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Role of IL-17A, IL-17F, and the IL-17 Receptor in RegulatingGrowth-Related Oncogene-α and Granulocyte Colony-StimulatingFactor in Bronchial Epithelium: Implications for AirwayInflammation in Cystic Fibrosis1
 Florencia McAllister*, Adam Henry†, James L. Kreindler*, Patricia J. Dubin*, Lauren Ulrich*,Chad Steele*, Jonathan D. Finder*, Joseph M. Pilewski†, Beatriz M. Carreno‡, Samuel J.Goldman‡, Jaana Pirhonen§, and Jay K. Kolls2,*
 *Lung Immunology and Host Defense Laboratory, Department of Pediatrics †Division of Pulmonary,Allergy, and Critical Care Medicine, Department of Medicine, University of Pittsburgh, Pittsburgh,PA 15213 ‡Wyeth Research, Cambridge, MA 02140 §Department of Microbiology, National PublicHealth Institute, Helsinki, Finland
 AbstractIL-17R signaling is critical for pulmonary neutrophil recruitment and host defense against Gram-negative bacteria through the coordinated release of G-CSF and CXC chemokine elaboration. In thisstudy, we show that IL-17R is localized to basal airway cells in human lung tissue, and functionalIL-17R signaling occurs on the basolateral surface of human bronchial epithelial (HBE) cells. IL-17Aand IL-17F were potent inducers of growth-related oncogene-α and G-CSF in HBE cells, andsignificant synergism was observed with TNF-α largely due to signaling via TNFRI. The activitiesof both IL-17A and IL-17F were blocked by a specific anti-IL-17R Ab, but only IL-17A was blockedwith a soluble IL-17R, suggesting that cell membrane IL-17R is required for signaling by both IL-17Aand IL-17F. Because IL-17A and IL-17F both regulate lung neutrophil recruitment, we measuredthese molecules as well as the proximal regulator IL-23p19 in the sputum of patients with cysticfibrosis (CF) undergoing pulmonary exacerbation. We found significantly elevated levels of thesemolecules in the sputum of patients with CF who were colonized with Pseudomonas aeruginosa atthe time of pulmonary exacerbation, and the levels declined with therapy directed against P.aeruginosa. IL-23 and the downstream cytokines IL-17A and IL-17F are critical molecules forproinflammatory gene expression in HBE cells and are likely involved in the proinflammatorycytokine network involved with CF pathogenesis.
 IL-17 is a proinflammatory cytokine that regulates both granulopoiesis and recruitment ofneutrophils into sites of inflammation (1–5). This is due in part to the ability of IL-17A toinduce the release of CXC chemokines (4,6,7) as well as regulate the expression of G-CSF(2,7,8), a critical granulopoietic growth factor. Mice with a homozygous deletion of the IL-17Rhave enhanced lethality, defective neutrophil recruitment, and granulopoiesis to experimentalGram-negative pneumonia (2), whereas they do not have an increased susceptibility tointracellular infections caused by Listeria monocytogenes or Mycobacteria tuberculosis (our
 1This work was supported by Public Health Service Grants HL061271 and HL062052 (to J.K.K.).2 Address correspondence and reprint requests to Dr. Jay K. Kolls, Children's Hospital of Pittsburgh, Suite 3765, 3705 Fifth Avenue,Pittsburgh, PA 15213. [email protected]: The authors have no financial conflict of interest.
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unpublished observations). This defect in host defense is likely due in part to a >90% reductionin G-CSF in response to Gram-negative bacterial challenge in IL-17R-deficient mice comparedwith control mice as well as a significantly attenuated granulopoietic response to infection(2). Recently, five other members of the IL-17 family have been described (6,9–13) with IL-17F(10,14) having the closest sequence homology (58% at the protein level) as well as similarinduction of CXC chemokines and neutrophil mobilization as IL-17 (12). IL-17A and IL-17Flie immediately downstream from each other on mouse chromosome 1 and human chromosome6, and both cytokines are induced by T cells in response to IL-23 (15–17). Furthermore, IL-17Aand IL-17F are induced in a similar time course in the lung, in experimental animal model ofGram-negative pneumonia (our unpublished observations). Due to similar biological activity,there has been speculation whether both IL-17A and IL-17F signal via the IL-17R, althoughIL-17F has at least an order of magnitude lower affinity for IL-17R than IL-17 (14).
