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Psoriasis is a chronic skin disease evolving to psoriatic arthritis (PsA) in 30% of cases. LL37 is a psoriasis T-cell autoantigen and, in complex with self-DNA/RNA, a trigger of type I interferon (IFN-I) and pro-inflammatory factors in dendritic cells. LL37 can undergo irreversible post-translational modifications (PTMs), namely, citrullination and carbamylation, which are linked to a neutrophil-dominated inflammation. Notably, in PsA, carbamylated and citrullinated LL37 (carb-LL37 and cit-LL37) become antibody targets. Here, we analyze the presence of, and the T-cell and antibody reactivity to, cit-LL37 and carb-LL37, to address the occurrence and significance of these PTMs in psoriasis. The presence of modified LL37 in skin biopsies was assessed by laser scanner confocal microscopy (LSCM); T-cell responses to modified LL37 were assessed by Ki67 assay and intracellular cytokine staining using flow cytometry; serum autoantibodies to the same antigens were tested by enzyme-linked immunosorbent assay (ELISA). The results show that native and modified LL37 (both carb-LL37 and cit-LL37) are detectable in psoriatic skin, but not in healthy donors’ (HD) skin, where they colocalize with neutrophil infiltrates and neutrophil extracellular trap formation (NETosis). Psoriatic T cells and antibodies recognize native LL37, cit-LL37, and carb-LL37, but only CD4-T-cell responses to native LL37 and carb-LL37 correlate with psoriasis area severity index (PASI), whereas CD8-T-cell responses to the same peptides correlate with PASI in the HLA-Cw6*02-positive subgroup. CD4-T cells specific for modified LL37 express heterogeneous T-helper (Th) phenotypes: native/carb-LL37-specific T cells mainly manifest a Th1/Th17-like phenotype, whereas cit-LL37-specific T cells resemble Th-follicular (Thf)-like cells. In vitro T-cell polarization experiments suggest that distinct pro-inflammatory effects of LL37 and modified LL37, in complex with self-nucleic acids, may concur to these phenomena. This is the first evidence in psoriasis that PTMs of an autoantigen with innate immune cell stimulatory ability dictate autoreactive Th-cell polarization. These data, obtained using LL37 as a model autoantigen, indicate that citrullination and carbamylation pathways may play a role in the psoriasis course, generating epitopes to which immunological tolerance does not exist and potentially concur to PsA development.
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1 Introduction

Psoriasis is a chronic inflammatory and autoimmune skin disease affecting up to 4% of individuals worldwide (1–5). Inflammatory cytokines produced by pathogenic T-helper 1 (Th1)/Th17 cells, interleukin-17 (IL-17), tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), IL-22, and IL-21 sustain chronic inflammation and/or hyper-proliferation of keratinocytes (1–14). T cells and T-cell-derived cytokines have long been known to contribute significantly to psoriasis pathogenesis although the autoantigens they recognized were only in part understood (15, 16). We demonstrated that the antimicrobial peptide (AMP) cathelicidin LL37 acts as a psoriasis autoantigen (17). Being efficiently presented by multiple HLA-DR alleles and by the psoriasis-associated MHC-I molecule HLA-Cw6*02 (1–3, 17), LL37 was found to be recognized by T cells in up to 40% of the patients with psoriasis. Notably, 30% of patients with psoriasis develop a severe form of arthritis [psoriatic arthritis (PsA)], and we have recently demonstrated that T cells of patients with PsA also recognize LL37 as an autoantigen (18). Moreover, anti-LL37 autoantibodies and antibodies recognizing cit-LL37 and carb-LL37 were present in inflamed PsA synovia and in circulation (18). These observations suggest that pathways leading to LL37 carbamylation and citrullination are activated in PsA and can play a pathogenic role. However, the presence of cit-LL37 and carb-LL37 in psoriasis skin and its relationship with T-cell activation and with the occasional presence of anti-LL37-specific antibodies are unclear. As hypothesized in rheumatoid arthritis (RA), PsA, and systemic lupus erythematosus (SLE), the neutrophilic inflammation could be viewed as a bridge between innate and adaptive immunity, via promotion of those post-translational modifications (PTMs) that favor the break of tolerance to self-antigens, and this is the case for carbamylation and citrullination (18–23). We demonstrated that epitopes of LL37 that are citrullinated or carbamylated can be presented to, and are immunogenic for, SLE CD4 T cells; SLE is a chronic disease with a recognized neutrophilic signature (20–22). Knowing that neutrophils can also infiltrate psoriatic skin (24, 25), and carbamylation and citrullination may occur locally in the presence of neutrophils either degranulating or undergoing neutrophil extracellular traps extrusion (NETosis), the purpose of this study was to address whether LL37, modified by citrullination and carbamylation, might concur to the pathogenesis of psoriasis, by affecting the characteristics of autoreactive T cells. This might revel the close interplay between neutrophils and autoreactivity in psoriasis. Indeed, we have previously demonstrated that LL37 modified by citrullination and carbamylation differs in its capacity to trigger IFN-I in plasmacytoid dendritic cells (pDCs) (22). Thus, here we have analyzed the occurrence of citrullination and carbamylation in psoriasis lesional skin, and the effect of these modifications on adaptive immunity activation, using LL37 as model autoantigen (17). LL37-specific T cells, of both CD4 and CD8 phenotype, appear to coexist with T cells that recognize the modified LL37 versions. This finding indicates a multi-specific T-cell response in psoriasis, and perhaps cross-reactivity of cit-LL37- and especially carb-LL37-specific T cells with the native antigen. Moreover, the nature of the autoantigen modification, which is likely to have an impact on the “adjuvant activity” of native LL37, appears to influence the fate of the psoriasis CD4 T cells with respect to T-helper cell polarization outcomes and, likely, effector functions.




2 Materials and methods



2.1 Study design

The blood of patients with psoriasis and healthy donors (HD) was obtained from Humanitas Hospital, Milan, Italy (Supplementary Table S1). The skin biopsies of both patients with psoriasis and HD were from University of Tor Vergata, Rome. As psoriasis score, we used psoriasis area severity index (PASI) as previously published (17). Patients with psoriasis did not take medications in the last 3 months before first blood sampling. All samples were obtained after approval by the Ethic Committees of Humanitas (ICH Ethic Committee, Rozzano, MI) and the University of Tor Vergata, Rome. All blood and tissue donors gave informed consent. Patients were genotyped for the presence of the MHC-I allele HLA-Cw6*02: 20 ng of DNA extracted from 0.2 mL of blood (Qiagen 51104) was tested for the presence on a 3% agarose gel of the PCR-specific 304-bp product amplified with primers [HLA-Cw06F 5′-TACTACAACCAGAGCGAGGA-3′; HLA-Cw06R 5′-GGTCGCAGCCATACATCCA-3′ Bio-Rad Master Mix for PCR (1665009EDU)].




2.2 Antigens

LL37: (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was purchased from Proteogenix (Schiltigheim, Strasbourg, France). Reverse (REV) LL37 (SETRPVLNRLFDKIRQVIRKEFEKGIKEKSKRFFDGLL); citrullinated LL37 (cit-LL37) {LLGDFFR(cit)KSKEKIGKEFKR(cit)IVQR(cit)IKDFLR(cit)NLVPR(cit)TES}; citrullinated reverse (cit-REV) {SETR(cit)PVLNR(cit)LFDKIR(cit)QVIR(cit)KEFEKGIKEKSKR(cit)FFDGLL}; carbamylated LL37 (carb-LL37)(L*LGDFFRK*SK*EK*IGKEFK*RIVQRIK*DFLRNLVPRTES), in which the asterisks indicate substitution with homocitrullines; and carb-REV: (SETRPVLNRLFDK*IRQVIRKEFEK*GIK*EK*SK*RFFDGLL*), in which the asterisks indicate substitution with homocitrullines, were all synthesized by Biomatik (Wilmington, DE, USA).




