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Abstract 

 

 Human neutrophils were found to express all known TLRs except TLR3 and 

TLR7. IRAK-4-deficient neutrophils were tested for their responsiveness to various 

TLR ligands. Essentially all TLR responses in neutrophils, including the induction of 

ROS generation, adhesion, chemotaxis and IL-8 secretion, were found to be depend-

ent on IRAK-4. Surprisingly, the reactivity towards certain established TLR ligands, 

imiquimod and ODN-CpG, was unaffected by IRAK-4 deficiency, demonstrating 

their TLR-independent activities. TLR-4-dependent signalling in neutrophils was to-

tally dependent on IRAK-4 without any major TRIF-mediated contribution. We did 

not observe any defects in killing capacity of Staphylococcus aureus, Escherichia coli 

and Candida albicans of IRAK-4-deficient neutrophils, suggesting that microbial kill-

ing is primarily TLR-independent.  
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Introduction 

 

 Neutrophils play a central role in the immune response against bacterial and 

fungal infections.1 After migration into the site of infection, neutrophils phagocytose 

the invading pathogens and subject them to a large array of microbicidal compounds 

such as high concentrations of reactive oxygen species, generated by the NADPH 

oxidase, and proteolytic enzymes, which leads to the degradation of the ingested mi-

crobe.1,2 Neutrophils are equipped with pattern recognition receptors (PRRs) such as 

Dectin-13 and Toll-like receptors (TLRs)4 for the recognition of pathogen associated 

molecular patterns (PAMPs) displayed by microbes such as β-glucans and lipopoly-

saccharide (LPS). Most neutrophil functions, including ROS production, IL-8 secre-

tion, motility and apoptosis, can be regulated by TLR signalling.5 Upon ligation of 

TLRs, an adapter molecule known as MyD88 is recruited through interaction of its 

Toll-IL-1 receptor (TIR) domain with the TIR domain located in the cytoplasmic tail 

of TLRs.6 Then, IL-1 receptor-associated kinase (IRAK)-1 and IRAK-4 are recruited 

to the signaling complex by interaction with MyD88.7 This leads to hyperphosphory-

lation of IRAK-1 by IRAK-4 and subsequent recruitment of TNFR-associated factor 

6 (TRAF6).8 The TRAF6/IRAK-1 complex then dissociates from the receptor and 

induces further signaling which ultimately leads to NF-κB and MAPK activity.9 All 

TLRs are believed to generate MyD88-dependent signals, but TLR3 and TLR4 can 

also provide MyD88-independent signalling via TRIF and Tram.10,11 IRAK-4 defi-

ciency in humans has been described to result in several defects in the immune re-

sponses to pathogens, such as a lack of induction of interferon á and â production in 

response to viral stimulation of TLR7, 8 and 912 and a defect in generating a sustained 

antibody response during childhood.13 Moreover, IRAK-4, as well as MyD88, have 

been shown to be pivotal in the negative selection of autoreactive B cells, although 

this defect does not seem to lead to high titers of autoreactive antibodies in these pa-

tients, nor do these patients develop autoimmune diseases.14 

In clinical terms neutrophil defects are suspected in patients suffering from recurrent 

invasive infections caused by Staphylococcus aureus or Gram-negative strains such 

as Pseudomonas aeruginosa and (nontyphoid) Salmonella species − among many 

other but less common and often opportunistic microbes. Chronic granulomatous dis-

ease (CGD) is the most frequently diagnosed phagocyte defect that is associated with 

infections by these pathogens.15 Also in patients with IRAK-4 deficiency a similar 

range of pathogens are met,16 and the occurrence of Shigella sonnei meningitis in a 

patient that had suffered previously from Staphylococcus aureus and Pseudomonas 
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aeruginosa infections, suggested that IRAK-4 may play an important role in human 

neutrophil function.17 Since human neutrophils were reported to express all TLRs 

apart from TLR35 and all TLRs had been described to be defective in functional 

screening tests by shedding of a surface-expressed protein, CD62L, in a series of 

IRAK-4-deficient patients,18 we decided to test the neutrophil functions in IRAK-4 

deficiency in greater detail.  

