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Abstract

LL-37, the only human cathelicidin which is released during inflammation, is a potent regulator of 

immune responses by facilitating delivery of oligonucleotides to intracellular TLR-9, thereby 

enhancing the response of human plasmacytoid dendritic cells (pDCs) to extracellular DNA. 

Although important for pathogen recognition, this mechanism may facilitate development of 

autoimmune diseases. Here, we show that citrullination of LL-37 by peptidyl-arginine deiminases 

(PADs) hindered peptide-dependent DNA uptake and sensing by pDCs. In contrast, carbamylation 

of the peptide (homocitrullination of Lys residues) had no effect. The efficiency of LL-37 binding 

to oligonucleotides and activation of pDCs was found to be inversely proportional to the number 

of citrullinated residues in the peptide. Similarly, preincubation of carbamylated LL-37 with PAD2 

abrogated the peptide’s ability to bind DNA. Conversely, LL-37 with Arg residues substituted by 

homoarginine, which cannot be deiminated elicited full activity of native LL-37 regardless of 

PAD2 treatment. Taken together, the data showed that citrullination abolished LL-37 ability to 

bind DNA and altered the immunomodulatory function of the peptide. Both activities were 

dependent on the proper distribution of guanidinium side chains in the native peptide sequence. 

Moreover, our data suggests that cathelicidin/LL-37 is citrullinated by PADs during NET 

formation, thus affecting the inflammatory potential of NETs. Together this may represent a novel 
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mechanism for preventing the breakdown of immunotolerance, which is dependent on the 

response of antigen-presenting cells to self-molecules (including cell-free DNA); overactivation 

may facilitate development of autoimmunity.
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Introduction

Human antimicrobial peptide LL-37 (hCAP18) is the sole human member of the cathelicidin 

family. The mature cationic peptide, which comprises 37 amino acids, has two N-terminal 

leucine residues and is released from an 18-kDa precursor protein (cathelicidin) by 

protease-3 (1). Cathelicidin is abundant in intracellular granules of myeloid cells and is also 

produced locally in epithelial tissues (2,3). The biological effects of LL-37 (e.g., effects on 

the permeability of the microbial cell membrane or neutralization of LPS activity) (4) are 

dependent on the amphipathic, cationic nature of the peptide. A recent study shows that 

LL-37 also has several immunomodulatory functions that regulate host responses to 

pathogens (5). Moreover, LL-37 affects chemotaxis of immune cells, epithelial cell 

activation, angiogenesis, and epithelial wound repair.

Post-translational modification of LL-37 has a strong influence on its immunomodulatory 

functions (6). In particular, deimination plays a special role. Notably, the primary structure 

of LL-37 contains five arginine residues that are citrullinated by the peptidyl-arginine 

deiminases (PADs). PADs are calcium-dependent hydrolases that catalyze conversion of 

positively charged arginine to neutral citrulline (7). Mammals harbor five different PAD 

isoforms: PAD 1–4 and 6 (8). Previous findings highlight how PAD2 and PAD4, enzymes 

predominantly expressed in granulocytes, affect the biological activity of LL-37 (6,9). For 

example, citrullinated LL-37 is less efficient at neutralizing the proinflammatory activity of 

many TLR agonists; also, due to a marked reduction in its affinity for endotoxin, the 

modified peptide is unable to prevent endotoxin shock (9).

LL-37 forms complexes with negatively-charged oligonucleotides derived both from dying 

host cells and pathogens (10, 11, 12) and it is suggested that it can act as an oligonucleotide 

carrier that transports nucleic acids across the cell membrane into the endosomal 

compartment of myeloid cells, including antigen-presenting cells (APCs) (13). This 

mechanism increases recognition of bacterial DNA by intracellular receptors such as TLR-9, 

thereby stimulating the immune response. However, there is a downside in LL-37-mediated 

internalization of self-DNA to the endosomal compartment of plasmacytoid dendritic cells 

(pDCs) since it sensitizes antigen presenting host cells to self-antigens (10), leading to the 

breakdown of immune tolerance; this mechanism underlies the pathogenesis of autoimmune 

diseases such as systemic lupus erythematous (SLE) and rheumatoid arthritis (RA). One 

postulated mechanism involves accumulation of neutrophil extracellular traps (NETs) in 

which DNA fibers are coated by antimicrobial peptides (14). Following our previous 

findings showing that deimination has a marked effect on the immunomodulatory activity of 
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LL-37, the present study examined effects of citrullination on LL-37-dependent nucleic acid 

recognition by host cells. We found that citrullination has profound effects on the DNA-

LL-37 interaction, resulting in significantly reduced activation of DCs and macrophages in 

response to bacterial DNA.

Materials and Methods

Reagents

Media components such as Gentamicin-Glutamine solution were purchased from Sigma (St. 

Louis, MO, USA). DMEM, Fetal Bovine Sera (FBS), Calcium- and Magnesium-Free PBS 

(without Ca2+ and Mg2+), Penicillin-Streptomycin (PEST) and Lymphocyte Separation 

Medium were obtained from PAA (Germany). RPMI-1640 medium for human cell culture 

was from Gibco (NY, USA). Human blood for PBMCs isolation was obtained from Red 

Cross, Krakow, Poland. The Red Cross deidentified blood materials as appropriate for the 

confidentiality assurance of human subjects. Thus, this study adheres to appropriate 

exclusions from the approval of human subjects. CpG oligodeoxynucleotides (ODN 2216) 

with phosphorothioate (PS) backbone (5’-ggGGGACGA:TCGTCgggggg-3’) were 

synthesized by Invivogen (San Diego, CA) and Biotinylated CpG (5’-

BiotinGGGGGACGATCGTCGGGGGG-3’) was synthesized by Genomed (Warsaw, 

Poland). A bacterial nucleotide sequence of 148 bp was amplified from Tannerella 
forsynthia genomic DNA. Native LL-37, scrambled peptide (sLL-37), LL-37 with arginine 

residues substituted by homoarginine (hArg-LL-37), different variants of the citrullinated 

peptide and variably carbamylated forms of LL-37 (Table I) were synthesized as per Koziel 

et al. (2014) (9) and Koro et al. (2016) (19). To eliminate a possibility of contamination of 

peptides with LPS, peptide solutions were tested using Lymulus Amebocyte Lysate (LAL) 

test, from Lonza, Germany.

In vitro citrullination of LL-37

The in vitro citrullination of LL-37 was performed according to the previously described 

protocol (9). Briefly, LL-37 was diluted to a concentration of 1 mg/ml in PAD assay buffer 

(100 mM Tris-HCl, 5 mM CaCl2 and 5 mM dithiothreitol, pH 7.6) and incubated with either 

recombinant human PAD2 or PAD4 (Modiquest, Netherlands) at a concentration of 23 

U/mg, for different time points (0, 15, 30, 120 min) at 37 °C. Citrullination was terminated 

by snap-freezing the samples.

Surface plasmon resonance

The interaction of native and modified LL-37 with DNA was determined using a Biacore 

3000 instrument (Biacore). Selected DNA fragments, biotinylated at the 5′ end of the 

antisense strand (Bt-DNA) were immobilized on the SA sensor chip (GE Healthcare) with 

streptavidin covalently attached to the dextran. For the immobilization, the sensor surface 

was pre-treated according to the manufacturer’s instruction and the solution of Bt-DNA 

(0.05 ng/μl) in 0.5 M NaCl was injected into the cell at a flow rate of 2 μl/min for 7 min. The 

chip surface was then washed with subsequent solutions of 0.5 M NaCl, 1 M NaCl and 0.1% 

SDS, for 3 min each at a flow rate of 20 μl/min, to remove non-specifically bound ligand. 