 Based on these data, we undertook studies to immunolocalize the IL-17R in human lung andinvestigate growth factor and chemokine induction by both IL-17 and IL-17F in polarizedhuman bronchial epithelial (HBE)3 cells grown at an air-liquid interface (18). In human lung,the IL-17R is expressed in respiratory epithelial cells as well as in lung parenchymal cells. Thegreatest expression was observed on the basolateral surfaces of respiratory epithelial cells inlung tissue. Based on these data, studies designed to investigate apical vs basolateral signalingby IL-17A and IL-17F revealed that growth factor induction was significantly more potentwith basolateral-supplied ligand. HBE cell supernatants were screened using Luminex cytokinebeads, which assay IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-17,G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1b, and TNF-α, as well as growth-related oncogene(GRO)-α by ELISA. Among these cytokines/chemokines, we observed the greatest inductionof GRO-α, G-CSF, IL-6, and IL-8 in HBE cells from at least seven donors. In each case, theresponse to both IL-17A and IL-17F was always greater with basolaterally applied ligand, andthere was significant attenuation of cytokine/chemokine induction by blocking IL-17R with aneutralizing mAb. IL-17A and IL-17F had synergistic induction of GRO-α and G-CSF whencombined with TNF-α. Both TNFRI and TNFRII were immunolocalized to the cell surfacebelow apical tight junctions, and functional synergy occurred only with TNF-α appliedbasolaterally to HBE cells. Furthermore, this synergism was blocked by an anti-TNFRI Ab,demonstrating the critical role of this TNFR in IL-17A and IL-17F synergy. Moreover, thebioactivity of IL-17A and IL-17F were blocked with an anti-IL-17R mAb, whereas a solubleIL-17R only blocked IL-17A. These data suggest that cell surface IL-17R is critical for IL-17Aand IL-17F bioactivity, but the ligand binding affinity of IL-17F for soluble IL-17R is notstrong enough to permit effective neutralization. Finally, because IL-17A has been shown tobe as critical for neutrophil recruitment in response to Gram-negative bacteria in the lung, weassayed IL-17A and IL-17F in the sputum of consecutive adult patients with cystic fibrosis(CF) undergoing a pulmonary exacerbation. We choose CF because these patients are mostoften colonized with Gram-negatives, and CF is characterized by chronic neutrophilicinflammation (19). IL-17A and IL-17F were detectable in all patients on day 1 ofhospitalization and showed a significant decline with treatment of the pulmonary exacerbation.Taken together, these data demonstrate that IL-17R signaling occurs basolaterally in HBE cells,resulting in CXC chemokines and granulopoietic factors, which result in neutrophil recruitmentand may be critical in endobronchial infection as observed in patients with CF. Moreover, useof a soluble IL-17R is specific to inhibit IL-17A bioactivity but not IL-17F, whereas targetingthe cell surface receptor anti-IL-17R mAb would likely inhibit both IL-17A and IL-17F.
 3Abbreviations used in this paper: HBE, human bronchial epithelial; GRO, growth-related oncogene; CF, cystic fibrosis; MCP, monocytechemoattractant protein; ATB, antibiotics.
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Materials and MethodsPrimary cell culture from human airway tissues
 HBE cells were isolated from native lungs of transplant recipients, or unused sections of thedonor lungs as described previously (20). Airways were dissected from surrounding adventitialtissue and placed in ice-cold HEPES-buffered MEM containing penicillin, streptomycin, andamphotericin B. After multiple washes with cold HBSS, cartilaginous airway segments werecut longitudinally and incubated overnight at 4°C in 0.1% protease XIV (Sigma-Aldrich).Airway epithelial cells were obtained by gently scraping the epithelium with the blunt end offorceps. Recovered cells were plated on type IV human placental collagen (Sigma-Aldrich)-coated tissue culture plates in 1:1 mixture of bronchial epithelial growth medium (Cambrex)and keratinocyte serum-free medium (Invitrogen Life Technologies). After 5–7 days underthese conditions, cells were trypsinized, washed in HBSS, and seeded onto type IV humanplacental collagen-coated Corning/Costar Transwell filters at 100% confluence in bronchialepithelial growth medium/keratinocyte serum-free medium. After 24 h, cells were placed atair-liquid interface by removing apical media from the Transwell filter, and basolateral mediawere replaced with DMEM-F12 (Invitrogen Life Technologies) containing 2% Ultroser G(BioSepra) to promote differentiation. Under biphasic culture conditions, a mucociliaryepithelium with the formation of cilia and mucus-secreting granules was observed. The cultureswere deprived of serum 24 h before initiating cytokine treatment.