2.3 Antibodies

Antibodies to CD4, CD3 (UCHT1), CD1, CD14, and CD1a were used conjugated with various fluorochromes [FITC, phycoerythrin (PE) PerC, peridinin-chlorophyll-protein (PerCp), allophycocyanin (APC), PE-Cy7, and Pacific Orange], and were from BD Biosciences or eBiosciences (San Diego, CA). For further LL37-specific T-cell characterization, we used the following: APC-Cy7-CXCR5 (CD185, FAB190), APC or PE or Pacific blueT (PB)-CD38 (clone: HB-7), PD1 conjugated with PE/Dazzle (CD279), and Bcl-6 (APC conjugated), purchased from BD Biosciences, eBiosciences, Novus Biologicals (Littleton, CO), and R&D (Minneapolis, MN). APC or AlexaFluor 700-conjugated anti-Ki67 antibody (BD Pharmingen, SolA15) was used in combination with anti-IL-17 (IL-17A) PB, anti-IL-21 AlexaFluor 647, and IFN-γ. Appropriate isotype-matched controls were from the same companies. The following were the antibody clones used: anti-CD3, clone UCHT1; anti-CD4, clone OKT4; anti-CXCR5, clone J252D4; anti-CD38, clone HB-7; anti-PD1, clone EH12.2H7; anti-BCL6, clone BCL-UP; anti-IL17, clone BL168; anti-IL21, clone 3A3-N2: anti-IFN-γ, clone B27; anti-Ki67, clone solA15; anti-human T-bet, clone 4B10; and anti-MPO, clone EPR20257. The rabbit monoclonal antibody specific for carb-LL37 (clone RRB640) and the mouse antibody specific for cit-LL37 (Mab142), not cross-reacting to native/carb-LL37 and cit-LL37, were obtained in the Antibody Facility of UNIGE, Geneva, CH (22). The rat anti-myeloperoxidase (MPO) monoclonal antibody (Rat IgG2a) was from Abcam (UK, ab300651). Secondary anti-mouse antibodies conjugated with AlexaFluor 647, AlexaFluor 488, or AlexaFluor 555 were from Abcam (UK). Isotype controls were from Hycult (Sweden).




2.4 Measurement of antibody reactivity to native LL37, cit-LL37, and carb-LL37 in sera of patients with psoriasis and HD

Anti-native/cit-LL37/carb-LL37 antibody reactivity was measured by enzyme-linked immunosorbent assay (ELISA) as previously described (21, 22). Briefly, 96-well flat-bottom plates (non-binding surface polystyrene, Corning, USA) are coated with 2 μg/mL of native LL37/cit-LL37/carb-LL37 or control proteins (cit-REV and carb-REV) in carbonate buffer (0.1 M NaHCHO3, pH 9) for 2 h (or overnight) and washed four times with PBS 0.1% Tween-20. This washing buffer was used for washing at all steps. The blocking buffer containing 2% bovine serum albumin (BSA, Sigma) in PBS was used for at least 1 h (or overnight) to saturate unspecific binding sites. After washing, sera were diluted at various concentrations (usually 1:100) in PBS 2% BSA followed by 1-h incubation with a horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Sigma-Aldrich), diluted 1:10,000 in PBS. The color was developed for 5 min with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Sigma-Aldrich). The reaction was stopped by adding 50 μL of 2 N H2SO4, and absorbance was determined at 450 nm with a reference wavelength of 540 nm. The positivity for antibodies to LL37, cit-LL37, and carb-LL37 was considered present when the OD measured in response to these antigens was above a cutoff obtained by the mean of OD measured with HD plasma/sera plus two standard deviations. In addition, if reactivity to LL37, cit-LL37, and carb-LL37 was found in the presence of significant reactivity to REV, cit-REV, or carb-REV, these patients were not considered to be positive for these the anti-LL37 and modified LL37 antibodies (21, 22).




2.5 Measurement of proliferation, marker expression, and cytokine production in primary T cells

PBMCs were purified from EDTA-treated blood, on Ficoll-Hypaque (Pharmacia Fine Chemicals, Uppsala, Sweden) and were incubated (105 cells/well) in 96-well flat-bottom microplates (BD) in T-cell medium [RPMI 1640, 10% heat-inactivated human serum (HS), Gibco, 2 mM L-glutamine, 10 U/mL penicillin, and 100 μg/mL streptomycin], with/without peptides. We performed assays on PBMCs frozen in 90% FCS–10% DMSO, whose viability we assessed by Trypan blue exclusion, with an inverted microscope. Recovery of live cells was between 65% and 85% of the frozen number. Proliferation was assessed by Ki67 staining (intracellular staining performed after the surface staining), using APC-labeled anti-Ki67 antibody (BD Pharmingen), after 5 days of culture and activation with phorbol myristate acetate (PMA) (Sigma)/ionomycin (Calbiochem) (PMA+Iono at 50 ng/mL and 1 μg/mL, respectively), for 4 h. Secretion was blocked with Brefeldin A (Selleckchem, USA, at 10 μg/mL added after the first 30 min with PMA+Iono). Aqua dye (LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit, Thermo Fisher) was added to exclude dead cells into the assay. Internal control for T-cell viability was PHA treatment (2 μg/mL). Phenotype analysis of LL37-responder T cells (Ki67-positive cells, at 5 days of culture) included staining for CD3, CD4, and CXCR5, and for cytokines (with anti-IFN-γ, -IL-17, and -IL-21 antibodies, of different colors, as above). Cells were permeabilized and fixed by using the Intracellular fixation/permeabilizazion buffer set (eBiosciences). T cells were gated on CD3/CD4 or CD3/non-CD4 (CD8) markers and cytokine-staining analyzed on Ki67+ cells. Cells were analyzed by flow cytometry using a Gallios, BeckmanCoulter (Brea, CA, USA).

Stimulation index (SI) for proliferation was calculated by dividing the percentage of Ki67-staining (percent of positive T cells) in the presence of each peptide antigen (LL37, carb-LL37, and cit-LL37) by the percent obtained with the control antigens (LL37 reverse, REV; cit-LL37 reverse, cit-REV; carb-LL37 reverse, and carb-REV). SI for proliferation was considered positive when the values of the percentage of Ki67-positive cells were three times higher than the values obtained with the control peptides (SI > 3). This cutoff was obtained by calculating the mean ± 2 SD (of the SIs calculated as above) of the proliferation of HD. Basal % of proliferation was set using, as reference, an isotype-matched antibody staining (AlexaFluor 700 isotype control) and by never exceeding 5% of the cell proliferation value (background proliferation). Concomitant phenotype analysis of LL37-responder T cells included staining for CD4, CXCR5, PD1, and Bcl-6 (BCL-UP); all were measured by intracellular staining and flow cytometry, after 48-h culture with LL37 or control antigen, and were analyzed on CD38high (activated) CD4 T cells. SI for expression of CXCR5, Bcl-6, and cytokines was calculated as the percentage of the Ki67+CD3+CD4+ cells that expressed the specific marker or cytokine, in the presence of the peptide antigen, with respect to the same values obtained after stimulation with control peptides.




