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Abstract 

Previous studies on mouse models have indicated that IL-17 and IL-17-producing T helper 

cells are important for pulmonary host defence against gram-negative bacteria. Human 

correlates to these findings have not yet been demonstrated.  

 

The aim of this study was to determine whether IL-17-producing T helper cells are present 

and whether IL-17 and other Th17-associated cytokines are involved in the immunological 

response to endotoxin in human airways.  

 

We performed segmental exposure to endotoxin and contra-lateral exposure to vehicle in the 

lungs of healthy volunteers, with subsequent bronchoalveolar lavage 12h or 24h after 

exposure, to study local changes in cytokines and inflammatory cells.  

 

Endotoxin exposure increased protein concentrations of IL-17, IL-22 and their down stream 

effector molecules human β-defensin-2 and IL-8/CXCL8 in bronchoalveolar lavage. T helper 

cells with the capacity to produce IL-17 were found among the bronchoalveolar lavage cells 

and expression of IL-17mRNA correlated with expression of the transcription factor RORC2.  

Moreover, endotoxin increased the number of neutrophils, macrophages and IL-17-producing 

T cells, as well as the concentration of Th17-regulating cytokines IL-21 and IL-23. 

In conclusion, IL-17-producing T helper cells are present and IL-17 as well as other Th17-

associated cytokines are involved in the immunological response to endotoxin in human 

airways.  
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Introduction 

Evidence from mouse and rat models suggests that the T cell cytokine IL-17 (also named IL-

17A) is involved in host defence against gram-negative bacteria in several organs including 

the lungs, by linking the activity of certain T helper cells to the local accumulation and 

activity of neutrophils [1-3]. Moreover, the blocking of IL-17-signaling attenuates endotoxin-

induced neutrophilia in mouse airways [4, 5].   

 

Recent studies on peripheral blood mononuclear cells from mice and humans suggest that a 

specific subset of T helper cells, named Th17 cells, can account for the production of IL-17 in 

response to components from gram-negative bacteria [6-9]. These Th17 cells have been 

described as CD4+ memory T cells that express IL-23R and, in addition to IL-17, produce IL-

22 with or without the Th1 cytokine IFNγ [7, 9, 10]. Notably, IL-22 can operate in synergism 

with IL-17 to induce epithelial production of antibacterial peptides, such as β-defensins,  in 

response to bacterial infections [11, 12]. Just like IL-17, IL-22 is regulated by IL-23 and is 

believed to be produced by lymphocytes mainly  [7, 11, 13]. Even though the collective 

evidence for Th17 cells is intriguing and currently compatible with this particular phenotype 

being pathogenically important in chronic lung disorders, it is still unclear whether Th17 cells 

and their cytokines are actually involved in human pulmonary host defence in vivo [14, 15].  

 

Here, we tested the hypothesis that IL-17-producing T helper cells are present and that IL-17 

as well as other Th17-associated cytokines are involved in the immunological response to a 

gram-negative bacterial stimulus in human airways. We did this by using segmental exposure 

to endotoxin from Escherichia Coli and contra-lateral exposure to vehicle in healthy 

volunteers and thereafter assessing IL-17 and other Th17-associated cytokines and related 
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effector molecules in cell-free bronchoalveolar lavage (BAL) fluid with immuno-qPCR or 

ELISA. We also performed an analysis of T cell surface antigens and intracellular proteins 

with flow cytometry on the BAL cells. Moreover, we verified the presence of mRNA for the 

critical Th17 transcription factors RORC2 and ROR-α as well as for IL-17 and IL-22 in the 

BAL cells.  

 

Materials and Methods 

Study subjects 

The study was approved by the Ethics Committee in Gothenburg. Written informed consent 

was obtained from healthy volunteers recruited by advertising. They were all non-smokers 

and non-atopic i.e. negative PhadiatopTM test (Phadia AB, Uppsala Sweden), without any 

regular medication. Each subject attended a first visit for medical examination, spirometry 

and electrocardiogram. All included subjects had a normal ventilatory lung function defined 

as FEV1 >80 % of predicted value, a normal physical examination and electrocardiogram.. 

Endotoxin exposure took place at visit two (bronchoscopy I) and BAL at visit three 

(bronchoscopy II). In total, 12 subjects were included in this study.  

 

Bronchoscopies and BAL sampling  

The clinical protocol for endotoxin exposure and BAL was adapted from O�Grady et al [16]. 