Further conditioning of the chip surface was performed with the running buffer (10 mM 
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Hepes, 150 mM NaCl, pH 7.4 with 0.05% P20 surfactant) until a stable baseline signal was 

obtained. The amounts of coupled DNA correspond to 210 response units (RU). A flow cell 

without DNA was used as reference. For the binding experiments a series of native and 

modified LL-37 peptide samples were prepared by dilution of 100 μM peptide stock solution 

in running buffer. The samples were injected over the sensor surface at 30 μl/min flow rate 

using 2 min interval for association and for dissociation process. The surface regeneration 

with 1 M NaCl for 30 sec was performed after each sample injection. Mass transfer effects 

did not influence the LL-37 binding. The analysis of the peptide mixtures was performed at 

the same conditions. The collected data were analysed using BIAevaluation software version 

4.1 (Biacore).

Bacterial genomic DNA isolation and PCR Assay

T. forsythia genomic DNA, which was used as a template for our PCR assay, was isolated 

following the manufacturer’s instructions (A&A Biotechnology, Poland). PCR was 

conducted using a 20 μl reaction mixture, which consisted of 20 ng of template DNA, 2 μl of 

Taq buffer KCl, 1.5 μl of 2 mM mixed dNTPs, 0.5 μl Taq DNA Polymerase and 10 μM of 

forward (5’-CTCGTAGTGTGCCTTCTTCCAC-3’) and reverse (5’-

GCCTGATCGGCATTCATTCGG-3’) primers. PCR was performed with the following 

conditions: initial denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 

95 °C for 30 sec, annealing at 53 °C for 20 sec, extension at 72 °C for 30 sec and final 

extension at 72 °C for 5 min. This was followed with PCR purification as per the 

manufacturer instructions (Thermo Scientific, USA). The resultant PCR product was used to 

generate DNA-LL-37 complexes for a gel retardation assay.

Gel Retardation Assay

DNA-peptide complexes were generated as described by Chuang et al. 2009 (15). Bacterial 

genomic DNA was mixed with either synthetic native or modified forms of LL-37 or 

CRAMP at a 1:5 (DNA:peptide) molar ratio and incubated at room temperature for 10 min. 

The complex formation was determined with a gel retardation assay by running the 

complexes on 1.5 % agarose gel.

Spectra Analysis

The binding affinity between DNA with either native or PAD2/PAD4 citrullinated LL-37 

was analysed by spectrophotometry. Complexes were first generated by incubation of DNA 

with the peptide at molar ratios of 1:0.5, 1:2, 1:10 (DNA:peptide) for 10 min at room 

temperature. The complexes were treated with diluted Quant-iT PicoGreen dye solution 

(1:200) according to manufacturer’s instructions and the amount of unbound DNA was 

analysed across a spectrum of wavelengths 500 nm -600 nm with excitation at 485 nm.

Cell culture

pDCs were isolated from PBMCs with BD IMAG™ Cell Separation System (BD 

Biosciences). PBMCs were first separated from human peripheral blood by using density 

gradient centrifugation and pDCs were obtained following a manufacturer’s protocol. pDCs 

were then seeded at 8 × 105 per well in 200 μl of complete medium (RPMI 1640 medium 
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supplemented with 10% FBS and 50 μg/ml Gentamicin). The cells were stimulated with 

either CpG alone or CpG together with differently citrullinated forms of LL-37. Both factors 

were mixed in PBS 10 min prior to cell stimulation at the indicated concentration: CpG 

(final concentration 3 μM) and LL-37 (final concentration 28.8 μg/ml) (molar ratio 1:1). 

Subsequently, cells were incubated with peptide-CpG mixtures for 15 min, washed with PBS 

3 times and incubated in fresh complete medium overnight at 37 °C in a humidified 5% CO2 

atmosphere. Cell morphology was visualized by bright-field microscopy and images were 

taken, while culture supernatants were collected for cytokine measurement with ELISA.

RAW264.7 (0.2 × 106 cell/ml) were seeded in 200 μl of DMEM supplemented with 10% 

FBS and 50 μg/ml PEST overnight at 37 °C in a humidified 5% CO2 atmosphere and 

adherent cells were washed with PBS once on the next day before fresh medium was added. 

Thereafter, macrophages were stimulated with CpG mixed with peptides as described above 

for pDCs.

Flow cytometry

pDCs (0.8 × 105 cells/mL) were incubated with a mixture of FITC-CpG (1.3 μg/ml) and 

different forms of LL-37 (6 μg/ml) for 15 min. Cells were washed three times with PBS and 

uptake of the complexes was determined by measuring the fluorescence intensity with flow 

cytometry (BD Biosciences). The mean fluorescence intensity and percentage of cells 

labeled with FITC-conjugated CpG were measured in each group. For phagocytosis 

inhibition, a 30 min preincubation step with cytochalasin D (5 μM) was introduced before 

adding the mixture of peptide with nucleic acid.

Cytokine measurement

The production of cytokines by RAW264.7 and pDCs was estimated with an ELISA kit. Cell 

culture supernatant was collected and the cytokine level of mouse TNF-α, human IL-6 (BD 

OptEIA™) and human IFN-α (PBL Interferon Source, NJ) were measured as per 

manufacturer’s instructions.

DNAse Protection Assay

The assay was done as according to Lande et al. 2011 (28). To compare the efficiency of 

protection against DNase degradation between DNA-LL-37 and DNA-LL-377 complexes, 

10 μg/ml of genomic DNA, which was isolated from HeLa cells as per the manufacturer’s 

instructions (A&A Biotechnology, Poland), was incubated with 2 μM LL-37 and LL-377 

respectively for 10 min at room temperature. The generated complexes were incubated with 

100 U/ml DNase A (A&A Biotechnology, Poland) for 60 min at 37 °C, which was thereafter 

inactivated by incubating the samples at 75 °C for 10 min. The ability of such complexes to 

be protected from degradation was analysed with Quant-iT PicoGreen, excited at 480 nm 

with emission intensity recorded at 520 nm.

Identification of citrullinated forms of LL-37 in biological material

Attempts to identify the presence of deiminated LL-37 in serum, synovial fluid and NETs 

samples was carried out by Mass Spectrometry. Briefly, in order to identify the presence of 

LL-37, samples were either analyzed directly, separated by SDS-PAGE or ultra filtrated on a 
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10 kDa filter (Millipore), and LL-37 was collected in the filtrate. The region of the gel 

corresponding to LL-37 migration was in-gel digested (38). For whole sample or 

ultrafiltrate, the samples were lyophilized and denatured in 6 M Urea, 50 mM Tris-HCl, pH 

8.0 and reduced and alkylated by sequential addition of 5 mM DTT and 15 mM 

iodoacetamide. After alkylation the samples were diluted 6 times to reduce the urea 

concentration and treated with Trypsin, Endoproteinase Glu-C (V8) or Endoproteinase Lys-

C. The peptides were micro purified using C18 (Proxeon, Thermo Scientific).

Mass spectrometry

NanoESI-MS/MS analyses were performed on either an EASY-nLC II system 

(ThermoScientific) connected to a TripleTOF 5600 mass spectrometer (AB Sciex) or a 

NanoLC 415 (Eksigent) connected to a TripleTOF 6600 mass spectrometer (AB Sciex). The 

micro-purified peptides were dissolved in 0.1% formic acid, injected and trapped on an in-

house packed trap column (2 cm × 100 μm I.D) with RP ReproSil-Pur C18-AQ 3 μm resin 

(Dr. Maisch GmbH). Peptides were eluted from the trap column and separated on a 15 cm 

analytical column (75 μm i.d.) packed in-house in a pulled emitter with RP ReproSil-Pur 

C18-AQ 3 μm resin (Dr. Maisch GmbH). Elution from the analytical column was performed 

with a linear gradient from 5% to 35% phase B (90% acetonitrile with 0.1% formic acid) 

over 20 min or 50 min. The collected MS files were converted to Mascot generic format 

(MGF) using the AB SCIEX MS Data Converter beta 1.1 (AB SCIEX) and the “proteinpilot 

MGF” parameters. The generated peak lists were searched against the swiss-prot database or 

a local database containing mature LL-37 using an in-house Mascot search engine (matrix 

science). Search parameters were adjusted to the applied protease and either propionamide 

(SDS-PAGE) or carbamidomethyl (iodoacetamide) was set as a fixed modification with 

peptide tolerance and MS/MS tolerance set to 10 ppm and 0.1 Da respectively.