2.6 Staining of skin biopsies and laser scanner confocal microscopy for analysis of the skin

We performed staining on 6-mm paraffin or frozen sections of psoriasis skin specimens (or from control HD), obtained from University of Tor Vergata, Rome. Biopsies in paraffin were stained after de-paraffination in xylene (5 min, two times), followed by passages in absolute ethanol (3 min), 95% ethanol in water (3 min), 80% ethanol in water (3 min), 70% ethanol in water (3 min), and antigen retrieval (5 min at 95°C in 10 mM sodium citrate, pH 6.0). Slides were saturated with a solution containing 4% BSA for 1 h. After washing three times for 3 min under agitation with PBS 0.1% Tween 20, the slides were stained for cit-LL37 and carb-LL37 using the mouse antibody Mab142 (specific for cit-LL37), and the rabbit monoclonal antibody specific for carb-LL37 (clone RRB640), at 1:40 dilution, respectively. MPO was detected using the anti-MPO antibody, Rat IgG2a-300651 (Abcam). Slides were incubated in a humidified chamber, for 1 h. After washing as above, we incubated the slides with a donkey anti-mouse antibody (AlexaFluor 647), a donkey anti-rabbit antibody conjugated with AlexaFluor 488, and a goat anti-rat antibody conjugated with AlexaFluor 555 (all from Sigma), again in a humidified chamber, for 1 h. Slides were washed again, as above, and mounted in Prolong Gold anti-fade media containing a DNA dye (DAPI) (Molecular Probes), before analysis. Images were taken on a confocal microscope Zeiss LSM 900 (Carl Zeiss GmbH, Jena, Germany) in Airyscan mode. Excitation light was obtained by diode lasers: 405, 488, and 548 nm. Optical thickness was 0.20 µm with 63× objective (Zeiss, AN 1.20). A semi-automatic evaluation of colocalization of staining between two markers of interest was performed by measuring the percentage of relative area occupied, in each biopsy, by the overlay of the two colors considered (visualized either in magenta or in yellow in some processed images). These values were obtained selecting one stack in each scanned biopsy. Images have been treated and analyzed by the Zen Blue (3.2) software (Carl Zeiss GmbH, Jena Germany).




2.7 Extraction of human RNA

Human RNA was extracted from PBMCs, as previously reported (26). The resulting size distribution was controlled by 2% agarose gel electrophoresis.




2.8 Production of monocyte-derived DC and stimulation/polarization of CD4 T cells

Monocytes were purified as previously described (26), using the CD14 MicroBeads human kit Miltenyi Biotec (Germany) and cultured at 106/mL in complete medium in the presence of 500 U/mL of hrIL-4 (Cell Guidance Systems, CellGS, St. Louis, USA) and 50 ng/mL rGM-CSF (Peprotech, Thermo Fisher Scientific, USA). After 6 days, monocyte-derived dendritic cells (MDDCs) were harvested and used as APC in Ki67 assays. Cells were checked for the expression of CD1a and CD14 expression and were at least 95% pure. Differentiated MDDCs were CD1a-positive and CD4-low or -negative as previously described (26, 27). MDDC-induced allogeneic T-cell proliferation (PBMC/MDDC ratio 10:1) was assessed after 7 days of culture in the presence or absence of different concentrations of IFN-α (IFN-α4 and IFN-α2 proteins, Bio-Techne, Minneapolis, MN, USA); the two IFN-α types were added together to the cultures to reach the final concentration of 1,000 UI/mL or 300 UI/mL. In additional experiments, immature MDDCs were treated overnight with LL37 (1 μM), cit-LL37 (1 μM), and carb-LL37 (1 μM), alone or in complex with human RNA (15 μg/mL), plus/minus IFN-I (1,000 U/mL, as above). CD4 T cells were isolated using the human pan T-cell isolation human kit, followed by the use of the human CD4+ T-cell isolation kit (both by Miltenyi, Germany). Proliferation and phenotype of responder CD4 T cells cultured with the MDDC were assessed by Ki67 intracellular staining and by surface staining with anti-CXCR5 and anti-PD1 antibodies, respectively, after a 6-day culture. Part of the supernatants from overnight cultured MDDCs, preceding the CD4 T-cell-MDDC culture setup, were harvested and tested for the presence of TNF-α, IL-23, and IL-12, by ELISA (MabTech, France). IL-17 and IFN-γ concentrations in the supernatants of the CD4 T cells cultured with the MDDC were also measured by ELISA (MabTech, France), at day 6 of culture. All ELISAs were performed according to the manufacturer’s instructions.




2.9 In-house ELISA for the determination of blood myeloperoxidase–DNA complexes

MPO–DNA complexes were identified using a capture ELISA. The capturing antibody, 2 μg/mL, was a rat anti-human MPO antibody (anti-MPO antibody, 300651, Abcam). The anti-MPO antibody was coated to 96-well plates (100 μL), overnight at room temperature. After blocking in PBS 2% BSA (200 μL), plasma (100 μL diluted to 1:50 in 1% BSA in PBS) was added and incubated for 2 h at room temperature. After incubation, wells were washed four times with 200 μL of 0.05% Tween 20 in PBS, and the mouse anti-human dsDNA (Abcam, 1:300) was added for 1 h at room temperature. After washing, wells were incubated for 1 h with an HRP-conjugated rabbit anti-mouse IgG (SouthernBiotech) (dilution 1:600 in PBS). After washing, the chromogenic substrate TMB was added and incubated in the dark. The absorbance was measured at 450 nm after stopping the reaction as above. Plasma samples were considered positive when the OD was above an established cutoff, which was calculated as the mean plus two times the standard deviation of the OD values obtained with HD plasma samples.




2.10 Statistical analyses

Differences between mean values were assessed by Wilcoxon’s matched-pair signed rank test, or paired t-test, to compare responses to antigens and control antigens in the same donor. We used Mann–Whitney or unpaired t-test for comparison of T-cell and antibody responses between groups of patients and HD. Statistical significance was set at p < 0.05. Correlation analyses were performed by Spearman’s (for low sample size) and Pearson’s rank-correlation test (for higher sample size). Data were analyzed by GraphPad Prism 7.0 or SPSS software.





3 Results



3.1 Carb-LL37 and cit-LL37 are detected in psoriasis skin in the presence of neutrophils

Knowing that native LL37 is highly expressed in psoriatic plaques (17, 28), we wondered whether cit-LL37 and carb-LL37 peptides were expressed in psoriasis skin. We took advantage of newly developed monoclonal antibodies, specific for cit-LL37 and carb-LL37 (22, 29), which do not cross-react to native LL37, to address the presence of cit-LL37 and carb-LL37 in psoriasis plaques by laser scanner confocal microscopy (LSCM). Moreover, we stained for MPO expression to reveal neutrophil infiltrates. MPO is one of the markers of neutrophils, although alternative markers could be preferred by some authors to identify neutrophil extracellular trap (NET) structures (30–32). Here, we preferred to assess MPO presence because of its role in carbamylation. MPO presence can be due to NETosis, but can also be NETosis-independent (33, 34). Cit-LL37 and carb-LL37 were detectable in the lesional psoriasis skin in the presence of MPO expression (Figure 1a), suggesting that proteins released by neutrophils could be responsible for both PTMs. The expression of both modified LL37 forms was mostly confined to the dermis. Where neutrophils were scarce or absent, cit-LL37 and carb-LL37 were almost negative or confined to the zone with MPO expression (Supplementary Figure S1). HD biopsies were negative for LL37, cit-L37, carb-LL37, and MPO staining (Figure 1b). As shown in Figure 2, NET structures were detectable in the psoriasis dermis, where structures similar to DNA filaments decorated by MPO or modified LL37 were observed. Both cit-LL37 and carb-LL37 mostly colocalized with MPO staining (Figure 2, Supplementary Figure S2). This is also evident, at the cell level, in Figure 3, which depicts the three-dimensional distribution of NET and the colocalization of cit-LL37, carb-LL37, and MPO in the single cell that is extruding material. Supplementary Figure S2 reports a calculation, by confocal microscopy, of the relative percent area of biopsies from patients with psoriasis and HD occupied by MPO colocalizing with either carb-LL37 or cit-LL37 (see Materials and Methods). These results suggest that cit-LL37 and carb-LL37 colocalized with, or were expressed in proximity of, MPO staining. These results indicate that cit-LL37 and carb-LL37 were mainly detectable in those skin biopsies where neutrophils infiltrated the dermis and in the presence of NET. Given this, we analyzed whether circulating MPO–DNA immune complexes (indicating NET formation in vivo) were present in our cohort of patients with psoriasis (see Materials and Methods). A previous study indicated that patients with psoriasis might harbor MPO–DNA complexes in circulation, which suggested that NETosis could occur in patients (35). We checked the expression of MPO–DNA complexes in the blood of our patients with psoriasis as compared to HD and we found a higher expression in patients (p < 0.0001, Supplementary Figure S3a). Moreover, the presence of MPO–DNA complexes (when only the patients that were positive were considered, N = 63, 65%) correlated positively with the PASI (Spearman’s r = 0.25, p = 0.026, N = 63) (Supplementary Figure S3b). Overall, these data suggest that carb-LL37 and cit-LL37 may be generated in inflamed psoriasis skin when a neutrophil infiltrate is present and NET is produced.




