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Gene–Dose Effect of MEFV Gain-of-Function Mutations Determines ex vivo Neutrophil Activation in Familial Mediterranean Fever
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Familial Mediterranean fever (FMF) is caused by mutations within the Mediterranean fever (MEFV) gene. Disease severity depends on genotype and gene dose with most serious clinical courses observed in patients with M694V homozygosity. Neutrophils are thought to play an important role in the initiation and perpetuation of inflammatory processes in FMF, but little is known about the specific characteristics of these cells in FMF patients. To further characterize neutrophilic inflammatory responses in FMF and to delineate gene–dose effects on a cellular level, we analyzed cytokine production and activation levels of isolated neutrophils derived from patients and subjects with distinct MEFV genotypes, as well as healthy and disease controls. Serum levels of interleukin-18 (IL-18) (median 11,485 pg/ml), S100A12 (median 9,726 ng/ml), and caspase-1 (median 394 pg/ml) were significantly increased in patients with homozygous M694V mutations. Spontaneous release of S100A12, caspase-1, proteinase 3, and myeloperoxidase (MPO) was restricted to ex vivo cultured neutrophils derived from patients with two pathogenic MEFV mutations. IL-18 secretion was highest in patients with two mutations but also increased in neutrophils from healthy heterozygous MEFV mutation carriers, exhibiting an ex vivo gene–dose effect, which was formerly described by us in patients' serum. CD62L (l-selectin) was spontaneously shed from the surface of ex vivo cultured neutrophils [median of geometric mean fluorescence intensity (gMFI) after 5 h: 28.8% of the initial level]. While neutrophils derived from healthy heterozygous mutation carriers again showed a gene–dose effect (median gMFI: 67.1%), healthy and disease controls had significant lower shedding rates (median gMFI: 83.6 and 82.9%, respectively). Co-culture with colchicine and/or stimulation with adenosine triphosphate (ATP) and lipopolysaccharide (LPS) led to a significant increase in receptor shedding. Neutrophils were not prevented from spontaneous shedding by blocking IL-1 or the NLRP3 inflammasome. In summary, the data demonstrate that ex vivo cultured neutrophils derived from FMF patients display a unique phenotype with spontaneous release of high amounts of IL-18, S100A12, MPO, caspase-1, and proteinase 3 and spontaneous activation as demonstrated by the loss of CD62L. Neutrophilic activation seems to be independent from IL-1 activation and displays a gene–dose effect that may be responsible for genotype-dependent phenotypes.
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INTRODUCTION

The prototypic autoinflammatory disease familial Mediterranean fever (FMF) is caused by pyrin-encoding MEFV (Mediterranean fever) gene mutations (1, 2). Recurrent self-limiting acute flares of inflammatory disease with involvement of serosal membranes and fever are key characteristics of FMF (3). Within FMF, there is wide clinical and genetic heterogeneity, but the most common mutation Met694Val (M694V) is associated with the most severe clinical phenotype in a homozygous state. FMF patients homozygous for M694V present with more joint and skin involvement, higher acute phase reactants during a clinically inactive disease, a higher rate of secondary amyloidosis, and a higher colchicine dose requirement compared to patients with other genotypes (4–6). Neutrophils are the main tissue-infiltrating cells during FMF attacks and therefore the most likely responsible for a large proportion of the observed inflammatory symptoms (7). RNA analysis of isolated short-time cultured neutrophils from patients with FMF revealed an altered spontaneous gene expression profile, for example, caspase-1, c-FOS, TLR2, and MMP9, when compared to control neutrophils (8).

Self-activation of the pyrin inflammasome and subsequent enhanced maturation of interleukin-1β (IL-1β) is of central importance in the pathophysiology of FMF (9). Elevated IL-1β secretion has been described from monocytes and neutrophils derived from FMF patients and has been identified as the main cytokine driving disease pathology in an FMF mouse model (9–11). During inflammatory attacks, neutrophils from FMF patients release neutrophil extracellular traps (NET) containing IL-1β (12, 13). Nevertheless, measuring IL-1β levels in serum from patients is hardly possible (14), and a constitutive pyrin inflammasome activation in patient macrophages ex vivo has not been described (15).

