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SLPI Inhibits ATP-Mediated Maturation of IL-1β in Human Monocytic Leukocytes: A Novel Function of an Old Player
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Interleukin-1β (IL-1β) is a potent, pro-inflammatory cytokine of the innate immune system that plays an essential role in host defense against infection. However, elevated circulating levels of IL-1β can cause life-threatening systemic inflammation. Hence, mechanisms controlling IL-1β maturation and release are of outstanding clinical interest. Secretory leukocyte protease inhibitor (SLPI), in addition to its well-described anti-protease function, controls the expression of several pro-inflammatory cytokines on the transcriptional level. In the present study, we tested the potential involvement of SLPI in the control of ATP-induced, inflammasome-dependent IL-1β maturation and release. We demonstrated that SLPI dose-dependently inhibits the ATP-mediated inflammasome activation and IL-1β release in human monocytic cells, without affecting the induction of pro-IL-1β mRNA by LPS. In contrast, the ATP-independent IL-1β release induced by the pore forming bacterial toxin nigericin is not impaired, and SLPI does not directly modulate the ion channel function of the human P2X7 receptor heterologously expressed in Xenopus laevis oocytes. In human monocytic U937 cells, however, SLPI efficiently inhibits ATP-induced ion-currents. Using specific inhibitors and siRNA, we demonstrate that SLPI activates the calcium-independent phospholipase A2β (iPLA2β) and leads to the release of a low molecular mass factor that mediates the inhibition of IL-1β release. Signaling involves nicotinic acetylcholine receptor subunits α7, α9, α10, and Src kinase activation and results in an inhibition of ATP-induced caspase-1 activation. In conclusion, we propose a novel anti-inflammatory mechanism induced by SLPI, which inhibits the ATP-dependent maturation and secretion of IL-1β. This novel signaling pathway might lead to development of therapies that are urgently needed for the prevention and treatment of systemic inflammation.
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INTRODUCTION

Interleukin-1β (IL-1β) is a potent, multifunctional, pro-inflammatory cytokine of the innate immune system that is essential for host-response and resistance to pathogens (1). Nevertheless, excessive systemic levels of IL-1β are involved in the pathogenesis of various inflammatory disorders, including rheumatoid arthritis, gout, transplant rejection, periodic fever, systemic inflammatory response syndrome (SIRS), sepsis, and multi organ dysfunction syndrome (MODS) (2–4). To avoid severe adverse effects, the release of IL-1β is firmly controlled and most often requires two consecutive danger signals. Toll-like receptor agonists such as lipopolysaccharide (LPS) are prototypical first signals (signal 1) initiating the synthesis of the inactive IL-1β precursor (pro-IL-1β) via nuclear factor-κB (NF-κB)-dependent signal transduction (5). Extracellular ATP, mainly released from damaged host cells can act as a second signal (signal 2). ATP activates the purinergic P2X7 receptor (P2X7R), triggers the efflux of potassium ions out of the cells, the assembly of the cytoplasmic NLRP3 (NACHT, LRR, and PYD domains-containing protein 3) inflammasome, followed by the conversion of pro-caspase-1 into active caspase-1 that is required for the proteolytic cleavage of pro-IL-1β and release of mature IL-1β (6, 7). Dysregulation of any of these steps might account for increased secretion of IL-1β and progression of IL-1β-mediated diseases. Mechanisms controlling IL-1β maturation in the presence of both danger signals are of substantial clinical interest (8).

Purinergic signaling via P2 receptors can lead to both, activation and inhibition of innate, and adaptive immune reactions (9–12). Apart from the above-mentioned activation of NLRP3 inflammasomes, stimulation of P2X7R by extracellular ATP, and some other non-purine signaling molecules activates diverse cellular events, such as the autocrine release of cytoplasmic ATP, changes in cellular energy metabolism, release of microparticles, exosomes, and secretory lysosomes, induction of cell death, and stimulation of T cell survival and differentiation (11, 12). Hence, an inhibition of P2X7R activation is of high biomedical relevance for the control of IL-1β release and beyond.

Recently, our group proposed a novel cholinergic mechanism that inhibits the ATP-induced inflammasome activation in monocytes (13–15). We demonstrated that canonical agonists of the nicotinic acetylcholine (ACh) receptors (nAChRs) namely ACh, choline (Cho) and nicotine and the common metabolites of phosphatidylcholines including lysophosphatidylcholine, glycerophospocholine, phosphocholine (PC) as well as PC-modified macromolecules efficiently inhibit the ATP-induced release of IL-1β (13–15). The acute phase reactant C-reactive protein potentiates the inhibitory efficiency of PC (16). This inhibitory effect of nAChR agonists is mediated via nAChR subunits α7, α9, and /or α10 (13–15). Interestingly, nAChRs do not function as ligand-gated ion channels in monocytic cells but rather as metabotropic receptors that eventually inhibit the ionchannel function of P2X7R (13, 15, 16).

Secretory leukocyte protease inhibitor (SLPI) is a non-glycosylated, basic 11.7 kDa monomeric protein composed of two cysteine rich whey-acidic-protein (WAP) domains. SLPI is constitutively produced and secreted by the majority of mucosal epithelial cells and also by monocytes/macrophages and neutrophils (17). Expression of SLPI can be induced by LPS, IL-1β, IL-6, or tumor necrosis factor-α (TNF-α) and suppressed by interferon-γ (IFN-γ) (18–20). Its physiological concentration differs depending on the fluid analyzed. Systemic levels of SLPI are low, only about 40 ng/ml can be measured in the blood of healthy volunteers, whereas the concentration in saliva or in the epithelial lining fluid of the lung are in the range of 10 μg/ml (21, 22). SLPI possesses a high affinity for serine proteases such as neutrophil elastase, cathepsin G, and trypsin (23). The anti-protease activity of SLPI depends on its active site, which is located at Leu72-Met73 of the C-terminal WAP domain. Any modification of Met73 such as oxidation has been shown to reduce the anti-proteolytic potential of SLPI (24). In addition, SLPI possesses potent anti-microbial and anti-inflammatory properties, which are independent of its primarily described anti-protease function (23, 25–27). The biochemical mechanism responsible for the anti-microbial activities is still unclear. One possible explanation could be the cationic nature of SLPI, which could destabilize the anionic cell membrane of bacteria (23).

The anti-inflammatory properties of SLPI known so far, are related to the inhibition of NF-κB signaling, which can be achieved in several ways. First, SLPI can interfere with the interaction between LPS and CD14, reducing the subsequent release of inflammatory mediators (28). Furthermore, exogenous SLPI can be rapidly internalized by monocytes, where it localizes within the cytoplasm and in the nucleus (29). SLPI can interact with the cytosolic inhibitor of κB (I-κB), prohibit its degradation and consequently prevent NF-κB translocation to the nucleus (30). SLPI can also compete with NF-κB (p65) for binding to the DNA consensus binding site in the promotor region of NF-κB-regulated genes (23–25, 29, 30). Furthermore, stimulation with SLPI was shown to attenuate p38 MAPK activation and increase Akt phosphorylation in rat adult ventricular myocytes (31). SLPI-deficient mice exhibit normal fetal development, survive into adulthood and show no obvious pathological phenotype (32). Interestingly, SLPI-deficient mice challenged with LPS show a lower survival rate compared to wild-type (WT) animals and elevated plasma levels of IL-6, a cytokine that is induced by IL-1β (33). SLPI can negatively regulate the expression of some of the NF-κB-dependent cytokines in vivo and in vitro (29, 34), but regulation of IL-1β maturation by SLPI has not been investigated yet.

In this study, we discovered a novel anti-inflammatory mechanism, induced by SLPI, which efficiently inhibits ATP-dependent secretion of IL-1β without impairing ATP-independent IL-1β release. We demonstrated that this novel mechanism involves annexin 2 (Anx2), calcium-independent phospholipase A2β (iPLA2β) and the secretion of a small mediator. Our data suggest that this secretory factor may act as a ligand of unconventional nAChRs that in a Src-dependent manner inhibit IL-1β release.