Induction of NETs

Human blood was collected and PBMC and granulocyte-enriched fractions were harvested 

following LSM1077 (PAA Laboratories) gradient separation, as recommended by the 

manufacturer. The high-density fraction, containing neutrophils and erythrocytes, was mixed 

with a 1% solution of polyvinyl alcohol (Merck) in PBS and incubated for 20 min at room 

temperature. Neutrophils were harvested from the upper phase and subjected to hypotonic 

lysis to remove contaminating RBCs. After isolation, neutrophils were incubated for 30 min 

at 37 °C in humidified 5% CO2 atmosphere, for cell adherence and were stimulated to 

induce NETs with 25 nM phorbol 12-myristate 13-acetate (PMA) for 3 h under the same 

incubation conditions. For PAD inhibition, 100 μM Cl-amidine (Calbiochem, USA) was 

applied (39). The release of NETs was quantified using PicoGreen dye (Invitrogen, OR). 

Samples were excited at 480 nm and the fluorescence emission intensity was measured at 

520 nm using a spectrofluorometer.

Detection of LL-37 in NETs by immunofluorescence microscopy

NETs were prepared as described previously. Briefly, 1 × 105 cells were seeded on 

coverslips treated with syringe-filtered 1% BSA and incubated 30 min at 37 °C in 

humidified 5% CO2 atmosphere. NET formation was stimulated with 25 nM PMA for 3 

hours then fixed with 3.7% paraformaldehyde for 10 min at room temperature. After 3 
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washes with PBS, coverslips were incubated with mouse anti-human LL-37 (Hycult 

Biotech, Netherlands) (1:50 dilution factor) for 1 h at room temperature. After washing, 

samples were incubated with Alexa-Fluor-647 goat anti-mouse antibody (1:1000) (Jackson 

ImmunoResearch, USA) for 45 min at room temperature then counterstained with 1 μg/mL 

Hoechst 33342 (Invitrogen, USA) for 10 min at room temperature before being mounted to 

the slides and visualized with a fluorescence microscope at 20 × magnification.

Quantification of human monocyte-derived macrophages (hMDMs) activation by NETs

Isolation of PBMCs was first performed from EDTA-treated human blood obtained from 

healthy donors (Red Cross, Krakow, Poland), using lymphocyte separation medium (PAA) 

density gradient system. The mononuclear cell fraction was collected and plated at 3 × 106/

well in 24-well plates (Sarstedt) with RPMI 1640 (PAA) supplemented with 2 mM L-

glutamine, 50 μg/ml gentamicin (Sigma-Aldrich) and 10% autological human serum. After 

24 h, non-adherent PBMCs were removed by washing with PBS and incubated with 

complete medium for 7 days to allow the differentiation of adherent cells to hMDMs. 

Medium was changed once every second day. Where indicated, hMDMs were primed with 

100 ng/mL LPS for 4 h prior to stimulation. After washing with PBS, phenol-red free 

DMEM (PAA) was added to the primed cells and then they were treated for 2 h with NETs. 

Media were collected and quantification of IL-1β was done with commercially available 

ELISA as per manufacturer’s instructions.

Western Blot

The protein concentration of NETs was determined by using the BCA protein assay 

(Thermo Scientific). Equal amount of proteins were mixed with loading buffer containing 

DTT and incubated for 5 min at 95 °C before separation on a 16% polyacrylamide gel. 

Materials on the gel were transferred to a methanol-activated polyvinylidene difluoride 

(PVDF) membrane for 180 min at 4 °C. Non-specific binding sites were blocked with 5% 

skimmed milk in TTBS buffer (20 mM Tris-HCL, 0.5 M NaCl, pH 7.5 with 0.05% 

Tween-20) for 4 h at room temperature before incubation with anti-human LL-37 

monoclonal antibody (Hycult Biotech, Netherlands) diluted 1500-fold in TTBS buffer 

containing 3% BSA. Membranes were washed 3 times for 5 min with TTBS buffer and then 

incubated with anti-mouse IgG (1:20,000 dilution in TTBS buffer containing 3% BSA) for 2 

h at room temperature. After washing with TTBS buffer (5 times for 5 min), the blots were 

developed using ECL detection (Western Blotting Detection Reagents; Amersham 

Biosciences, Chalfont St Giles, UK).

Derivatization of citrulline residues and detection of citrullinated proteins with anti-
modified citrulline antibodies

NET samples standardized for equal protein amounts were first separated by SDS-PAGE 

prior transfer to PVDF membrane and the detection of citrullinated proteins was performed 

using an anti-citrulline (modified) detection kit (EMD Millipore, USA) according the 

manufacturer’s protocol. Briefly, the membrane was blocked with 0.1% ovalbumin in TBS 

(1 M Tris, 3 M NaCl, pH 7.4) at room temperature for 15 min then citrulline residues were 

subjected to chemical modification at highly acidic pH. To this end, the membrane was 

incubated for 7 h at 37 °C with 1:1 solution composed of Mixture A (0.025% FeCl3 
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solubilized in 98% H2SO4 and 85% H3PO4) and Mixture B (0.25% antipyrine, 0.5% 2,3-

butanedione monoxime and 0.5 M acetic acid). After thorough rinses with water, the 

membrane was incubated for 30 min at room temperature in 3% skimmed milk in TBS 

(TBS-MLK) then overnight at 4 °C with antibodies specific for chemically modified 

citrulline (anti-AMC antibodies – Millipore) (1,000-fold diluted in TBS-MLK). After 

washing with water (2×), the membrane was incubated (with agitation) with 5,000-fold 

diluted goat anti-rabbit HRP conjugated IgG in TBS-MLK for 1 h at room temperature, 

washed again with water (2×) then with 0.05% Tween-20 diluted in TBS (2×, 5 min) and 

finally developed using ECL reaction.

Rhodamine-phenylglyoxal (Rh-PG) citrulline labelled probes

Citrullinated proteins in NETs were reacted with rhodamine-phenylglyoxal (Rh-PG), which 

chemoselectively labels citrulline over arginine at acidic pH as described by Bicker et al. 
2012 (40). Hundred μl samples in 50 mM HEPES (pH 7.6) were treated with 20% 

Trichloroacetic acid (TCA) followed by 0.5 mM Rh-PG for 30 min at 37 °C. The reaction 

was quenched with 100 mM citrulline in HEPES (pH 7.6) for 30 min at 37 °C. The samples 

were placed on ice for 30 min after the incubation to facilitate protein precipitation with 

TCA. Next, samples were centrifuged at 16,000 × g for 15 min at 4 °C. Supernatant was 

discarded and 250 μl of ice-cold acetone was added without disturbing the pellet. Samples 

were then centrifuged again at 16,000 × g for 10 min at 4 °C. The supernatant was discarded 

and tubes were left to dry for 10 min to vaporize residual acetone. To quench the residual 

probe, 20 μl of 100 mM arginine in HEPES (pH 7.6) were added followed by interval 

sonication for 2 × 5 sec and then samples were incubated at 95 °C for 5 min before storage 

at −20 °C. The samples were run on 16% polyacrylamide gel at 120 V and fluorescent bands 

were visualized using Bio-Rad Gel Imager with a Rhodamine filter (560/50).

The estimation of LL-37 half-life in biological fluids

To determine the stability of citrullinated forms of LL-37 in different environments, the 

peptides were added to NETs, inflamed (from RA patients) and control (from healthy 

individuals) human sera, as well as to synovial fluid obtained from rheumatoid arthritis 

patients. Briefly, all biological samples were centrifuged at 13,000 rpm for 15 min to remove 

lipids and precipitated material. Supernatants (900 μl) were mixed with 100 μl peptide 

solutions (1 mg/ml solution in PBS). Peptides mixed with PBS were used as a control. 