In a previous study, we reported unstimulated neutrophils from homozygous M694V patients to spontaneously release higher levels of the IL-1 family cytokine IL-18, caspase-1, and myeloid cell-derived S100A12 compared to neutrophils from healthy controls (HCs) in vitro (11). In addition, highly elevated serum levels of these proteins can be detected in the serum of FMF patients and were shown to differentiate clinical status and genotype (11).

These results raised the hypothesis that neutrophils carrying MEFV mutations do exhibit a highly characteristic activation status. In order to further decipher the neutrophilic inflammatory response in FMF and to delineate the gene–dose effect of MEFV mutations, we analyzed the spontaneous and induced cytokine secretion by neutrophils derived from patients and controls. Furthermore, the activation state of neutrophils was determined by measuring the density of surface molecules. With these analyses, we addressed the following objectives: (i) the spontaneous marker release and change of surface marker expression are restricted to neutrophils derived from patients with FMF, (ii) the amount of spontaneous neutrophilic activation depends on a gene–dose effect, and (iii) the spontaneous release of inflammatory markers is restricted to a specific set of proteins. For these reasons, we included the analysis of neutrophils derived from patients with other chronic active inflammatory disorders, for example, Crohn's disease, rheumatic diseases, cystic fibrosis, autoinflammatory diseases, and immunodeficiencies with chronic inflammation, as well as acute infections.



PATIENTS AND METHODS

Patients and Control Groups

HCs (n = 9, mean age 42 years), healthy heterozygous MEFV carriers (n = 6, mean age 45 years), and patients with FMF and two pathogenic mutations (n = 12, mean age 19 years) or other diverse inflammatory diseases [infections n = 6, cystic fibrosis n = 5, Crohn's disease n = 4, rheumatic diseases n = 4, tumor necrosis factor receptor-associated periodic syndrome (TRAPS) n = 2, and immunodeficiencies with chronic inflammation n = 2, mean age of all 41 years] were recruited at the Children's Hospital and the Clinic for Pneumology and Infectious Diseases (both Charité Berlin) as well as the Immanuel Hospital Berlin Buch. For patients' characteristics, see Table 1, Table S1. Clinical status was assessed by a standardized questionnaire. In patients with chronic inflammatory diseases other than cystic fibrosis, infections within the last 2 weeks prior to blood sampling were excluded. In Crohn's disease, disease activity was assessed by use of the Harvey–Bradshaw index, which captures general well-being, abdominal pain, number of liquid stools per day, abdominal mass, and complications (mild 5–7, moderate 8–16, and severe >16) (17). In patients with cystic fibrosis, severity of pulmonary exacerbation was assessed by changes in (1) sputum volume or color, (2) cough, (3) malaise and/or fatigue, (4) weight loss, (5) decrease in FEV1 ≥10% or radiographic changes, and (6) dyspnea (maximal count 6) (18). In patients with rheumatoid arthritis, disease activity was measured by disease activity score 28 (DAS 28), which summarizes (1) number of tender joints (0–28), (2) number of swollen joints (0–28), (3) C-reactive protein (CRP) (mg/L), and (4) subjective evaluation of disease activity by the patient (0–100 visual analog scale). Patients who received >5 mg/day prednisolone equivalent were excluded.


Table 1. Characteristics of the patients in the core study cohort.
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Ethical Approval

This study was approved by the ethical commission of the Charité – Universitätsmedizin Berlin (Ref: EA2/033/09). Written informed consent was obtained from all HCs, patients, and/or their parents or legal guardians.



