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Abstract 
Protein arginine deiminase (PAD) enzymes catalyze the conversion of protein- bound arginine into citrulline, an irreversible posttranslational modification with loss of a positive charge that can influence protein-protein interactions and protein structure. Protein arginine deiminase activity depends on high intracellular calcium concentrations occurring in dying cells. In this study, we demonstrate that protein citrullination is common during pyroptotic cell death in macrophages and that inhibition of PAD enzyme activity by Cl-amidine, a pan-PAD inhibitor, blocks NLRP3 inflammasome assembly and proinflammatory IL-1β release in macrophages. Genetic deficiency of either PAD2 or PAD4 alone in murine macrophages does not impair IL-1β release; however, pharmacological inhibition or small interfering RNA knockdown of PAD2 within PAD4-/- macrophages does. Our results suggest that PAD2 and 4 activity in macrophages is required for optimal inflammasome assembly and IL-1β release, a finding of importance for autoimmune diseases and inflammation. 

Key Points:
1. Citrullination in macrophages is induced during pyroptosis 
2. The NLRP3 inflammasome is regulated by Ca2+ dependent PAD enzymes




Introduction
Citrullination is a posttranslational modification controlled by calcium-dependent enzymes, called protein arginine deiminases (PADs; peptidylarginine deiminases, EC3.5.3.15) that convert the guanidinium group of protein-bound arginine into a ureido group (1). Of the five known PAD isoforms (PAD1-4 and PAD6), only PAD2 and PAD4 are expressed in macrophages (2, 3). In murine or human macrophages, PAD enzymes are inactive, and citrullinated proteins are not present under resting conditions.  However, under conditions that raise intracellular calcium (for instance, when macrophages are treated with the calcium ionophore ionomycin), several proteins, such as the type III intermediate filament vimentin, are rapidly deiminated, a process also known as cellular hypercitrullination (4, 5). Little is known about the role of PAD enzymes under physiologic conditions or during innate immune responses in macrophages. It is assumed that the intracellular calcium threshold required to activate PAD enzymes is reached during apoptosis; however, no information exists about other cell death pathways in macrophages that can activate PAD enzymes. 
	A large body of evidence demonstrates the importance of PAD enzyme activation in neutrophils during host defense, inflammation and autoimmunity.  In neutrophils, PAD4 is required for LPS-induced histone citrullination and neutrophil extracellular trap formation (6, 7). Neutrophil extracellular traps were originally identified to avidly bind bacteria and aid in the clearance of bacterial infection (8).  Later, neutrophil extracellular traps were also shown to be an important source of DNA and DNA-bound autoantigens such as histones and citrullinated vimentin in systemic lupus erythematosus and rheumatoid arthritis, respectively (9, 10). 
	An inflammatory form of cell death in macrophages involving caspase-1 and proinflammatory IL-1β is called pyroptosis (11) and tightly regulated at the transcriptional (12) and post-translational levels (13). Caspase-1 activity is controlled by inflammasomes, which are multiprotein signaling complexes that detect microbial-derived molecular signatures or endogenous danger signals. TLR stimulation of macrophages induces the synthesis of a biologically inactive precursor protein, pro-IL-1β as well as the NLR and AIM-2 like sensor proteins required for inflammasome assembly. Once activated, NLR or AIM2-like proteins recruit the apoptosis-associated speck-like protein containing a CARD domain (ASC) through homotypic interactions via their pyrin domains. ASC, in turn, binds procaspase-1 via its CARD domain to release active p20 caspase-1 by self-cleavage, which then matures the cytokine proforms of IL-1β and IL-18 into their biologically active counterparts (14, 15). Of the NLR proteins, the NLRP3 protein is particularly well studied and is activated by microbial toxins such as nigericin, derived from Streptomyces hygroscopicus (16), as well as danger-associated molecular patterns (DAMPs) such as extracellular ATP (17). Interestingly, high concentrations of extracellular calcium or the mobilization of calcium from ER stores also triggers NLRP3 inflammasome activation in macrophages (18-20). However, it is unknown if calcium-dependent PAD enzymes are activated in macrophages during pyroptosis.
	In this study, we demonstrate that protein citrullination is induced upon inflammasome activation in murine macrophages. Furthermore, we show that PAD enzyme inhibition reduced IL-1 release as a consequence of diminished inflammasome assembly. 



