 Cytokines and Ab treatmentIL-17A and IL-17F (R&D Systems) were dissolved in DMEM-F12 and added directly to boththe apical and/or basal surfaces of primary HBE cultures at concentrations of 0, 1, 10, and 100ng/ml. TNF-α (BioSource International) was used at a concentration of 1 ng/ml. For IL-17Rneutralizing studies, a monoclonal anti-human IL-17R Ab or mouse IgG1 isotype control(R&D Systems) was added to the cultures at 2 μg/ml, which is 10-fold the ED50 to block IL-17-mediated IL-6 secretion in human dermal fibroblasts. A recombinant human IL-17R:Fcchimera (used at 1 μg/ml) was also purchased from R&D Systems. For TNFRs neutralizationstudies, we used anti-human TNF-RI (BioSource International) at a concentration of 10 μg/mland/or recombinant human TNF-RII:Fc chimera (R&D Systems) at 0.5 μg/ml.
 Bio-Plex and ELISA measurementsA Bio-Plex human cytokine assay (Bio-Rad) for simultaneous quantitation of IL-1β, IL-2, IL-4,IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-17, G-CSF, GM-CSF, IFN-γ, monocytechemoattractant protein (MCP)-1, MIP-1b, and TNF-α in apical and basolateral media was runaccording to the recommended procedure. G-CSF and GRO-α were measured using separateELISA kits (R&D Systems), following the manufacturer's instructions. Human IL-17F wasmeasured using Abs provided by Wyeth.
 ImmunohistochemistryAnti-human IL-17R Ab (Santa Cruz Biotechnology) was used to characterize the expressionof IL-17R on respiratory epithelial cells from human lung tissue sections. The staining wasconducted using Cy-3-conjugated rabbit anti-goat as secondary Ab (Sigma-Aldrich) andFluoromount G as mounting medium. Rabbit serum was used for blocking prestaining. Thestaining photographs were captured by a camera attached to an Olympus Provis fluorescentmicroscope, and images were further analyzed with Magnafire software (Olympus).
 To characterize the expression of TNFRs I and II on polarized HBE cells grown on air-liquidinterface, we used mouse anti-human TNF-RI and TNF-RII mAbs (R&D Systems) and Alexa488 goat anti-mouse as secondary Ab (Molecular Probes). Finally, we used ProLong Gold
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antifade with 4′,6′-diamidino-2-phenylindole as mounting medium (Molecular Probes). Wecaptured the images by a camera attached to an Axioplan 2 universal imaging microscope(Intelligent Imaging Innovations) and further analyzed them with SlideBook 4.0 (IntelligentImaging Innovations) and MetaMorph (Universal Imaging) software.
 Human subjectsAdult patients with CF (mean age, 22 years) who were colonized with Pseudomonasaeruginosa and undergoing pulmonary exacerbation and requiring hospitalization wereenrolled in a study to measure biomarkers of inflammation in sputum on days 1, 10, and 20after initiation of antibiotics and intensified respiratory therapy. Sputum samples wereprocessed using Sputolysin (Dade Behring). Briefly, 1 ml of 10% Sputolysin was added per 1mg of sputum, and the sample was incubated for 5 min at 37°C with vigorous shaking andmixed vigorously with a transfer pipette. Samples were then centrifuged at 2000 × g rpm for5 min at 4°C, and the supernatants were assayed by Bio-Plex and ELISA. All subjects gavewritten informed consent to procedures, and the study was approved by the local InstitutionalReview Board.
 Western blot analysisWestern blot samples from processed sputum were separated (12.4 μg of protein per lane) onSDS-PAGE. Protein separated on gels were transferred onto Immobilon-P membranes(Millipore) at 140 mA for 1 h. The membranes were blocked overnight at 4°C with PBScontaining 5% BSA. The blots were stained with anti-p19 Ab (rabbit anti-human) for 1 h atroom temperature and developed by incubation with a secondary alkaline phosphatase-conjugated goat anti-rabbit IgG (Bio-Rad) and 5-bromo-4-chloro-3-indolyl phosphate/NBTreagent (Bio-Rad).