In vitro Analyses

Neutrophils were isolated by a two-density centrifugation using Percoll (GE Healthcare, Freiburg, Germany) within 30–60 min after blood drawing (for the experimental approach, see Figure S1). Cells were counted, and purity was determined by cell-counting flow cytometry (Sysmex). An additional serum sample was aliquoted, immediately frozen, and stored at −80°C for later analysis of inflammatory mediators. Neutrophils (5 × 106 cells/ml) were left untreated or stimulated for 5 h with phorbol myristate acetate (PMA) (10 nM; Sigma-Aldrich, Munich, Germany) or lipopolysaccharide (LPS) (10 ng/ml LPS-RS Ultrapure; InvivoGen), with or without the addition of colchicine (5 μg/ml; Sigma) at time 0 and with or without the addition of adenosine triphosphate (ATP) disodium salt (Sigma-Aldrich) at 3.5 h. Cells were harvested after 30 min and 1, 2, 3, 4, or 5 h, respectively. In HC, heterozygous MEFV mutation carriers and FMF patients cell viability were determined by microscopy after Trypan blue staining and flow cytometry after propidium iodide and annexin staining (Becton-Dickinson. Heidelberg, Germany).

Expressions of S100A12, IL-18, and IL-1β were analyzed in neutrophils derived from a previously described cohort of HCs and FMF patients with active disease (numbering in Table S1: controls 1.10–1.13, patients 2.14–2.19, data shown in Figure S4) (11).

After stimulation, RNA was isolated from 5 × 106 neutrophils according to the user manual [“Total RNA Isolation” (Macherey-Nagel) and reverse transcribed into cDNA “RevertAid H minus First Strand cDNA Synthesis Kit” (Fermentas)]. RT-PCR was performed with the ABI PRISM 7900HT Sequence Detection System after adding primers, SYBR FAST qPCR and SYBR Green by KAPA Biosystems.

Measurement cycle threshold (Ct) in comparison to housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) und ribosomal protein L (RPL) was analyzed (ΔCt). The following primers were used: GAPDH 236 forward 5′-GCA AAT TCC ATG GCA CCG T-3′, GAPDH 339 reverse 5′-GCC CCA CTT GAT TTT GGA GG-3′, RPL 13A 277 forward 5′-AGG TAT GCT GCC CCA CAA AAC-3′, RPL 13A 418 reverse 5′-TGT AGG CTT CAG ACG CAC GAC-3′, IL-1β forward: 5′-GCG GCC AGG ATA TAA CTG ACT TC-3′, IL-1β reverse 5′-TCC ACA TTC AGC ACA GGA CTC TC-3′, IL-18 forward 5′-TTC AAC TCT CTC CTG TGA GAA CA-3′, IL-18 reverse 5′-ATG TCC TGG GAC ACT TCT CTG-3′, S100A12 reverse 5′-TGT TTG CAA GCT CCT TTG TAA GC-3′, and S100A12 73 forward 5′-CAA AAC TTG AAG AGC ATC TGG AGG-3′.



Analysis of Inflammatory Mediators

ELISAs following the manufacturers' standard protocols were performed in patients' and control serum for S100A12 (Circulex, Nagano, Japan), IL-18 (human IL-18 ELISA kit, MBL, Woburn, USA), and caspase-1 (Human Caspase-1/ICE Immunoassay, R&D, Abingdon, UK).

Cytokines or cytokine receptor antagonists (IL-1β, IL-6, IL-8, IL-10, IL-18, IL-1Ra, and TNFα), neutrophilic granula proteins (Proteinase 3, MPO), and chemokines [MCP-1, MIP-1α (CCL-3), MIP-1β (CCL-4), and MIP-3α (CCL-20)] in culture supernatants (SNs) were quantified by multiplexed bead array assays (ProcartaPlex, Thermo Fisher, Waltham, MA, USA; R&D Systems, Minneapolis, MN, USA) according to the manufacturers' instructions. S100A12 was detected by a combination of in-house monoclonal anti-S100A12 antibodies (19) translated to the MagPlex microsphere platform (Luminex, Hertogenbosch, The Netherlands) (20). Data acquisition was performed on a MagPix instrument (Merck Millipore) using xPONENT v4.2 software (Luminex). Data were analyzed using ProcartaPlex Analyst software (v1.0; eBioscience).



