expressionn of TLR1 and 6 was variable between donors (Figure 3 a). To inhibit 
TLR44 signalling, a TLR4-blocking monoclonal antibody was used. This antibody 
inhibitss Salmonella LPS-mediated priming of ROS secretion by human neutrophils 
(Figuree 3b). However, pre-incubation of neutrophils with this monoclonal antibody 
hadd no effect on the observed fluorescence after infection with wild-type 
SalmonellaSalmonella (Figure 2a). This suggests that signalling via surface-expressed TLR4 
doess not play a major role in the activation of the NADPH oxidase after Salmonella 
infectionn and that signalling, if mediated by TLR4, occurs largely via an 
intracellularr pool of this receptor, where the antibody is not able to interfere with 
signalling. . 

Sincee it was unknown whether TLRs are localized intracellularly in human 
neutrophils,, attempts were made to determine the subcellular localisation of TLR1, 
2,, 4 and 6 by electron microscopy. This technique showed that TLR1, 2 and 6 
residee both in the azurophil and in the specific granules of neutrophils (Figure 
3c,d,e,f).. Due to poor antibody labelling with different antibodies, electron 
microscopicc analysis of the localisation of TLR4 failed. Therefore, subcellular 
fractionss of human neutrophils were prepared and analysed by Western blotting for 
TLRR expression (Figure 3g). TLR4 was detected in all neutrophil granule fractions, 
provingg the existence of intracellular pools of this receptor. Together with the 
findingfinding that TLR4-blocking antibodies are not able to inhibit the observed NADPH 
oxidasee activity in response to Salmonella infection, these data strongly suggest 
thatt signalling mediated by intracellular TLR4 receptors leads to activation of 
microbicidall  systems in the phagosome. 

Too confirm the involvement of intracellular TLR4 in mediating LPS-
inducedd NADPH oxidase activation, a cell-permeable peptide was used to 
specificallyy block TLR4-mediated signalling. This peptide was originally designed 
too inhibit TLR2 signalling and is composed of the protein transduction domain of 
thee HIV protein TAT and part of the intracellular portion of TLR2, the BB-loop25. 
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TLR ll  TLR2 TLR4 TLR6 

Figuree 3 Localisation of TLRs in human neutrophils, a, Flow cytometric analysis of surface 
expressionn of TLRl, 2, 4 and 6 on neutrophils of two different donors. White peaks represent 
fluorescencee displayed by control IgG stained cells, gray peaks indicate fluorescence displayed by 
anti-TLRR stained cells b, Inhibition of ROS production by a TLR4-specific MoAb. Hydrogen 
peroxidee production by neutrophils was induced by fMLP stimulation after priming with different 
TLRR ligands c,d,e,f, Immuno-electron microscopic analysis of TLRl, 2 and 6 (15 nm gold particles) 
localisationn in human neutrophils. Lactoferrin (Lf) and myeloperoxidase (MPO) (10 nm gold 
particles)) were taken as markers for specific granules and azurophil granules, respectively, arrows 
indicatee TLR localisation. Numbers indicate the percentage of TLR-positive granules displying 
colocalizationn of a TLR with the marker of these granules. For each experiment at least 200 positive 
granuless were analyzed, g, Expression of TLR4 in different neutrophil fractions. 

However,, priming experiments with LPS and the TLR 1/2 and TLR2/6 heterodimer 
ligands,, Pam3CysSK4 and MALP-2, respectively, showed that the peptide is a 
potentt inhibitor of TLR4 signalling and does not inhibit TLR1/2 or TLR2/6 
signallingg (Figure 4a). Furthermore, pull-down assays with a biotinylated form of 
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thiss peptide showed direct binding to TLR4 and not to TLRl, 2 or 6 (Figure 4b). 
Thee inability of the BB-loop peptide to bind to and inhibit signalling via TLR1/2 
andd TLR2/6 heterodimers can be explained by the recent observation that these 
heterodimerss are co-translationally formed26, which may lead to the masking of the 
intracellularr target sequences within TLR1/2 and TLR2/6 heterodimers. 

Pre-treatmentt of human neutrophils with the BB-loop peptide and 
subsequentt infection with DHR-labelled wild-type Salmonella typhimurium 
stronglyy diminished the observed fluorescence in comparison to untreated 
neutrophilss (Figure 4c). A control peptide did not show this inhibitory effect, 
leavingg fluorescence at the level of untreated cells. Neither peptide interfered with 
thee uptake of the bacteria or diminished fluorescence by itself, as determined by 
May-Grünwald-Giemsaa staining (not shown) and PMA stimulation, respectively 
(Figuree 4c). Furthermore, inhibitors of p38MAPK and pERK -SB20358 and 
U01266 respectively- were effective in inhibiting bacterial fluorescence, suggesting 
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Figuree 4 Inhibition of ROS production by a TLR4-specific, cell-permeable peptide, a, 
Hydrogenn peroxide production by neutrophils upon fMLP stimulation after priming with 
differentt TLR ligands. b, Interaction of BB-loop peptide with TLR4 as determined by 
peptidee pull-down, c, Effect of BB-loop peptide and inhibitors of MAPKs, SB20358 
(100 p.g/ml) and U0126 (10 ng/ml) on intracellular hydrogen peroxide production after 
SalmonellaSalmonella infection. 
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thatt  the signal transduction routes leading to activation of the NADPH oxidase by 
thee intracellular  bacteria are similar  to those involved in primin g of this enzyme 
complexx by extracellular  TLR4 stimuli (Figure 4c)27. 

Inn conclusion, these data demonstrate a crucial role for  TLR 4 in 

directt  sensing of intracellular  compartments and subsequent signalling, 

resultingg in full activation of the NADPH oxidase system and subsequent 

killin gg of intracellular  pathogens. 
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