Samples were incubated at 37 °C and at different time points aliquots (50 μl) were 

withdrawn and treated with 50 μl of 6 M urea and 50 μl 6% TFA to denature all proteins in a 

sample. Next, samples were centrifuged at 13,000 rpm, 15 min and peptides in supernatants 

were separated by UPLC Nexera (Shimadzu Japan) on the C8 analytical column (Aeris) 

equilibrated with 0.1 TFA in water at flow rate 0.4 ml/min. Peptides were eluted with 

acetonitrile gradient up to 55% developed in 12 min. Proteinaceous material eluted from the 

column was detected at 208 nm.

pDCs stimulation with NETs

pDCs were seeded at a density 0.8 × 105 per well before being stimulated overnight at 1:3 

dilution with NETs, together with, or without, anti-LL37 antibodies (Hycult Biotech, mAb 

1-1C12, Netherlands), 5 μM native LL-37 or hArg-LL-37. After an overnight incubation, the 
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supernatant of pDCs was collected and quantification of hIL-6 was done with a 

commercially available ELISA. The isolation of RNA was performed using the TRIzol 

method as described elsewhere. Seven hundred ng of total RNA was reverse-transcribed 

using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA) 

as per the manufacturer’s instructions. Following synthesis, cDNA was subjected to 

quantitative real-time PCR analysis using the Bio-Rad CFX96 Real-Time PCR Detection 

System (Bio-Rad, Hercules, CA, USA) and Sybr Green-based JumpStart™ Taq 

ReadyMix™ (Sigma Aldrich, USA). The relative expression of MXA (5′-

ACTCTGTCCAGCCCCGTAGAC-3′ (Forward); 5′ 
TCACAGCTTCCTGCTAAATCACC-3′ (Reverse)) was normalized to the expression of 

EF2 (5’-GACATCACCAAGGGTGTGCAG-3’ (Forward); 5′-

TTCAGCACACTGGCATAGAGGC-3′ (Reverse)) in the same sample. After the 

denaturation step (5 min at 95 °C), conditions for cycling were: 39 cycles of 30 s at 95 °C, 

30 s at 56 °C and 45 s at 72 °C. The fluorescence signal was measured after the extension 

step at 72 °C and a melting curve was generated to verify the specificity of the PCR product 

after the end of the PCR cycling. All samples were run in triplicates.

Statistical Analysis

All experiments were performed at least in triplicate and the results were analyzed for 

statistical significance using unpaired Student’s t tests and ANOVA. All values are expressed 

as means ± SD and differences were considered significant when p < 0.05. Statistical 

analysis was performed using GraphPad Prism 7.0.

Ethical statement

The studies using human probes of serum and synovial fluid were performed according to 

the agreement of the Committee of Ethics at the University of Bergen (nr. 242.06).

Results

Enzymatic citrullination of LL-37 by human PADs regulates formation of DNA/LL-37 
complexes

LL-37 binds nucleic acids to form aggregated and condensed structures, thereby protecting 

DNA from degradation (10, 15). However, LL-37 released into the inflammatory milieu 

together with PADs may be deiminated, which modifies the function of the peptide (6,9). 

Therefore, we asked whether citrullination affects the affinity of LL-37 for DNA. We found 

that the ability of LL-37 to form complexes with DNA was dose-dependent, with the most 

efficient binding occurring at a molar ratio of 1:10 (DNA:LL-37) (Figure 1A). Next, to 

assess how citrullination affects the affinity of LL-37 for DNA, we incubated LL-37 with 

recombinant PAD2 or PAD4 for different times (15 to 120 min). Citrullination reduced the 

affinity of LL-37 for DNA in a time-dependent manner. The effect was already visible after 

15 min, and increased gradually over time (Figure 1B, C, and D). Although both PAD2 and 

PAD4 inhibited the interaction between LL-37 and DNA, PAD2 was more effective; indeed, 

PAD4 required double the time to achieve a similar end point (Figure 1D). As a control we 

analyzed the DNA binding by scrambled LL-37 (sLL37) and its citrullinated version 

obtained by incubation with PAD2, and found that none of them bound to nucleic acids 
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(Figure 1E). Additionally, we verified the role of Arg guanidinium side chains in DNA 

binding using LL-37 with Arg residues substituted by homoarginines (hArg-LL-37), which 

are insensitive to enzymatic deimination (data not shown). The analysis revealed that hArg-

LL-37 bound DNA with the efficiency equivalent to that of native LL-37 and, as expected, 

preincubation of the peptide with PAD2 had no influence on this interaction (Figure 1F).

Inflammation is associated with excessive post-translational modifications of proteins and 

peptides, which often alters their function (17). One such modification is carbamylation, a 

chemical reaction that converts lysine into homocitrulline. This reaction occurs in vivo 
during inflammation; patients with RA generate antibodies to carbamylated proteins (18). 

LL-37, which contains six lysine residues, is particularly susceptible to carbamylation, and 

these modifications alter the cationic and amphipathic nature of the peptide (19). Therefore, 

we examined whether formation of complexes between LL-37 and DNA are affected by 

peptide carbamylation. We tested several synthetic forms of carbamylated LL-37 (Table I) 

and found that, in stark contrast to citrullination, carbamylated peptides had affinity for 

DNA comparable to that of native LL-37 (Figure 1G). Importantly, enzymatic deimination 

of Arg residues in carbamylated LL-37 totally abolished their ability to bind nucleic acids 

(Figure 1H).

Taken together, we documented that the guanidinium side chains of Arg (or hArg) residues 

in the context of the LL-37 sequence are essential for DNA binding since their modification 

at defined positions, but not peptide cationicity alone, interferes with the LL-37 interaction 

with DNA.

Characterization of DNA:citrullinated LL-37 complex formation

We next examined effect of LL-37 citrullination on DNA binding in more detail by using 

surface plasmon resonance (SPR) to analyze the interaction between DNA and synthetic 

forms of LL-37 harboring different numbers of citrulline residues (Arg7Cit (LL-377), 

Arg7,29Cit (LL-377,29), Arg7,29,34Cit (LL-377,29,34, and Arg7,19,23,29,34Cit (LL-37all cit; 

Table I). We found that the strength of binding to DNA fell to background levels as the level 

of citrullination increased (Figure 2A). We found it interesting that just a single substitution 

(Arg to Cit) at position 7 in LL-37 led to a marked (3-fold) reduction in the affinity of the 

peptide for DNA (Figure 2A). The results were confirmed in a gel-retardation assay (Figure 

S1A). Moreover, when compared with DNA complexed to the native peptide, DNA 

associated with the modified peptide was more susceptible to degradation by DNAse 

(70.18% intact vs., 35.45% intact. respectively) (Figure 2B). Taken together, these data 

argue that LL-377 binds DNA less tightly and that the complex may have a more relaxed 

structure than that of native LL-37.

Citrullination of LL-37 by PAD2 and PAD4 generates a spectrum of variably citrullinated 

peptides (9). Therefore, we tested mixtures of synthetic modified forms of LL-37, the 

composition of which resembles the final products generated by PAD2 (mPAD2) and PAD4 

(mPAD4) (Figure S1B) (9). Analysis of both mixtures (mPAD2 and mPAD4) by SPR 

excluded any interaction between the peptides themselves, since DNA binding by the 

peptides in the mixture clearly resembled the additive binding effects of the individual 
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peptides (Figure S1C, D). Taken together, these results suggest that deimination of particular 

arginine residues within LL-37 does not affect peptide interactions.

To examine the generality of the effects of citrullination on formation of DNA-peptide 

complexes, we next tested native and deiminated variants of murine cathelicidin, CRAMP 

(Table I). The results of a retardation assay confirmed that CRAMP formed complexes with 

bacterial DNA (16), and that citrullination of a single Arg residue in CRAMP inhibited 

complex formation (Figure 2C). This finding indicates that deimination of cathelicidin 

hinders its ability to form a complex with DNA, and that this effect is not species-specific. 