Figure 1 | Cit-LL37 and carb-LL37, together with MPO, are expressed in psoriasis dermis. Skin biopsies of patients with psoriasis (a) and of HD (b) were stained with the mouse anti-cit-LL37 (Mab142, orange), the rabbit anti-carb-LL37 (RRB640, green), or a rat anti-human MPO (red). Cell nuclei were stained with DAPI. Biopsies were analyzed by LSCM using a specific microscope (see Materials and Methods). Results are representative of six psoriasis and four HD biopsies stained and analyzed in the same way. The dotted lines, in white, indicate the separation of the epidermis [left part of each picture, in (a) and right part of each picture in (b)] from the dermis. MPO, cit-LL37, and carb-LL37 are only expressed in the dermis part of each picture. Objective, 40×; bar, 10 μm.






Figure 2 | NETosis occurs in psoriasis dermis and NET colocalizes with expression of cit-LL37, carb-LL37, and MPO. Skin biopsies of patients with psoriasis (a, b) were stained with the mouse anti-cit-LL37 (Mab142, orange), rabbit anti-carb-LL37 (RRB640, green), or with rat anti-human MPO (red). Cell nuclei were stained with DAPI. The pictures represent the dermis part of the skin, where MPO, cit-LL37, and carb-LL37 are expressed (as in Figure 1). Results obtained are representative of four psoriasis skin biopsies analyzed as in Figure 1. Pictures in (a, b) are from two different patients with psoriasis. The arrows indicate the expression of MPO or modified LL37 in the same areas or colocalizing with each other, for example, as in insets a and b of (b) (see also colocalization in Supplementary Figure S2); in some cases [as in insets a and b of (a)], DNA filaments decorated by MPO and/or carb-LL37 are also evidenced by the arrows. Objective, 63×; bar, 10 μm..






Figure 3 | Three-dimensional representation of NET. Skin biopsies were stained as in Figures 1 and 2. The picture on the left represents a tridimensional psoriasis skin (dermis), in which one cell, indicated with the white arrow, is extruding NET. On the right, the same image is projected into the three-space direction, and the arrows represent the cell extruding NET in these three dimensions. Results are representative of two psoriasis biopsies analyzed as in Figures 1 and 2. Objective, 63×.






3.2 T-cell proliferation to modified LL37 occurs in psoriasis

Next, we assessed T-cell reactivity to cit-LL37 and carb-LL37, as compared to the responses to the native LL37. We used a cell proliferation assay based on Ki67 staining (see Supplementary Figure S4 for gating strategy for both CD4 and CD8 T-cell proliferation). Figure 4 reports T-cell proliferation as cumulative data. Proliferation is expressed as SIs (see Materials and Methods). CD4 T cells of 54 out of 109 patients with psoriasis (50%) responded to any of the LL37 form; 36 out of 109 (33%) responded to native LL37, 27 out of 109 (25%) responded to cit-LL37, and 34 out of 109 (31%) responded to carb-LL37 (Figure 4a). HD (N = 41) did not significantly respond to any of these peptides. The median of SI of T-cell responses to carb-LL37 was significantly higher than that of responses to cit-LL37 (p = 0.0034) (Figure 4a). Results of CD8 T-cell responses were available in 82 patients with psoriasis of the studied cohort (Figure 4b): we found that 29 out 82 (35%) patients responded to native LL37, 7 out of 82 (9%) responded to cit-LL37, and 19 out 82 (23%) responded to carb-LL37 (Figure 4b). In the cohort, 24 patients with psoriasis plus PsA were also present, and they did respond to LL37 and modified LL37 [CD4-T-cell responses: 9 out of 24 responded to native LL37 and cit-LL37 (38%) and 8 out of 24 responded to carb-LL37 (33%); CD8-T-cell responses: 6 out of 24 responded to native LL37 and carb-LL37 (25%) and 4 out 24 responded to cit-LL37 (17%)]. As shown in Supplementary Figure S5, we plotted SI values of proliferation to native LL37 versus SI of proliferation to cit-LL37 or carb-LL37, and SI for cit-LL37 versus carb-LL37 SI. The results identified the responses to LL37 and carb-LL37 (for both CD4, Supplementary Figures S5a–c and CD8 T-cell responses, Supplementary Figure S5d) as the most significant correlations (Pearson’s test). For CD4 T cells only, a significant correlation was present for responses to cit-LL37 and the native antigen or for cit-LL37 and carb-LL37 responses. Altogether, these results confirm that LL37 is a strong autoantigen for psoriasis T cells (17) and reveal that the LL37-modified versions are also immunogenic. Moreover, the correlation analyses indicate a multi-specific response in each patient, although we cannot rule out the possibility that, especially for LL37- and carb-LL37-directed T-cell responses, cross-reactivity is present.




Figure 4 | T-cell proliferation to native LL37, cit-LL37, and carb-LL37 occurs in patients with psoriasis. Cumulative results of Ki67 assays for assessing the proliferation of CD4 T cell (a) or CD8 T cell (b) to LL37 and modified LL37. All results are expressed as stimulation indexes (SIs), as indicated in Materials and Methods. Proliferation was assessed by flow cytometry as percentage of Ki67+ cells in the gate of CD3+CD4+ cells (CD4-T cells) or in the gate of CD3+CD4− cells (CD8 T cells) in response to each peptide (see the gating strategy in Supplementary Figure S4). In the graphs, horizontal small bars represent the means, vertical bars are the standard errors of the mean, and p-values are from the Mann–Whitney test. Number of patients and HD tested are indicated in the graphs. The horizontal dotted lines represent the cutoff that distinguishes positive T-cell responses from negative responses.






3.3 T-cell responses to carb-LL37 correlate with disease activity in psoriasis

We next plotted the results of T-cell proliferation indexes against the disease activity measured as PASI (Figure 5). Notably, the proliferative response to carb-LL37 (Figure 5c), unlike the response to cit-LL37 (Figure 5b), significantly correlated with PASI. CD4 T-cell proliferation to native LL37 correlated with PASI, as previously reported (Figure 5a), confirming previous observations (17). The data may suggest a major involvement of the carbamylation, as compared to the citrullination pathway, in psoriasis, which seems in line with results obtained in PsA (18). Regarding the CD8 T-cell proliferative responses, no correlation was evident in the entire group of 82 patients (LL37: r = 0.00, p = 0.04, N = 82; cit-LL37: r = 0.08, p = 0.27, N = 82; carb-LL37: r = 0.11, p = 0.2, N = 82); therefore, we sorted the patients into two groups, a Cw6*02-positive and a Cw6*02-negative group. CD8 T-cell responses to native LL37 and carb-LL37 correlated with PASI in the Cw6*02-positive patients (N = 32) (Figures 5d, f). Responses to cit-LL37 did not correlate with PASI in the Cw6*02-positive patients (Figure 5e). These data suggest that in Cw6*02-positive patients, activation of CD8 T cells may have a pathogenic significance, as Cw6*02 is an HLA-Class I molecule that presents several LL37 epitopes to CD8 T cells (17). When we considered the 24 patients with psoriasis affected by PsA (see Supplementary Table S1), a correlation between PASI and CD4 T-cell responses to LL37, cit-LL37, and carb-LL37 was evident for all three antigens (native LL37: r = 0.41, p = 0.02, N = 24; cit-LL37: r = 0.40, p = 0.023, N = 24; carb-LL37: r = 0.48, p = 0.009, N = 24). These results suggest that not only LL37, but also its modified forms, could have a pathogenic significance in psoriasis and PsA (17, 18).