MATERIALS AND METHODS

Animals

All animal experiments were performed following the recommendations of the NIH “Guide for the Care and Use of Laboratory Animals” and were approved by the Regierungspräsidium Giessen, Hesse, Germany (license number 549_M; Gi 20/23-Nr. A12/2011; Gi 20/23-Nr. A10/2011) or by the Regierungspräsidium Karlsruhe, Baden-Württemberg, Germany (license number G248/11). Male and female WT and Chrna9 (129S-Chrna9tm1Bedv/J), Chrna10 (129S4-Chrna10tm1Bedv/Mmucd) and Pla2g6 gene-deficient mice were used. The detailed information about the generation and characterization of the respective gene-deficient mouse strain was reported before (14, 35). Chrna9 and Chrna10 gene-deficient mice were kindly provided by Prof. D. E. Vetter, Jackson, MS, USA. Pla2g6 gene-deficient mice were supplied by Dr. W. Chamulitrat, Heidelberg, Germany. The genotype of every mouse was evaluated by PCR.

U937 Cells

The human histiocytic lymphoma cell line U937 was purchased from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The cells were maintained in suspension culture in RPMI 1640 medium (Gibco/Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS Superior EU, Biochrom GmbH, Berlin, Germany) and 2 mM GlutaMAXTM (Gibco/Life Technologies) at 37°C in a humidified atmosphere of 5% CO2. Cells in the log-phase of growth were transferred to 24-well plates (1 x 106 cells/ml and per well) and primed with 1 μg/ml LPS from Escherichia coli (L2654; Sigma-Aldrich) for 5 h. Thereafter, 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt BzATP (100 μM; Jena Bioscience, Jena, Germany) or nigericin (50 μM; Sigma-Aldrich) combined with apyrase (0.5 U/ml, Sigma-Aldrich) were applied for 30 min, in the presence or absence of SLPI (0.01 μg−10 μg/ml; R&D Systems, Inc., Minneapolis, MN or provided by Prof. S. Janciaunskiene, Hannover, Germany). To study the involvement of various subunits of nAChRs, the following antagonists were applied: mecamylamine hydrochloride (Mec, 100 μM, Sigma-Aldrich), α-bungarotoxin (α-Bun, 1 μM, Tocris Bioscience, Bristol, UK), strychnine hydrochloride (Stry, 10 μM, Sigma-Aldrich), ArIB [V11L, V16D] (500 nM) or RgIA4 (200 nM). These conopeotides were synthesized as previously described (14, 36, 37). To evaluate the involvement of phospholipase A2 (PLA2), cells were treated with arachidonyl trifluoromethyl ketone (ATK, 50 μM, Enzo Life Science, Lausen, Switzerland) or with bromoenol lactone (BEL, 50 μM, Enzo Life Science). To test the involvement of Src kinase, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2, 1-20 μM, Calbiochem, Darmstadt, Germany), a selective inhibitor of Src-family tyrosine kinases, or 4-amino-7-phenylpyrazolo[3,4-d]pyrimidine (PP3, 20 μM, Calbiochem), an inactive analog of the Src tyrosine kinase inhibitor, were applied. Cell culture supernatants were collected and stored at −20°C until IL-1β and lactate dehydrogenase (LDH) measurement.

Conditioned Media

For the preparation of conditioned media, U937 cells were transferred to a buffered salt solution (containing 5.4 mM KCl, 120 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 25 mM glucose, and 10 mM HEPES; pH 7.4) and primed with LPS (1 μg/ml) for 5 h. Thereafter, cells were incubated in the absence (M1) or presence (M2) of SLPI (10 μg/ml) for additional 30 min. Media were harvested, centrifuged (at 500 g for 8 min), and cell-free M1 was supplemented with SLPI (10 mg/ml). Cell-free conditioned media M1 and M2 were ultrafiltrated using AmiconTM Ultra centrifugal filters (UltracelTM 3K, Merck Millipore, Darmstadt, Germany) with a cut-off of 3 kDa. In some experiments, cells transfected with siRNA were used (M3, M4, M5).

Mouse Peripheral Blood Mononuclear Cells

Mouse peripheral blood mononuclear cells (mPBMCs) were freshly isolated from heparinized blood obtained from WT, Chrna9, Chrna10, or Pla2g6 gene-deficient mice by Percoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) (1.082g/ml) density gradient centrifugation (14). Mononuclear cells were cultured for 2 h in 96-well-plates according to the culture conditions described for U937 cells.

Human Peripheral Blood Mononuclear Cells

Human peripheral blood mononuclear cells (hPBMCs) were isolated from the heparinized blood of healthy (self-reported) male non-smoking volunteers by density gradient centrifugation using Leucosep gradients (Greiner Bio-One, Frickenhausen, Germany). Before cell isolation, donor blood cells were pulsed with LPS (5 ng/ml). The use of the human blood was approved by the local ethics committee of the University of Giessen (No. 81/13).

Gene Silencing

The expression of human nAChR subunits α5, α7, α9, α10, iPLA2β, arrestin β1 (Arrb1) arrestin β2 (Arrb2), and Anx2 was down-regulated using siRNA. Cells were transfected with ON-TARGETplus human CHRNA5 (α5), 7(α7), CHRNA9 (α9), CHRNA10 (α10), PLA2G6 (iPLA2β), ARRB1 (Arrb1), ARRB2 (Arrb2) SMARTpool siRNA (Thermo Fisher Scientific, Schwerte, Germany), annexin II siRNA (h2) (Anx2) (Santa Cruz Biotechnology, Dallas, TX) or with ON-TARGETplus non-targeting control pool (con) (Thermo Fisher Scientific) as a negative control. Cells were transfected with 30 pmol siRNA/1 x 106 cells using the AmaxaTM Cell Line Nucleofector KitTM C and the Nucleofector II Device (both from Lonza, Cologne, Germany) according to the manufacturer's instructions. The siRNA-mediated silencing of target genes was evaluated 24 or 48 h after transfection by real-time RT-PCR or immunoblotting.

Cloning and Protein Overexpression

Full-length human SLPI cDNA was amplified by PCR using forward primer: 5′-CTC GAG ATG AAG TCC AGC GGC CTC TTC-3′ and reverse primer 5′-GAA TTC TCA AGC TTT CAC AGG GGA AAC-3′ containing a built-in XhoI or EcoRI restriction site, respectively. The PCR product was ligated into the pcDNA3.1 (-) expression vector (Invitrogen, Carlsbad, CA). Identity and accuracy of the construct were confirmed by sequencing. U937 cells were transfected by electroporation with 2 μg of the construct/1 x 106 cells using the AmaxaTM Cell Line Nucleofector KitTM C and the Nucleofector II Device according to the manufacturer's instructions. The overexpression was evaluated 24 h after transfection by real-time RT-PCR.

RNA Isolation and cDNA Synthesis

Total RNA was isolated from 1 x 106 U937 cells using the RNeasy PlusTM Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. One microgram of RNA was reversely transcribed using M-MLV H- reverse transcriptase and 1 μg of random hexamer primers (both from Promega, Mannheim, Germany).

Real-Time PCR

Real-time PCR was performed to evaluate the knock-down efficiency of the mRNA of nAChR subunits α5, α7, α9, α10, or iPLA2β after treatment with siRNA. Additionally, the mRNA expression levels of IL-1β and SLPI were determined in different experimental settings. At least 4 samples per experimental group were analyzed; each sample was assessed in duplicates using the ABI 7900 Sequence Detection System (Applied Biosystems, Foster City, CA) and PlatinumTM SYBRTM Green qPCR Super Mix-UDG (Invitrogen, Karlsruhe, Germany). The human hydroxymethylbilane synthase (HMBS, synonym PBGD) gene was selected as a reference gene, as it was reported not to be regulated in monocytes under various culture conditions and stimulations (10). Primers specific for the detection of human HMBS, α7, α9, and α10 nAChR subunits, pro-IL-1β and iPLA2β were synthesized by MWG Biotech (Ebersberg, Germany) and their sequences have been published before (13, 38). To analyze SLPI expression, the following primers were used: forward primer: 5′-TCT TCT TCC CTG GAC ACT GC-3′ and reverse primer: 5′-CTG TGG AAG GCT CTG GAA AG-3′. Changes in the mRNA expression levels of the targeted genes were calculated by the 2ΔCT method, where ΔCT represents the difference between the CT value of the HMBS gene and the CT value of the gene of interest. The mean of the mRNA expression values from cells transfected with non-targeting siRNA was set to one and the values from cells transfected with siRNA specific for nAChR subunits or iPLA2β were calculated accordingly.