Flow Cytometry

Fluorescence-activated cell sorting (FACS) analysis (Canto, FACS Diva software) was performed by the use of CD45-PE-Cy5, CD11b-APC, CD16-PC7, and CD62L-FITC antibodies and isotype staining by use of mIgG1-PE and mIgG1-APC. mIgG1-FITC and CD62L-FITC were purchased from Becton Dickinson; all other antibodies were purchased from Beckman Coulter. In the neutrophil-enriched cell population, granulocytes were positively distinguished from cell debris, and lymphocytes by positive staining with CD45 and high side scatter. Eosinophilic granulocytes were differentiated by the expression of CD16. To identify activation, neutrophils were stained with CD11b and CD62L (Figure S2). The gate for the isotype control was set to exclude 99% of the total population.



Statistical Analysis

Data were analyzed with GraphPad Prism software (Version 8.0 for Mac OS X, GraphPad Software, La Jolla, CA, USA), and tests applied as indicated in figure legends. Significance of differences in serum levels of inflammatory mediators were analyzed by Kruskal–Wallis followed by Dunn's multi-comparison test. *p < 0.05, **p < 0.01, ****p < 0.0001, and p ≤ 0.05 were considered statistically significant.




RESULTS

Serum Levels of S100A12, IL-18, and Caspase-1 Detect Inflammation in FMF

Although most of the FMF patients investigated in this cohort were well-controlled by continuous colchicine therapy (Table S1), homozygous M694V mutation carriers showed a significant increase of CRP [median 82.1 mg/L (range 1.3–112.5 mg/L), p < 0.05] compared to patients with other mutations or HCs (Table 1, Table S1). It was shown previously that IL-18 and S100A12 are especially sensitive to detect subclinical inflammation in patients with FMF (11, 21). In this independent cohort, serum levels of IL-18, S100A12, and, interestingly, caspase-1, a marker for inflammasome activation, were also significantly increased in patients with homozygous M694V mutations compared to controls [IL-18: median 11,485 pg/ml (4,054–18,028), p < 0.0001, S100A12: median 9,726 ng/ml (1,267–12,864), p < 0.01; caspase-1: median 394 pg/ml (265–1,552), p < 0.01]. Furthermore, IL-18 levels were significantly increased in patients with two mutations other than M694V homozygosity compared to healthy subjects [median 2,699 pg/ml (571–7,322), p < 0.01].

These observations confirmed that IL-18 and S100A12 as well as caspase-1 are increased in FMF and prompted us to analyze their secretion pattern in ex vivo isolated neutrophils in more detail.



FMF Neutrophils Spontaneously Release S100A12, IL-18, and Caspase-1

Therefore, we extended our analyses in this patient cohort to ex vivo studies of neutrophils as a prominent source of IL-18, caspase-1, and S100A12 secretion (11). For this reason, we determined the kinetics of spontaneous protein secretion and compared findings to neutrophils derived from healthy heterozygous MEFV mutation carriers, as well as patients with active infections and other inflammatory diseases.

After cell preparation, neutrophils were enriched to a mean of 90.6% (SD 9.3%). The amount of monocytes, a potential contaminating source of proinflammatory cytokines, ranged at a mean percentage of 0.8% (SD 1.3%). Between the different diseases, no differences in cell distribution was observed (Table S2). The addition of ATP, LPS, or colchicine did not decrease cell viability as measured by Trypan blue staining as well as by flow cytometry after propidium bromide and annexin staining (Tables S3, S4).