Material and Methods
Reagents
The following reagents were used: ultra-pure LPS, nigericin, poly(deoxyadenylic-deoxythymidylic) acid [poly(dA:dT)]/lyoVec, BAPTA-AM, calcium-free DMEM, disuccinimidyl suberate, Lipofectamine 2000 (all Invivogen), calcium chloride solution, thapsigargin, ATP (Sigma-Aldrich), CI-amidine (Millipore), BB-CI-amidine and GSK484 (Cayman Chemicals), AFM 30a (P. Thompson, University of Massachusetts Medical School, Worcester, MA) (21), iScript cDNA kit and iQ SYBR green supermix (BioRad), TRIzol (Ambion, Life technologies), fixation/permeabilization solution, mouse IL-1 ELISA kit (BD Bioscience), propidium iodide (ImmunoChemistry Technologies) and mouse TNF- alpha ELISA (eBioscience). Abs for confocal microscopy were ASC (AdipoGen), peptidyl-citrulline, clone F95 (Millipore), anti-vimentin (Abcam), goat anti-rabbit IgG AF647, goat anti-mouse IgM AF488 (Thermo Fisher Scientific), and goat anti-mouse IgM isotype control (SouthernBiotech). DAPI was from Molecular Probes.

Quantitative PCR
For quantitative PCR, cDNA was amplified with gene-specific forward and reverse primers using SYBR green mix (primers available on request). PCR was performed as follows: 5 mins at 95C, 45 cycles (each cycle at 95C for 30 s, 60C for 30 s, 72C for 30 s), and 72C for 5 mins.


Immunoblots
Abs used for immunoblots were ASC (N-15)-R, -actin, rabbit anti-goat IgG HRP, goat anti-mouse IgG HRP (all Santa Cruz Biotechnology), caspase-1 p20 (AdipoGen), mouse IL-1 (R&D Systems) and goat anti-rabbit IgG HRP (Biorad). The anti-citrulline detection kit was from Millipore. ASC cross-linking was performed as described (22).

Cell stimulation
Bone marrow-derived macrophages (BMDMs) were generated as described (23) from mice of either the C57BL/6 or the FVB background for wild-type (WT), PAD2-/- and PAD4-/-. BMDMs were primed with 200ng/ml LPS in RPMI 1640 for 2 h prior to all experiments, or treated with thapsigargin (300 nM) or BAPTA-AM (25 M) for 30 mins in DMEM or Ca2+ - free DMEM media before stimulating with nigericin, as indicated. BMDMs were treated with CI-amidine, BB-CI-amidine, GSK484 or AFM 30a in doses ranging from 2 to 200 M, 0.008 to 20 M, 0.5 to 20 M, 5 to 0.5 M for 1 h. PAD2 small interfering RNA (siRNA) knockdown in BMDMs was done with mouse smart pool Accell Padi2 and scrambled siRNA (Dharmacon) according to the manufacturer’s instructions. Cells were stimulated with ATP (5 mM) for 1 h, with CaCl2 (1 mM) for 6 h, with nigericin (5 μM) for 1 h or with poly(dA:dT) (2 g/ml) for 6 h.


ASC speck detection in human PBMCs
PBMC stimulation and ASC speck detection in monocytes via flow cytometry was performed as described previously (24). Briefly, 1 x 106 PBMCs were primed with 100 ng/ml LPS for 4 h, treated with 2, 20 or 200 M CI-amidine, and stimulated with nigericin for 20 min.


















