
Clinical Immunology 265 (2024) 110287

Available online 21 June 2024
1521-6616/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

LL37/self-DNA complexes mediate monocyte reprogramming 

Aman Damara a, Joanna Wegner a, Emily R. Trzeciak a, Antonia Kolb a, Mahsa Nastaranpour a, 
Rahul Khatri a, Andrea Tuettenberg a,b, Daniela Kramer a,b, Stephan Grabbe a,b, 
Fatemeh Shahneh a,b,* 

a Department of Dermatology, University Medical Center of the Johannes Gutenberg-University of Mainz, Mainz, Germany 
b Research Center for Immunotherapy, University Medical Center of the Johannes Gutenberg-University of Mainz, Mainz, Germany   

A R T I C L E  I N F O   

Keywords: 
Monocyte reprogramming 
Metabolic and epigenetic modifications 
LL37/self-DNA complex 
Psoriasis 

A B S T R A C T   

LL37 alone and in complex with self-DNA triggers inflammatory responses in myeloid cells and plays a crucial 
role in the development of systemic autoimmune diseases, like psoriasis and systemic lupus erythematosus. We 
demonstrated that LL37/self-DNA complexes induce long-term metabolic and epigenetic changes in monocytes, 
enhancing their responsiveness to subsequent stimuli. Monocytes trained with LL37/self-DNA complexes and 
those derived from psoriatic patients exhibited heightened glycolytic and oxidative phosphorylation rates, 
elevated release of proinflammatory cytokines, and affected naïve CD4+ T cells. Additionally, KDM6A/B, a 
demethylase of lysine 27 on histone 3, was upregulated in psoriatic monocytes and monocytes treated with 
LL37/self-DNA complexes. Inhibition of KDM6A/B reversed the trained immune phenotype by reducing proin
flammatory cytokine production, metabolic activity, and the induction of IL-17-producing T cells by LL37/self- 
DNA-treated monocytes. Our findings highlight the role of LL37/self-DNA-induced innate immune memory in 
psoriasis pathogenesis, uncovering its impact on monocyte and T cell dynamics.   

1. Introduction 

The innate immune system exhibits the capacity to generate memory 
immune responses, enabling faster and more robust reactions upon 
encountering subsequent stimuli, whether identical or unrelated [1]. 
This phenomenon, termed trained immunity, involves epigenetic and 
metabolic reprogramming, regulating the gene transcription of mono
cytes and macrophages [2,3]. Metabolites and intermediates from 
glycolysis and the tricarboxylic acid (TCA) cycle act as cofactors for 
epigenetic writers and erasers, inducing monocyte reprogramming by 
shifting cellular metabolism from oxidative phosphorylation to glycol
ysis [4–7]. Recent studies indicate that host-derived damage-associated 
molecular patterns (DAMPs) can induce innate immune memory [8]. 
Endogenous DAMPs can potentially instigate and amplify a proin
flammatory microenvironment in systemic autoinflammatory diseases, 
such as psoriasis [9], systemic lupus erythematosus (SLE) [10], and type 
1 diabetes (T1D) [11,12]. 

The active form of the human cationic antimicrobial peptide 
(hCAP18), the 37-amino acid peptide (LL-37) has been shown to upre
gulate the production of proinflammatory cytokines (IL-1β, IL-6, and IL- 
8) and chemokines (CXCL1, CCL2, and CCL7) in monocytes [13]. 

Moreover, LL37 triggers inflammation by enabling immune recognition 
of endogenous nucleic acids. Studies have demonstrated elevated levels 
of LL-37, DNA, and RNA in the skin, plasma, and synovial fluids of pa
tients with psoriasis and systemic lupus erythematosus (SLE) compared 
to healthy individuals. These molecules act as DAMPs and contribute to 
the development of psoriasis, SLE, and T1D [14,15]. Neutrophils, crucial 
players in the pathogenesis of psoriasis and SLE [12,16], release high 
concentrations of LL37, DNA, and RNA during neutrophil extracellular 
trap (NET) formation at sites of inflammation [9]. Self-DNA alone is 
degraded immediately by DNases in both intracellular and extracellular 
environments [11,14]. However, self-DNA, regardless of its nucleotide 
sequences, can bind to LL37 where it is transported into the cytosol of 
monocytes, extending its half-life [11,14,17,18], leading to the stable 
induction of proinflammatory cytokines. 