In neutrophils derived from FMF patients, IL-18, caspase-1, and S100A12 were rapidly secreted during the first 60 min of culture. For IL-18, a gene/dose-dependent secretion was observed with the highest levels secreted by cells derived from patients with two pathogenic MEFV mutations followed by secretory activity of cells derived from healthy heterozygous carriers (Figures 1A–C). As previously described, no spontaneous increased IL-1β secretion was observed (Figure 2, Figure S3B). In neutrophils derived from patients with acute infections and other active inflammatory diseases, secretion of these inflammatory markers did not differ from HCs (Figure 2, Figure S3B).
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FIGURE 1. Spontaneous secretion of IL-18, caspase-1, and S100A12 by neutrophils derived from MEFV mutation carriers and controls. Isolated neutrophils from healthy controls (filled circles, n = 5–7), healthy heterozygous MEFV mutation carriers (filled triangles, n = 6), FMF patients with compound heterozygous or homozygous mutations (open circles, n = 9), and patients with other chronic inflammatory and infectious diseases (open triangles, n = 7–22) were cultured without stimulation. Secretion of IL-18 (A), caspase-1 (B), and S100A12 (C) was assessed by ELISA in the supernatants at indicated time points. Note that values for S100A12 are represented on a logarithmic scale and in pg/ml. Values are given as median and interquartile ranges.
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FIGURE 2. Spontaneous and induced secretion of various mediators by neutrophils derived from MEFV mutation carriers and patients with other inflammatory diseases. Isolated neutrophils derived from controls and from patients with indicated diseases were cultured without stimulation or were stimulated with 10 ng/ml of lipopolysaccharide (LPS) for 5 h and 1 mM adenosine triphosphate (ATP) for 90 min. Part of the cells was cultured with 5 μg/ml colchicine added at time 0. Concentrations of interleukin (IL)-1β, IL-6, IL-8, IL-10, IL-18, IL-1RA, TNFα, S100A12, proteinase 3, and MPO were quantified by multiplexed bead array assay (D). Data were analyzed by Kruskal–Wallis followed by Dunn's multi-comparison test (*p < 0.05, **p < 0.01, ***p < 0.001). Note that different assay systems were used in Figure 1 compared to Figure 2 explaining potential differences in concentrations.


As previously demonstrated by single ELISA (11) and confirmed in this cohort, the spontaneous secretion of S100A12 and IL-18 by neutrophils from FMF patients cannot be further enhanced by in vitro cell stimulation but can be reduced by the addition of colchicine (Figure 2, Figure S3B). To elucidate whether this spontaneous release is specific for these particular mediators and for neutrophils from FMF patients, we analyzed the secretion of various cytokines, chemokines, and granular proteins in neutrophils derived from patients with different inflammatory conditions (Figure 2, Figures S3A,B). IL-18, S100A12, proteinase-3, and MPO are the only proteins that were spontaneously secreted at high levels by neutrophils from FMF patients, and further stimulation with PMA did not increase protein concentration in the SN. Addition of colchicine resulted in decreased IL-18, S100A12, and proteinase-3 secretion into culture SN. In contrast, blocking the IL-1 signaling pathway or the activation of NLRP3 by the addition of Anakinra or MCC950, respectively, did not alter the secretion of these proteins (data not shown). Furthermore, no highly increased and/or specific spontaneous protein release from neutrophils derived from disease controls was observed. Additionally, unstimulated neutrophils from patients with FMF and other inflammatory diseases did not release significant concentrations of chemokines, for example, MCP-1, MIP-1α (CCL-3), MIP-1β (CCL-4), and MIP-3α (CCL-20).

Interestingly, spontaneous S100A12 secretion correlated with the amount of measured proteinase 3 (rs = 0.85, p < 0.0001) and MPO (rs = 0.48, p = 0.0008) (Figure 3).


[image: Figure 3]
FIGURE 3. Correlation of secreted protein concentrations. Correlations of proteinase 3 and MPO (A), S100A12 and proteinase 3 (B), and S100A12 and MPO (C) in the supernatant of unstimulated neutrophils derived from FMF patients were analyzed by Spearman rank correlation.