Immunoblotting

Immunoblotting was performed essentially as previously described (13). In brief, equal amounts of proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). Membranes were blocked for 1 h with PBS containing 5% low fat milk powder (Roth, Karlsruhe, Germany) followed by overnight incubation at 4°C with primary antibodies anti-IL-1β 1:20,000 (kindly supplied by the National Cancer Institute, Frederick, MD), anti-Anx2 1:1,000 (Abnova, Taipai, Taiwan), anti-Arrb1 1:500 (Zymed, Carlsbad, CA), anti-Arrb2 1:2,000 (Abnova), anti-β-actin 1:100,000 (Sigma-Aldrich) or anti-GAPDH 1:10,000 (Novus Biologicals, Littleton, CO) in blocking solution. After extensive washing, the membranes were further incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Dako, Glostrup, Denmark). For the detection of bound peroxidase, SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific) was used. Only β-actin and GAPDH were revealed with the less sensitive Lumi-Light substrate (Roche, Mannheim, Germany). To quantify the signal, densitometric analyses were performed using a digital gel documentation system (Biozym, Hessisch Oldendorf, Germany).

Immunocytochemistry

Immunocytochemistry on hPBMCs pulsed with LPS (5 ng/ml; Sigma-Aldrich) and stimulated with ATP (1 mM; Sigma-Aldrich) for 30 min in the presence or absence of SLPI (10 μg/ml) was carried out as previously described (16, 39). Stained cells were evaluated in a blinded manner using an Olympus BX51 microscope and the analySIS software (Olympus, Hamburg, Germany). At least 150 cells in 12 fields of vision were counted per experiment. The total number of cells and specks were indicated as mean number of specks per 100 cells. The number of specks per 100 cells obtained after stimulation with ATP was set to 100% and the remaining values were calculated accordingly.

ELISA

The concentration of IL-1β in the cell culture supernatants was determined by mouse or human Quantikine ImmunoassayTM (R&D Systems, Mineapolis, MN) according to the manufacturer's instructions.

LDH Measurements

To estimate cell death at the end of each experiment, the release of lactate dehydrogenase (LDH) into the cell culture medium was measured using the Non-Radioactive Cytotoxicity AssayTM (Promega, Madison, WI, USA) according to the manufacturer's instructions. The viability of the cells was not impaired in any condition tested (Supplemental Table S1).

Two-Electrode Voltage-Clamp Measurements

Whole-cell two-electrode voltage-clamp (TEVC) measurements were performed on cRNA- or water-injected Xenopus laevis oocytes, purchased from Ecocyte Bioscience (Castrop-Rauxel, Germany), as previously described (14, 40). The cRNAs encoding for P2X7R and α7 nAChR were kindly provided by Prof. G. Schmalzing (Aachen, Germany). The cRNA encoding for human nAChR subunits α9, α10 and Rapsn was synthesized using an in vitro transcription kit (T7 RiboMAX™ Large Scale RNA Production System Kit, Promega, Mannheim, Germany). In all experimental groups, measurements were performed on oocytes from at least two different Xenopus laevis frogs.

Whole-Cell Patch-Clamp Recordings

U937 cells were seeded in bath solution (5.4 mM KCl, 20 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES (4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid), 25 mM glucose, pH 7.4) in culture dishes (Nunc, Roskilde, Denmark) and incubated for 5 h with LPS (1 μg/ml) at 37°C. Thereafter, whole-cell recordings were performed at room temperature on an inverted microscope (Axiovert, Zeiss, Göttingen, Germany). Patch pipettes with a resistance of 2–4 MΩ were pulled from borosilicate glass capillaries (Hilgenberg, Malsfeld, Germany) using an automated puller (Zeitz, Augsburg, Germany) and filled with pipette solution (120 mM KCl, 1 mM, CaCl2, 2 mM MgCl2, 10 mM HEPES, 11 mM ethylene glycol tetraacetic acid, 20 mM glucose, pH 7.39). The whole-cell recordings were performed at a voltage-clamped membrane potential of −60 mV, and transmembrane currents were amplified with an EPC 9 amplifier (HEKA, Lambrecht, Germany) and acquired via an ITC-16 interface (HEKA). ATP (1 mM; Sigma) and SLPI (10 μg/ml) were dissolved in bath solution and applied via a pressure-driven microperfusion system.

Statistical Analysis and Data Processing

Data were analyzed using SPSS software (IBM, Munich, Germany) by Wilcoxon signed-rank test or by the non-parametric Kruskal-Wallis test, followed by the Mann-Whitney rank-sum test. A p-value below 0.05 was considered as statistically significant and marked with *. Data are presented as individual data points, bar represents median whiskers percentiles 25 and 75. The number of independent experiments (at least 4 per group) is indicated in the figures.

RESULTS

The BzATP-Mediated Release of IL-1β by Monocytic U937 Cells Is Inhibited by SLPI

Initial experiments were performed to determine, whether SLPI can modulate IL-1β release. Human monocytic U937 cells were primed for 5 h with LPS (1 μg/ml) to induce pro-IL-1β expression, followed by stimulation with the P2X7R agonist, BzATP (100 μM) for additional 30 min in the presence or absence of varying concentrations of SLPI (0.01 μg−10 μg/ml). IL-1β levels in the cell culture supernatant were quantified by ELISA. In agreement with previous reports, the treatment with BzATP induced the release of relatively low amounts of IL-1β (10, 14, 38, 39). SLPI inhibited the BzATP-mediated secretion of IL-1β in a dose-dependent manner with an IC50 of 0.26 μg/ml (Figure 1A). To test if the mRNA expression of pro-IL-1β is directly affected by SLPI, real-time PCR was performed. As expected, LPS significantly increased pro-IL-1β mRNA expression levels compared with untreated control cells. In contrast, no significant changes in pro-IL-1β mRNA levels could be seen upon application of SLPI (Figure 1B). As an additional control, the ATP-degrading enzyme apyrase (0.5 U/ml) was applied together with BzATP. Apyrase completely abrogated IL-1β secretion (Figure 1C). Furthermore, the BzATP-independent IL-1β release mediated via the pore-forming bacterial toxin nigericin was investigated. In this experimental setting LPS-primed U937 cells were stimulated with nigericin (50 μM) for 30 min. To ensure the absence of ATP that could be released by U937 cells, apyrase (0.5 U/ml) was additionally applied. As previously reported, nigericin induced IL-1β secretion (13, 38), but the IL-1β release was not inhibited in the presence of SLPI (10 μg/ml) (Figure 1D). Cell death, as measured by the detection of LDH activity in the cell culture supernatants, was not increased in these and any of the following experiments (Supplemental Table S1).
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FIGURE 1. SLPI inhibits BzATP-mediated IL-1β release by U937 cells. Human monocytic U937 cells were primed with LPS (1 μg/ml, for 5 h) and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) or nigericin (50 μM) for 30 min. The concentration of IL-1β in cell culture supernatants was measured by ELISA. The mRNA expression of pro-IL-1β was assessed by real-time PCR. (A) SLPI dose-dependently and effectively inhibited the BzATP-mediated IL-1β release. (B) The LPS-induced mRNA levels of pro-IL-1β were not changed upon stimulation with SLPI. AU, arbitrary units (C) The treatment with apyrase (0.5 U/ml) fully abolished the BzATP-mediated IL-1β release. (D) The nigericin-mediated IL-1β secretion was not affected in the presence of SLPI. *p ≤ 0.05 significantly different compared to cells stimulated with LPS and BzATP (A,C) or LPS alone (D). Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