Bronchoscopy I: A balloon-tipped catheter was inserted through the bronchoscope, placed in a 

segmental bronchus and inflated with air to occlude the segments chosen for challenge. Ten 

ml of phosphate-buffered saline (0.9% PBS) followed by 10 ml of air, was then instilled into 

the vehicle segment (either right middle lobe or lingula). The bronchoscope was then retracted 

and moved to the corresponding segment in the contra lateral lung. The occlusion procedure 

was repeated and followed by instillation of endotoxin [USP reference standard Endotoxin 
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from E.coli 0113:H10 (USP, Rockville, MD, USA)] 4ng/kg diluted with PBS up to 10 ml of 

fluid, followed by 10 ml of air. The bronchoscope was then retracted and the head end of the 

operating table was elevated 30° with the subject in place for an hour to minimize spread of 

instilled fluid from the challenged segments.  

Bronchoscopy II: This procedure was performed either 12 h (n=6) or 24 h (n=6) after the first 

bronchoscopy, following the same protocol but with a BAL procedure with 3x50ml of PBS 

instead of endotoxin instillation. Endobronchial photographs were taken bilaterally on both 

occasions to ensure that BAL sampling was performed in the exact same segments that had 

been exposed to endotoxin or vehicle. 

 

Symptom Assessment 

Clinical symptoms were recorded by one research nurse during the first 12h after the first 

bronchoscopy using a questionnaire. Both systemic (malaise, headache) and pulmonary 

(cough, chest pain, mucus) symptoms were assessed and their severity were quantified by the 

subjects as none, mild, moderate, or severe.  

 

Handling of BAL 

Bronchoalveolar lavage samples were centrifuged to separate extracellular fluid from cells 

and cell-free BAL fluid was immediately frozen in -80oC until further analysis. Cells were 

counted and viability estimated through Trypan blue exclusion. Cells were then put on 

cytospin slides or used for flowcytometric analysis. When cell numbers allowed, remaining 

BAL cells were kept in RNA later (RNAlaterTM, Ambion, Austin, TX, USA) in -80oC until 

analysis of mRNA.  

 

Analysis of soluble BAL cytokines 
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The concentration of extracellular IL-17 in cell-free BAL fluid was analysed using immuno-

qPCR [17]. The IL-17 immuno-qPCR was developed specifically for this study in 

collaboration with a commercial biotech company (TATAA Biocenter, Gothenburg, Sweden). 

This method was chosen instead of regular sandwich ELISA because of its higher sensitivity 

(0.9 pg/ml). The procedure was as follows: Robostrips (AJ Roboscreen GmbH, Germany) 

were coated with capture antibody by incubation of 25 µl of anti-human IL-17A (eBioscience 

Cat#14-7178-85, 10 µg/ml) over night at 4°C. The wells were washed three times with wash 

buffer before being blocked with incubation buffer for 1 h at 37°C. After three times of 

washing with wash buffer 25 µl of protein sample was added in triplicates and incubated for 1 

h at room temperature. To obtain a standard curve a dilution series of IL-17A (eBioscience, 

Recombinant human IL-17A Cat#14-8179-62) was added to separate wells in triplicates and 

incubated as the samples. The wells were washed six times with wash buffer and incubated 

with a detection antibody/DNA conjugate (conjugated at TATAA Biocenter, detection 

antibody eBioscience Cat# 14-7179-S), diluted 1 000 times in incubation buffer, for 1 h at 

room temperature. After six times of washing with wash buffer and ten times with MilliQ 

water real-time PCR was run. Real-time PCR was performed on a BioRad iQ5 real-time PCR 

instrument using FastStart Universal SYBR Green Master (ROX) (Roche) with a final primer 

concentration of 0.3 µM and total volume of 25 µl. Cycling conditions were 7 min at 95°C 

followed by 40 cycles of 10 s at 95°C, 20 s at 60°C and 20 s at 72°C.  