 

Materials and Methods 

 

Patient History 

The patient is the eldest of 3 siblings born to nonconsanguineous white parents of English 

descent in 1974. As previously described,19 she has a history of skin abscesses caused by 

Staphylococcus aureus, Streptococcus pyogenes and Pseudomonas aeruginosa during early 

childhood. Subsequently, she suffered from an invasive purulent arthritis caused by Strepto-

coccus pneumoniae and Shigella sonnei septicemia/meningitis at 7 and 10 years of age, re-

spectively. Under all conditions she was treated with antibiotics and recovered completely. 

These infectious episodes were not accompanied by acute phase responses. Following the 

clinically noticeable Shigella infection, the patient has had consecutive episodes of invasive 

staphylococcal disease, without systemic illness. Since the age of 26 she had not suffered from 

major infections. The patient is now almost 36 years old and has been doing well since pro-

phylactic antibiotic treatment was stopped several years ago.  

 

Neutrophil NADPH oxidase activity, migration and adhesion  

Heparinized venous blood was collected from healthy donors and from the patient, after ob-

taining informed consent. Blood studies have been approved by the local institutional medical 

ethical committees in accordance with the standards laid down in the 1964 declaration of Hel-

sinki.  

Granulocytes were isolated as described.20,21 Hydrogen peroxide production, chemotaxis and 

adhesion were assessed as previously described.22 TLR agonists were used at the following 

concentrations, unless otherwise noted: LPS/LBP (20 ng/mL, LPS isolated from E.coli strain 

055:B5 was obtained from Sigma Aldrich, St. Louis, MO, USA, LBP 50 ng/ml, from R&D 

Systems) , Pam3Cys-SK4 (20 µg/mL; EMC Microcollections, Tübingen, Germany); MALP-2 

(1 µg/mL, EMC Microcollections); Imiquimod (50 µg/mL; InvivoGen, San Diego, CA, USA); 

Resiquimod (50 µg/mL, Alexis Biochemicals, Lausanne, Switzerland), CpG-ODN (M362, 50 

µg/mL, InvivoGen). As non-TLR ligands TNF-α (10 ng/mL, Peprotech EC, London, UK), 

Platelet-Activating factor (PAF) (1 µM, Sigma), fMLP (1 µM, Sigma), PMA (100 ng/mL 

Sigma) and zymosan (1mg/ml, MP Biomedicals, Solon, OH, USA) were used. Results repre-

sent at least three independent experiments, in which one or two day controls were included.  
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Killing of microorganisms by human neutrophils 

Bactericidal activity of granulocytes was determined as previously described.23 In brief, Es-

cherichia coli (strain ML-35) and Staphylococcus aureus (strain 502A) were grown aerobically 

at 37°C overnight in LB broth. The next day, 1 ml of this culture was added to 30 ml of LB, 

and grown for another 2-3 hrs. Subsequently, the bacteria were collected by centrifugation, 

washed twice in PBS and resuspended in HEPES medium to an OD600 of 1 (i.e. 109 bacteria/

mL). After opsonisation (10% (v/v) pooled serum, 15 min, at 37°C), bacteria were added at a 

ratio of 5 : 1 neutrophil  (4 x 106 cells/mL). At the desired time points, 50-ìL samples were di-

luted in 2.5 mL of water/NaOH at pH 11.0. At the end of the incubation period, the viable bac-

teria in each sample were determined by the pour-plate method in LB agar. The CFU were 

counted after an overnight incubation at 37°C, and the percentage killing was calculated.  

Killing of C. albicans was determined by use of FACS analysis of GFP-expressing cells. It was 

shown before that there is a strong correlation between the GFP-positivity and the ability of 

fungal conidia to germinate.24 C. albicans stably transfected with GFP was a generous gift of 

Dr. Alexander Johnson (Department of Microbiology and Immunology, University of Califor-

nia San Francisco, CA, USA). Yeast was cultured in LB medium overnight at 30°C. Cells were 

collected by centrifugation at 2000 g for 5 min, washed twice in PBS, and suspended to the 

required absorbance at 630 nm. For the actual killing experiments, the yeast to neutrophil ratio 

was 4:1. Samples were analyzed by FACS; GFP-positive cells were considered to be alive. 