 Statistical analysisData were analyzed using StatView statistical software (Brain Power). Comparisons betweengroups where data were normally distributed were made with Student's t test, and comparisonsamong multiple groups or nonparametric data were made with ANOVA. Scheffe's test was thepost hoc test used. The Mann-Whitney U test or the Wilcoxon paired-sample test was used tomake ordinal comparisons. Significance was accepted at a p value of <0.05.
 ResultsIL-17A and IL-17F up-regulate G-CSF, GRO-α, and MCP-1 in HBE cells: kinetic studies
 Using Bio-Plex and ELISA, we screened both apical and basolateral media for cytokines/chemokines regulated by IL-17A and IL-17F in human primary bronchial epithelial cells grownat the air-liquid interface (see Material and Methods). In addition to IL-8 and IL-6, two factorsalready reported to be induced by IL-17A (data not shown), we detected a significant inductionin G-CSF, GRO-α, and MCP-1 secretion at 24 h in primary HBE cells treated with IL-17A andIL-17F (Table I). Due to variability in the absolute amount of growth factor secreted fromdifferent airway donors, remaining data are graphed as fold induction. These effects were dosedependent (Fig. 1A, and Table I) with a maximal effect observed at a concentration of 100 ng/ml. IL-17A was more potent than IL-17F on a mass basis to induce G-CSF, GRO-α, and MCP-1at 24 h. A time course performed with 10 ng/ml IL-17A and IL-17F showed that the effect ofIL-17A and IL-17F on G-CSF, GRO-α, and MCP-1 were time dependent (Fig. 1B) with amaximum effect at 24 h. Based on these kinetic studies, we performed most of the nextexperiments using a concentration of IL-17A or IL-17F of 10 ng/ml and a incubation time of24 h.
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IL-17F is synergistic with TNF-α for G-CSF and GRO-α secretionBecause synergy of IL-17A with TNF-α has been reported, we determined the effect ofcombining IL-17F (10 ng/ml) and TNF-α (1 ng/ml) to up-regulate G-CSF and GRO-α secretionby primary HBE cells. Optimal concentration of cytokines had been determined in previousexperiments (data not shown). HBE cells showed a synergistic effect in GRO-α and G-CSFsecretion when IL-17F was combined with TNF-α for 24 h (Fig. 2, A and B). This synergisticeffect was neutralized by preincubating the stimulating cytokine mixture with an anti-IL-17RmAb, but not with a soluble IL-17R:Fc chimera recombinant protein or an isotype-matchedcontrol Ab (isotype data not shown). However, both anti-IL-17R mAb and soluble IL-17R:Fcproteins were effective in inhibiting IL-17A-induced increases in G-CSF (Fig. 2C). These datastrongly suggest that membrane IL-17R is critical for both IL-17A and IL-17F-induced G-CSFresponses.
 GRO-α and G-CSF secretion induced by IL-17A and IL-17F is decreased by anti-IL-17R AbTo determine polarization of GRO-α and G-CSF secretion in response to IL-17A and IL-17F,primary HBE cells were stimulated with IL-17A and IL-17F for 24 h, and GRO-α and G-CSFwere assayed in apical or basolateral fluid. Both GRO-α and G-CSF were secreted both apicallyand basolaterally, with GRO-α showing a greater induction in basolateral secretion comparedwith G-CSF (Fig. 3). Preincubation with anti-IL-17R Ab significantly abrogated GRO-α andG-CSF secretion induction mediated by both IL-17A and IL-17F in apical and basolateralmedia (Fig. 3). These results support the notion that the IL-17R is required for both IL-17Aand IL-17F activity on HBE cells to induce G-CSF and GRO-α production.