All other cytokines, as well as the neutrophil collagenase matrix metalloproteinase-8 (MMP-

8) and human β-defensin-2 , were analysed using sandwich ELISAs;  IL-21 (senstivity 31 

pg/ml), IL-23 (sensitivity 15 pg/ml) (eBioscience, SanDiego, CA, USA), IL-22 (sensitivity 

7.8 pg/ml), IL-8/CXCL8 (sensitivity 3.5 pg/ml), IL-15 (sensitivity 3.9 pg/ml), MMP-8 

(sensitivity 20 pg/ml) (R&D Systems, Minneapolis, USA), human β-defensin-2 (sensitivity 

7.8 pg/ml) (Phoenix Pharmaceuticals, Burlingame, California, USA). Before analysis of IL-



                                                                                                     

 8

15, IL-17, IL-21, IL-22 and IL-23, the cell-free BAL fluid was concentrated 10 to 20-fold 

using Amicon Ultra filters 5k (Millipore, Carrigthwohill, Co. Cork, Ireland). The data in the 

figures show protein concentrations that are transformed so that they correspond to un-

concentrated BAL fluid.  

 

Flow cytometry 

The BAL cells to be analysed for surface markers were stained with direct conjugated 

antibodies CD8 FITC (Becton Dickinson), IL-23R PE (R&D systems, Minneapolis, USA), 

CD3 PerCp (Becton Dickinson), CCR6 APC (R&D systems, Minneapolis, USA), CD4 

Alexa-700 (BD-Pharmingen) and matched isotype controls. Cells analysed for expression of 

intracellular cytokine production were re-stimulated with PMA (Sigma), calcium ionophore 

A23187 (Sigma) in the presence of Golgi stop® (BD Biosciences, San Diego, CA, USA) for 

3h in vitro. Cells were then harvested, and stained with fluorochrome-conjugated antibodies 

(Ab) against CD3, CD4, CD8 and IL-23R as indicated above, and for CD45R0 APC (BD 

Pharmingen) or matched isotype Ab controls. Subsequently cells were fixed, permeabilized 

and stained for IL-17, IFN-γ and IL-22. Antibodies used were IL-17 PE and Alexa 647 

(eBioscience, clone eBio64DEC17), IL-22 PE (R&D systems, Minneapolis, USA), IFN-γ 

APC (BD Pharmingen) and matched isotype Ab controls. Staining for IL-22 was performed 

after 12h (5 subjects) and 24h (3 subjects) of endotoxin exposure. Double-staining for IL-17 

and IFN-γ was also performed repeatedly; 12h (3 subjects) and 24h (4 subjects) after 

endotoxin exposure and double-staining for IL-17 and IL-23R was performed at 12h (1 

subject) and 24h (5 subjects) after endotoxin exposure. All subjects (6 subjects at each time 

point) were double-stained for IL-17 and CD45R0. Cells were analysed in a FACS Aria 

(Becton Dickinson, San Diego, CA, USA). 
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The number of CD4+ T cells per ml BAL fluid with the capacity to produce IL-17 was 

calculated as: Total number of BAL cells per ml times the percentage of CD3+ cells of total 

cells times the percentage of CD4+ of CD3+ cells times the percentage of IL-17+ of CD4+ 

cells.  

 

Real time PCR analysis 

Total RNA purification was performed using RNeasy Mini kit (Qiagen, Hilden, Germany) 

followed by DNase I treatment using TURBO DNA-free kit (Ambion), in accordance with the 

manufacturer�s protocols. Complementary DNA was prepared using random primers and 

reagents from Roche (Basel, Switzerland) using a Gene Amp PCR system 2400 (Perkin 

Elmer, Wellesley, MA, USA). 

 

The real-time PCR amplification assay was performed on a CFX-96TM Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA, USA) using sequence specific primers (TIB 

MOLBIOL Syntheslabor GmbH, Berlin, Germany) and Light Cycler® 480 SYBR Green I 

Master (Roche). Target genes were normalised to reference gene hypoxanthine guanine 

phosphoribol transferase (HPRT) using CFX ManagerTM Software (Bio-Rad). Primer 

sequences are shown in Table E1 in the online supplement.  

 

Statistical analysis 

Differences between sample values from the endotoxin-exposed and vehicle-exposed sides of 

the lung were analyzed using Wilcoxon signed ranks test or the Mann Whitney test, as 

appropriate. Correlations were calculated using Spearman rank coefficient. A p-value <0.05 

was used as indicator of statistical significance. n refers to the number of independent 

observations (equals number of subjects). 
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Results 

Symptom assessment 

In all subjects but one, both systemic and local symptoms were mild during the first 12h of 

observation after endotoxin exposure. (See Table E2 in the online supplement)  

 

Leukocyte influx  

Twelve hours after endotoxin exposure, there was a substantial increase in the concentration 

of total cells (17-fold), neutrophils (77-fold), macrophages (6.5-fold) and lymphocytes (10-

fold) in BAL samples (See Figure 1a and Table E3 in the online supplement). The impact of 

endotoxin on cell numbers was still present 24h after exposure (Figure 1b and Table E3 in the 

online supplement). 