Although we observed a marked spontaneous release of S100A12 and IL-18 from FMF neutrophils, cell stimulation only increased transcription of IL-1β but did not alter transcription levels of S100A12 and IL-18 (Figure S4).

Taken together, the spontaneous release of S100A12, IL-18, MPO, and proteinase 3 is restricted to neutrophils derived from FMF patients and, in the case of IL-18 when analyzed by ELISA, also increased in healthy mutation carriers.



FMF Neutrophils Reveal Spontaneous Loss of Surface-Bound CD62L

To further characterize spontaneous neutrophilic activation, expression of surface markers on neutrophils derived from the different patient groups was measured by means of flow cytometry. CD62L, a molecule responsible for endothelial attachment and transmigration into affected tissues indicating cell activation if shed from the cell surface, was rapidly shed from the surface of neutrophils derived from FMF patients during the first 2 h of culture and to a lesser extent during the following 3 h. After 5 h, the median of the geometric mean fluorescence intensity (gMFI) reached 28.8% (range 11.4–65.4) of the initial value (Figure 4A). No difference in the level of CD62L shedding was observed when comparing FMF patients with increased CRP to those with CRP values within the normal range (data not shown). In neutrophils derived from healthy mutation carriers, CD62L expression declined more constantly over time, reaching a final median gMFI of 67.1% (range 45.7–94.6). Neutrophils from patients with infections and other active inflammatory diseases and HCs exhibited only slight CD62L shedding [median gMFI 82.9% (range 73.9–112.6) and 83.6% (61–136.0), respectively; Figure 4A, Figure S5].


[image: Figure 4]
FIGURE 4. Spontaneous alteration of CD62L and CD11b expressions on neutrophils derived from MEFV mutation carriers and controls. Isolated neutrophils from healthy controls (filled circles, n = 6), healthy heterozygous MEFV mutation carriers (filled triangles, n = 6), FMF patients with compound heterozygous or homozygous mutations (open circles, n = 10), and patients with chronic inflammatory as well as infectious diseases (open triangles, n = 24) were cultured without stimulation. Geometric mean fluorescence intensity of CD62L (A) and CD11b (B) expression was measured at the indicated time points by flow cytometry. Values are given as mean and interquartile ranges.


Of note, one heterozygous FMF patient with persisting symptoms (one to two attacks per month despite regular colchicine intake, patient 2.13 in Table S1) demonstrated a rapid shedding of CD62L comparable to the effects observed in homozygous FMF patients and different from heterozygous healthy mutation carriers (gMFI 18.5%), indicating a possible link to disease activity beyond genotype effects.

Co-incubation with colchicine and/or stimulation with ATP and LPS led to a significant increase of CD62L shedding in all analyzed patient groups (Figure 5A). The addition of the IL-1 receptor antagonist anakinra and the NLRP3-inhibiting compound MCC950 did not alter this stimulation-dependent CD62L shedding (Figure S6).


[image: Figure 5]
FIGURE 5. Alteration of surface markers after stimulation of neutrophils derived from MEFV mutation carriers and patients with other inflammatory diseases. Isolated neutrophils from FMF patients (n = 10, dark gray), heterozygous mutation carriers (n = 6, middle dark gray), controls (n = 7, light dark gray), and patients with other inflammatory diseases (n = 11, white) were cultured as described in Figure 2. After 5 h, CD62L (A) and CD11b (B) expressions were analyzed. Box-and-whisker plots depict 5th−95th percentiles. Significance was analyzed by Kruskal–Wallis followed by Dunn's multi-comparison test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


As a member of the MAC-1 complex, CD11b plays a role in neutrophil recruitment and can be used as a marker of neutrophil activation (22). No difference in CD11b expression on unstimulated neutrophils from patients with different diseases and MEFV mutation carriers was observed (Figure 4B). Stimulation led to an increase of CD11b expression with no differences between the disease groups. In contrast to the expression of CD62L, the sole addition of colchicine did not alter CD11b levels (Figure 5B).