It was shown that the total number of monocytes and the frequency 
of the intermediate CD14++CD16+ subset increased in the blood of 
psoriatic patients compared to healthy control individuals [19,20] and 
contributed to psoriatic inflammation by producing proinflammatory 
cytokines [21]. Building on this evidence, our hypothesis suggests that 
LL37/self-DNA trained monocytes undergo reprogramming, supporting 
monocyte effector functions that may amplify psoriatic inflammation. 
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This study reveals the role of LL37 bonded to self-DNA, which triggers 
enhanced responsiveness by epigenetic and metabolic reprogramming 
of monocytes. Hence, we propose that innate immune memory con
tributes to psoriasis, prompting an investigation into the proin
flammatory phenotype as well as metabolic and epigenetic remodeling 
of monocytes from naïve patients. Psoriatic peripheral monocytes 
exhibit enhanced glycolysis and oxidative phosphorylation rates 
compared to healthy individuals, resembling LL37/self-DNA-trained 
monocytes. In conclusion, our study sheds light on a different aspect 
of monocyte reprogramming for the first time, which plays a significant 
additional role in maintaining systemic inflammation in psoriasis. 

2. Materials and methods 

2.1. Reagents 

Total human genomic DNA was purchased from Roche (Cat# 
11691112001) which was prepared from whole peripheral blood (buffy 
coat). The synthetic peptide LL37 (Cat# Tlrl-l37–5), TLR2/4 agonist 
(LPS, Cat# Tlrl-eblps), and TLR7/8 agonist (R848, Resiquimod, Cat# 
Tlrl-r848) were purchased from InvivoGen. GSK-J4, a selective KDM6A/ 
B inhibitor, was obtained from MedChemExpress (Cat# HY-15648F). 
Rotenone/antimycin A and 2-deoxy-D-glucose were used from Agilent 
(Cat# 103346–100). To generate LL37/self-DNA complexes, LL37 (10 
μg) was premixed with 2 μg of human genomic DNA (LL37: DNA mass 
ratio of 5:1) in 10 μl of sterile, endotoxin-free H2O [9,11,14,18] and 
incubated for 1 h at RT. 

2.2. Primary cell isolation and culture 

Peripheral blood mononuclear cells (PBMC) from healthy donors 
were obtained with written informed consent with authorization num
ber: 837.019.10 (7028) from the Mainz Blood Bank, Mainz, Germany. 
PBMC isolation was achieved through differential density centrifugation 
over Biocoll (Cat# BS-L 6115, Biosell, Berlin, Germany). For the innate 
memory in vitro experiments, monocyte isolation was performed using a 
hyperosmotic Percoll (Cat# 1003438968, Sigma-Aldrich, St. Louis, 
USA) density gradient centrifugation (48.5% Percoll, 41.5% sterile H2O, 
and 0.16 M filter-sterilized NaCl) and washed once with phosphate- 
buffered saline (PBS). To achieve maximal purity, Percoll-isolated 
monocytes were left to adhere to polystyrene flat-bottom plates (Corn
ing, NY, USA) for 1 h at 37 ◦C, 5% CO2 [7,22]. Purified monocytes were 
cultured in DMEM medium supplemented with 10% fetal calf serum 
(FCS; ThermoFisher Scientific, Waltham, MA) and 100 μg/ml of peni
cillin/streptomycin (Cat# C15140–122, Gibco, USA). For trans-well co- 
culture studies, monocytes were isolated from PBMCs using the Mojo
Sort Human CD14+ Monocyte Isolation Kit (Cat# 480048, BioLegend, 
San Diego, CA) and CD4+ naïve T cells were purified from PBMCs using 
the MojoSort Human CD4+ naïve T cell Isolation Kit (Cat# 480042, 
BioLegend, San Diego, CA). After isolation, cells were washed again in 
PBS containing 2% fetal calf serum and 1 mmol/L EDTA and cultured in 
X-VIVO-20 medium (Cat# BE04-448Q, Lonza, Belgium). 