The BzATP-Mediated Release of IL-1β by hPBMCs Is Inhibited by SLPI

To test, if the inhibitory mechanism mediated by SLPI also applies to primary cells, hPBMCs isolated from the blood of healthy volunteers were examined. In agreement with previously published results (13, 38), adherent hPBMCs pulsed with LPS (5 ng/ml), secreted small amounts of IL-1β (median 449 pg/ml), which was increased upon stimulation with BzATP (median 2,238 pg/ml). As expected, in the presence of SLPI (10 μg/ml) the BzATP-mediated IL-1β release was significantly lowered (median 1,370 pg/ml) (Figure 2A). However, under the same experimental conditions hPBMCs isolated from two out of eight healthy donors did not respond to SLPI. ELISA data were confirmed by immunoblotting combined with densitometric quantification of the signal (Figures 2B,D). Of note, cell culture supernatant was devoid of pro-IL-1β. Pro-IL-1β was detected by immunoblotting only in cell lysates of hPBMCs and regardless of the treatment with BzATP or SLPI, there seemed to be no difference in the intensity of the signal (Figures 2C,E). Only one out of four cell lysates showed an immune positive band in the molecular mass range of mature IL-1β. To confirm our findings, the formation of so-called ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment domain) specks was investigated by immunocytochemistry using antibodies directed to ASC. The number of ASC specks observed in LPS-pulsed hPBMCs stimulated with ATP (1 mM) seemed to be lower in the presence of SLPI (10 μg/ml) but did not reach statistical significance (p = 0.116) (Figures 2F,G).
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FIGURE 2. SLPI inhibits the BzATP-induced IL-1β release by human peripheral blood mononuclear cells (hPBMCs). Blood from healthy volunteers was pulsed with LPS (0.5 ng/ml) before isolation of mononuclear cells. Purified hPBMCs were cultured for 3 h and stimulated for 30 min with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP, 100 μM) in the presence or absence of SLPI (10 μg/ml). The concentration of IL-1β in cell culture supernatants was measured by ELISA or assessed by immunoblotting. (A) SLPI inhibited the BzATP-mediated IL-1β release. The amount of IL-1β released upon stimulation with BzATP was set to 100% and the remaining values were calculated accordingly. *p ≤ 0.05 significantly different compared to cells stimulated with LPS and BzATP. Experimental groups were compared by Wilcoxon signed-rank test. (B) The level of IL-1β detected in cell culture supernatants was diminished upon treatment with SLPI; one representative immunoblot out of 6 is shown. (C) Equal levels of pro-IL-1β were detected by immunoblotting in cell lysates obtained from hPBMCs independent of the treatment. Detection of β-actin served as a loading control. One representative blot out of 4 is shown. (D) Optical density of the immune-positive bands was measured. The values obtained after LPS and BzATP stimulation were set to one and the rest of the values were calculated accordingly. (E) Optical density of the immune-positive bands for pro-IL-1β was measured and divided by the values obtained for β-actin on the same blot. The values obtained after LPS and BzATP stimulation were set to one, all other values were calculated accordingly. *p ≤ 0.05 significantly different compared to cells stimulated with LPS and BzATP (D,E). Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test. (F) ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment domain) specks (arrows) were detected by immunocytochemistry using antibodies directed to ASC (brown staining). Cell nuclei were delicately counterstained with hemalum. Representative specimens out of 6 individual experiments each are shown. (G) Specks were induced by the treatment with ATP (1 mM) and significantly reduced, when SLPI was given concomitantly. The number of specks per 100 cells obtained after stimulation with ATP was set to 100% and the remaining values were calculated accordingly. *p ≤ 0.05 significantly different compared to cells pulsed with LPS and stimulated with ATP (G). Experimental groups were compared by Wilcoxon signed-rank test.



The BzATP-Mediated Secretion of IL-1β Is Reduced Upon Overexpression of SLPI

It has been well-documented that monocytes/macrophages are able of expressing and secreting SLPI (38). In the following approach, we investigated if elevated endogenous levels of SLPI modulate the BzATP-mediated IL-1β release by monocytes. U937 cells were transfected with a pcDNA expression vector containing the coding sequence of human SLPI. To ensure effective overexpression, the mRNA levels of SLPI were determined 24 h after transfection. As predicted, the mRNA expression levels of SLPI were significantly elevated compared to cells transfected with empty vector (EV) (Figure 3A). Overexpression of SLPI significantly lowered the BzATP-induced IL-1β release (Figure 3B), whereas the level of pro-IL-1β mRNA were unaffected by SLPI overexpression (Figure 3C).
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FIGURE 3. Overexpression of SLPI reduces the BzATP-mediated IL-1β release by U937 cells. Human monocytic U937 cells were left untreated, transfected with the empty vector (EV), or with an expression vector containing the coding sequence for human SLPI (SLPI). Twenty-four hours after transfection, the cells were primed with LPS (1 μg/ml, for 5 h) and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min. The concentration of IL-1β in cell culture supernatants was measured by ELISA. The mRNA expression of SLPI or pro-IL-1β was assessed by real-time PCR. (A) Transfection with SLPI expression vector increased the mRNA level of SLPI compared to cells transfected with EV. (B) The BzATP-induced IL-1β release was significantly lower in cells overexpressing SLPI compared to cells transfected with EV. (C) The mRNA level of pro-IL-1β was not affected by SLPI overexpression; *p ≤ 0.05 significantly different compared to cells transfected with EV (A) or transfected with EV and stimulated with LPS and BzATP (B,C). Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



The Ion Channel Function of Heterologously Expressed P2X7R Is not Modulated by SLPI

Next, we investigated if SLPI directly impairs the ion channel function of P2X7R. Xenopus laevis oocytes were injected with cRNA encoding the human P2X7R, and TEVC measurements were performed. As expected (37), stimulation of heterologously P2X7R expressing Xenopus oocytes with BzATP (10 μM) evoked transmembrane ion currents (ΔIM) that were reversible by washout and repeatable by subsequent application of BzATP (Figures 4A,C). The BzATP-induced currents were unimpaired in the presence of SLPI (10 μg/ml) (Figures 4B,C).
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FIGURE 4. SLPI does not directly modulate the ion channel function of heterologously expressed P2X7 receptors (P2X7Rs). Whole-cell two-electrode voltage-clamp measurements (TEVC) were performed on Xenopus laevis oocytes that heterologously expressed human P2X7Rs. (A) Stimulation with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 10 μM) induced repetitive changes in transmembrane ion currents (ΔIBzATP1 and ΔIBzATP2). (B) Application of SLPI (10 μg/ml) had no impact on ΔIM and did not impair the consecutive response to BzATP. (A,B) Representative current curves are shown. (C) Graphical representation of normalized ΔIBzATP2/ΔIBzATP1 are shown (A,B). Experimental groups were compared by Wilcoxon signed-rank test.



SLPI Inhibits the Function of Monocytic ATP Receptors

As nigericin-induced IL-1β release was not sensitive to SLPI (Figure 1D), it was unlikely that SLPI inhibits the formation of the NLRP3 inflammasome or caspase-1 activation. Hence, we performed whole-cell patch-clamp experiments on U937 cells to test if SLPI application results in an impaired function of monocytic ATP receptors. Application of ATP (1 mM) induced repeatable ion-current changes that were almost fully inhibited by SLPI (10 μg/ml) (Figures 5A–C). These results together with those shown in Figure 4 suggest that SLPI induces a signaling cascade in monocytic cells that results in an indirect inhibition of P2X7Rs.
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FIGURE 5. SLPI inhibits the function of monocytic ATP receptors. Human monocytic U937 cells were primed with LPS (1 μg/ml, for 5 h). Whole-cell patch-clamp recordings were performed and ion-current changes in response to two applications (1 and 2) of ATP (1 mM) were recorded in the absence (A,C) or presence (B,C) of SLPI (10 μg/ml). (C) All ATP-induced current changes (ΔIATP) are presented as individual data points, bars indicate median, whiskers percentiles 25 and 75, experimental groups were compared by Wilcoxon signed-rank test; *p ≤ 0.05 significantly different compared to the first ΔIATP.