Furthermore, modification of even a single Arg residue within the bactericidal peptide had a 

significant effect on its interaction with nucleic acid.

Effect of LL-37 citrullination on activation of pDCs and macrophages by CpG

By acting as a carrier molecule that facilitates internalization of bacterial or self-DNA 

molecules into the endosomal compartment of pDCs, LL-37 increases the immunogenic 

potential of DNA (10). LL-37 complexed with DNA fragments stimulates pDCs to produce 

much larger amounts of IFN-α than cells exposed to DNA alone (10). Together with our 

own results, these findings prompted us to assess how citrullination affects LL-37-dependent 

DNA-mediated activation of myeloid cells. Using synthetic oligonucleotides resembling 

bacterial DNA (CpG), we showed that exposing pDCs to CpG complexed with native LL-37 

caused cells to clump, a feature characteristic of pDCs activation. The degree of cell 

clumping displayed an inverse relationship with the level of peptide citrullination, and was 

much less pronounced in cells treated with CpG alone or with a mixture of CpG and fully-

citrullinated LL-37 (Figure 3A).

This qualitative difference was unambiguously confirmed by an assay measuring the amount 

of secreted IFN-α. While neither the peptide nor CpG alone stimulated secretion of IFN-α, a 

complex of CpG with the native peptide had a strong effect (Figure 3B). The effect was 

significantly weaker when CpG was complexed with LL-377 or LL-377,29,34, or (most 

notably) fully-citrullinated LL-37, which led to an ~10-fold reduction in IFN-α secretion 

(Figure 3B). Importantly, changes in IFN-α secretion showed a negative association with 

IL-6 levels measured in conditioned medium (Figure 3C), which were elevated only in cells 

exposed to CpG alone or a mixture of CpG and the fully-citrullinated peptide.

Given that activation of pDCs by CpG-LL-37 is dependent on internalization of the complex 

(10), we next measured the degree of complex formation within cells. For these experiments, 

we treated cells with native LL-37 complexed with FITC-labeled CpG. We found that pDC-

associated fluorescence was readily detectable by flow cytometry. By contrast, binding 

between cells and complexes containing citrullinated peptides was reduced in line with level 

of peptide modification, reaching background levels in the case of fully-citrullinated LL-37 

(Figure S2A). This may be due to hindered CpG deposition on the cell membrane, since 

uptake of FITC-labeled CpG by phagocytic pDCs in the presence or absence of cytochalasin 

D (an inhibitor of phagocytosis) showed the same staining profile (Figure S2B). These 

findings suggest that impairment of pDC activation by nucleic acid in the presence of 

citrullinated peptides is caused by reduced affinity of the complex for the pDC membrane, 

which affects delivery of DNA into the intracellular/endosomal compartment.

Wong et al. Page 11

J Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Given that murine macrophages express TLR-9, and that macrophages are activated by CpG 

(20), we next investigated the effect of CpG complexed with native and citrullinated LL-37 

on macrophage activation (21). As for pDCs, RAW264.7 cells were activated by DNA 

complexed with the native peptide, as manifested by secretion of high amounts of TNF-α 
(Figure 3D). Also, the complex containing LL-377 had a strong stimulatory effect. By 

contrast, highly-citrullinated forms of LL-37 (LL-377,29,34 and LL-37all cit) complexed with 

CpG elicited significantly weaker effects on macrophages (Figure 3D). A similar effect was 

observed after treatment of macrophages with murine cathelicidin (the CRAMP peptide) 

complexed with DNA. Whereas native CRAMP/CpG activated macrophages, the CRAMP 

variant harboring a single arginine replaced by citrulline lacked this ability (Figure 3D 

[insert]).

The analyses using a scrambled peptide, which cannot bind to DNA, revealed that sLL-37 

was unable to sensitize macrophages to recognize nucleic acid. In contrast LL-37 with 

homoarginines (hArg-LL-37) exerted similar effect to the native peptide, when complexed 

with CpG (Figure 3D). Most strikingly, however, the carbamylated variants of LL-37, 

despite remarkably decreased cationic character (19), preserved the full immunostimulatory 

potential of the native peptide with respect to DNA recognition by macrophages (Figure 

3D). The same was found using dendritic cells (data not shown).

Finally, to mimic physiological conditions, we examined activation of RAW264.7 cells by 

DNA in the presence of a mixture of different forms of LL-37 generated by incubating the 

peptide with PADs (Figure S1B). As shown in Figure 3E, pre-treating LL-37 with PAD-2 

and PAD-4 led to a significant reduction in the ability of the peptide to stimulate TNF-α 
production in conjunction with DNA.

Cumulatively these results unbiasedly argue that not just a change in the positive charge of 

the peptide but the deimination of arginine residues in the context of the native LL-37 

sequence strongly and specifically affects the proinflammatory function of LL-37 as the 

inducer of the response of APCs to extracellular DNA.

Identification of citrullinated LL-37

PADs are released into inflammatory exudates and their extracellular activity is associated 

with citrullination of many proteins in the extracellular matrix and blood plasma (9). The 

high efficacy of PADs to deiminate Arg residues within LL-37 in vitro suggests that this 

modification also occurs in vivo, particularly at sites of infection/inflammation at which the 

peptide acts as a substrate for citrullination. Nevertheless, no study has yet demonstrated the 

presence of citrullinated LL-37 in pathophysiological fluids. To address this, we examined 

tissues from healthy controls and patients with inflammatory conditions. We also examined 

NET structures, sites where both substrate (LL-37) and active PAD enzymes co-exist at 

relatively high concentrations (22).

First, we performed Western blot analysis to see whether modified peptides are recognized 

by antibodies developed against native LL-37. In contrast to native LL-37, no band was seen 

when synthetic, fully-citrullinated LL-37 (LL-37all cit) was incubated with the anti-LL37 

antibody (Figure 4A). These data suggest that citrullination of LL-37 destroys an epitope(s) 
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recognized by the LL-37 antibody, simultaneously generating epitopes that react with anti-

AMC antibodies that are specific for citrulline residues (Figure 4A). Subsequent Western 

blot analysis using differentially-citrullinated synthetic LL-37 peptides revealed that binding 

of anti-LL37 antibody decreased as the number of citrullinated arginine residues in LL-37 

increased. Figure 4B shows that amount of LL-377 and LL-377,29 recognized by the 

antibody was less than the amount of non-citrullinated peptide, and that binding was absent 

when LL-37 contained more than two citrullinated arginine residues. We observed the same 

effect in an ELISA assay (data not shown). Taken together, these data explain why assays 

based on antibodies specific for native LL-37 failed to detect some modified forms of 

LL-37.

Next, we used rhodamine-phenylglyoxal (Rh-PG), a chemical probe that reacts specifically 

and covalently with citrulline residues in proteins and peptides. Fluorescent imaging of 

NETs generated from human neutrophils treated with PMA and resolved by SDS-PAGE 

revealed a faint band at the same level as exogenous citrullinated LL-37 added to NETs 

(Figure S3). The intensity of the band was reduced in the presence of a PAD inhibitor 

(chloramidine/Cl-amidine/Cl-A), suggesting peptide modification. To confirm the presence 

of LL-37 in rhodamine-phenylglyoxal-labeled samples, the bands corresponding to 

untreated NETs were in-gel digested with trypsin and analyzed by MS. The probes revealed 

the presence of a mature LL-37 N-terminus; however, no other LL-37-derived peptides were 

identified (Figure 4C). We confirmed the presence of LL-37 in NETs using a targeted 

MS/MS analysis approach. Media containing NETs was ultra-filtrated and treated with the 

LysC endopeptidase. LysC generated N- and C-terminal peptides that were detectable by MS 