Results
NLRP3 inflammasome activation induces citrullination in murine BMDMs.
To test if proteins are citrullinated in murine BMDMs following stimulation with LPS, we compared cells either left untreated or stimulated by LPS using a citrulline-specific Ab (F95) and imaged BMDMs by confocal microscopy. Untreated BMDMs showed very little citrullination, which did not increase in LPS- treated cells (Fig. 1A), but was slightly higher in intensity compared with the isotype control (Supplemental Figure 1A). In contrast, BMDMs primed with LPS and subsequently stimulated with an NLRP3 inflammasome activator, nigericin, were strongly citrullinated. Citrullination was observed at an early time point after nigericin addition, when the inflammasome adaptor ASC was beginning to redistribute into ASC specks. Interestingly, in some instances, we also noticed a colocalization of citrullinated proteins with ASC specks (Fig. 1B, arrowhead). However, not all ASC specks were citrullinated (Fig. 1B, triangle). Unactivated cells with an even cytoplasmic distrubution of ASC were also not citrullinated (Fig. 1B, star). As a control, we used a known substrate for PAD enzymes during apoptosis, the intermediate filament vimentin (5).  Interestingly, vimentin was strongly citrullinated in macrophages during inflammasome activation with either extracellular calcium or nigericin (Fig. 1C). To confirm the microscopically observed inflammasome-induced protein citrullination by another citrulline- specific detection method, we again stimulated BMDMs with LPS and nigericin and used a chemical citrulline-specific modification of the immunoblotted cellular lysates (with 2,3-butanedione and antipyrine in an acidic environment), that was then detected by an anti-modified citrulline Ab (25). In agreement with the microscopy data, we observed a rapid and pronounced protein citrullination in LPS-primed and nigericin-activated BMDMs (Fig. 1D). Together, these data indicate that protein citrullination is widespread following NLRP3 inflammasome activation in macrophages. 

PAD enzyme inhibition impairs inflammasome activation and IL-1β release in macrophages. 
We next sought to identify which PAD enzymes are responsible for the protein citrullination in macrophages during pyroptosis. There are five homologs of PAD enzymes (PAD1-4 and PAD6) (26), of which only PAD2 and PAD4 are expressed in human monocytes and macrophages (2). Because no data on PAD expression in murine macrophages exist, we performed quantitative RT-PCR for PAD enzyme expression in murine C57BL/6 BMDMs (Supplemental Figure 1B). Comparable to human macrophages, we found only PAD2 and PAD4 expressed in murine BMDMs.  
	Because citrullination was common during pyroptosis, we consequently assessed the effect of PAD enzyme inhibition on inflammasome activation. In LPS-primed and then pan-PAD inhibitor (Cl-amidine)-treated BMDMs, we observed a marked reduction of IL-1 following NLRP3 activation with Ca2+, ATP, or nigericin (Fig. 2A). Of note, there was no increase in cytoxicity due to PAD inhibitor treatment in BMDMs (Supplemental Fig 1C).  TNF-αproduction is commonly used as a readout to demonstrate specificity of a given inhibitor toward the inflammasome. TNF- production was not diminished by addition of Cl-amidine to LPS-treated BMDMs as compared to LPS-treated and Ca2+ -, ATP - or nigericin-activated BMDMs. This indicates the inflammasome specific effect of the PAD inhibitor (Fig. 2B). Furthermore, treatment with Cl-amidine led to a reduction of the p20 active caspase-1 subunit in the supernatant of BMDMs stimulated with the NLRP3 agonists Ca2+, ATP or nigericin (Fig. 2C) and consistently also to a reduction in overall protein citrullination (Fig. 2D, 2E). Subsequently, we determined whether PAD enzyme blockade inhibited caspase-1 directly or at an earlier step and at the level of NLRP3 inflammasome assembly. We speculated that Cl-amidine treatment of NLRP3 inflammasome- activated BMDMs would block ASC multimerization. Therefore, we treated LPS -primed BMDMs with ATP in the presence of the pan-PAD inhibitor and found a marked reduction in ASC oligo- / multimers (Fig. 2F), indicating that PAD enzymes have a previously unknown role in the assembly of the NLRP3 inflammasome. In addition, we determined whether PAD inhibitor treatment blocks ASC speck assembly in human monocytes. Therefore, we employed a FACS-based method to detect ASC speck formation in human peripheral blood monocytes (24) and found that Cl-amidine blocked nigericin-induced ASC speck formation (Supplemental Fig. 1D, 1E).  In conclusion, these data indicate that PAD enzyme blockade impairs NLRP3 inflammasome assembly and IL-1 secretion in macrophages. 