 

Increase in IL-17and IL-22  

Cell-free BAL fluid samples from the endotoxin-exposed segment displayed an increase in 

the extracellular concentration of IL-17 protein compared with the vehicle-exposed segment 

in all study subjects at 12h after exposure (p=0.031) (Fig 2a) and in 5 of 6 subjects 24h after 

exposure (Fig 2b). In analogy, there was an increase in the concentration of IL-22 at 12h 

(p=0.031) (Fig 2c) and 24h (p=0.031) after endotoxin exposure (Fig 2d).  

 

Increase in cytokines upstream of IL-17  

Because the production of both IL-17 and IL-22 is stimulated by IL-23 and Th17 cells may be 

influenced by IL-21 and IL-15, we assessed these three up-stream cytokines in our BAL fluid 

samples. We found increased concentrations of IL-23 (p=0.031) (Fig 3a, b) and IL-21 
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(p=0.031) (Fig 3c, d) at 12h but not at 24h after endotoxin exposure. In contrast, the 

concentrations of IL-15 were decreased at 12 h after endotoxin exposure (p=0.031) (Fig 3e, f). 

 

Presence of mRNA for IL-17, IL-22 and transcription factors in BAL cells 

To confirm the presence of mRNA for IL-17, IL-22 and transcription factors RORC2 and 

ROR-α, we performed mRNA analysis of BAL cells. Due to the smaller number of cells in 

BAL from the vehicle-exposed segment of the lung, this mRNA analysis was performed on 

BAL cells from the endotoxin-exposed segment only. The mRNA analysis revealed presence 

of mRNA for IL-17, IL-22 as well as of the transcription factors RORC2 and ROR-α in all of 

the analyzed subjects. In these BAL cell samples from the endotoxin-exposed segment, the 

quantity of mRNA for IL-17 correlated strongly with the quantity of mRNA for RORC2 (Fig 

4a). In contrast, in the same samples, there was no strong or statistically significant correlation 

between the quantity of mRNA for IL-17 and the quantity of mRNA for ROR-α (Fig 4b). 

 

IL-17-producing T helper cells in BAL 

To identify IL-17 producing T cells in the airways, we harvested BAL cells in vivo and 

performed flow cytometry analysis after 3h of subsequent stimulation with PMA ionomycin 

in vitro, in the presence of the protein secretion blocking agent monensin. The intracellular 

staining with IL-17 Ab together with additional Ab against T cell markers revealed that all IL-

17-producing T cells were of CD4 origin. Twelve hours after exposure, the percentage of 

CD3+CD4+ cells with the capacity to produce IL-17 after in vitro stimulation  was 5 (4-11) 

(median with range) in BAL samples from the vehicle-exposed segments and 4 (3-12) in BAL 

from the endotoxin-exposed segments. The corresponding percentages for twenty-four h after 

endotoxin exposure were 5 (2-8) in BAL samples from the vehicle-exposed segments and 5 

(3-8) BAL from the endotoxin-exposed segments. Endotoxin exposure increased the number 



                                                                                                     

 12

(median and range) of CD4+ T cells with the capacity to produce IL-17 in BAL samples: 

from 347 (154-489) in vehicle-exposed segments to 1534 (1045-5752) in the endotoxin-

exposed segments at 12h and from 187 (169-497) in vehicle-exposed segments to 3212 (700-

5502) in the endotoxin-exposed segments at 24h.  The IL-17+ T cells were all CD45R0+, 

indicating memory T cells (Fig 5). However, unexpectedly, all the T cells staining positive for 

IL-17 lacked IL-23R expression, in BAL both from the endotoxin-exposed and vehicle-

exposed segments. Instead, IL-23R was present on IL-17-negative cells only (Fig 5 and Fig 

1E in the online supplement). Notably, the IL-17+ cells did not stain positive for IL-22 and the 

vast majority of the IL-17-producing BAL cells were not producing IFN-γ (Fig 5). Even in IL-

17-negative T cells, we found no reproducible positive signal for intracellular IL-22 protein, 

neither in BAL samples from the vehicle-exposed segments nor in BAL samples from the 

endotoxin-exposed segments, at 12 or 24 h after exposure. The percentage of IL-23R+ as well 

as CD45R0+ and CCR6+ T cells in BAL samples before any stimulation in vitro is shown in 

Table E4 in the online supplement.  