(Figure S4). The N-terminal peptide LLGDFFRK was also evidence of mature LL-37, since 

the C-terminal peptide is produced by cleavage at the …FA#LL…, peptide bond, which is 

not cleaved by LysC. Both peptides were identified in NET-containing medium, confirming 

the presence of mature LL-37. However, neither of the peptides was identified in a 

citrullinated form. Several different methods were used to prepare samples, including in-gel 

digestion, precipitation, ultrafiltration, and various combinations thereof; all were 

unsuccessful in identifying citrullinated LL-37. The N- and C-terminal unmodified peptides 

in LysC digested NETs were present only at the limit of detection; in addition, the 

fragmentation pattern of citrullinated synthetic peptides is very complex due to a high level 

of internal fragmentation and neutral loss (23). The combination of low ion intensity, a noisy 

fragmentation pattern, and a heterogeneous modification pattern meant that modified LL-37 

peptides were below the limit of detection. Furthermore, the inability to identify modified 

LL-37 may be due to the short lifespan of citrullinated peptides. Therefore, we examined the 

stability of synthetic citrullinated forms of LL-37 in sera from healthy donors, sera and 

synovial fluid from RA patients, as well as in NET samples. Figure 4D shows that the half-

life of LL-37 was comparable with that of LL-377, but was shorter for peptides with higher 

levels of citrullination (LL-377,29,34 and LL-37all cit); this was most marked in synovial fluid 

from RA patients. The tested modified LL-37 peptides showed highest stability in healthy 

serum, but were rapidly degraded in NETs and in synovial fluid from RA patients (Figure 

4D), what may explain the identification issues.

Finally, we tried to identify deiminated LL-37 in PMA-induced NETs in which the 

structures of the DNA filaments coated with antimicrobial components such as elastase or 
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LL-37 are visible upon immunofluorescence staining (24). Of note, NET formation depends 

strongly on the activity of PAD-4 (25). Again, we used the PAD inhibitor Cl-A, which 

reduced both the levels of citrullination (Figure S3) and NET formation (Figure 5A, C). 

Immunofluorescence analysis using antibodies specific for native LL-37 showed that NETs 

generated in the presence of Cl-A contained more LL-37 than those generated in the absence 

of the inhibitor (Figure 5B, C). The calculation of the ratio between LL-37 positive staining 

and amount of NETs revealed that in comparison to samples prepared in the absence of the 

inhibitor, NETs generated by PMA in the presence of Cl-A contained 3 times more LL-37 

fluorescence spots (Figure 5C – insert). This observation was further confirmed when we 

estimate the degree of NET generation in the presence of anti-LL-37 antibodies. As reported 

by Lande et al. 2011, anti-LL-37 antibodies increased NETosis upon specific binding to 

LL-37 released by neutrophils isolated from patients suffering from SLE. However, we 

could not replicate this observation using neutrophils from healthy donors in the PMA-

induced NETs model. Significantly, however, the effect was visible when neutrophils were 

exposed to Cl-A (Figure 5D). This indicates that a higher amount of native LL-37 was 

present in Cl-A-treated neutrophils, in keeping with our observation that anti-LL-37 can 

only recognize the native form of the peptide. As the monoclonal antibody recognizes both 

proteolytically processed LL-37 and its precursor form, hCAP18, we performed immunoblot 

analysis of PMA-induced NETs. Our results revealed that the propeptide is externalized 

during NETosis induced by PMA or S. aureus. Moreover, compared with samples not 

exposed to the inhibitor, far more hCAP18 (visible at 18 kDa) was found in neutrophils pre-

treated with Cl-A (Figure 5E), which may suggest LL-37 precursor citrullination during 

NET formation. This trend was also observed for the mature peptide (4.7 kDa) in NETs 

induced by both PMA and S. aureus (Figure 5E). Taken together, the effect of Cl-A on the 

amount of hCAP18 detected in NETs argues strongly that both cathelicidin and mature 

LL-37 are citrullinated by PADs during NET formation, both in vitro and ex vivo.

The final indirect evidence for the presence of citrullinated LL-37 within NETs was obtained 

using a model described by Kahlenberg et al. 2012 (26), in which human monocyte-derived 

macrophages are primed with LPS to increase surface expression of the P2X7 receptor, 

which recognizes cathelicidin. Primed macrophages release high levels of IL-1β upon 

stimulation with LL-37. Therefore, we used this model system to determine the presence of 

stimulatory LL-37 in NETs. First, we showed that citrullination of LL-37 strongly abrogated 

inflammasome activation in a manner dependent on the degree of modification. Then, we 

showed that even a relatively short exposure of LL-37 to human PADs led to a significant 

reduction in the ability of the peptides to stimulate release of IL-1β from LPS-primed 

macrophages (Figure 5F). Finally, we found that NETs pre-treated with Cl-A had a much 

stronger effect on primed macrophages, as shown by IL-1β secretion, than native NETs 

(Figure 5G). This argues unambiguously that during NETosis, LL-37 is released from 

hCAP18 and, at least partially, simultaneously citrullinated as the treatment with Cl-A 

prevented extensive modification of the peptide. Furthermore, these data suggest that in vivo 
citrullination of LL-37 within NETs plays an important immunomodulatory role.
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Effect of citrullination on immunomodulation regulated by NETs

To further explore the immunomodulatory potential of LL-37 citrullination in the context of 

acquired immunity, we examined the effect of NETs on pDC activation. Stimulation of 

pDCs with PMA-induced NETs resulted in formation of cell clumps, a morphological 

change characteristic of pDC activation. Cell clumping was enhanced when NETs were 

collected from neutrophils treated with Cl-A before (Cl-A/PMA) or 2 hours post-incubation 

with PMA (PMA/Cl-A) (Figure 6A). To shed light on the molecular mechanism 

underpinning changes in pDC physiology/phenotype, we performed transcriptome analysis 

of genes regulated by IFN-α. We found that expression of MxA fell upon exposure of pDCs 

to NETs/PMA, but was upregulated markedly by exposure to NETs pre-treated with Cl-A 

(Cl-PMA) (Figure 6B). Of note, MxA plays an antiviral role in that it is an important 

effector protein in the type I IFN response (27). Furthermore, while secretion of IL-6, 

another marker typical of pDC activation, was increased only slightly upon exposure of 

pDCs to NETs/PMA, a substantial amount of IL-6 was found in conditioned medium from 

pDCs treated with NETs generated in the presence of Cl-A (Figure 6C). Finally, we 

analyzed if supplementation of NETs with native LL-37 or hArg-LL-37 will influence the 

inflammatory potential of those structures towards pDCs. Our data revealed that, in contrast 

to the native peptide, addition of hArg-LL-37, which is not citrullinated by the PADs, 

significantly increased the inflammatory response of phagocytes (Figure 6D, E).

Taken together, these data suggest that pDCs showed increased activation in response to 

NETs containing smaller amounts of citrullinated protein (due to PAD inhibitor treatment of 

PMA-activated neutrophils). Thus, we postulate that LL-37 and its citrullination are factors 

that may affect the inflammatory potential of NETs.

Discussion

Recognition of bacterial genomic DNA by intracellular TLR9 receptors triggers immune 

responses and promotes production of inflammatory cytokines. This signaling pathway is 

enhanced by LL-37, which binds nucleic acids with high affinity and facilitates DNA uptake 

into the endosomal compartments of APCs. This action of LL-37 is partly explained by the 

increased affinity of the DNA-peptide complex for the host cell membrane, and by arrest of 

the internalized complex in the early endosome, which increases production of IFNs. In the 

event of bacterial infection, this pathway is beneficial since it increases the immune 

response. However, there is a downside. The release of large amounts of DNA from dying 

host cells during an inflammatory response may lead to an overwhelming proinflammatory 

response, as observed in patients with psoriasis and SLE (28).