PAD enzyme inhibition partially impairs AIM2 inflammasome activation. 
We next assessed whether the effect of PAD inhibition would extend onto a non-NLR inflammasome such as the AIM2 inflammasome, which assembles upon binding of cytoplasmic dsDNA. LPS-primed BMDMs were, therefore treated with CI-amidine and then transfected with poly(dA:dT). Again, a dose dependent inhibition of IL-1 release by CI-amidine was observed; however, the inhibition was only roughly 50%, whereas we observed a reduction of ~ 85% in CI-amidine- treated and then NLRP3 inflammasome-activated BMDMs (Supplemental Fig. 2A, 2B). TNF- secretion was not attenuated in the presence of the PAD inhibitor (Supplemental Fig. 2C). Hence, these data demonstrate that PAD enzymes may be more relevant for NLRP3 than for AIM2 inflammasome assembly and activation.

PAD enzyme inhibition does not significantly impair TLR4 induced pro-IL-1 protein synthesis. 
In the context of inflammasome signaling, upregulation of NLR proteins as well as pro-IL-1 in response to TLR4 priming is an essential component of inflammasome activation and proinflammatory IL-1 production (12). PAD4 has recently been shown to interact with the E2F-1 transcription factor in HL60 granulocytic cells (27). Moreover, E2F-1 is also regulated by TLR4 signaling (28). In HL60 cells, the E2F-1 transcription factor is recruited to inflammatory gene promoters in response to TLR4 stimulation to upregulate IL-1 and TNF- gene expression, and Cl-amidine treatment hindered binding of E2F-1 to the IL-1 promoter (27). Therefore, we addressed whether PAD inhibition in macrophages exerted an inhibitory effect already at the level of pro-IL-1 protein synthesis. We thus treated LPS-primed BMDMs with Cl-amidine in the exact order of 'inhibitor to LPS' that all prior experiments had been performed with. In this experimental setup, we did not observe a relevant reduction in pro-IL-1 protein synthesis. However, when BMDMs were incubated with the PAD inhibitor prior to LPS stimulation, there was a minor reduction in pro-IL-1 synthesis (Supplemental Fig. 1F, 1G), although not enough to explain the extent of IL-1 inhibition at the level of cytokine maturation (Fig. 2A, 2C). Because the assay conditions employed throughout the study encompassed treatment with the PAD inhibitor after LPS priming, we conclude that the major mechanism of IL-1 reduction by PAD enzyme inhibition is not at the level of pro-IL-1 synthesis. 

PAD2 and 4 synergistically regulate IL-1 release in NLRP3 inflammasome- activated BMDMs.
We next sought to establish which of the PAD enzymes expressed in macrophages, PAD2 and/or PAD4, was required for IL-1 release and inflammasome assembly. Comparing BMDMs from WT to those from PAD2-/- and PAD4-/- single-deficient mice, we observed only a minor influence of PAD enzymes on Ca2+-, ATP- or nigericin-induced IL-1 maturation (Fig. 3A, 3B, Supplemental Fig 2D). Because PAD2/PAD4 double-deficient mice are not available (because of the close proximity of these two genes in the murine genome), we used siRNA to knock down PAD2 within PAD4-/- and WT macrophages. Knockdown of PAD2 within PAD4-/- macrophages resulted in some reduction of IL-1 release (Supplemental Fig. 2E); however, because primary macrophages are difficult to transfect with siRNA, we sought additional evidence by testing a PAD2-specific inhibitor (AFM 30a) and a PAD4-specific inhibitor (GSK484) as well as another pan-PAD inhibitor, BB-CI-amidine. All of these efficiently suppressed IL-1 release from LPS- and nigericin-treated BMDMs, and the calculated IC50 values were lower than with Cl-amidine (Fig. 3C). However, higher concentrations of either the PAD2-specific or the PAD4- specific inhibitor were also sufficient to block IL-1 production in WT BMDMs. Therefore, to demonstrate a synergistic role for both PAD enzymes on IL-1 production, we next tested whether the PAD2-specific inhibitor AFM 30a would help to further reduce IL-1 production within PAD4-/- BMDMs when used at lower inhibitor concentrations. Indeed, the addition of the PAD2 inhibitor to PAD4-/- BMDMs significantly adds to the suppression of IL-1 release in this assay (Fig. 3D, 3E). Mechanistically, PAD2/4 enzyme activity was dependent on intracellular and/or extracellular Ca2+, as global protein citrullination was suppressed in BAPTA-AM-treated BMDMs and/or Ca2+- free medium-exposed BMDMs alongside with a reduction in mature p17 IL-1 (Supplemental Fig 2F). Together, these data suggest that the activity of PAD2 and 4 enzymes is important for efficient IL-1 maturation in NLRP3 inflammasome-activated macrophages.