2.3. Psoriasis patient samples 

All psoriasis patients (n = 20) were recruited from the Department of 
Dermatology, University Medical Center Mainz, Germany with no his
tory of any treatments (naïve psoriasis vulgaris patients). Age- and sex- 
matched healthy donors were included as controls. All participants 
provided informed written consent, and the study received prior 
approval from the institutional ethics review board with authorization 
number: 2019-14135. Patients included both males and females with a 
median age of 43 and were diagnosed with psoriasis vulgaris based on 
clinical criteria. Psoriasis Area and Severity Index (PASI) scores ranged 
from 6 to 37 at the time of enrollment. 

2.4. Seahorse XFp metabolic flux analysis 

For the analysis at 24 h, 5 × 105 isolated monocytes were seeded and 
stimulated directly in Seahorse Cell Culture Mini Plates (Cat# 
103022–100, Agilent, California, USA). For analysis after day 5 of cul
ture, 1 × 106 monocytes were cultured in 24-well plates (Greiner, 
Austria) and stimulated for 24 h. On day 5 of the culture, 1 × 105 cells 
were seeded in Mini Plates. Analysis was performed in DMEM with 0.6 
mM glutamine, 5 mM glucose, and 1 mM pyruvate, pH 7.4. Cells were 
left to rest in a non-CO2 incubator at 37 ◦C for 1 h. Oxygen consumption 
rates (OCR) and extracellular acidification rates (ECAR) were measured 
using a Cell Mito Stress Test Kit in a Seahorse XFp Analyzer in accor
dance with the recommendations by the manufacturer (Cat# 
103010–100, Agilent, California, USA). The final concentrations of 
applied inhibitors are as follows 2 μM oligomycin, 1 μM FCCP, and 0.5 
μM rotenone/antimycin A. 

2.5. Cytokine quantification and ELISA 

Production of IL-6, IL-8, IL-23, and TNF-α was measured in super
natants using the following commercial Max Deluxe Set ELISA kits: IL-6 
(Cat# 430504), IL-8 (Cat# 431504), TNF-α (Cat# 430204), IL-23 (Cat# 
437607) from BioLegend. The level of LL-37 and TGF-β1 was measured 
in supernatants using a Human LL-37 ELISA Kit (Cat# NBP3–06932) 
from NOVUS Biologicals and DuoSet Human TGF-β1 (Cat# DY240–05) 
from R&D systems following the instructions of the manufacturer. 

2.6. KDM6A/B enzymatic activity 

The isolation of nuclear proteins from the cells was carried out using 
the Nuclear Extraction Kit (Cat# Ab113474, Abcam, Cambridge, United 
Kingdom), followed by protein concentration determination using the 
Pierce™ BCA protein assay kit (Cat# 23225, Thermo Fisher Scientific, 
MA, USA). The assessment of KDM6A/B enzyme activity was conducted 
on 1 μg of nuclear extract using the KDM6A/KDM6B Activity Quantifi
cation Assay Kit (Cat# ab156911, Abcam), following the manufacturer's 
instructions. 

2.7. Chromatin immunoprecipitation (ChIP) analysis 

Monocytes were fixed with 1% formaldehyde (Cat# 28908, Thermo 
Scientific) after 24 h stimulation with LL37/self-DNA and sonicated. 1 
mg of fixed and sonicated chromatin DNA was immunoprecipitated 
using 1 µg of H3K4me3 (Cat# C15410003, Diagenode) or H3K27me3 
antibodies (Cat# C15410195, Diagenode). Normal rabbit IgG from the 
kit served as the control immunoprecipitation (IP) antibody. ChIP was 
performed according to the manufacturer's instructions (Pierce Mag
netic ChIP Kit, Cat# 26157, Thermo Scientific). For qPCR analysis, IL-6, 
IL-8, and TNF-α promoter primer pairs were employed and the 2-ΔΔCt 
method was used with normalized samples using input DNA. Data is 
represented as the percentage of input DNA. Primers used for qPCR 
analysis are as follows: TNF_F: CACATACTGACCCACGGCTC, TNF_R: 
AGAGGCTGAGGAACAAGCAC, IL6_F: AGGGAGAGCCAGAACACAGA, 
IL6_R: GAGTTTCCTCTGACTCCATCG, IL8_F: ACTGAGAGTGATTGA
GAGTGGAC, IL8_R: AACCCTCTGCACCCAGTTTTC, H2B_F: 
TGTACTTGGTGACGGCCTTA, H2B_R: CATTACAACAAGCGCTCGAC 
Myoglobulin_F: AGCATGGTGCCACTGTGCT, and Myoglobulin_R: 
GGCTTAATCTCTGCCTCATGAT. 