 IL-17R is functionally expressed on the basolateral surface of respiratory epithelial cellsImmunohistochemical staining for IL-17R was performed on frozen sections of human lungspecimens. The IL-17R was found to be expressed in respiratory epithelial cells as well as inlung parenchymal cells. Moreover, it was localized mainly to the basolateral surface ofrespiratory epithelial cells (Fig. 4A, left panel). As a negative control, a section was stainedonly with secondary Ab, and it did not show unspecific staining (Fig. 4A, right panel). Toconfirm the immunohistochemical findings, we designed an experiment in which HBE cellswere incubated with IL-17A or IL-17F in basolateral or apical media for 24 h. We assayedconditioned basolateral media for G-CSF and GRO-α and found that both growth factors wereup-regulated when IL-17A and IL-17F were applied in basolateral media, but no induction ofGRO-α or G-CSF was observed when IL-17A or IL-17F were applied apically (Fig. 4B). Takentogether, these data strongly suggest that IL-17R signaling occurs basolaterally in HBE cells.
 TNFRs I and II are structurally and functionally expressed on the basolateral surface ofrespiratory epithelial cells
 TNFRs I and II were immunohistochemically stained on polarized primary HBE cells grownon Transwell membranes using anti-human TNF-RI and anti-human TNF-RII mAbs. Bothreceptors were found to be expressed in HBE cells (Fig. 5A, left and middle upper panels). Asa negative control, a filter was stained only with secondary Ab, and it did not show unspecificstaining (Fig. 5A, upper right panel). Furthermore, x–z axis reconstruction showed that TNF-RI and TNF-RII localized to the lateral membranes of HBE cells, below tigh junctions (Fig.5A, lower panels). To confirm the immunohistochemical findings, we designed an experimentin which HBE cells were incubated with IL-17F and/or TNF-α in basolateral or apical mediafor 24 h. We assayed conditioned basolateral media for G-CSF and found that it was up-regulated when IL-17F and/or TNF-α were applied in basolateral media, but no induction ofG-CSF was observed when IL-17F and/or TNF-α were applied apically (Fig. 5B). Takentogether, these data suggest that the signaling that leads to synergism between IL-17F and TNF-α occurs basolaterally in HBE cells.
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To address the importance of the TNFRs I and II on the signaling required for synergismbetween IL-17F and TNF-α, we preincubated HBE cells with anti-human TNF-RI,recombinant human TNF-RII:Fc chimera, and with both neutralizers for 2 h before the additionof the cytokines. We observed that the synergistic effect on G-CSF secretion after combiningIL-17F and TNF-α was blocked by anti-human TNF-RI and by recombinant TNF-RII:Fcchimera. Unexpectedly, the levels of G-CSF secreted by HBE cells in response to thecombination of IL-17F and TNF-α in the presence of either of the TNFR neutralizers werelower than the levels of G-CSF secreted by HBE cells in response to IL-17F stimulation,suggesting that even when IL-17F is applied alone to HBE cultures, it has a synergistic effectby interacting with TNF-α that is tonically secreted by these cells.
 IL-23, IL-17A, and IL-17F are increased in CF patients undergoing pulmonary exacerbationCF is a lung disease characterized by persistent endobronchial infection, neutrophilic lunginflammation (21), and high sputum CXCL8 levels (22,23). Because we have shown previouslythat IL-17R signaling is critical for CXCL2 expression in murine lung in response to Gram-negative infection, we hypothesized that IL-17A and IL-17F would be up-regulated in thesputum of CF patients undergoing pulmonary exacerbation. In support of this, preliminarystudies demonstrated higher IL-17A levels in patients with CF undergoing bronchoscopy forongoing pulmonary exacerbation compared with controls with chronic cough due to asthmaor gastroesophageal reflux disease (data not shown). Because these samples could be subjectto selection bias due to the decision to clinically perform bronchoscopy, we elected toinvestigate IL-17A, IL-17F, and the proximal mediator IL-23 (p19) in sputum samples fromeight adult CF patients (mean age, 22 years) undergoing pulmonary exacerbation requiringhospitalization and i.v. antibiotics. On day 1 of hospitalization, IL-17A and IL-17F were readilydetectable when compared with sputum samples collected from four non-CF patients (mean ±SEM, 59.58 ± 5.22 vs 4.17 ± 2.13 pg/ml for IL-17A and 84.67 ± 10.87 vs 20.1 ± 3.25 pg/mlfor IL-17F). Sputum was collected and analyzed serially during the antibiotic treatment.IL-17A and IL-17F concentration dramatically decreased by day 20 (Fig. 6A), reaching levelssimilar to non-CF patients. We also measured a panel of 18 other cytokines in the sputum ofthese patients using Luminex cytokine beads and found that that IL-8, G-CSF, IL-6, GRO-α,MCP-1, MIP-1b, TNF-α, GM-CSF, and IL-1b were also increased at day 1 of hospitalizationand impressively reduced by day 20 (Fig. 6B), showing a pattern similar to IL-17A and IL-17F.Similar expression patterns were seen whether cytokine/chemokine concentrations werecorrected for total protein content or not. Finally, because IL-23, a product largely ofmacrophages and dendritic cells, is a proximal regulator of IL-17A and IL-17F, we assayedfor the presence of IL-23 p19 protein by Western blot. We observed detectable IL-23 in all ofthe patients undergoing CF exacerbation, which was higher at day 0 of hospitalization anddeclined by day 20 (Fig. 6C).