Discussion
We found that inflammasome activation in macrophages induces prominent protein citrullination. Different Ab-based methods exist for the identification of citrullinated amino acids, and we used the mAb F95 raised against 10 citrullinated residues (Fig. 1 A-C) together with an alternative approach, a chemical modification with 2,3-butanedione and antipyrine together with an anti-modified citrulline Ab (Fig. 1D, 2D, 2E), to confirm our results by two independent methods.
To date, and perhaps because the important role of PAD4 in the process of NETosis in neutrophils, citrullination has been studied extensively within these cells. However, there are clearly cell type-specific requirements for the activation of PAD enzymes, as stimulation of TLR4 alone is sufficient to induce citrullination in neutrophils (7), but not in macrophages (Fig 1A, 1D). Only a few earlier studies have reported citrullination secondary to extracellular calcium or ionomycin treatment within macrophages (5) (2). Interestingly, extracellular calcium is also known to induce pyroptotic cell death in macrophages (18-20), and the bacterial pore-forming toxin nigericin triggers the release of calcium from intracellular stores (29), which suggests that the cellular milieu favors PAD enzyme activation during pyroptotic cell death. 
	By using a pan-PAD inhibitor, Cl-amidine, we show that peptidylarginine enzyme activity is required for ASC multimerization and IL-1 maturation in murine macrophages stimulated by the NLRP3 agonists ATP, Ca2+ and nigericin (Fig. 2A, 2C, 2F). Because pan-PAD inhibitor treatment of PBMCs also leads to a reduction of ASC speck formation in human monocytes, these findings are relevant beyond murine macrophages (Supplemental Fig 1D, 1E). Importantly, PAD2 and PAD4 single-deficient BMDMs were not impaired in IL-1 maturation (Fig. 3A, 3B, Supplemental Fig 2D). Only when PAD2 was inhibited by a specific PAD2 inhibitor, AFM 30a, or siRNA-mediated transcriptional gene inactivation within BMDMs of PAD4-/- mice did we obtain results that recapitulated the effect of pan-PAD inhibition (Fig. 3D, 3E, Supplemental Fig. 2E). In addition to the currently most effective inflammasome inhibitor, MCC950, which has a reported IC50 of 7.5nM (30), we have now identified several PAD inhibitors as potent inhibitors of NLRP3 inflammasome activation and IL-1 production in macrophages (Figure 3C). Since the single-enzyme selectivity for GSK484 and AFM 30a is rhoughly 15-fold and 47-fold, respectively (31) (21), we assume that at higher concentrations these inhibitors may also block their respective isozyme counterparts (Fig. 3C). Our results further show that PAD inhibition does not have a major impact on IL-1 and TNF- protein expression in BMDMs, a finding that is of interest because recent studies demonstrated that several cytokine promoters are regulated by PAD enzymes in myeloid granulocytic HL60 cells (27, 28). In BMDMs, however, PAD inhibition did not influence TNF- (Fig. 2B) or pro-IL-1 synthesis (Supplemental Fig. 1F, 1G) to any degree that could explain the observed effect of PAD inhibiton on IL-1 maturation (i.e., pro-IL-1 cleavage into mature IL-1) (Fig. 2A, 2C).
	Because activation of the NLRP3 inflammasome and subsequent maturation of the proinflammatory cytokine IL-1 is dependent on protein-protein interaction between NLRP3 and vimentin (32),  it is tempting to speculate that PAD enzyme activity may be required for vimentin citrullination and subsequent PAD-dependent vimentin disassembly (33) to generate vimentin fragments that could serve as a scaffolding platform for the assembly of the NLRP3 inflammasome protein complex. In summary, we demonstrate an important role for PAD2 and 4 in inflammasome formation and the release of proinflammatory IL-1. We believe that the identification of pyroptotic macrophages as a source of citrullinated proteins could be of great relevance to inflammation and autoimmune diseases.
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Figure legends:
Figure 1. Inflammasome activation induces protein citrullination in murine macrophages.
 (A) Confocal images of BMDMs stained with anti-ASC Ab (red), F95 (green), and DAPI (nuclei, blue) either left untreated (left panel) or primed with LPS for 2h (right panel). (B) BMDMs were stimulated with LPS and nigericin for 15 min and prepared for confocal imaging as in (A). Citrullinated and non-citrullinated ASC specks are indicated by an arrowhead or triangle, respectively, and nonactivated cells with evenly distributed cytoplasmic ASC are marked by stars. (C) Confocal images of BMDMs stained with anti-vimentin Ab (red) and F95 (green) stimulated for 6h (Ca2+) and 60 min (nigericin) as indicated. (D) Anti-modified citrulline (AMC) immunoblot of cell lysates from LPS-primed and nigericin-stimulated BMDMs at the indicated time points (one representative immunoblot of three independent experiments and quantification by band densitometry; mean ± SEM). Images were analyzed by Image J. Scale bar, 20 m.