2.8. RNA isolation and RT-PCR 

Total RNA extraction was performed using the PureLink RNA Mini 
Kit (Cat# 12183025, Thermo Scientific) following the manufacturer's 
instructions. RNA concentrations were determined using Nanodrop 
software. Subsequently, cDNA was synthesized using Syber Green qPCR 
Master Mix Universal (Cat# HY-K0501A, MedChemExpress). Relative 
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mRNA expression levels were compared to non-primed and non- 
stimulated samples, serving as references. Primers used for qPCR anal
ysis are as follows: IL17A_F: AAGGTCCTCAGATTACTACAACCG, 
IL17A_R: ATCTCTCAGGGTCCTCATTGCG, IL17F_F: TCACGTAA
CATCGAGAGCCG, IL17F_R: GAGCATTGATGCAGCCCAAG, RORC_F: 
GTGGGGACAAGTCGTCTGG, and RORC_R: AGTGCTGG
CATCGGTTTCG. Gene expression levels were normalized to the RLP13 
_F: CCTGGAGGAGAAGAGGAAAGAGA and RLP13 _R: TTGAG
GACCTCTGTGTATTTGTCAA housekeeping gene and presented as fold 
changes employing the 2-ΔΔCt method. 

2.9. Monocyte-T cell trans-well culture and cytokine assays 

Purified CD14+ monocytes were loaded into 100 μl trans-well inserts 
(using polycarbonate, 24 well plates, 0.4 μm pore size, Cat# 1015595, 
Corning) and stimulated with/without LL37/self-DNA. In the lower 
chamber, isolated CD4+ naïve T cells were seeded at a 1:4 ratio (25% T 
cells/75% monocytes) [23,24] in the presence of 1 μg/ml soluble anti- 
CD3 mAb (Cat# 317302, BioLegend, San Diego, CA) and anti-CD28 
mAb (Cat# 302902, BioLegend, San Diego, CA). Cells were cultured in 
X-VIVO-20 medium supplemented with 1% Penicillin/Streptomycin, 1% 
Glutamine, and 10% heat-inactivated serum. As controls, naïve CD4+ T 
cells were activated with anti-CD3/CD28 antibodies without the addi
tion of LL37/self-DNA. At the same time, T cells were activated with 
anti-CD3/CD28 antibodies and cultured without monocytes in the 
presence of LL37/self-DNA. Purified CD14+ monocytes isolated from 
psoriasis patients (Pso) were loaded into 100 μl trans-well inserts and 
stimulated with or without LPS. In the lower chamber, isolated CD4+

naive T cells from healthy donors (HD) were seeded at a 1:4 ratio in the 
presence of 1 μg/ml soluble anti-CD3 monoclonal antibody (mAb) and 
anti-CD28 mAb. As controls, naive CD4+ T cells were activated with 
anti-CD3/CD28 antibodies alongside monocytes from HD. 

The relative levels of 105 selected cytokines and chemokines in su
pernatants of LL37-self DNA-treated monocytes-T cells and T cells alone 
were analyzed by the Proteome Profiler Human XL Cytokine Array Kit 
(Cat# ARY022B, R&D Systems, Wiesbaden, Germany) according to the 
manufacturer's instructions. Array pictures were captured and analyzed 
with Fiji ImageJ software. 

2.10. Flow cytometry analysis 

Single-cell suspensions were pre-treated with unlabeled monoclonal 
antibodies against CD16/CD32 (Cat# 553141, clone 2.4G2, BD Bio
sciences) to block nonspecific Fc receptor-mediated binding. Subse
quently, cells were stained at 4 ◦C for 30 min with fixable viability dye 
(Cat# 65–0865-14, Invitrogen, Waltham, MA, USA), followed by the 
surface and intracellular staining with fluorochrome-conjugated anti
bodies. Monocytes were stained with surface antibodies such as HLA-DR 
(Cat# 307650, clone L243, dilution 1:100, BV650, BioLegend), CD14 
(Cat# 325618, clone HCD14, dilution 1:200, PE-Cy7, BioLegend), and 
CD16 (Cat# 302038, clone 3G8, dilution 1:100, BV421, BioLegend). NK 
cells, B cells and T cells were excluded by staining with anti-CD56 (Cat# 
318340, clone HCD56, dilution 1:200, BV510, BioLegend), anti-CD19 
(Cat# 302242, clone HIB19, dilution 1:200, BV510, BioLegend) and 
anti-CD3 (Cat# 317332, clone OKT3, dilution 1:200, BV510, BioLegend) 
antibodies. 