 

IL-8 release of neutrophils 

Neutrophils were stimulated overnight with the indicated TLR ligands. IL-8 was measured in the 

supernatants using a Pelikine IL-8 ELISA (Sanquin Reagents, Amsterdam, The Netherlands).  

 

Results and Discussion 

 

 Because of an apparent defect in anti-bacterial immunity in an IRAK-4 deficient pa-

tient the neutrophils from this patient were subjected to a series of functional tests, in which the 

effect of established TLR-specific ligands as well as that of typical TLR-independent stimuli 

was evaluated.  First, we performed respiratory burst assays on isolated neutrophils. IRAK-4-

deficient neutrophils showed normal hydrogen peroxide (H2O2) secretion after stimulation with 

PMA, fMLP stimulation after PAF priming, or serum-treated zymosan (STZ) (Figure 1A). Un-

expectedly, we observed a normal respiratory burst provoked by unopsonized zymosan as well, 

which we anticipated to be impaired since this response is assumed to be TLR2-dependent.3 

Moreover, when performed in the presence of CD11b-blocking antibodies to inhibit the CD11b/

CD18 (CR3)-dependent phagocytosis,22 we found that zymosan-priming of the fMLP-induced 

burst was also normal (Figure 1B), even though secretion of H2O2 is low compared to other 

stimuli. Clearly, zymosan signals in a TLR2/IRAK4-independent manner into the neutrophil.  
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 Other well-defined TLR2-priming agents, PAM3Cys-SK4 (TLR1/TLR2) and 

MALP2 (TLR2/TLR6), were completely ineffective in priming ROS production in 

response to fMLP in IRAK-4-deficient neutrophils (Figure 1B).  

This proved to be true as well for other TLR ligands such as LPS (TLR4) and resiqui-

mod (TLR7 and 8). Poly-IC (TLR3) was unable to activate human neutrophils, which 

is in line with our finding that mRNA transcripts for TLR3 were not detected in these 

cells (Supplementary Table 1).  

 

Figure 1. Various responses in IRAK-4 deficient 

neutrophils. a. Hydrogen peroxide production 

(nmol/min)) by neutrophils (2.5 x 105/ml) in response 

to the indicated stimuli. Maximal activities (mean ± 

SD of 3 experiments) were measured during 30 min 

of incubation. b. Priming of the fMLP-induced respi-

ratory burst by the indicated stimuli. Neutrophils 

were first primed with the indicated stimuli, and then 

stimulated with fMLP. c. Adhesion in response to the 

indicated TLR and non-TLR agonists. d. Chemoki-

nesis induced by various TLR ligands. e. IL-8 release 

of IRAK-4-deficient neutrophils. 
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  Several notable findings were made. First, we found priming of H2O2 secre-

tion in response to ODN-CpG (TLR9) to be unaffected in IRAK-4-deficient neutro-

phils. Recently, it has been postulated that TLR9 can still signal in the absence of 

IRAK-4 in neutrophils through the activation of PI3K in an IRAK-4-independent 

manner in human neutrophils, although the possibility that ODN-CpG signals via an 

alternative receptor on neutrophils was not investigated in that report.25 In fact, the 

kinetics of the fMLP-induced hydrogen peroxide production in response to ODN-

CpG were found to be completely different from that provoked by the other TLR 

ligands, which is also consistent with an alternative activation pathway 

(Supplementary Figure 1). Furthermore, in a report by Doyle et al., ODN-CpG signal-

ling was found to depend on btk, a non-receptor tyrosine kinase expressed in B cells 

and myeloid cells and mutated in X-linked agammaglobulinemia (XLA).26 Therefore, 

we have tested neutrophils of genetically defined XLA-patients but found no differ-

ence in CpG-mediated neutrophil activation (data not shown). 

 

 Secondly, in the assays described above imiquimod (a presumed TLR7 

ligand) was also tested and found to evoke normal responses in IRAK-4-deficient 

neutrophils. Taking into account that resiquimod (TLR7 or TLR8) induces responses 

that are completely IRAK-4 dependent, the observed effects of imiquimod on IRAK-

4-deficient neutrophils are likely to be mediated through an alternative receptor. In-

deed, imiquimod has been shown to be able to affect signaling through adenosine re-

ceptors.27 Furthermore, neutrophils express several members of this family of recep-

tors and their signaling could be expected to influence at least some of the responses 

tested in this study,28 making it likely that the effects induced by imiquimod in IRAK-

4 deficient neutrophils may be dependent on adenosine receptors instead of TLR7. In 

line with this transcripts for TLR7 were undetectable in neutrophils. In contrast, high 

levels were observed of mRNA of TLR8, which appears therefore primarily responsi-

ble for the IRAK-4 dependent effects of resiquimod in neutrophils (Figure 1 & Sup-

plementary Table).  