 

Increase in effector molecules down-stream of IL-17 and IL-22 

The extracellular concentrations of the C-X-C chemokine IL-8/CXCL8, a well-known down-

stream effector molecule of IL-17, were clearly elevated in BAL samples from the endotoxin-

exposed segments at 12h but not at 24h after exposure (Fig 6a, b). In addition, the 

extracellular concentrations of MMP-8 were markedly higher in BAL samples from 

endotoxin-exposed segments, both at 12h and 24h after exposure (Fig 6c, d). It has been 

described that IL-17 and IL-22 up-regulate the expression of human β-defensin-2 in a 

synergistic manner during infection and we therefore assessed the extracellular concentrations 

of this antimicrobial peptide as well. The concentrations of human β-defensin-2 were 
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increased in all cell-free BAL samples from the endotoxin-exposed segments, at both 12h and 

24h after exposure (Fig 6e, f). 

 

Discussion 

Utilising segmental endotoxin exposure with contra-lateral exposure to vehicle in the lungs of 

human healthy volunteers, we found that one, single exposure to endotoxin results in an 

accumulation of lymphocytes in the bronchoalveolar space; among these we identified CD3+ 

CD4+ CD45R0+ cells with the capacity to produce IL-17. We also found that the endotoxin 

exposure increases the extracellular protein concentrations of IL-17 and IL-22, as well as IL-

21 and IL-23, two up-stream regulators of Th17 cells. Moreover, we found an endotoxin-

induced increase in the neutrophil-associated down-stream effector molecules IL-8/CXCL8 

and the neutrophil collagenase MMP-8, as well as a substantial increase in the number of 

neutrophils in the BAL samples. In addition, human β-defensin-2, another key mediator in 

host defence, was increased in the BAL samples.  

 

This study on healthy volunteers is the first one to conclusively demonstrate that there is 

production of IL-17 protein in memory T helper cells from human BAL samples. This 

observation, together with the endotoxin-induced increase in extracellular concentration of IL-

17 protein and in number of T helper cells, as well as in neutrophils, now shows that IL-17-

producing T helper cells are indeed involved in the immunological response to endotoxin in 

human airways. The presence of IL-17 mRNA in the BAL cells provides additional support 

for the production of IL-17 in these BAL T helper cells.  In spite of this, we can not rule out 

the involvement of T cells positioned outside the bronchoalveolar space, e.g. in the lung 

tissue, in the production and release of the IL-17 protein that we detect in the current study 
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[18, 19].  Nor can we rule out an additional involvement of cell types other than T cells, in the 

production and release of the IL-17 protein that we found in BAL samples [19]. 

 

Even though the current findings on humans cannot be predicted from previous studies on 

mouse models in vivo, they are fully compatible with these studies [4, 5, 18, 19]. They are 

also compatible with our own, previous studies on the impact of organic dust on healthy 

volunteers [20, 21]. Collectively, these studies all indicate the involvement of local IL-17-

producing cells during the first 1-2 days of induced neutrophil accumulation in the airways of 

mammals. 

 

Although IL-17 has already been implicated in inflammatory lung disorders of humans [22-

26] and IL-17 protein and/or IL-17 mRNA has been detected locally in these disorders, the 

presence of IL-17-containing memory T helper cells has not previously been demonstrated in 

association with increased IL-17 production in the human lungs. The phenotype of the IL-17-

containing T cells demonstrated in our current study does resemble what has previously been 

described for Th17 cells [7, 10, 27] with respect to these cells being CD4+ memory cells. 

However, the lack of expression of IL-22 and IL-23R on these IL-17-producing T helper cells 

makes it premature to define them as Th17 cells without further characterization. With this in 

mind, it is interesting to note that there is previous evidence, fully in line with our current 

data, on the presence of T helper cells that produce IL-17 but not IL-22 in studies on blood 

cells during mycobacterial infection [28] and on skin in psoriasis and atopic dermatitis [29]. 