After surface staining, cells were fixed and permeabilized using 
eBioSciences Foxp3/Transcription Factor Buffer Set (Invitrogen, 5523) 
and stained with anti-pSTAT3 (pY705) (Cat# 612569, clone: 4/P- 
STAT3, dilution 1:200, PE, BD Bioscience), anti-NF-κB p65 (Cat# 
653006, clone 14G10A21, dilution 1:50, PE, BioLegend), and isotype 
control (Cat# 558595, clone: MOPC-173, dilution 1:200, PE, BD 
Bioscience). H3K27me3 and H3K4me3 were measured using Tri- 
Methyl-Histone H3 (Lys27) rabbit mAb (Cat# 12158, dilution 1:50, 
Alexa Fluor 647, Cell Signaling Technology) and Tri-Methyl-Histone H3 
(Lys4) rabbit mAb (Cat# 62255, dilution 1:50, PE Cell Signaling 

Technology). 
For intracellular staining and the measurement of intracellular IL-17 

production, previously stimulated CD4+ T cells were restimulated for 5 
h with 2 μl cell activation cocktail with brefeldin A (Cat# 423303, 
BioLegend, San Diego, CA). Cells were stained with antibodies CD3 
(Cat# 345763, clone SK7, dilution 1:100, BD Bioscience), CD4 (Cat# 
348809, clone SK3, dilution 1:100, BD Bioscience), fixed and per
meabilized using BD Cytofix/Cytoperm (Cat# 555028, BD Bioscience, 
Heidelberg, Germany), followed by staining with anti-IL-17A antibodies 
(Cat# 512306, clone BL168, dilution 1:80, PE, BioLegend). 

To measure reactive oxygen species (ROS), the CellRox Kit (Cat# 
C10492, Thermo Fisher Scientific) was used according to the manufac
turer's instructions. The CellRox detection reagent was added directly to 
the 24 h and 4 days rested LL37/self-DNA-trained monocytes and 
incubated for 30 min at 37 ◦C, 5% CO2 in the dark. Unstained cells as 
well as cells treated with TBHP (tert-butyl hydroperoxide), were used as 
negative and positive controls. 

All flow cytometry measurements were performed on a BD LSR II 
(Becton Dickinson, Heidelberg, Germany). Flow Jo Version 10 was used 
for data analysis. Doublet, debris, and dead cells were excluded from the 
analysis. Example gating strategies of monocyte subsets examined in this 
study can be found in Fig. S1A. 

2.11. Western blot analysis 

Monocytes were washed in PBS and resuspended in lysis buffer 
containing 20 mM TRIS-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 
mM Na2EDTA, 1 mM EGTA, 1 mM β-glycerophosphate, 2 M urea and 1×
protease inhibitor cocktail (Cat# P8465, Sigma-Aldrich). After 10 min 
on ice, samples were briefly sonicated to disrupt DNA–protein com
plexes. Afterwards samples were separated by SDS-PAGE and trans
ferred to a nitrocellulose membrane. Membranes were incubated with 
antibodies against H3K4me3 (Cat# C15410003, dilution 1:1000, Dia
gonade), H3K27me3 (Cat# 9733, dilution 1:1000, Cell Signaling), his
tone H3 (Cat# ab1791, dilution 1:2000, Abcam), pSTAT3 (Y705) (Cat# 
9145, dilution 1:500, Cell Signaling), STAT3 (Cat# 4904, dilution 
1:1000, Cell Signaling), pIκBα (S32) (Cat# 2859, dilution 1:500, Cell 
Signaling), IκBα (Cat# 9242, dilution 1:1000, Cell Signaling), and 
β-actin (Cat# 3700, dilution 1:1000, Cell Signaling) for western blot 
analysis. 