Figure 2. PAD enzyme inhibition blocks IL-1 release in NLRP3-activated macrophages. 
ELISA for IL-1 (A) and TNF- (B) of supernatants (SNs) from NLRP3-activated BMDMs stimulated as indicated and treated with increasing concentrations of the pan-PAD inhibitor Cl-amidine (n=4, mean ± SEM for duplicate samples). (C) Immunoblot for IL-1, caspase-1 and -actin of SNs and cell lysate (CL) from BMDMs stimulated as in (A) (one representative out of four independent experiments is shown). (D) AMC immunoblot of CL from BMDMs treated with LPS plus ATP or (E) LPS plus nigericin and increasing concentrations of Cl-amindine (one representative of two independent experiments). (F) Immunoblot analysis of DSS cross-linked ASC of LPS- and ATP-stimulated BMDMs treated with increasing concentrations of Cl-amidine (one representative of two independent experiments and quantification by band densiometry). dA:dT, poly (dA:dT).

Figure 3. PAD2 and PAD4 are required for NLRP3-dependent IL-1 release. 
(A) IL-1 ELISA of supernatant (SN) from WT compared to PAD4-/- BMDMs. BMDMs were primed with LPS and stimulated with Ca2+, ATP, nigericin and poly(dA:dT) (WT n=3; PAD4-/- , n=3; mean ± SEM for duplicate samples). (B) Immunoblot for IL-1 and caspase-1 from SN and cell lysates (CL) of WT and PAD4-/- BMDMs stimulated as indicated. (C) Production of IL-1 from WT BMDMs stimulated with LPS and nigericin and treated with AFM 30a (n=3), CI-amidine (n=4), GSK484 (n=4), or BB-CI-amidine (n=4), as measured by ELISA. Cytokine levels are normalized to uninhibited control cells. Nonlinear regression analysis was performed, and log (M) of the indicated inhibitors versus the normalized response (variable slope) is presented. (D) IL-1 ELISA of SN from WT and PAD4-/- BMDMs primed with LPS and stimulated with ATP, or nigericin (E) and treated with increasing concentrations of AFM 30a (n=3, mean ± SEM for duplicate samples). *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001 by two-way ANOVA. dA:dT, poly(dA:dT).
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