 DiscussionIL-17A and IL-17F are products of activated T cells (6) in response to both infectious (8) andantigenic stimuli (24). Gram-negative bacteria and specifically LPS appear to induce IL-17Aand IL-17F through TLR4-dependent and IL-23-dependent pathways (17,25,26).Overexpression of IL-17A or IL-17F in the lung results in the induction CXC chemokines andneutrophil recruitment (8,12). Deficiency of IL-17R signaling through gene targeting resultsin an enhanced susceptibility to Gram-negative bacterial pulmonary infection with defects bothin granulopoiesis and pulmonary neutrophil recruitment (2). Neutralization of IL-17A also hasbeen reported to diminish LPS-induced lung neutrophil recruitment (4) (27). The defect ingranulopoiesis in IL-17R KO mice is associated with a >90% reduction in G-CSF release (2).Moreover, systemic overexpression of IL-17A results in a marked induction in granulopoiesis,which is in part G-CSF dependent (28,29).
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To better define IL-17A and IL-17F's regulation of G-CSF and the CXC chemokine GRO-αin the lung, we examined IL-17R expression in lung tissue and found significant expression inbasal respiratory epithelial cells. Incubation of polarized HBE cells with both IL-17A andIL-17F resulted in similar profiles of cytokine responses as measured by Bio-Plex with theinduction of IL-8, IL-6 (data not shown), in addition to G-CSF and GRO-α. We alsodemonstrated that IL-17F synergizes with TNF-α to further induce G-CSF and GRO-α bybronchial epithelial cells isolated from the human lung. In contrast to our findings, Numasakiet al. (30) reported that IL-17F has an inhibitory effect on TNF-α-induced secretion of G-CSF.However, this study was performed in lung microvascular endothelial cells, which may differin this response.
 Both IL-17A and IL-17F appear to require the cell surface IL-17R for induction of GRO-α andG-CSF secretion because a mAb specific for the IL-17R significantly attenuated the release ofthese cytokines to IL-17A and IL-17F. However, IL-17F has a low ligand binding efficiencywith this receptor (14), and IL-17F has recently been shown in vitro to bind to IL-17RC (31).In support of these data, a soluble IL-17R was efficient in inhibiting IL-17A bioactivity butnot IL-17F in HBE cells. These data suggest that binding affinity of IL-17F is different for thecell membrane receptor or that a coreceptor complex involving IL-17R is required (15) forIL-17F responses. One other possibility, which we cannot exclude at this time, is cross-reactivity of the mAb to IL-17RC; however, this is unlikely because homology of IL-17RC toIL-17R is only 15% (32). Moreover, the bioactivity of both IL-17A and IL-17F and TNF-αwas greatest when the ligands were applied basolaterally, suggesting that functional IL-17Aand IL-17F and TNF-α signaling likely occurs through the basolateral surface of airwayepithelial cells. This receptor localization teleologically makes sense because a prominentpotential source of IL-17A and IL-17F are activated T cells, which can reside in the submucosalspace (15). In fact, Langrish et al. (40) have recently defined a population of ThIL-17 cells,which coexpress IL-17A and IL-17F as well as TNF-α. Thus, ThIL-17 cells may represent acritical population of cells that interact with HBE that mediate inflammatory responses. Usingsoluble TNF-α, we demonstrate that TNFRI is critical for synergy with IL-17A and IL-17F.However, because HBE cells also express TNFRII, these cells may also respond to cell surfaceTNF expressed on ThIL-17 cells, which signals preferentially via TNFRII (33). Notably, theconcentrations used to elicit G-CSF and GRO-α responses in HBE cells is ∼ 10–100 timeshigher than that detected in sputum (Fig. 6). This likely reflects the fact that local tissueconcentration in the lung may be higher than that in sputum, which is rich in proteases, or thefact that IL-17A and IL-17F may require synergistic cytokines such as TNF-α to signal atpicograms/milliliter concentrations (32). The mechanism of synergy of TNF-α and IL-17A andIL-17F has not been elucidated completely, but one mechanism may be synergistic inductionof transcription factors such as C/EBPδ that drive subsequent gene transcription (34).