2.12. Statistical analysis 

The sample size, number of replicates, and detailed statistical in
formation for each experiment are provided in the figure legends. All 
data are presented as mean ± SEM, as specified in the respective figure 
legends unless otherwise stated. For comparison between the two 
groups, the Mann–Whitney U test was performed. For comparison be
tween more than two groups, one-way ANOVA followed by Dunnett's 
multiple comparisons test was used. For comparisons where we had two 
independent variables, two-way ANOVA followed by Sidak's multiple 
comparisons test was used. Significance was evaluated by the above- 
mentioned tests and was performed in GraphPad Prism (v6). 

3. Results 

3.1. LL37/self-DNA complexes enhance monocyte responsiveness and 
alter metabolic activity in healthy donors (HD) 

Employing a well-established in vitro two-hit monocyte model of 
trained immunity [7,22], we assessed the induction of innate immune 
memory by LL37 alone or LL37/self DNA stimulation. Healthy donor 
(HD) monocytes were exposed to LL37 (10 μg/ml) and LL37/self-DNA 
(20 μg/ml) for 24 h, followed by a rest period in fresh medium for 
4–5 days without further stimulation. Subsequently, these monocyte- 
macrophages encountered a secondary stimulus involving the TLR4 
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agonist LPS (10 ng/ml) and the TLR7/8 agonist R848 (1 μg/ml) 
(Fig. 1A). On day 5, pre-conditioned HD monocytes displayed elevated 
release of the proinflammatory cytokines, IL-8, IL-6, and TNF-α 
(Fig. 1B), upon restimulation, indicative of trained immunity. As shown 
previously [11,14], DNA alone did not trigger the activation of these 
proinflammatory cytokines (Fig. S1B) and LL37 alone induced weaker 
activation of IL-8 and TNF-α compared to LL37/self-DNA treatment 
(Fig. 1B). Since it was shown that monocytes steadily internalize LL37/ 
self-DNA complexes (but not DNA alone) immediately after treatment 

via CXCR2-specific endocytosis [11], we evaluated the production of the 
elevated proinflammatory cytokines in the rested HD monocyte before 
the second stimulation (trained HD monocytes). The release of IL-8 and 
TNF-α cytokines demonstrated an upward trend during resting periods 
compared to the 24 h stimulation with LL37/self-DNA complexes 
(Fig. 1C). 

The connection between epigenomic alterations and metabolic 
modifications in monocytes forms a basis of the trained immunity 
paradigm [2,25,26]. Our investigation, using a model of innate immune 

Fig. 1. Enhanced IL-8, IL-6, and TNF-α production, metabolic activities, and ROS production in LL37 alone and LL37/self-DNA-treated HD monocytes. (A) Schematic 
representation of the in vitro training model. HD monocytes were treated with LL37 alone or LL37/self-DNA complexes for 24 h, followed by a resting period of 4–5 
days, then re-stimulated with TLR4 and TLR7/8 agonists for 24 h. (B) The production of IL-8, IL-6, and TNF-α were quantified by ELISA in cell supernatants of the HD 
monocytes treated with LL37 alone and LL37/self-DNA complexes (n = 5). (C) The levels of IL-8, IL-6, and TNF-α were measured at 24 h and 4 days after the initial 
stimulation with LL37 alone and LL37/self-DNA (n = 5). (D) Oxygen Consumption Rates (OCR) and Extracellular Acidification Rates (ECAR) in LL37 alone and LL37/ 
self-DNA-treated HD monocytes were assessed 24 h and 4 days after the initial stimulation. OM: oligomycin and AA+Rot: Antimycin A. + Rotenone. Mean basal and 
maximal OCR levels and the mean of ATP production rate derived from mitochondrial and glycolytic pathways in LL37 alone and LL37/self-DNA-treated HD 
monocytes at 24 h and 4 days post the initial stimulation (n = 3). (E) ROS generation in LL37 alone and LL37/self-DNA-treated HD monocytes at 24 h and 4 days 
following the first stimulation (n = 3). (Error bars show means ± SEM, P values were calculated using one-way ANOVA followed by Dunnett's multiple compari
sons test.). 
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memory, uncovered a pivotal role of LL37 alone and LL37/self-DNA 
complexes in modulating the metabolic activity of HD monocytes. We 
observed a distinct shift in metabolic behavior, characterized by a sig
nificant elevation in mitochondrial oxidative phosphorylation 
(OXPHOS) and glycolytic rates, as shown by enhanced oxygen con
sumption rate (OCR) and extracellular acidification rates (ECAR) 
(Fig. 1D). This increase in aerobic glycolysis is akin to the Warburg 