The soluble IL-22 protein that we found in cell-free BAL samples may originate from cells 

other than T-cells, such as lung macrophages, which has been implicated as possible IL-22 

producers in a previous study on humans [30].  
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The fact that we did not detect IL-23R on the IL-17-producing T helper cells deserves 

attention. Since we detected IL-23R on CD4+ T cells, both before and after additional 

stimulation in vitro, technical artefacts appear to be an unlikely explanation of our negative 

findings. Interestingly, very few studies on humans have actually proven co-localisation of 

IL-17 and IL-23R protein on tissue T-cells. One study addressed IL-23R expression on human 

T helper cells from the gut after stimulation in vitro, using anti-CD3 and anti-CD28. In that 

study,  it was claimed that the IL-17 producing cells express IL-23R mRNA but no 

corresponding data on IL-23R protein was actually shown [31]. Moreover, a study on 

peripheral blood mononuclear cells from patients with rheumatoid arthritis and ankylosing 

spondylitis showed that approximately 50% of the IL-17-containing T helper cells express IL-

23R protein while the rest do not [32]. Compatible with our current findings, a study on 

human blood cells differentiated in vivo, indicates that both IL-23R+ and IL-23R- fractions of 

T helper cells can produce IL-17 protein when re-stimulated in vitro [27]. On one hand, this 

suggests that IL-23R does not have to be present at the specific time point when T helper cells 

produce IL-17. On the other hand, IL-23 is believed to be an important cytokine in the 

stabilisation of the Th17 phenotype [33, 34]. Moreover, a recent study on IL-23R knockout 

and chimera mice suggests that IL-23 is involved in the late phase of differentiation, rather 

than being required for effector functions of Th17 cells [35]. In view of these findings, it is 

possible that the IL-17-producing T helper cells in human airways are fully differentiated 

effector cells no longer in need of expressing IL-23R protein on their surface to be able to 

produce and release IL-17 protein.  

 

IL-21, one of the Th17-associated cytokines that we assessed, is believed to be of importance 

for the stabilisation of the Th17 phenotype and for the expression of the transcription factor 

RORC2 [34, 36, 37]. We found that, as for IL-23, segmental endotoxin exposure increased 
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extracellular concentrations of IL-21 in cell-free BAL samples 12h after this exposure. 

Notably, the increase in IL-21 and IL-23 protein was transient; the concentrations of both 

these cytokines were more or less back at their baseline levels again after 24h. This time 

course pattern suggests a rapid response for the initiation of IL-17 and IL-22 production; a 

production that was still ongoing 24h after endotoxin exposure. Moreover, when quantifying 

mRNA for the transcription factor RORC2 and for IL-17, respectively, we found a strong 

correlation between these two end points; an observation which is compatible with a critical 

role for RORC2 in the transcription of IL-17 in human lungs. Interestingly, we found no such 

correlation for mRNA of ROR-α and IL-17, which is compatible with ROR-α being of lesser 

importance for IL-17 transcription in human lungs, at least in response to endotoxin.  

 

In contrast to IL-21, endotoxin exposure did not increase IL-15, a cytokine believed to be 

involved in both innate and acquired immunity [38, 39]. Our rationale for measuring IL-15 

was that previous studies suggest that this cytokine can function as a trigger of IL-17 secretion 

in human peripheral blood mononuclear cells cultured in vitro [40]. Also,  IL-15 mRNA has 

been found in BAL cells of mice after exposure to endotoxin [4]. However, the results in our 

current study actually revealed somewhat lower concentrations of IL-15 in cell-free BAL 

fluid from endotoxin-exposed segments. It can be speculated that the explanation for this 

finding is related to IL-15 regulating the balance between T-regulatory and Th17 cell 

populations [41]. 

 

Both IL-17 and IL-22 have been shown to play important roles for inducing anti-bacterial 

activity in epithelial cells, through the production of antimicrobial proteins. The potentially 

critical importance of this defence mechanism during bacterial infection caused by gram-

negative species was recently demonstrated in a study on mice infected by Klebsiella 
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pneumonie [42]. In our current study, the concentration of the antimicrobial peptide human β-

defensin-2 was substantially increased after endotoxin exposure. Thus, the presence of human 

β-defensin-2 in the human lung may serve at least two purposes: to function as an 

antimicrobial peptide and to act as a chemoattractant for T cells expressing the chemokine 

receptor CCR6 which was present on a subpopulation of BAL T helper cells from both 

endotoxin- and vehicle-exposed lung segments in our study.  