 IL-17A has been reported to be up-regulated in many inflammatory autoimmune diseasesincluding rheumatoid arthritis (35), multiple sclerosis (36), and in inflammatory bowel disease(37). It has been shown recently that T cell-derived IL-17A and IL-17F are regulated by TLR4on macrophages and dendritic cells and subsequent IL-23 production by these cells (38–40).Moreover, IL-17A and IL-17F have similar chromosomal location and likely arose from a geneduplication event. Based on their ability to mediate lung neutrophilia (41), and the fact thatchronic inflammation in CF is neutrophil predominant, we hypothesized that IL-17A andIL-17F likely play a role in airway inflammation in the setting of chronic Gram-negativebacterial infections such as bronchiectasis or CF.
 Toward this end, we found that both IL-17A and IL-17F were elevated in the sputum of adultCF patients undergoing a pulmonary exacerbation. Moreover, IL-17A and IL-17F elevationswere associated with previously identified inflammatory mediators such as IL-8 (42) and G-CSF (43), suggesting that these IL-17 family members may play a role in ongoing neutrophil
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recruitment into the airway of these patients. Furthermore, we postulate that IL-17A and IL-17Fmay regulate CXC chemokine and G-CSF release in patients with CF. We also found delectableIL-23p19 by Western blot in concentrated sputum that may approach levels of 100 ng/ml,which is well within the range for human T cell production of IL-17 (44).
 These data are the first to measure IL-17F in clinical samples. Because chronic inflammationis thought to be critical to loss of lung function in the setting of CF, our data suggest that IL-17Aand IL-17F are two IL-17 family members that represent excellent therapeutic targets toantagonize neutrophil-mediated inflammation. Moreover, a strategy that antagonizes cellsurface IL-17R signaling may likely block both the action of IL-17A and IL-17F, whereas astrategy using soluble IL-17R will predominately block IL-17A.
 AcknowledgmentsWe thank Victor VanCleave at Wyeth Research for development of the human IL-17F ELISA.
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FIGURE 1.A, Dose-dependent elevation of GRO-α, G-CSF, and MCP-1 protein levels by recombinanthuman IL-17A and IL-17F. Primary HBE cells were treated with different doses of IL-17Aand IL-17F, as indicated. Basolateral media were collected 24 h after the treatment, andcytokine concentrations were measured by ELISA. B, Time course study. HBE cells werestimulated with IL-17A and IL-17F (both at 10 ng/ml), and basolateral media were collectedafter 4, 8, 16, and 24 h for G-CSF, GRO-α, and MCP-1 measuring. Cytokine concentrationsare shown in fold changes vs control. Results are expressed as the mean ± SEM of triplicatesamples from one representative experiment.
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FIGURE 2.GRO-α (A) and G-CSF (B) secreted after stimulation with IL-17F and/or TNF-α. primary HBEcells were treated with IL-17F (10 ng/ml) and TNF-α (1 ng/ml). The cytokine mixture (IL-17F+ TNF-α) was also preincubated with anti-IL-17 mAb (2 μg/ml), recombinant humanIL-17R:Fc (1 μg/ml), or isotype-matched controls. Basolateral media were collected 24 h afterthe treatment, and cytokine levels were determined by ELISA. Results are expressed as themean ± SEM of triplicate samples from one representative experiment (*, p < 0.05). C, G-CSFsecreted after stimulation with IL-17A (10 ng/ml) and/or TNF-α. Cells were treated as outlinedabove. Results are expressed as the mean ± SEM of triplicate samples from one representativeexperiment (*, p < 0.05).