The nAChR Subunits α7, α9, and α10 Are Mandatory for the Function of SLPI

Recently, a novel cholinergic mechanism that inhibits BzATP-mediated current changes and, hence, the release of IL-1β via nAChRs composed of subunits α7, α9, and α10 was reported by our group (13–15). To test if nAChRs are also necessary for the SLPI-mediated inhibition of IL-1β secretion, a panel of nAChR antagonists was applied. The presence of Mec, a known general inhibitor of nAChRs (41), completely abolished the inhibitory function of SLPI (Figure 6A). Similarly, α-Bun and Stry, two nAChR antagonists that preferentially inhibit nAChR subunits α7 and α9 (42, 43), effectively abrogated the inhibitory effect mediated by SLPI (Figure 6A). In line with these observations, treatment with ArIB [V11L, V16D] or RgIA4 reported as selective antagonists of nAChRs containing subunits α7 or α9/α10, respectively (36, 37), blocked the inhibitory function of SLPI (Figure 6A).
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FIGURE 6. SLPI signaling involves nicotinic acetylcholine receptor (nAChR) subunits α7, α9, and α10. Human monocytic U937 cells were primed with LPS (1 μg/ml, for 5 h) and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min. (A) Application of nicotinic antagonists mecamylamin (Mec), α-bungarotoxin (α-Bun), strychnine (Stry), RgIA4, or ArIB abolished the SLPI-mediated inhibition of BzATP-induced IL-1β release; *p ≤ 0.05 significantly different compared to cells stimulated with LPS, BzATP, and SLPI. (B) Down-regulation of the expression of nAChR subunits α7, α9, or α10 by siRNA blunted the SLPI-induced inhibitory mechanism. *p ≤ 0.05 significantly different compared to cells transfected with control siRNA (con) and stimulated with LPS, BzATP and SLPI. (C) Mouse peripheral blood mononuclear cells (mPBMCs) deficient in α9 or α10 nAChR subunits stimulated with BzATP were resistant to the SLPI-mediated inhibition. The amount of IL-1β released upon stimulation with BzATP was set to 100% and the remaining values were calculated accordingly. *p ≤ 0.05 significantly different compared to mPBMCs obtained from wild-type (WT) mice stimulated with BzATP and SLPI. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



To further confirm the importance of nAChR subunits α7, α9, and α10 in the inhibitory mechanism mediated by SLPI, the expression of these nAChR subunits in U937 cells was down-regulated using siRNA. The efficiency and specificity of the single knock-down was recently positively evaluated at the mRNA level in the same experimental setting (13, 14). In agreement with results obtained using nAChR antagonists, SLPI was able to effectively inhibit the BzATP-mediated IL-1β release from cells transfected with control, non-target siRNA or siRNA specific for the nAChR subunit α5, whereas down-regulation of the expression of nAChR subunits α7, α9, or α10 significantly blunted the inhibitory function of SLPI (Figure 6B). To ensure the importance of nAChR subunits α9 and α10, additionally, mPBMC isolated from WT mice and mice deficient in single nAChR subunit genes were tested. In response to the stimulation with BzATP, mPBMCs from WT mice released IL-1β in to the culture medium (median 39 pg/ml). PBMCs from WT mice released IL-1β in to the culture medium in response to the stimulation with BzATP (median 39 pg/ml). As predicted, SLPI significantly inhibited the secretion of IL-1β from WT mPBMCs (median 9 pg/ml). In contrast, the IL-1β release from mPBMCs deficient in Chrna9 (α9) (median 129 pg/ml in the absence of SLPI; 166 pg/ml in the presence of SLPI) or Chrna10 (α10) (median 65 pg/ml in the absence of SLPI; 83 pg/ml in the presence of SLPI) remained unchanged upon treatment with SLPI (Figure 6C).

SLPI does Not Induce Ion Channel Functions at Heterologously Expressed nAChRs

Binding of canonical nicotinic agonists has been well-documented to induce ion channel functions of nAChRs (10). Therefore, potential changes in the ion currents of these receptors were tested in the presence of SLPI (10 μg/ml). Xenopus laevis oocytes were co-injected with cRNA encoding human α7, α9, and α10 nAChR subunits and TEVC measurements were performed. To control for the expression of nAChRs, Cho (1 mM) was applied as a positive control. As expected (15), Cho evoked ion currents that were reversible by Cho washout and repeatable by subsequent Cho application (Figures 7A,B). In contrast, SLPI did not induce any ion currents, whereas Cho did (Figures 7C,D). Neither SLPI nor Cho induced changes in ion currents of control oocytes that were injected with water instead of cRNA (Figure 7E).
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FIGURE 7. SLPI does not induce ion channel functions at oocytes co-expressing nicotinic acetylcholine receptor (nAChR) subunits α7, α9, and α10. Two-electrode voltage-clamp measurements (TEVC) were performed on Xenopus laevis oocytes that heterologously co-expressed human nAChR subunits α7, α9, and α10. (A–D) Choline (Cho) induced repeatable current responses, whereas initial SLPI application had no impact on ion currents. (A,C) Representative current curves are shown. (C,D) Graphical representation of the results of experiments shown in (B,D). (E) In water-injected control oocytes, neither SLPI nor Cho application induced any current response. *p ≤ 0.05 significantly different compared to cells stimulated with SLPI. Experimental groups were compared by Wilcoxon signed-rank test.



The Inhibitory Mechanism Mediated by SLPI Depends on Src Kinase Activation and Arrb Expression

Since stimulation with SLPI did not induce ion channel functions at heterologously expressed nAChRs, it is plausible that nAChRs exerts metabotropic functions in response to SLPI. There are several downstream molecules described to physically interact with nAChRs and to be involved in the cholinergic signaling (43–46). Initially, the involvement of Src kinase in the inhibitory mechanism mediated by SLPI was examined. LPS-primed U937 cells were stimulated with BzATP and SLPI in the presence of different concentrations of a selective inhibitor of the Src-family tyrosine kinases PP2. Application of PP2 dose-dependently abolished the inhibitory effect mediated by SLPI (Figure 8). As a control, PP3, an inactive analog of the Src tyrosine kinase inhibitor was used. As awaited, the SLPI-mediated inhibitory mechanism remained fully functional in the presence of PP3 (Figure 8). Neither PP2 nor PP3 changed the BzATP-induced release of IL-1β in the absence of SLPI (Figure 8).
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FIGURE 8. SLPI signals via Src kinase. Human monocytic U937 cells were primed with LPS (1 μg/ml, for 5 h) and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min. SLPI was applied in the presence of different concentrations of the Src kinase inhibitor (PP2) or its inactive analogue (PP3). The concentration of IL-1β in cell culture supernatants was measured by ELISA. PP2 suppressed the SLPI-mediated inhibition. *p ≤ 0.05 significantly different compared to cells stimulated with LPS, BzATP, and SLPI. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



Subsequently, the requirement of Arrb1 or Arrb2, known scaffolding proteins important in the recruitment of Src kinases to nAChRs (46), was examined. Expression of Arrb1 or Arrb2 was selectively reduced using siRNA. The efficiency and specificity of Arrb1 and Arrb2 down-regulation were confirmed by immunoblotting (Figures 9A,B) followed by densitometry (Figures 9C,D). SLPI effectively inhibited the BzATP-mediated IL-1β release from cells transfected with control siRNA. In contrast, down-regulation of the expression of Arrb1 or Arrb2 alone or in combination significantly blunted the inhibitory function of SLPI (Figure 9E).
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FIGURE 9. SLPI signaling involves arrestin β1 and 2 (Arrb1/2). Expression of Arrb1 or Arrb2 in U937 cells was diminished using siRNA. Afterwards, cells were primed with LPS (1 μg/ml, for 5 h) and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min in the presence or absence of SLPI (10 μg/ml). The efficiency and specificity of the knock-down was confirmed by immunoblotting. The concentration of IL-1β in cell culture supernatants was measured by ELISA. (A,C) The expression level of Arrb1 was selectively lowered upon transfection with Arrb1 siRNA; (A) representative immunoblot out of 4 (B,D) The expression level of Arrb2 was diminished upon transfection with Arrb2 siRNA; (B) representative immunoblot out of 4. (C,D) Optical density of the immune-positive bands for Arrb1 or Arrb2 was measured and divided by the values obtained for β-actin on the same blot. The values gathered from untreated cells were set to one and all other values were calculated accordingly. *p ≤ 0.05 significantly different compared to cells transfected with control (con) siRNA. (E) Down-regulation of the expression of Arrb1 or Arrb2 by siRNA blunted the SLPI-induced inhibitory effect. *p ≤ 0.05 significantly different compared to cells transfected with control siRNA (con) and stimulated with LPS, BzATP and SLPI. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