Figure 5 | T-cell proliferation to carb-LL37 correlates with PASI. Pearson’s correlation was used to assess the correlation between CD4 T-cell responses to LL37 and modified LL37 and disease activity, expressed as SI and PASI, respectively (a–c). (d–f) Correlation between CD8 T-cell responses to native LL37, cit-LL37, and carb-LL37, respectively, in Cw6*02-positive patients with psoriasis. Pearson’s correlation coefficient “r,” significance “p,” and sample size “N” are reported on each graph.






3.4 Cit-LL37- and carb-LL37-specific T cells display a different T-helper phenotype

We previously demonstrated that autoreactive CD4 T cells specific for LL37 had mainly a profile of Th1 and/or Th17 cells (17). Thus, we analyzed cytokine profiles of the CD4 T cells responding to the native or modified LL37 in our cohort. An example of flow cytometry analysis of cytokines is depicted in Supplementary Figure S6. We expressed cytokine increase in response to LL37 and modified LL37 with respect to control peptides (REV) (fold increase, see Materials and Methods), and we used these values to make a correlation analysis. Figure 6 reports results for IFN-γ and IL-17 expression: here, we addressed the coupling of CD4 T-cell proliferation with these two cytokines. To do so, we performed correlation assays between SI for proliferation and fold increase of cytokine-positive CD4 T cells in the same assays.




Figure 6 | Carb-LL37, like LL37-specific CD4 T cells, are mainly Th1 and/or Th17 cells. (a, c, e) IFN-γ and (b, d, f) IL-17 were measured by intracellular staining in psoriasis CD4 T cells proliferating to native LL37 (a, b), cit-LL37 (c, d), and carb-LL37 (e, f). Values of fold increase of IFN-γ or IL-17 with respect to responses to control antigen (REV peptides, see Materials and Methods) were plotted against SI for proliferation to the same antigens. Pearson’s correlation coefficient “r,” significance “p,” and sample size “N” are reported on each graph.



Pearson’s correlation analysis showed that CD4 T-cell proliferation (SI) correlated with IFN-γ in all three conditions (CD4 T cells responding to LL37, cit-LL37, and carb-LL37), although correlation was the highest for native LL37-specific CD4 T-cell responses (Figure 6a) and the lowest for cit-LL37 specific CD4 T-cell responses (Figure 6c). Pearson’s analysis also showed that LL37- and carb-LL37-specific CD4 T-cell proliferation (Figures 6b, f), unlike proliferation to cit-LL37 (Figure 6d), correlated with an increase of IL-17-producing CD4 T cells. This result suggests that T cells specific for carb-LL37, like cells specific for the native antigen, belong to a Th1/Th17 subset. In case of responses to cit-LL37, CD4 T cells less often produced these two cytokines.

For the 24 patients with PsA, the correlations between proliferation and IFN-γ were the following: for LL37: r = 0.41, p = 0.03, N = 24; for cit-LL37, r = 0.45, p = 0.017, N = 24; for carb-LL37: r = 0.64, p = 0.0007, N = 24. For IL-17 production, the correlations were the following: r = 0.38, p = 0.034, N = 24 for LL37; r = 0.58, p = 0.0015, N = 24 for cit-LL37; and r = 0.8, p < 0.0001, N = 24 for carb-LL37. Thus, for patients with PsA, the IL-17 response of CD4 T cells also correlated with proliferation. Altogether, these results highlight qualitative differences among LL37-, cit-LL37-, and carb-LL37-specific CD4 T cells, in patients with psoriasis.




3.5 Cit-LL37-specific T cells show a more oriented T-helper follicular-like phenotype

To address further differences among the native LL37- and modified LL37-specific CD4 T cells, we analyzed T-helper follicular (Thf) cells, which can be altered in psoriasis according to a prior study (36). In our previous study, we found that LL37-specific CD4 T cells did not usually upregulate CXCR5, one of the markers of Thf cells (17). Since CXCR5 itself does not definitely identify Thf cells (37), we measured CXCR5 and Bcl-6 upregulation in the gated Ki67+CD3+CD4+ cells (LL37 and modified LL37-specific CD4 T cells), responding to the native and modified LL37 (see Supplementary Figure S7 for gating strategy for Bcl-6 expression, and Supplementary Figure S8 for gating strategy of CXCR5 positivity in the same gated population). The data show that CXCR5 and Bcl-6 can be upregulated in LL37 and modified LL37-proliferating cells. However, fold increase of both CXCR5 and Bcl-6 correlated with proliferation indexes (SI) only for cit-LL37-specific CD4 T cells (Figures 7b, e), but not for the native LL37- and carb-LL37-specific CD4 T cells (Figures 7a, c, d, f). These results further indicate that the polarization of cit-LL37 specific T cells may be different from that of both native LL37- and carb-LL37-specific T cells. In the subgroup of 24 patients with PsA, a correlation between Bcl-6 fold increase and CD4 T-cell proliferation was the highest in the case of CD4 T cells responding to cit-LL37 (Figure 7h), as compared to the cells responding to native LL37 (no correlation) or carb-LL37 (Figures 7g, i), respectively. Since Th1, Th17, and Thf cells can all produce IL-21, which plays a role in psoriasis (38), we analyzed IL-21 in our proliferation assays. Supplementary Figure S9 shows the gating strategy for assessing IL-21-positive CD4 T cells. Similar to the determination of IFN-γ or IL-17 positivity of Supplementary Figure S6, expression of IL-21 was quantified as single staining in Ki67+ CD3+CD4+ cells (SI was calculated in the same way as for IL-17 and IFN-γ). Stimulation with LL37 and modified LL37 could induce IL-21 upregulation in CD4 T cells, as compared to cells stimulated with the control antigens. Correlation analyses indicated that production of IL-21 (expressed as SI) correlated positively with the production of IFN-γ for CD4 T cells stimulated with native LL37 and carb-LL37 (Figures 8a, c). This suggests that CD4 T cells producing IL-21 may belong to Th1 type of cells in these two groups. In contrast, IL-21 induction did not significantly correlate with IFN-γ production in the case of responses to cit-LL37 (Figure 8b). This might suggest that the IL-21-producing cells in the CD4 T-cell pool responding to cit-LL37 were not all Th1 cells. Indeed, IL-21 and Bcl-6 increase correlated positively only in cit-LL37-responder CD4 T cells (Figure 8e) and not in T cells stimulated by the native or carb-LL37 (Figures 8d, f). This result might suggest that CD4 T cells that upregulate IL-21 in the cit-LL37 responder group are those that can also upregulate Bcl-6. We do not have a direct co-staining as the number of cells expressing Bcl-6 in the Ki67+ T-cell pool was a limiting factor. In the PsA group, a correlation between upregulation of Bcl-6 and IL-21 was the highest in the cit-LL37 responding CD4 T cells (Figure 8h), as compared to the native LL37 or carb-LL37 (Figures 8g, i).




Figure 7 | Cit-LL37-specific CD4 T cells significantly upregulate Thf-like markers. CXCR5 and Bcl-6 were measured by membrane (after 5 days of culture, proliferation assays) and intracellular staining (after 48 h of culture, see Materials and Methods), respectively, and assessed by flow cytometry, in psoriasis CD4 T cells proliferating to native LL37 (a, d, g), cit-LL37 (b, e, h), or carb-LL37 (c, f, i). Fold increase values of each marker expression were plotted against SI for proliferation to the same antigens, to make a correlation using Pearson’s correlation test (a–f). For correlations in (g–i), calculated in the group of 24 patients with psoriasis with PsA, we used Spearman’s correlations test, due to lower sample size. Correlation coefficient “r,” significance “p,” and sample size “N” are reported on each graph.