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FIGURE 3.Effects of blocking IL-17R on GRO-α (A) and G-CSF (B) production by IL-17A and IL-17F.Primary HBE cells were pretreated with IL-17R Ab (2 μg/ml) 30 min before IL-17A and IL-17Ftreatment (both at 10 ng/ml). Apical and basolateral medium was collected 24 h later. Resultsare expressed as the mean ± SEM of three separate experiments (*, p < 0.05).
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FIGURE 4.Detection and localization of the IL-17R. A, Representative immunohistochemical staining forIL-17R in a human lung section with a specific detecting monoclonal anti-IL-17R Ab, showingbasolateral localization of the IL-17R. B, G-CSF and GRO-α secretion by primary HBE cellsafter addition of IL-17A and IL-17F (both at 10 ng/ml) to basolateral or apical surface.Basolateral media were collected after 24 h, and cytokine levels were measured by ELISA.Results are expressed as the mean ± SEM of triplicate samples from one representativeexperiment (*, p < 0.05).
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FIGURE 5.Detection and localization of TNFRs, TNF-RI, and TNF-RII. A, Immunohistochemicalstaining of TNF-RI, TNF-RII, and isotype-matched control. Conventional xy images are shownon upper panels, and x–z axis reconstructions are shown in lower panels. B, G-CSF secretionby primary HBE cells after addition of IL-17F and/or TNF-α (both at 10 ng/ml) to basolateralor apical surface. Basolateral media were collected after 24 h, and G-CSF levels were measuredby ELISA. Results are expressed as the mean ± SEM of triplicate samples from onerepresentative experiment (*, p < 0.05). C, Primary HBE cells were pretreated with anti-humanTNF-RI and/or recombinant TNF-RII:Fc chimera (0.5 μg/ml) 2 h before IL-17F and/or TNF-α treatment (both at 10 ng/ml). Basolateral media were collected after 24 h, and G-CSF levels
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were measured by ELISA. Results are expressed as the mean ± SEM of triplicate samples fromone representative experiment (*, p < 0.05). D, Primary HBE cells were pretreated with anti-human TNF-RI and/or recombinant TNF-RII:Fc chimera (0.5 μg/ml) 2 h before IL-17A and/or TNF-α treatment (both at 10 ng/ml). Basolateral media were collected after 24 h, and G-CSF levels were measured by ELISA. Results are expressed as the mean ± SEM of triplicatesamples from one representative experiment (*, p < 0.05).
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FIGURE 6.Cytokines levels in sputum from CF patients undergoing pulmonary exacerbation. Panel A:IL-17A and IL-17F concentration in sputum from CF patients at different time points, asindicated, were measured by ELISA. Panel B: IL-17- induced cytokines IL-8 (upper figure)G-CSF, GRO-a, MCP-1, MIP-1b, GM-CSF and IL-1b (lower figure) levels were measured insputum samples at the same time points, using Luminex cytokine beads and ELISA. Panel C:Western blot of IL-23p19 in the sputum of patients undergoing pulmonary exacerbation of CF.
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 Table IConcentration of G-CSF, GRO-α, and MCP-1 in basolateral media after 24 h of HBEstimulation with IL-17A and IL-17F
 IL-17A G-CSF GRO-α MCP-1
 IL-17A
  0 ng/ml 401.2 ± 32.24 2,012.1 ± 102.34 22.01 ± 1.98
  1 ng/ml 829.56 ± 128.38 8,412.1 ± 503.02 82.8 ± 6.6
  10 ng/ml 2,029.3 ± 192.57 11,144.7 ± 643.87 98.83 ± 6.16
  100 ng/ml 3,546.24 ± 296.88 15,140.7 ± 1026.17 118.5 ± 8.8
 IL-17F
  0 ng/ml 401.2 ± 32.24 2,012.1 ± 102.34 22.01 ± 1.98
  1 ng/ml 655.4 ± 44.13 5,798.1 ± 382.30 46.75 ± 2.64
  10 ng/ml 1,482 ± 112.33 9,729.2 ± 804.84 43.36 ± 4.13
  100 ng/ml 2,236 ± 164.49 14,175.4 ± 865.20 68.5 ± 6.61
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