Recent findings show that inflammation is strongly regulated by post-translational 

modification of immunomodulators, including LL-37. In this context, we focused on 

citrullination of proteins and peptides, a process catalyzed by the calcium-dependent PADs, 

which are present at inflammatory foci. LL-37 is highly susceptible to citrullination by 

human PAD2 and PAD4 as it contains five Arg residues (6,9). Deimination of the peptide 

changes its primary function, including its antibacterial and chemotactic activity (6) and 

abrogates its anti-inflammatory potency as an antagonist of TLR-dependent signaling 

induced by LPS, LTA, and PGN (9). Here, we focused on the role of LL-37 in cell signaling 
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mediated by nucleic acids. First, we show that citrullination of LL-37 has a marked effect on 

its affinity for nucleic acids. In vivo, citrullination in the inflammatory milieu would be 

performed predominantly by phagocyte-derived PAD2 and PAD4, with the former being 

more efficient (Figure 1B–D and Koziel et al., 2014). Next, we examined the effect of 

citrullination on regulation of the LL-37-dependent immune response to CpG motifs. Using 

different forms of synthetic citrullinated LL-37 peptide, we showed that deimination inhibits 

cell activation, as manifested by a fall in the amount of proinflammatory cytokines as the 

number of citrullinated arginine residues present in the peptide increased. The weakened 

affinity of deiminated LL-37 for DNA reduces complex formation and subsequent binding to 

the cell membrane. This in turn results in less CpG entering the endosomal compartment of 

pDCs, thereby abrogating IFN-α production and desensitizing the cells to DNA.

The half-life of DNA in the inflammatory milieu is regulated by the action of DNases 

released by dying cells (29). However, formation of complexes containing LL-37 protects 

DNA from degradation and allows successful uptake of nucleic acids by surrounding cells, 

including immune cells, and their subsequent transport to the nuclear compartment (30). To 

this end, we showed that citrullination hinders the interaction between LL-37 and nucleic 

acids, making the latter more susceptible to degradation by DNAse (Figure 2B) and reducing 

their proinflammatory potential. Taken together, our results suggest that citrullination of 

LL-37 leads to a significant down-regulation of the host response to cell-free DNA. 

Remarkably, the effect was not entirely related to the reduced cationic character of LL-37, 

rather, it appears to be highly specific to arginine modification. Such a conclusion arises 

from the observation that carbamylation of lysine residues in the peptide did not affect 

peptide binding to DNA or activation of myeloid cells (Figure 1G, 3D). Together with the 

findings that hArg-LL-37 elicits similar activity to native LL-37 (Figure 1F) and the 

carbamylated forms of LL-37 upon enzymatic deimination lose the DNA-binding binding 

ability (Figure 1G, H) irrefutably argues that Arg residues in LL-37 are essential for the 

LL-37 interaction with DNA and stimulation of antigen presenting cells. This is in keeping 

with the unique role of the guanidinium side chain of Arg residues in protein or peptides 

interaction with ribonucleic acids (41).

NETosis is a convenient model for studying the effect of LL-37 citrullination on its 

interaction with DNA since the interaction between DNA and LL-37 in NETs is well 

described (24, 28). LL-37 as an integral component of NETs and has pluripotent biological 

functions. In addition to antibacterial activity against entrapped pathogens, LL-37 protects 

NETs against degradation by bacterial nucleases (31). Moreover, the presence of LL-37 in 

NETs activates the inflammasome in macrophages (26). Perplexingly, however, no attention 

is paid to the fact that the abundance of LL-37 in NETs means that it is exposed to PAD 

activity (22), which might catalyze citrullination of the peptide. Therefore, we tried to 

identify modified forms of LL-37 in NETs. Experiments using antibodies recognizing only 

the native form of the peptide revealed that NETs generated in the presence of a PAD 

inhibitor contained more unmodified LL-37 than control NETs (Figure 5). This supports 

(indirectly) citrullination of the peptide. Unfortunately, our attempts to identify citrullinated 

forms of LL-37 in NETs directly by mass spectrometry analysis failed. This might be due to 

degradation of citrullinated LL-37 by neutrophil proteases that are also abundant in NETs. 

Such a conclusion is strongly supported by our finding that citrullinated LL-37 has a 
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significantly shorter half-life than the native peptide in NETs and synovial fluid from RA 

patients (Figure 4). Of note, the latter is known to contain NETs (32). Furthermore, the 

oxidative environment resulting from myeloperoxidase activity can lead to additional 

modification of both citrulline and other residues in LL-37 (33). Any additional 

modifications will prevent identification by mass spectrometry due to a mass shift (34). 

Interestingly, all LL-37 variants were stable in serum samples, in keeping with lack of any 

significant proteolytic activity in this fluid; this suggests proteolytic degradation as the 

reason for the short life-time of citrullinated LL-37 in NETs. Indeed, treatment of NETs 

with a protease inhibitor cocktail before the peptides were added prevented their degradation 

and ameliorated differences in the half-life (data not shown). Our data support the rapid 

degradation of citrullinated peptides reported by Klisgard et al. 2012 (6). Taken together, we 

postulate that citrullinated LL-37 is generated during NET formation.

Several studies report crosstalk between NETs and DCs (24, 28, 35), and it is postulated that 

LL-37-DNA complexes contribute to excessive activation of pDCs and underpins the 

pathogenesis of autoimmune diseases such as SLE and psoriasis. Therefore, we used NETs 

to confirm the pathophysiologically relevant role of LL-37 citrullination during modulation 

of myeloid cell responses to nucleic acids. Myeloid cells exposed to NETs generated in the 

presence of a PAD inhibitor were activated to a greater extent than when exposed to native 

NETs. The increased proinflammatory effect exerted by native proteins in NETs strongly 

suggests that citrullination of LL-37 makes a marked contribution to regulating the DNA 

response of myeloid cells exposed to NETs, including pDCs and macrophages. Our 

conclusion is strongly supported, since LL-37 with homoarginines (hArg-LL-37), which are 

not deiminated by the PADs, significantly enhanced the proinflammatory potential of NETs 

towards dendritic cells. Therefore, we hypothesize that control and/or restriction of the 

inflammatory potential of NETs is executed at the level of post-translation modification of 

proteins associated with DNA fibers. Moreover, one may propose that the activity and 

stability of proteins bound to the DNA meshwork is strictly and dynamically regulated by 

the host to eliminate pathogens without unwanted side effects (e.g., excessive inflammation).

Taken together, the results presented herein show that citrullination of LL-37 plays a critical 

role in the host responses to cell-free DNA. Inhibition of the interaction between DNA and 

citrullinated LL-37, or enhanced degradation of the modified peptide, dampens activation of 

myeloid cells by nucleic acids. This may be a disadvantage during bacterial infection; 

however, it may be an important mechanism that protects the host against overactivation of 

the immune system and development of autoimmune diseases, especially those in which an 

overwhelming response to self-DNA molecules is crucial (i.e., RA, psoriasis, chronic 

obstructive pulmonary disease, psoriasis) (36, 37). Therefore, the advent of PAD inhibitors 

designed to treat RA and other diseases means that it is important to monitor and quantify 

levels of modified LL-37 in vivo, and to verify (in vivo) the role of peptide citrullination in 

health and disease.
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Figure 1. The influence of LL-37 citrullination on DNA binding
(A) The optimal binding between DNA and LL-37 was established by incubation of 

molecules at the different molar ratio of 1:0.5, 1:2, 1:10 (DNA:peptide) for 10 min at room 

temperature. Unbound DNA was quantified with spectral analysis using PicoGreen and is 

shown as relative fluorescence units (RFU). (B, C, D) The time dependent effect of LL-37 

incubation with PAD2 (B) and PAD4 (C) on peptide capability to bind DNA. Statistical 

significance was evaluated by one-way ANOVA, followed by Tukey’s multiple comparisons 

post-test (****p<0.000 – comparing to control; ##p<0.01; ####p<0.0001- comparing with 
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DNA/LL-37). (E) The DNA binding to the untreated scrambled peptide (sLL37) and after its 

citrullination with PAD2. (F) The DNA binding by LL-37 with Arg residues substituted with 

homoarginine (hArg-LL-37) with or without pretreatment with PAD2. (G) The binding of 

carbamylated variants of LL-37 to DNA before and after (H) preincubation with PAD2.
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Figure 2. The characterization of DNA binding by variably citrullinated forms of LL-37
(A) The efficiency of DNA binding by native and differentially citrullinated forms of LL-37 

(LL-377, LL-377,29, LL-377,29,34, and fully citrullinated LL-37) estimated with surface 

plasmon resonance analysis. Response units (RU) were used to describe the amounts of 

coupled DNA. (B) The efficiency of modified LL-37 to protect DNA against degradation 

represented as the percentage of DNA bound to the peptide after 60 min of DNase treatment. 