Figure 8 | Cit-LL37-specific CD4 T cells produce IL-21 concomitant with Bcl-6 induction. IL-21, IFN-γ (in proliferation assays), and Bcl-6 increase (in 48-h culture assay, see Materials and Methods), in response to antigen stimulation, were assessed by intracellular staining and flow cytometry, in proliferating CD4 T cells, as in Figure 7. We correlated (a–c) the increase of IFN-γ and IL-21 in CD4 T cells responding to native LL37 (a), cit-LL37 (b), and carb-LL37 (c) using Pearson’s correlation assay. In (d–f) and (g–i), we correlated the increase of IL-21-positive cells gated on proliferating CD4 T cells with the Bcl-6 fold increase, in response to native LL37 (d, g), cit-LL37 (e, h), and carb-LL37 (f, i). In (d–f), we used Pearson’s correlation tests, whereas in (g–I), we used Spearman’s correlation test due to lower sample size. Correlation coefficient “r,” significance “p,” and sample size “N” are reported on each graph.






3.6 Patients with psoriasis show occasional antibody reactivity to LL37/modified LL37, which does not correlate with T-cell proliferation and PASI

Since we have previously shown that patients with psoriasis can occasionally develop anti-LL37, anti-cit-LL37, or anti-carb-LL37 antibodies (18), we measured the same antibody specificities in our cohort. Twelve (11%), 17 (16%), and 6 (5%) out of the 109 patients had antibody responses to LL37, cit-LL37, and carb-LL37 (Supplementary Figure S10a), respectively, as compared to HD. To address whether the antibody reactivity was truly directed to the native LL37, cit-LL37, and carb-LL37 and not merely induced by the presence of the amino acids citrulline and homocitrulline themselves, the psoriasis sera that were positive for such antibody responses were tested in parallel for reactivity to control peptides (REV), either in the native or in the modified form (Supplementary Figure S10b). The response of each serum to LL37, cit-LL37, and carb-LL37 was significantly higher as compared to the response to the control REV peptides, indicating specificity of the responses for the sequence of LL37, cit-LL37, or carb-LL37 and not merely for citrullines and homocitrullines themselves. No correlations were present between capacity to respond to LL37 or modified LL37 (CD4 T-cell proliferation) and antibody reactivity (Table 1). This correlation was not evident for the 24 patients with PsA either. Of note and surprisingly, the correlation between CD4 T-cell proliferation to cit-LL37 and antibody responses to carb-LL37 was negative r = −0.38, p = 0.033, N = 24 (all correlations are reported in Table 1). Regarding the correlation between anti-LL37 antibody response and PASI, no significant correlation was detectable in all patients with psoriasis and in the subgroup of patients with psoriasis with PsA as reported in Table 2. Criss-cross correlations between antibody reactivity to native LL37, cit-LL37, or carb-LL37 were high (LL37 OD vs. cit-LL37 OD: r = 0.8, p < 0.0001, N = 109; LL37 OD vs. carb-LL37 OD: r = 0.71, p < 0.0001, N = 109; cit-LL37 OD vs. carb-LL37 OD: r = 0.75, p < 0.0001, N = 109), which may suggest a consistent multi-specificity of the antibody response, and perhaps cross-reactivity. Overall, the data show that the response to LL37 and modified LL37 was infrequent in psoriasis, and it was not possible to identify a correlation of this humoral response with PASI or T-cell proliferation in the patients with psoriasis, and not even for those patients with psoriasis associated to PsA.


Table 1 | No correlation between antibody responses and T-cell responses.




Table 2 | No correlation between antibody responses to native and modified LL37 and PASI.






3.7 IFN-I concentration increases IL-21 expression but not Thf markers

In an attempt to understand why psoriasis cit-LL37-specific T cells appeared more skewed towards a Thf-like phenotype, we set up an in vitro model system of T-cell activation. The working hypothesis came from the observations that IFN-I affects T-helper cell polarization in favor of a Th1 response (39). In contrast, conflicting results are present regarding the IFN-I ability to favor Thf polarization (40). At one end, IFN-I favors IL-21 production (41); at the other end, IFN-I has been shown to refrain Thf polarization in favor of a Th1 polarization and not to induce directly IL-21 (40, 42). We reasoned that the different interferogenic properties of LL37 and modified LL37 might thus affect the polarization of LL37- or modified LL37-specific psoriasis T cells. Indeed, we have previously shown that only native LL37 and carb-LL37 (although the latter at a lower extent as compared to the native antigen) promoted the IFN-α production by pDCs (22). We reasoned that a way to assess the role of IFN-α in T-cell polarization was to mimic the in vivo T-cell activation occurring in psoriasis T cells in a milieu of high or low IFN-α. Therefore, we cultured psoriasis T cells with MDDCs (26, 27, 43), as typical alloantigen-presenting cells, in the presence of high (1,000 U/mL) or low (300 U/mL) human recombinant (hr) IFN-α concentration, administered at the time of the first alloantigen encounter (Figure 9a). After 6 days of culture, we performed an intracellular staining of proliferating (Ki67+) T cells to address Thf and Th1 marker expression, as well as cytokine production. The results showed that total IL-21+ T cells tended to increase in the presence of growing concentration of IFN-α into the cell cultures (Figure 9a). However, IL-21 increased in Tbet+ T cells (Th1), but not in CXCR5+PD1+CD4-T cells (Thf-like cells). Considering the surface phenotype of the responder CD4 T cells, it appeared that the number of CXCR5+CD4 T cells remained mostly stable, independently from the IFN-I dose, whereas the CXCR5+PD1+CD4 T cells decreased (Figure 9b). These data suggest that IFN-α concentration (which is likely tuned by local expression of LL37, cit-LL37, and carb-LL37) may be a significant factor in the polarization of responder CD4 T cells, with a preferential skew towards a Th1 phenotype in the presence of high IFN-α concentration.




Figure 9 | IFN-α concentration increases IL-21 but not Thf markers. MDDC were co-cultured with T cells of patients with psoriasis for 6 days in the absence (0) or presence of two different concentrations of IFN-α (300 UI/mL and 1,000 UI/mL). T cells were washed and stained for markers of Th1 or Thf cells and, by intracellular staining, for IL-21 and IFN-γ. We gated on CD4 T cells that were Ki67+ (proliferating cells). (a) Fold increase/decrease of IL-21 producing CD4 T cells with respect to cell phenotype (as indicated). (b) Fold increase/decrease of CD4 T cells expressing CXCR5 alone or expressing both CXCR5 and PD1 (as indicated), in response to two different doses of IFN-α. Graphs are representative of three different experiments performed in duplicate from three different donors. p-values are from Student’s t-test. Vertical bars are standard errors of the mean.






3.8 LL37 and modified LL37 differently stimulate antigen-presenting cells and T-helper cell polarization

To set up a T-cell stimulation assay, which could more precisely mirror the psoriasis skin environment, we used an additional culture system. Here, we stimulated MDDCs with LL37–RNA, cit-LL37–RNA, and carb-LL37–RNA mixtures (or the peptides alone), to mimic the effect that such peptides could have in vivo on antigen-presenting cells (APCs), namely, myeloid DCs, in an inflammatory context. These assays were also performed in the presence/absence of IFN-α (1,000 U/mL), to mimic the effect that native LL37 and modified LL37 could have in the microenvironment where T-cell activation by LL37 or modified LL37 occurs (and where pDCs are present (44),). The MDDC culture supernatants, analyzed after 24-h stimulation by ELISA, revealed that MDDCs were indeed stimulated by LL37–RNA, and carb-LL37–RNA, but not by cit-LL37–RNA. Indeed, IL-12 and TNF-α (Th1-polarizing cytokines) and IL-23 (a Th17-polarizing factor) were all detected in the culture medium of MDDCs in response to LL37 and RNA or carb-LL37 and RNA stimulation (IFN-α treatment further increased these cytokines) (Supplementary Figure S11). The analysis of the culture supernatants of the T-cell polarization experiments (cumulative data in Figures 10a, b) evidenced a release of IL-17 in the presence of native and carb-LL37 (Figure 10a) and RNA conditioned MDDCs, but not in the presence of cit-LL37 and RNA conditioned MDDCs. Moreover, the IFN-γ production was significantly higher in LL37–RNA pre-conditioning cultures when IFN-α was present (Figure 10b). Flow cytometry analysis of the CD4-T cells after 1 week of culture with MDDCs treated in the culture conditions of Figure 10c also showed that CXCR5+PD1+CD4 T cells were higher in the cit-LL37–RNA culture condition (see Supplementary Figure S12 for gating strategy). In the conditions where LL37 and carb-LL37 were added in complex with RNA (either in the presence or in the absence of IFN-α), these CXCR5+PD1+CD4 T cells appeared less expanded. These results suggest that, in vitro, LL37 and modified LL37 can have different T-helper cell polarization capabilities.