These observations demonstrate again a spontaneous gene/dose-dependent activation of MEFV mutated neutrophils, which does not depend on either autocrine IL-1 action or on induction of the NLRP3 inflammasome.




DISCUSSION

In this study, we confirm that IL-18 and S100A12 can sensitively detect inflammation in FMF. Furthermore, we affirm the spontaneous hypersecretion of these proteins together with caspase-1 by analyzing patients with well-controlled FMF and demonstrate that this secretion occurs rapidly within the first 2 h of culture. Since the effects of a spontaneous mediator release were not observed in neutrophils derived from patients with other highly active inflammatory diseases such as infections, Crohn's disease, rheumatic and autoinflammatory diseases, cystic fibrosis, and immunodeficiencies with chronic inflammation, these effects seem to be FMF specific. The effect of spontaneous mediator release was observed in both active (11) and mostly well-controlled (this cohort) colchicine-treated FMF patients. This indicates that therapeutically applied colchicine does not control the ex vivo analyzed spontaneous activation of neutrophils irrespective of the clinical phenotype. These observations are supported by a previous work demonstrating increased transcription of selected genes by short-time-cultured neutrophils derived from colchicine-treated FMF patients (8).

Many clinical observations in FMF indicate a genotype–phenotype correlation with most severe diseases observed in the presence of homozygosity of the highly pathogenic M694V mutation and with milder diseases in patients harboring other mutations or being heterozygous mutation carriers (6). Analysis demonstrating gene/dose-dependent IL-1β secretion by stimulated monocytes from FMF patients with different genotypes might in part explain these observations (10, 15). Furthermore, levels of neutrophil-derived proteins in patients' serum correlated with the underlying MEFV genotypes (11). This is in line with the clinical observation that S100A12 is particularly sensitive in detecting subclinical inflammation in healthy heterozygous mutation carriers (21). Additionally, neutrophils derived from patients with poorly controlled FMF spontaneously secrete high levels of S100A12 and IL-18 (11).

Both IL-1β and IL-18 exhibit proinflammatory effects, the latter one in most instances through the induction of interferon-γ (23). So far, mainly monocytes were used to study aberrant cytokine secretion in cells derived from FMF patients: long-term stimulation with LPS for 18 h—a condition which induces canonical (caspase-1-dependent) as well as non-canonical (caspase-4/5- and caspase-8-dependent) inflammasomes (24, 25) induced a strong IL-1β production in monocytes derived from FMF patients (10). Similarly, IL-18 and IL-1β secretion was enhanced in monocytes from patients with FMF when treated with the pyrin-specific stimulus Clostridium difficile toxin B (TcdB) as a second signal for a short time (15). The role of IL-1β in the pathogenesis of FMF has now clearly been demonstrated by the successful application of IL-1-blocking biological agents in FMF patients (26, 27). IL-1β and IL-18 as well as the S100A12 molecules lack a specific signal sequence and are therefore secreted by an ER/Golgi-independent pathway referred to as “unconventional secretion” (28, 29) or via gasdermin D (GASDMD)-mediated processes (30).

Caspase-1 processes the intracellularly located pro-IL1β/IL-18 into active cytokines (31). In macrophages, the inflammatory caspase-1, caspase-4, caspase-5, and caspase-11 have the capacity to induce GASDMD-dependent osmotic cell lysis, named pyroptosis, through the formation of large oligomeric membrane pores (32). In murine MEFVV726A/V726A macrophage IL-1β release, pyroptosis, and autoinflammatory symptoms seem to depend entirely on GASDMD activity (33). In FMF, this process is solely controlled by dephosphorylation of pyrin through the inhibition of protein kinases PKN1/2 (34). Additionally, emerging evidence suggests that neutrophilic activation can also lead to caspase-1- and GASDMD-dependent IL-1β and IL-18 maturation and secretion without concomitant lytic cell death (35, 36). In the present study, spontaneous S100A12 and IL-18 secretion correlated with inflammasome activity as measured by an increased caspase-1 secretion in vivo and ex vivo without the occurrence of significant cell death after 5 h of culture with or without stimulation. This observation suggests a differentially regulated IL-18 and S100A12 hypersecretion in neutrophils from FMF patients involving the mutated pyrin inflammasome, as well as GASDMD. In contrast to studies performed in ex vivo stimulated murine neutrophils (35, 36), IL-1β was only marginally elevated in the SNs of neutrophils derived from FMF patients, suggesting monocytes rather than neutrophils are the major source of soluble IL-1β in patients with FMF (10). But still, neutrophils still contribute to IL-1β-mediated inflammation during acute FMF attacks by the release of NET-associated IL-1β driven by mechanisms of autophagy (12, 13).