 

In the BAL samples from endotoxin-exposed segments, the extracellular concentrations of the 

potent chemokine IL-8/CXCL8, as well as the number of neutrophils, were substantially 

higher than in the corresponding samples from vehicle-exposed segments. In addition, the 

extracellular concentrations of the neutrophil collagenase, MMP-8, was markedly increased in 

BAL samples from endotoxin-exposed segments. Even if we cannot prove the cause effect-

relationship for IL-17 in this respect, our observations are fully compatible with IL-17 

contributing to the accumulation of active neutrophils in human airways, given the increase in 

IL-17 protein that we demonstrate as well.  Future studies are warranted to generate definitive 

evidence for this in human lungs. 

 

In spite of the clear statistical significance we demonstrate for all key findings, it could be 

argued that the observed concentrations of IL-17 were relatively low and that the endotoxin-

induced increase in IL-17 concentration was modest. However, given the fact that the BAL 

procedure per se introduces a tremendous dilution of certain micro-compartments in the 

airways, including the compartment of the bronchial epithelial lining fluid, this argument does 

not diminish the potential biological significance of our current findings. 
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In conclusion, IL-17-producing memory T helper cells are present and IL-17 as well as other 

Th17-associated cytokines such as IL-21 and IL-22 are involved in the immunological 

response to endotoxin in human airways. We believe that the most important aspect of our 

current findings is that we now prove that there is a human in vivo correlate to the IL-17-

producing cells that have previously been demonstrated in several studies on mouse lungs 

after bacterial stimulation. Our current findings thereby provide a rationale for a more in-

depth characterisation of IL-17-producing memory T helper cells in human lung disease. 
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Figure legends 

 

Figure 1 

Cell concentrations in BAL samples (106 cells/ml) at 12h (a) and 24h (b). Data calculated 

from differential counts of lymphocytes (lymph), macrophages (mac) and neutrophils (neutro) 

and total number of BAL cells from endotoxin exposed (E) and vehicle exposed (VEH) 

segments. Data from human healthy volunteers (n=6 at 12 and 24 h respectively) shown as 

boxplots where whiskers represent minimum to maximum values.  

 

 

Figure 2 
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Extracellular IL-17 and IL-22 are increased after endotoxin exposure (a, b) Extracellular IL-

17 (immuno-q-PCR) and IL-22 protein (ELISA) in cell-free BAL fluid from endotoxin- (E, 4 

ng/kg) and vehicle-exposed (VEH) segments. Data from human healthy volunteers (n=6 at 12 

and 24 h respectively) presented as median (lines) with individual values (dots). * indicates p-

value < 0.05, Wilcoxon signed ranks test.  

 

 

Figure 3 

Increase in IL-23 (a, b) and IL-21 (c, d) but not in IL-15 (e, f) at 12h after endotoxin exposure. 

 Extracellular  IL-23, IL-21 and IL-15 protein (ELISA) in cell-free BAL fluid from endotoxin- 

and vehicle-exposed segments. Data from human healthy volunteers (n=6 at 12 and 24 h 

respectively) presented as median (lines) with individual values (dots). * indicates p-value < 

0.05 Wilcoxon signed ranks test. 
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Figure 4 

Expression of RORC2 mRNA (q-PCR) correlates with IL-17mRNA in BAL cells from 

endotoxin exposed lung segments (a), while RORα does not (b). Rho and p-values according 

to Spearman rank correlation are shown in graph. 
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Figure 5 

CD3+ CD4+ IL-17+ BAL cells express CD45R0 but not IL-23R, IFN-γ or IL-22. Flow 

cytometry dot plots are gated on CD3+CD4+ BAL cells in one representative subject and show 

staining of cells with CD45R0, IL-23R, IL-22 and IFN-γ together with IL-17 (left panel) and 

staining with their respective isotype controls (i.c.) (right panel) . Before flowcytometric 

analysis, BAL cells were stimulated in vitro for 3h in the presence of PMA, ionomycin and 

monensin. 
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Figure 6 

Downstream effector cytokines of IL-17 increased after endotoxin exposure. Extracellular IL-

8/CXCL8 (a, b), MMP-8 (c, d) and human β-defensin 2 protein (e, f) (ELISA) in cell free 

BAL fluid from endotoxin- and vehicle-exposed segments. Data from human healthy 

volunteers (n=6 at 12 and 24 h respectively) presented as median (lines) with individual 

values (dots). * indicates p-value < 0.05, Wilcoxon signed rank test. 
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