Figure 10 | MDDC treated with LL37 and modified LL37 in complex with human RNA have different T-helper polarizing capacities. MDDCs were treated with a mixture of LL37, cit-LL37, and carb-LL37 and human RNA or with LL37, cit-LL37, and carb-LL37 alone, for 24 h, and then co-cultured with allogeneic responder CD4 T cells (isolated as reported in Materials and Methods). After 6 days, the cytokines IL-17 and IFN-γ were assessed by ELISA (a, b) in the culture supernatants; CXCR5 and PD1 markers were measured in the CD T cells that were Ki67+, by flow cytometry in the culture conditions indicated in (c). See Supplementary Figure S12 for gating strategy. Reported are cumulative data of six different experiments performed with MDDCs of different donors. Horizontal bars are the means, vertical bars are the standard errors of the mean, and the p-values are from Wilcoxon’s test.







4 Discussion

In this study, we provide evidence that both cit-LL37 and carb-LL37 are present in the psoriasis lesional skin, at skin sites where neutrophils are present, as shown by the presence of MPO staining in the psoriasis skin biopsies. NETosis was also detected at the same sites. T cells of patients with psoriasis respond to both native and modified LL37. Thus, response to the modified autoantigen LL37 is very likely to be in correlation with a neutrophil infiltrate.

Indeed, both citrullination and carbamylation are irreversible PTMs of cationic molecules rich in arginines or lysine (or leucines), which are favored in the presence of a neutrophil-driven inflammation. Citrullination, an enzymatic reaction due to peptidylarginine deiminase (PAD) enzymes, can affect several self-proteins. It can occur directly as the results of NETosis, but can be also favored by the release of PADs during neutrophil degranulation (24, 25, 35, 45). The more or less prominent presence of citrullination can also depend on the type of NETosis induced (46, 47). Carbamylation is a non-enzymatic reaction. However, presence in the skin of MPO could be crucial, as MPO uses hydrogen peroxide (H2O2) to oxidize thiocyanate (SCN−), forming isocyanic acid (HOCN). HOCN is highly reactive and modifies lysine residues on proteins, leading to the formation of carbamylated proteins (30–32). MPO can be released during NETosis, together with PADs, but can be also released via degranulation, independently from NETosis induction (34). Thus, a neutrophilic infiltrate could, by itself, already explain the carbamylation of LL37. In addition, signs of NETosis were visible in the psoriasis skin lesions in our LSCM experiments, while NET-related MPO–DNA complexes, correlating moderately with the PASI, were present in the blood of patients with psoriasis. In recent years, several studies have suggested that NETosis occurs in psoriasis skin as well as in the PsA joints, and indicated NET formation in the skin to be a relevant phenomenon for inflammation (48–53). Our analyses of psoriasis skin biopsies and circulating MPO–DNA complexes are in agreement with these reports. In addition, our data indicate a role for neutrophils and, likely, NETosis in determining the quantity (T-cell activation) and quality (T-helper polarization) of the adaptive immune response to native and modified autoantigens, which could play a role in the rupture of tolerance. The location (the dermis) of cit-LL37 or carb-LL37 was consistent with all these assumptions, as it indicates that these peptides are not directly produced by keratinocytes, but it is the inflammatory milieu, where neutrophils accumulate, that is the most likely determinant of these peptide modifications. Notably, we previously demonstrated that patients with psoriasis with PsA harbored CD4 T cells and antibodies responding to cit-LL37 and, especially, to carb-LL37 (18). In PsA, we also detected an antibody response to cit-LL37 and carb-LL37, which correlated with several disease parameters (18). Occasional autoantibodies to LL37 were also detectable in patients with psoriasis without PsA, but the significance of this observation remained elusive (18). Here, the data still fail to illuminate a relationship between anti-LL37 antibodies and disease activity (PASI) in patients with psoriasis, as such antibodies are infrequent.

Correlation analyses indicate that T-cell responses to native LL37, cit-LL37, and carb-LL37 are multi-specific and suggest the existence of cross-reactive responses. We can only hypothesize this cross-reactivity, as we did not clone T cells from patients with psoriasis. However, since correlations between responses to native LL37 and carb-LL37 were the highest, and LL37- and carb-LL37-specific CD4 T cells share a common T-helper phenotype, it is possible to speculate that carb-LL37-specific T cells cross-react with the native antigen. This further reinforces the assumption that carbamylation, in particular, may play a role in the rupture of T-cell tolerance in psoriasis. Indeed, the magnitude of the carb-LL37-specific T-cell response (in terms of proliferative capacity) correlates with PASI (17), whereas a similar correlation was not observed in the case of responses to cit-LL37.