Activation of neutrophils is a complex and not fully understood process involving many different receptors, for example, G-protein-coupled receptors, Fc receptors recognizing Ig-opsonized pathogens and immunocomplexes, adhesion receptors, cytokine receptors, and innate immune receptors recognizing damage-associated molecular patterns. Engagement of these receptors led to neutrophil migration, differential gene expression, reactive oxygen species (ROS) production, and exocytosis of intracellular granules and vesicles (37). The degranulation in neutrophils is a tightly controlled process characterized by a microtubule-dependent granule transport toward the cell surface and a subsequent fusion of the organelle membrane with the cell membrane (38). Azurophil granules contain myeloperoxidase and proteinase-3 (38), two proteins which have been found abundantly in the SN of unstimulated neutrophils from FMF patients. This observation suggests a spontaneous MEFV-dependent degranulation of ex vivo cultured neutrophils from patients with FMF. Although the concentrations of these molecules correlate strongly with those of the S100A12, it seems unlikely that they are secreted together since S100A12 does not appear to be stored in granules.

The selectin CD62L (l-selectin) and the integrin Mac1 (αMβ2; CD11b/CD18) are involved in neutrophil attachment, rolling, and stable tethering on endothelial cells and thus play a crucial role in transmigration of neutrophils from the blood into affected tissues (39). A disintegrin and metalloproteinase 17 (ADAM17) is a type 1 transmembrane protein with a sheddase activity for the membrane-bound CD62L. In contrast to other ADAM family members, the activity of ADAM17 is greatly enhanced by cell activation, for example, via the recognition of PAMPs or TNFα, leading to a loss of membrane-bound CD62L within minutes (40, 41). In addition, neutrophil degranulation is associated with increased protein kinase-C-dependent integration and activation of ADAM17 into the cell surface membrane (40, 42). Thus, the spontaneous ex vivo loss of CD62L expression on the surface of neutrophils can be explained by their activation and/or by the exocytosis of granula. Of note, at the time of cell isolation, CD62L expression was not altered in neutrophils from patient with FMF compared to controls in the present study or in published data (43), indicating that the shedding process is greatly enhanced by the culture conditions that may mitigate in vivo regulation of CD62L surface expression.

Our study has several limitations: due to the elaborative cell preparation process, only a limited number of patients were analyzed; thus, differences between genotypes other than M694V homozygosity might have been missed. Furthermore, no patients during acute flare were analyzed. In order to translate the observed pathophysiological alterations as a marker for disease management, a simpler protocol, for example, the analysis of whole blood, must be established. In order to establish a mechanistic explanation for our observations further functional studies on neutrophils derived from FMF patients have to be performed.

In summary, our data indicate that the differential secretion of inflammatory mediators such as IL-18 and S100A12 by neutrophils with mutations in the MEFV gene plays an important role in the pathophysiological processes in FMF. Our ex vivo studies of neutrophils detected a highly inflammatory phenotype that depends on a gene–dose–response relationship. A more detailed knowledge about the role of neutrophils in the pathophysiology of FMF may contribute to the development of specific markers for functional characterization of MEFV variants, as well as therapy control, and thus improve patient management.
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