Statistical significance was evaluated by one-way ANOVA, followed by Tukey’s multiple 

comparisons post-test (****P<0.0001). (C) Citrullination of CRAMP affects the peptide 

binding to bacterial DNA visualised by retardation assay.
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Figure 3. The biological effects of LL-37 citrullination on phagocytes
Primary human pDCs or murine macrophages cell line (RAW 264.7) were incubated with 

CpG (3 mM) or CpG combined with differentially citrullinated LL-37 forms (28.8 mg/mL) 

for 15 min. Thereafter cells were washed 3 times with PBS and incubated in fresh medium 

for additional 20 h. (A) Formation of cell clumps reflecting the activation of human pDCs; 

(B) IFN-α and (C) IL-6 levels measured by ELISA in culture supernatant. Statistical 

significance was evaluated by one-way ANOVA, followed by Tukey’s multiple comparisons 

post-test (***P<0.001, ****P<0.0001- comparing to control; ##P<0.01, ###P<0.001, 
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####P<0.0001, comparing with CpG-LL37). (D) The expression of TNF-α in murine 

macrophages upon exposition to CpG alone, CpG with human synthetic native and different 

modified forms of LL-37 or CpG with murine native and citrullinated cathelicidin (CRAMP) 

– insert. TNF-α secretion to the culture supernatant was measured with ELISA. Statistical 

significance was evaluated by one-way ANOVA, followed by Tukey’s multiple comparisons 

post-test (**P<0.01, ***P<0.001, ****P<0.0001; compared to control; #P<0.05, 

###P<0.001, compared with CpG-LL37). (E) Raw 264.7 were stimulated with CpG (10uM) 

alone or with mixtures of peptides (mPAD2 and mPAD4) that resemble the catalytic 

modification of LL-37 by PAD2 and PAD4, respectively. TNF-α production in the culture 

supernatant was measured with ELISA. Statistical significance was evaluated by one-way 

ANOVA, followed by Tukey’s multiple comparisons post-test (****P<0.0001 – compared to 

control; ###P<0.001, compared to CpG-LL37).
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Figure 4. Identification of citrullinated LL-37
(A) Western Blot analysis of native and fully-citrullinated LL-37 using antibodies against 

native LL-37 (LL-37 ab) and anti-modified citrulline proteins (AMC ab). The red dashed 

line showed the section where the membrane was cut to allow the incubation of different 

antibodies as described previously. (B) Western Blot verification of the recognition of 

differentially citrullinated forms of LL-37 by antibodies against native LL-37. (C) MSMS 

spectra of LL-37 N-terminal tryptic peptide (LLGDFFR), confirming the presence of mature 

LL-3. (D) The half-life of native LL-37 and its variably citrullinated forms in NETs, healthy 
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and inflamed sera (RA serum) and synovial fluid of rheumatoid arthritis patients. Unpaired 

t-test was used to calculate the p values between groups (*=p<0.05).
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Figure 5. The citrullination of LL-37 in NETs
Human neutrophils were treated either with or without 100 μM Cl-Amidine (Cl-A) for 1h 

prior stimulation with 25 nM PMA for 3 h. Sham-treated neutrophils constituted a 

background control. (A) Formation of NETs quantified using PicoGreen and is shown as 

relative fluorescence units (RFU). (B, C) The presence of LL-37 visualized by fluorescent 

microscopy using Alexa Fluor 647-labelled antibody against human LL-37 (red) and 

counterstained with Hoechst (blue). The representative images taken at the magnification 

×20 (C). Fluorescence from single molecule of LL-37 is imaged as spots and quantification 
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of the red fluorescent signals is from 20 independent images (B). Statistical significance was 

evaluated by one-way ANOVA, followed by Tukey’s multiple comparisons post-test 

(*P<0.05, ***P<0.001 – compared with control; ###P<0.001, ####P<0.0001, compared 

with Control). (D) Neutrophils from healthy donors were stimulated as indicated. Anti-LL37 

was added 2 h post PMA activation. Supernatants were collected and formation of NETs 

was quantified using PicoGreen. Statistical significance was evaluated by one-way ANOVA, 

followed by Tukey’s multiple comparisons post-test (**P<0.01). (E) The identification of 

the LL-37 mature peptide (LL-37 – 4.7 kDa) and its precursor (hCAP18 – 18 kDa) in NETs 

generated in presence/absence of 100 μM Cl-A and PMA (25 nM) or Staphylococcus aureus 
(MOI 1:10) using Western blot analysis with antibodies against native LL-37. (F, G) Human 

macrophages were primed with or without LPS for 4 h, then treated with synthetic native 

and differentially citrullinated forms of LL-37 (LL-377, LL-377,29, LL-377,29,34, and fully 

citrullinated LL-37) and peptide mixtures resembles the catalytic modification of LL-37 by 

PAD2 (mPAD2) and PAD4 (mPAD4) (F) or NETs collected from PMA-activated 

neutrophils as described previously (G) for 2h. Supernatants were collected and secretion of 

IL-1β was quantified by commercialized ELISA. Unpaired t-test was used to calculate the p 
values between groups (*=p<0.05).

Wong et al. Page 29

J Immunol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. The activation of pDCs by NETs with differential content of citrullinated proteins
pDCs were exposed to NETs collected from PMA-activated neutrophils and neutrophils 

additionally exposed to Cl-A (Cl-A/PMA – 1 h preincubation of PMN with Cl-A before 

PMA; PMA/Cl-A – Cl-A was added 2 h post PMA stimulation). (A) The morphology of the 

cell clumps formation triggered with NETs collected from PMA-activated neutrophils pre-

treated with or without Cl-A. (B) The level of MxA gene expression in pDCs measured by 

real-time PCR. (C) Production of IL-6 cytokine measured with ELISA in supernatants 

collected from pDCs. (D, E) The activation of pDCs by NETs supplemented with LL37 and 
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hArg-LL37 estimated by the level of MxA gene expression (D) and amount of secreted IL-6 

in conditioned media (E). Statistical significance was evaluated by one-way ANOVA, 

followed by Tukey’s multiple comparisons post-test (*P<0.05, **P<0.01).
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Table I

Sequences of LL-37 used in the study.

Peptide Sequence

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES

LL-377 LLGDFF(Cit)KSKEKIGKEFKRIVQRIKDFLRNLVPRTES

LL-377,29 LLGDFF(Cit)KSKEKIGKEFKRIVQRIKDFL(Cit)NLVPRTES

LL-377,29,34 LLGDFF(Cit)KSKEKIGKEFKRIVQRIKDFL(Cit)NLVP(Cit)TES

LL-37all cit. LLGDFF(Cit)KSKEKIGKEFK(Cit)IVQ(Cit)IKDFL(Cit)NLVP(Cit)TES

LL-37K1 LLGDFFR(ε-carb-K)SKEKIGKEFKRIVQRIKDFLRNLVPRTES

LL-37K2 LLGDFFRKSKE(ε-carb-K)IG(ε-carb-K)EFKRIVQRIKDFLRNLVPRTES

LL-37K3 LLGDFFRSKEKIGKEFKRIVQRI(ε-carb-K)DFLRNLVPRTES

sLL-37 RSLEGTDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL

hLL-37 LLGDFF(hR)KSKEKIGKEFK(hR)IVQ(hR)IKDFL(hR)NLVP(hR)TES

CRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ

CRAMP cit. GLL(Cit)KGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ

ε-carb-K: lysine carbamylated on the ε-carbon.

hR: homoarginine (hArg)
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