In a previous study, we have shown that native LL37, cit-LL37, and carb-LL37 have different interferogenic abilities when complexed with self-DNA (22). Knowing that LL37–RNA complexes stimulate myeloid DC (MDDC) via TLR7/8 (54), we repeated here these experiments using the same cell culture system of MDDC to demonstrate that both LL37 and carb-LL37 stimulated myeloid DC to secrete Th1/Th17-polarizing factors, whereas cit-LL37 failed to do so. The distinct interferogenic and pro-inflammatory properties of LL37 and modified LL37 may determine the distinct T-cell polarization observed in both in vitro models of T-cell activation and ex vivo analysis of autoreactive psoriasis T-helper cells. LL37/carb-LL37-specific T cells and cit-LL37-specific T cells appear indeed positioned at two different ends: the former apparently belong to the Th1 and/or the Th17-cell subsets, whereas the cit-LL37-specific T cells appear more Thf-like cell oriented. This reflects the demonstration that LL37 and carb-LL37 have “adjuvant like activity” in complex with nucleic acids, as shown in previous papers (22, 48–51, 54), whereas cit-LL37 does not possess a significant adjuvant-like activity (22, 55). LL37–RNA complexes could be very important in the psoriasis skin. An important question concerns the source of both self-DNA and self-RNA in the psoriasis skin. LL37–DNA complexes could derive from cells dying during inflammation by necrosis (54), although more other studies in psoriasis or other diseases indicate that these complexes are extruded by NETosis (48–51, 55–58). Two interesting papers showed that LL37–RNA complexes might derive mainly from NETting neutrophils (that we identified here in psoriasis skin (50, 51)). Several studies indicate how NET is able to activate immune cells via several TLRs, including DNA or RNA sensing TLRs (48, 50, 51, 53, 56–58). Even more interesting, one of these studies showed that an “RNA–LL37 composite damage-associated molecular pattern (DAMP)” is actually even “pre-stored” in resting neutrophil granules (51). Although we did not search for such LL37–RNA complexes in the skin for technical reasons, it is likely that where NETosis occurs, LL37–RNA complexes will be more massively present. Because of the adjuvant-like activity of LL37, NET has been shown to be linked to IL-17 induction in CD4 T cells (48, 49). This is in keeping with our results. Indeed, carb-LL37 may perform functions similar to the native antigen, according to our in vitro data (48, 49). Psoriasis CD4 T cells responding to the native LL37 and even carb-LL37 were indeed the ones that produce more often IL-17 in our analyses. Therefore, our data are in keeping with the previous literature (48, 49, 51). However, we speculate that is the reciprocal expression of cit-LL37 and carb-LL37 (and native LL37) in the tissues, which may determine the polarization of autoreactive T cells in each individual patient. In our in vitro model systems of CD4 T-cell polarization presented here, we used recombinant IFN-α to mimic the effect of pDCs in vitro, as IFN-α was shown in the past to be crucial for psoriasis plaque formation (44). Also, our in vitro experiments of polarization are in keeping with the ex vivo analysis of LL37/modified LL37-specific CD4-T cells. In the first model, IFN-α apparently skews the cells towards a Th1 more than to a Thf-like cell phenotype. In the second model, IFN-γ and IL-17 appear mainly induced in T-cell cultures with APC conditioned in the presence of LL37 and carb-LL37, which induce IL-12, IL-23, and TNF-α in MDDC. Thf-like markers were found higher in cit-LL37-polarized CD4 T cells (either in the presence or in the absence of IFN-α). Regarding this latter observation, what it is more likely is that Tfh cells are not directly expanded due to the presence of cit-LL37 and nucleic acids, but are rather the Th1/Th17 cells that are preferentially favored, due to the “adjuvant-like activity” of LL37 and carb-LL37 in complex with self-RNA. Thus, this adjuvant-like effect of LL37 (and carb-LL37) may represent the driving force that expands Th1 and/or Th17 cells at the expenses of the Thf cells (scheme in Figure 11). This is of high significance in psoriasis because it explains how both LL37 and carb-LL37 skew the CD4 T-cell response towards a T-helper response that is pathogenic in psoriasis. In contrast, it is possible to hypothesize that a massive citrullination of the autoantigen LL37 could exert a beneficial effect, by suppressing Th1/Th17 cells, which are pathogenic in psoriasis. Citrullination (of LL37) may thus counteract the suppression of Thf cells’ generation induced by IFN-α and the Th1-polarizing cytokines (which are all induced by the native LL37 and carb-LL37). However, a failure to limit an autoreactive Thf response driven by cit-LL37 may generate CD4 T cells that are more prone to provide help for autoantibody production. This is reminiscent of what we have previously observed in SLE (21, 22). In SLE, not only NETosis seems to occur at high levels exposing many autoantigens (56, 59, 60), but phenomena of hypercitrullination of the exposed autoantigen may be at work due to the high complement expression and MAC (membrane attack complexes) deposition (61, 62). This massive citrullination of self-antigens (which also affects LL37) could be responsible for the higher expression of LL37-specific CD4 T cells with a Thf-like phenotype in SLE, which can be instrumental in driving the highly frequent autoantibody response to LL37 and modified LL37 in SLE patients (21, 22). In PsA, autoantibodies to LL37 and modified LL37 are also induced and may play a similar pathogenic effect in the joints (18). Unfortunately, the patients with psoriasis with PsA are low in number in our cohort and the data of a higher expression of these antibodies in patients with PsA is not replicated (18); correlation between cit-LL37 CD4 T-cell responses and antibodies to LL37, cit-LL37, or carb-LL37 was unlikely to be revealed in such a small group.




Figure 11 | Interplay between neutrophil infiltrate and activation/polarization of autoreactive CD4 T cells specific for LL37 and modified LL37. The cartoon summarizes the relationship between neutrophil activity (activation with degranulation and/or NET extrusion), with the release of PADs or MPO, and the polarization of autoreactive T-helper cells in psoriasis. Neutrophils are supposed to be activated and undergo NETosis via multiple possible stimuli such as inflammatory cytokine stimulation (IFN-I, TNF, and IL-8) or via TLRs triggering (49–51, 53). Although not represented in the picture, LL37–RNA may be “pre-formed” complexes extruded by NETting neutrophils, which could induce, in turn, TLR8 triggering in neutrophils (50, 51), with consequent NETosis amplification via the implementation of a vicious cycle. Once neutrophils degranulate or extrude NET, LL37–DNA or LL37–RNA complexes are formed (which could also contain mitochondrial DNA (60)). The action of MPO favors carbamylation of self-proteins (including LL37), whereas cit-LL37 can be produced by released PADs enzymes or directly before NETosis by the activation of PADs enzymes by Ca++ influx (46, 61). Depending on the respective amounts of cit-LL37 and carb-LL37 (maybe also linked to the type of NETosis induced), in the milieu of inflammation, APC can be conditioned to amplify a prevalent Th1/Th17 response (LL37–DNA/RNA or carb-LL37–DNA/RNA complexes) or allow a larger amplification of self-reactive Thf-like cells (due to LL37 citrullination, which abrogates the “adjuvant-like activity of LL37).



Our in vitro polarization experiments concern CD4 T cells isolated with a method that does not discriminate between naive and memory cells. This can be a limitation. However, LL37-, cit-LL37-, and carb-LL37-specific T cells may derive from memory CD4 T cells that are diverted T-regulatory (Tregs) cells (63). Memory CD4 T cells or Tregs, due to T-cell plasticity, may acquire alternative T-helper properties (64), and the milieu of stimulation can alter their definitive polarization. Unfortunately, a limitation of our data is the lack of a systematic and parallel study of the skin biopsies of each patient, for expression of native and modified LL37, and the concomitant assessment of the corresponding T-cell and antibody responses in the peripheral blood. This is a more complex study to coordinate, as biopsies are not routinely performed on patients with psoriasis.

In conclusion, the evidence that neutrophis are linked to PTMs of the autoantigen LL37, and the detection of NETosis in psoriasis skin shown here and in the abovementioned studies, may indicate that neutrophils are the key cells driving a pathogenic T-cell activation and polarization in psoriasis. What induces NETosis in psoriasis skin is partially understood. NETs can be induced by inflammatory mediators, such as IL-8 or IFN-I or GM-CSF [reviewed in (49, 65, 66)], which are upregulated in psoriasis skin. Stimulation via TLR can also induce NET (53, 67). Human neutrophils express several TLRs, with TLR8 being the most expressed single-strand RNA TLR (66). Thus, it is possible to infer that formation of LL37–RNA complexes can induce NET. Indeed, recent papers mentioned above demonstrated that LL37–RNA complexes not only are extruded during NETosis and can fuel inflammation via TLR7/8, but also indicate that LL37–RNA complexes act via TLR8 on neutrophils to, in turn, induce NETosis; this creates a loop of activation in which NET components further activate NETosis (50, 51). The search of the stimuli that induce NETosis in psoriasis is also important to discriminate the type of NETosis occurring in the skin. Depending on the type of stimulus, more or less citrullination of self-protein could occur, which would alter the balance between the Th1/Th17-driving forces (LL37–DNA/RNA and carb-LL37 DNA/RNA) and the suppression of these forces via citrullination (46, 61, 62). The data reported here can stimulate some considerations among physicians that treat psoriasis. If neutrophils are important in determining the evolution of psoriasis and possibly the rupture of tolerance, as also suggested by the role of carb-LL37 as a psoriasis T-cell antigen, a timely therapy to block neutrophil inflammation and activity could help to reduce autoreactivity. One of the preferred early treatment could be anti-IL-17-blocking agent administration, which limits an exaggerated Th17 activation and, at the same time, inhibits the neutrophil infiltrate into the skin (68, 69). As discussed above, whether early IL-17 block in psoriasis translates, at later stages, into a block of autoreactivity to LL37 and other autoantigens, and to a less frequent PsA development due to lower Thf cell generation, can be only established by larger retrospective and ad hoc longitudinal studies in appropriate cohorts of patients with psoriasis. In addition, since evidence of NETosis is present, the use of inhibitors of NETosis could also be a strategy to block psoriasis inflammation, as well as the autoreactivity favored by these inflammatory pathways. Tofacitinib (a JAK3/JAK1 inhibitor) regulates neutrophil migration and the formation of NETs and could be useful, especially as an early treatment (70, 71).
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