Activation of iPLA2β Is Involved in Signaling of SLPI

Recently, our group reported the involvement of iPLA2β in chemokine-, β-nicotinamide adenine dinucleotide- and α1-antitrypsin-mediated mechanisms controlling the BzATP-induced IL-1β release by monocytic cells (10, 38, 47). To test the importance of this enzyme in the SLPI-mediated regulation of IL-1β secretion, U937 cells were primed with LPS for 5 h and stimulated for additional 30 min with BzATP and SLPI in the presence and absence of PLA2 inhibitors. ATK, a general inhibitor of PLA2 (48, 49), significantly diminished the inhibitory effect mediated by SLPI (Figure 10A). The presence of BEL, an inhibitor that is more specific for iPLA2β (48), fully abolished the effect of SLPI (Figure 10B). None of these inhibitors changed the amount of IL-1β secreted upon stimulation with BzATP in the absence of SLPI (Figures 10A,B). To further corroborate the importance of iPLA2β, two independent approaches were pursued. First, the iPLA2β expression in U937 cells was silenced using siRNA. The efficiency of this knock-down was evaluated on the mRNA level using real-time PCR (Figure 10C). Furthermore, protein levels were shown to be down-modulated by transfection of specific siRNA in the same experimental setting and the results were recently published (38). As expected, the IL-1β release from U937 cells transfected with control non-target siRNA was fully inhibited upon stimulation with SLPI, whereas the inhibition was significantly blunted in cells treated with siRNA specific for iPLA2β (Figure 10D). The down-regulation of iPLA2β expression did not affect the BzATP-mediated IL-1β secretion in the absence of SLPI. In line with these observations, the IL-1β secretion by mPBMCs isolated from the blood of pla2g6 gene-deficient mice was not altered upon stimulation with SLPI, whereas the inhibitory mechanism was fully functional in cells obtained from WT animals (Figure 10E). PBMCs from WT mice secreted 49 pg/ml (median) IL-1β in response to BzATP and 7 pg/ml in the presence of BzATP plus SLPI. In supernatants of BzATP-stimulated mPBMCs from mice deficient in pla2g6, independent of the presence or absence of SLPI, measured levels of IL-1β were around 100 pg/ml.
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FIGURE 10. SLPI activates calcium-independent phospholipase A2β (iPLA2β). Human monocytic U937 cells were primed with LPS (1 μg/ml) for 5 h and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min. SLPI was applied in the presence of different PLA2 inhibitors. The concentration of IL-1β in cell culture supernatants was measured by ELISA. (A) Treatment with the general PLA2 inhibitor arachidonyl trifluoromethyl ketone (ATK) or (B) application of bromoenol lactone (BEL), more specific for iPLA2β, blunted the SLPI-mediated inhibition. (A,B) n = 4, *p ≤ 0.05 significantly different compared to cells stimulated with LPS, BzATP, and SLPI. (C,D) The expression of iPLA2β was silenced by siRNA. (C) The mRNA level of iPLA2β, as measured by real-time PCR, was diminished upon transfection with iPLA2β siRNA. *p ≤ 0.05 significantly different compared to cells transfected with control siRNA (con) (D) Silencing of the iPLA2β expression diminished the SLPI-mediated inhibitory effect on the BzATP-induced release of IL-1β. n = 4, *p ≤ 0.05 significantly different compared to cells transfected with control siRNA (con) and stimulated with LPS, BzATP and SLPI. (E) Mouse peripheral blood mononuclear cells (mPBMCs) isolated from wild-type (WT) or Pla2g6-gene-deficient mice were stimulated with BzATP in the presence and absence of SLPI (10 μg/ml). The IL-1β released to cell culture supernatants was measured by ELISA. The IL-1β concentration in the absence of SLPI was set to 100% and values after SLPI application were calculated accordingly. *p ≤ 0.05 significantly different compared to cells from WT mice stimulated with BzATP and SLPI. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



SLPI Induces the Release of a Bioactive Low Molecular Mass Factor

It is well-documented that activated iPLA2β catalyzes the release of free fatty acids from various phospholipids (50). Free fatty acids can be further converted into diverse physiologically active lipid mediators. Cleavage of phosphatidylcholines, additionally leads to the generation of PC-containing metabolites with immunonomodulatory functions (51). To test whether stimulation with SLPI results in the production and release of bioactive factors, conditioned medium was produced and tested. LPS-primed U937 cells were stimulated with SLPI (10 μg/ml) for 30 min, the cell-free supernatant was collected and ultrafiltrated at a cut-off of 3 kDa to remove SLPI (M2). Control supernatant was harvested from LPS-primed U937 cells and SLPI was added to the cell-free supernatant shortly before ultrafiltration (M1). To test if SLPI was efficiently separated from the conditioned medium, low and high molecular mass fractions of the conditioned medium M1 and M2 were separated by SDS-PAGE and proteins were visualized with Coomassie Brilliant Blue staining. As predicted, a signal corresponding to the molecular mass of SLPI was only detected in the high molecular mass fractions of conditioned medium (Figure 11A). Low molecular mass fractions were applied to another set of LPS-primed U937 cells together with BzATP and the release of IL-1β was measured 30 min later. The low molecular mass fraction of the M2 supernatant dose-dependently inhibited the BzATP-induced IL-1β release (Figure 11B), whereas the low molecular mass fraction of the M1 supernatant had no effect (Figure 11B). To study the time course of the release of the inhibitory factor, conditioned media M2 were collected every 5 min after application of SLPI (10 μg/ml). The BzATP-induced IL-1β release was significantly inhibited in the presence of the low molecular mass fraction collected after 10 min of stimulation with SLPI, and 30 min were needed for a full inhibition of the IL-1β release (Figure 11C).
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FIGURE 11. SLPI induces the release of a bioactive factor. Human monocytic U937 cells were primed with LPS (1 μg/ml) for 5 h and further cultured for additional 30 min in the absence (M1) and presence (M2) of SLPI (10 μg/ml). Conditioned media were collected and separated by ultrafiltration (cut-off 3 kDa) into high (HMMF) and low molecular mass fractions (LMMF). Conditioned medium M1 was supplemented with SLPI shortly before ultrafiltration. (A) HMMF and LMMF of M1 and M2 were separated by SDS-PAGE (15% acrylamide) along with marker proteins and stained with Coomassie Brilliant Blue. A band with an apparent molecular mass of about 15 kDa corresponding to SLPI was only detected in the HMMF (B) LPS-primed U937 cells were stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min in the presence of different concentrations of the LMMF of M2. LMMF of M1 was applied as a control. LMMF of M2 dose-dependently inhibited the BzATP-induced IL-1β release. (C) LMMF of M2 collected at different time-points after SLPI application was applied to U937 cells primed with LPS and stimulated with BzATP for 30 min. The IL-1β release was measured by ELISA. n = 4, *p ≤ 0.05 significantly different compared to U937 cells stimulated with LPS and BzATP. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