 Finally, TLR4 in neutrophils seems to be unable to signal via the established 

alternative, TRIF-dependent, MyD88-independent route.29  

In fact, transcripts and proteins for interferon-α/β or CCL4 as commonly tested TRIF-

dependent activation products remained unaffected by LPS in neutrophils, but were 

upregulated in monocytes. Moreover, TRIF was undetectable at the protein level by 

Western blotting, again with monocytes as a positive control (data not shown). 
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 Other neutrophil responses induced by TLR stimulation were also tested. First, adhe-

sion in response to TLR ligands was monitored. The same picture emerged as in the 

NADPH-oxidase priming experiments, responses to LPS either in high concentration or 

in the presence of LPS-binding protein (LBP), PAM3Cys-SK4, MALP2 and resiqui-

mod were blocked in the IRAK-4-deficient neutrophils, whereas ODN-CpG induced 

adhesion to the same extent as in control neutrophils (Figure 1C). Also chemokinesis 

after TLR stimulation proved to be absent in IRAK-4 deficient neutrophils (Figure 1D). 

Finally, IL-8 secretion by IRAK-4-deficient neutrophils proved to be severely de-

creased for the various TLR ligands tested (Figure 1E), which is also in line with previ-

ously published data.25  A very low IL-8 response to ODN-CpG was detected in both 

the control neutrophils as well as in the IRAK-4 neutrophils tested in this study.  

We also tested killing of S. aureus, E. coli, and C. albicans, the latter were tested in 

unopsonized form (Figure 2). No differences in killing were detected between control 

and IRAK-4-deficient neutrophils.  

 Collectively, these data show the complete unresponsiveness of IRAK-4-

deficient neutrophils to stimulation with TLR ligands, such as PAM3Cys-SK4 

(TLR1/2), MALP-2 (TLR2/6), LPS (TLR4) and resiquimod (TLR7/8). This strongly 

supports our conclusion that TLR responses in general, at least in neutrophils, are 

completely IRAK-4-dependent. We believe that it is reasonable to assume, for rea-

Figure 2. Killing of various microbes by IRAK-

4-deficient neutrophils. 

a.,b.,c. Killing of opsonized E. coli, opsonized S. 

aureus and unopsonized C. albicans by IRAK-4-

deficient neutrophils (mean ± SD of 3 experi-

ments). 
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 sons outlined above, that the response to other presumed TLR ligands in neutrophils, 

i.e. imiquimod and ODN-CpG, involves TLR independent pathways. Furthermore, 

the observation that killing of different pathogens by IRAK-4-deficient neutrophils 

was not altered, essentially demonstrates that the intracellular killing of bacteria and 

fungi by neutrophils is independent on recognition by TLRs. Since the clinical mani-

festations of IRAK-4 deficiency become less severe with age, these findings support 

the idea that a strict TLR dependence of pathogen recognition by innate immune cells 

occurs primarily in young individuals. This can probably be compensated for by other 

recognition systems, such as antibodies, that can be acquired during aging.   
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Supplementary table 1 

 

 
 

 

TLR1 3.082.757.031 

TLR2 5.480.299.219 

TLR3 9.090.009 

TLR4 1.295.613.086 

TLR5 361.086.572 

TLR6 1.394.624.512 

TLR7 9.628.761 

TLR8 1.538.464.748 

TLR9 100.239.386 

TLR10 77.695.001 

control probe 7.658.369 

Supplementary Table 1. Relative expression of mRNA. 

Relative mRNA levels of the indicated TLRs were measured by Agilent Whole Human Genome mi-

croarrays (Chapter 4). Numbers represent the means of three individual donors. Expression of a non-

specific control probe was also tested. In general, values below 50.000.000 indicate that a particular gene 

is not expressed.  