The Secretion of the Bioactive Factor Depends on Anx2 and iPLA2β

Next, the involvement of Anx2, described as a membrane receptor/ binding protein for SLPI (52), in the production of the low molecular mass factor was determined. The expression of Anx2 in U937 cells was diminished using siRNA treatment, and the knock-down of the Anx2 protein was confirmed by immunoblotting followed by densitometry (Figures 12A,B). The knock-down of Anx2 did not affect the BzATP-mediated IL-1β secretion in the absence of SLPI, and the IL-1β release from U937 cells transfected with control non-target siRNA was fully abolished upon stimulation with SLPI, whereas the inhibition was significantly blunted in cells treated with siRNA targeting Anx2 (Figure 12C). To prove the involvement of Anx2 in the production of the inhibitory factor secreted in response to SLPI, the cells transfected with control siRNA or siRNA specific for Anx2 were primed with LPS for 5 h and SLPI was applied for 30 min. Conditioned media were collected and the inhibitory function of the low molecular mass fractions was tested. The low molecular mass fractions obtained from the cells transfected with control siRNA (M3) fully inhibited the BzATP-mediated IL-1β secretion, whereas fraction M4 collected from cells with reduced Anx2 expression had no effect on the IL-1β release (Figures 12D,E). In similar way, the relevance of iPLA2β for the production and release of the low molecular mass factor was tested. The low molecular weight fraction of conditioned media produced by cells transfected with siRNA specific for iPLA2β (M5) before stimulation with SLPI were devoid of any inhibitory activity (Figure 12E).
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FIGURE 12. SLPI signaling involves annexin 2 (Anx2). Expression of Anx2 in U937 cells was diminished by siRNA. Cells were primed with LPS (1 μg/ml) for 5 h and further stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min in the presence or absence of SLPI (10 μg/ml). The efficiency and specificity of the knock-down was confirmed by immunoblotting. The concentration of IL-1β in the cell culture supernatant was measured by ELISA. (A) The protein expression level of Anx2 was silenced upon transfection with Anx2 siRNA; one representative immunoblot out of 4. (B) The optical density of the immuno-positive bands was measured and divided by the values obtained for β-actin on the same blot. The values gathered from untreated cells were set to one and all other values were calculated accordingly. *p ≤ 0.05 significantly different compared to cells transfected with control (con) siRNA. (C) Down-regulation of the expression of Anx2 siRNA blunted the SLPI-induced inhibitory effect. *p ≤ 0.05 significantly different compared to cells transfected with control siRNA (con) and stimulated with LPS, BzATP and SLPI. (D,E) Conditioned media were collected from U937 cells transfected with control siRNA (con) (M3), Anx2 siRNA (M4), or with iPLA2β siRNA (M5). All cells were primed before media collection with LPS for 5 h and SLPI was applied for additional 30 min. The low molecular mass fractions (LMMF) of M4 and M5 were devoid of inhibitory activity. *p ≤ 0.05 significantly different compared to U937 cells treated with LMMF of M3. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



The Inhibitory Function of the Low Molecular Mass Factor Is Blocked by nAChR Antagonists and by an Inhibitor of Src Kinase

Next, the involvement of nicotinic receptors in the inhibitory signaling mediated by the low molecular mass factor was tested. LPS-primed U937 cells were stimulated with SLPI (10 μg/ml) for 30 min, the cell-free supernatant was collected and ultrafiltrated to remove SLPI (M2). Low molecular mass fractions were applied to another set of LPS-primed U937 cells together with BzATP in the presence and absence of nicotinic antagonists. The release of IL-1β was measured 30 min later. As shown before, the low molecular weight fraction M2 inhibited the BzATP-induced IL-1β release. The inhibitory effect was antagonized in the presence of α-Bun, ArIB, and RgIA4 (Figure 13A). Similarly, the application of the Src kinase inhibitor PP2 fully abolished the inhibitory function of M2 fraction whereas the inactive control compound PP3 did not have any effect on BzATP-mediated IL-1β release (Figure 13B).
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FIGURE 13. The bioactive factor signals via nicotinic acetylcholine receptor (nAChR) subunits α7, α9, and α10 and Src kinase. Human monocytic U937 cells were primed with LPS (1 μg/ml) for 5 h and cultured for additional 30 min in the absence (M1) or presence (M2) of SLPI (10 μg/ml). Conditioned media were collected and separated by ultrafiltration (cut-off 3 kDa) into high (HMMF) and low molecular mass fractions (LMMF). Conditioned medium M1 was supplemented with SLPI shortly before ultrafiltration. LPS-primed U937 cells were stimulated with 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP; 100 mM) for 30 min in the presence or absence of M1 or M2. (A) Application of nicotinic antagonists α-bungarotoxin (α-Bun), RgIA4, or ArIB or (B) treatment with the Src kinase inhibitor PP2 abolished the inhibition mediated by the LMMF of M2. The inactive PP2 analogue PP3 had no effect on the inhibitory function of the LMMF of M2. *p ≤ 0.05 significantly different compared to U937 cells treated with LPS, BzATP, and LMMF of M2. Experimental groups were compared by Kruskal-Wallis test followed by Mann-Whitney rank sum test.



DISCUSSION

Several pro-inflammatory stimuli, including LPS, IL-1β, and IL-6 have been identified to regulate SLPI expression by monocytes/macrophages (18–20). Anti-inflammatory properties of SLPI are well-documented by numerous publications (21, 53–55). They are mainly associated with a modulation of NF-κB signaling in monocytes/macrophages and a down-regulation of the gene expression of pro-inflammatory cytokines (29, 30, 56). We hypothesized that SLPI might rapidly control the release of monocytic IL-1β and protect against detrimental effects caused by elevated systemic levels of this cytokine. In the current study, we provided evidence for a novel anti-inflammatory mechanism mediated by SLPI, which results in a dose-dependent inhibition of the BzATP-induced IL-1β release by human and murine mononuclear leukocytes. The mRNA levels of pro-IL-1β are unimpaired in our experimental setting, probably due to the short incubation time with SLPI (30 min). SLPI in this experimental setting seems to signal via Anx2 and iPLA2β resulting in the quick release of small bioactive factors that, in turn, activate metabotropic functions of nAChRs containing subunits α7, α9 and α10, and lead to the inhibition of ATP-mediated currents and IL-1β release (Figure 14). This inhibitory mechanism is activated by both, the application of exogenous SLPI and by elevated endogenous SLPI expression.
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FIGURE 14. Graphical representation of the proposed inhibitory mechanism mediated by SLPI. LPS stimulates Toll-like receptor 4 (TLR4) at monocytic cells and induces the synthesis of pro-IL-1β. Extracellular ATP activates the P2X7R and leads to inflammasome assembly, caspase-1 activation and proteolytic cleavage of pro-IL-1β, and release of mature IL-1β. SLPI released for example from monocytes, activates iPLA2β in an annexin 2 (Anx2)-dependent manner and induces the production and release of an inhibitory low molecular mass factor (LMMF) that functions as an agonist of nicotinic acetylcholine receptors (nAChR). The LLMF in turn activates nACHRs containing subunits α7, α9, and α10, resulting in Src kinase activation, inhibition of P2X7R function, prevention of pro-IL-1β maturation, and IL-1β secretion.



Most experiments of the present study were performed on U937 cells, a human monocytic cell line that, like cell lines in general, does not fully reflect the properties of primary cells. To confirm the relevance of our findings, key experiments were repeated on PBMCs isolated from human or mouse blood. In line with our observations on U937 cells, stimulation of primary cells with BzATP resulted in the induction of IL-1β release independent on the source of the cells and in a reduced IL-1β release in the presence of SLPI. PBMCs from two out of eight human donors did not respond to SLPI for unknown reasons, whereas all mouse cells were SLPI-responsive. It might be that PBMCs from two non-responders requires optimization of SLPI concentration and this warrants further studies. Altogether, our results support the idea that the proposed mechanism is relevant in vivo and might play an important role in controlling the IL-1β release by blood mononuclear leukocytes.

In line with previously published data, LPS-primed U937 cells only released about 45 pg/ml IL-1β in response to stimulation with LPS and BzATP (10, 34, 35, 37). In contrast, the amount of IL-1β released from primary LPS-primed human PBMCs (around 2,000 pg/ml) was much higher compared to U937 cells. Mouse PBMCs were exclusively primed by the process of cell isolation and cultivation but not by LPS, and released IL-1β in about the same range like U937 cells. Hence, the absolute amount of IL-1β released in response to BzATP varies considerably depending on the cell type, in vivo and in vitro cell priming, and possibly depending on the species investigated.

To select the most effective inhibitory dose, different concentrations of SLPI were tested on U937 cells. Stimulation with 10 μg/ml of SLPI resulted in a full inhibition of the BzATP-mediated IL-1β release. This concentration of SLPI can be detected in saliva or in epithelial lining fluid under physiological conditions (21). The systemic concentrations of SLPI measured in blood serum of healthy volunteers are much lower, in average about 40 ng/ml, but can be induced under inflammatory conditions. For example, in the serum of septic surgical patients 132 ± 15 ng/ml of SLPI can be measured (22) and local concentrations near the inflammatory foci might be even higher.

We made considerable efforts to elucidate essential steps of the SLPI-mediated signaling cascade. In the view of the anti-protease activity of SLPI (23) and the ability of exogenous SLPI to cross the cell membrane (29), we initially hypothesized that SLPI might directly affect the function of the cytoplasmic protease caspase-1. To test this hypothesis, the IL-1β release by U937 cells was triggered by nigericin, a pore-forming bacterial toxin that activates caspase-1 in an ATP-independent manner (39). In contrast to this first hypothesis, the nigericin-induced IL-1β release was not inhibited by SLPI, suggesting that SLPI acts upstream of the NLRP3 inflammasome assembly in response to extracellular ATP.

Next, we investigated a potential direct inhibitory effect of SLPI on the P2X7R ion channel function using Xenopus laevis oocytes heterologously expressing the human P2X7R. However, SLPI did not impair BzATP-evoked ion currents, a result that argues against a direct SLPI-mediated modulation of P2X7R function. In U937 cells, however, SLPI inhibited ion current changes induced by extracellular ATP, most probably by an indirect inhibition of the monocytic P2X7R. In the following experiments were elucidated essential steps of the signaling cascade that eventually inhibits ATP signaling.

Previous reports from our group showed an involvement of iPLA2β in mechanisms controlling IL-1β release mediated by chemokines (38), β-nicotinamide adenine dinucleotide (10), and α1-antitrypsin (47). Therefore, we tested, whether iPLA2β plays an essential role in SLPI-mediated inhibition of IL-1β release. We observed that inhibitors of iPLA2β as well as silencing of the expression of iPLA2β significantly blunted the inhibitory function of SLPI. Similarly, mPBMCs obtained from Pla2g6 gene-deficient mice were insensitive to SLPI. These results clearly confirmed a critical role of iPLA2β in the inhibitory mechanism mediated by SLPI.

It is known that iPLA2β activation leads to the release of free fatty acids, which can be further converted into diverse physiologically active lipid mediators (50). Furthermore, iPLA2β is involved in the generation of PC-containing metabolites with immunomodulatory properties (51). We postulated that the involvement of iPLA2β is associated with the production and the release of low molecular weight bioactive factors with inhibitory capacity. Indeed, conditioned medium of cells stimulated with SLPI inhibited the BzATP-mediated responses in a dose-dependent manner, although SLPI was depleted from the conditioned medium by ultrafiltration. In sharp contrast, conditioned medium from cells in which the expression of iPLA2β was silenced, was ineffective, suggesting that iPLA2β is required for the production or secretion of bioactive factors. Furthermore, collection of conditioned media at different time points after stimulation with SLPI clearly showed a time-dependent increase in the concentrations of the inhibitory factors, reaching the fully inhibitory concentration 30 min after SLPI application. This result seems to be in contrast to the observation that SLPI immediately blocks the IL-1β release. However, we assume that the inhibition is caused by autocrine factors and that the local concentrations surrounding individual cells rise quickly.

The inhibitory function of SLPI or conditioned medium was blocked by the nicotinic antagonists α-Bun, ArIB, and RgIA4, suggesting that activation of nAChRs containing subunits α7, α9/α10 is involved in signaling of SLPI. The role of these nAChR subunits in signaling of SLPI was further confirmed by gene-silencing and by using PBMCs from mice deficient in α7, α9, or α10 nAChR subunits. Recently, a novel cholinergic mechanism that inhibits the ATP-dependent release of IL-1β was discovered by our group (13–15). Several canonical and novel non-canonical cholinergic agonists were described to suppress the ATP-induced release of monocytic IL-1β via different ligand-specific combinations of nAChR subunits α7, α9, and α10 (13–15). Among them are lysophosphatidylcholine, the PLA2-dependent metabolite of phosphatidylcholine as well as glycerophosphocholine and PC. Signaling of SLPI seems to lead to the iPLA2β-dependent production of yet unidentified nAChR agonists that use the same nAChR combination (α7, α9, α10) as PC for signaling (14, 15). Nicotinic agonists activate metabotropic function of monocytic nAChRs without induction of canonical ionotropic receptor function in monocytes (13–15). SLPI did not induce changes in ion currents at nAChRs heterologously expressed in Xenopus laevis oocytes, whereas we showed that Src kinase and scaffolding proteins Arrbs are mandatory for the signaling down-stream of nAChRs. There are several reports that documented an involvement of nAChR antagonists and nAChRs in the activation of intracellular signaling cascades (44, 46, 57, 58). Interestingly, activation of nAChR α7 by nicotine induces cell proliferation by a mechanism involving Arrb-mediated activation of Src kinase (46). However, it is not clear, how Src kinase activation would modulate ATP-mediated responses. Unlike other P2X receptors, the P2X7R possesses a larger cytosolic C-terminus with 200 amino acid residues. The C-terminus of the P2X7R has been implicated in the regulation of receptor function, including signaling pathway activation, cellular localization, protein-protein interactions, and post-translational modification (59). Proteomic assays revealed a spectrum of cytosolic proteins interacting with the C-terminus of the P2X7R (60). Additionally, different kinases including PKC were reported to bind to the P2X7R (61), and proteins containing Src homology 3 (SH3) domains including Src kinase were predicted to interact with the C-terminus of P2X7R (62). Several putative phosphorylation sites were identified, and phosphorylation of some amino acids, for example Tyr 343, negatively regulate P2X7R function (60). Therefore, we postulate that Src kinase activated by cholinergic stimulation directly or indirectly leads to a posttranslational inhibitory modification of the P2X7R, to an inhibition of the ATP-mediated inflammasome assembly, and finally to an inhibition of IL-1β maturation and release.

The inhibitory function of SLPI was abolished upon down-regulation of Anx2 expression and conditioned medium produced in the absence of proper Anx2 expression was devoid of its inhibitory property. It is not clear how Anx2 contributes to the inhibitory responses mediated by SLPI. Anx2 is recognized as a pleiotropic, calcium-dependent and anionic phospholipid-binding protein that can exist as monomer and as a heterotetrameric complex with the plasminogen receptor protein, S100A10 (63, 64). Anx2 can be localized in the cytosol and on the cell surface (64). Cell surface Anx2, beside many other functions, has been suggested to act as a as a membrane receptor / binding protein for SLPI (52), and has been proposed to be involved in signal transduction (64). Based on our results, we postulate that SLPI binds to Anx2 on the cell surface and induces a yet undefined signaling cascade, which results in iPLA2β activation and in the release of the low molecular weight inhibitory factor (Figure 14).

Our study has several limitations. Although we discovered a novel anti-inflammatory function of SLPI, more research is needed to fully define the signaling pathway involved in the inhibitory mechanism. The major draw-back of this report is the lack of a clearly defined receptor for SLPI and the unknown identity of the low molecular weight inhibitory factors released in response to SLPI. In addition, the mechanism that links nAChR activation to the inhibition of the P2X7R function remains to be elucidated.

The recognition of the importance of IL-1β in the pathogenesis of different disorders already resulted in the development of diverse therapeutic strategies inhibiting the IL-1 system mainly for the treatment of diverse autoimmune diseases (2, 8). Unfortunately, targeting the IL-1 system in the context of trauma-induced SIRS and sepsis has not been beneficial up to now (2). This is probably due to the fact that host defense is impaired and infections are favored. Hence, anti-inflammatory treatment should selectively reduce circulating inflammasome-dependent mediators, without impairing local IL-1β release induced by invading pathogens. We postulate that SLPI, as a selective inhibitor of ATP-mediated responses, has the potential to be used in the clinic as a life-saving therapeutic agent for the treatment and prevention of trauma-induced SIRS and MODS, while sparing host defense against pathogens.
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