effect. Interestingly, although trained HD monocytes were left unsti
mulated before the secondary challenge on day 4 of rest, the heightened 
glycolytic activity persisted, indicating an enduring alteration in the 
metabolic profile that did not revert to the baseline metabolic state 
(Fig. 1D). This increased extracellular acidification rate in trained HD 
monocytes suggested lactate accumulation due to enhanced aerobic 
glycolysis. Notably, trained HD monocytes displayed elevated ATP 

Fig. 2. LL37 alone and LL37/self-DNA-mediated epigenetic modifications and associated signaling in HD monocytes. (A) Assessment of KDM6A/B enzymatic activity 
in HD monocytes 24 h and 4 days post-initial stimulation with LL37 alone and LL37/self-DNA complexes by ELISA (n = 5). (B) Western blot analysis depicting 
H3K27me3 and H3K4me3 marks in HD monocytes treated with LL37 alone and LL37/self-DNA complex for 24 h and following 4 days' rest (n = 4). (C) Comparison of 
epigenetic modifications in LL37/self-DNA-treated HD monocytes, demonstrating significantly decreased H3K27me3 marks and increased H3K4me3 marks at the 
promoter regions of IL6, IL8, and TNF genes compared to untreated HD monocytes 24 h and (D) 4 days post-initial stimulation (n = 5). (E) Western blot analysis 
depicting activation p-STAT3, STAT3, p-IκB-α and IκB-α in HD monocytes treated with LL37 alone and LL37/self-DNA complexes for 24 h and 4 days of rest (n = 4). 
(F) Western blot analysis of HD monocytes from untreated or treated with LL37/self-DNA complexes for 24 h in the presence of 2-DG or AA (Antimycin A) and Rot 
(Rotenone) inhibitors (Error bars show means ± SEM, P values were calculated using Wilcoxon signed rank test and one-way ANOVA followed by Dunnett's multiple 
comparisons test.). 
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generation and heightened basal and maximal respiration in a 
mitochondria-dependent manner, signifying an enhanced metabolic 
state compared to unstimulated counterparts (Fig. 1D). The concurrent 
elevation in glycolysis and oxidative phosphorylation implies that LL37/ 
self-DNA and in a lesser extent, LL37 alone stimulation can reprogram 
the long-term metabolic activities of HD monocytes by simultaneously 
boosting both glycolytic and mitochondrial metabolic rates. 

Given the role of mitochondrial metabolism and ATP production in 
driving reactive oxygen species (ROS) generation, a critical factor in 
promoting proinflammatory cytokine production essential for trained 
immunity [3], we quantified ROS levels. We found that the LL37/self- 
DNA complexes and LL37 alone significantly increased ROS produc
tion capacity after 24 h stimulation or the resting period (Fig. 1E). 
Collectively, LL37/self-DNA-induced adaptations in HD monocytes are 
associated with an innate memory immune phenotype characterized by 
increased monocyte responsiveness and reprogramming of metabolic 
activities. 

3.2. LL37/self-DNA complex training is accompanied by epigenetic 
reprogramming and is mediated via the STAT3-NF-κB activation pathway 

Establishing a long-lasting responsive phenotype in trained HD 
monocytes is closely tied to epigenomic reprogramming [25]. At the 
molecular level, trained immunity is intricately linked with histone 
modifications, particularly histone H3 lysine 4 methylation (H3K4me3) 
and histone H3 lysine 27 methylation (H3K27me3), which subsequently 
influence transcription [27]. To study the potential histone modifica
tions post-treatment with LL37 alone and LL37/self-DNA complexes, we 
analyzed the enzymatic activity of the histone demethylases KDM6A/B, 
which remove repressive H3K27me3 marks and the global levels of 
H3K27me3 and H3K4me3. Following stimulation with LL37 alone and 
LL37/self-DNA complexes, HD monocytes exhibited a significant upre
gulation in KDM6A/B enzymatic activity within 24 h, which returned to 
the baseline of unstimulated state at day 4 of rest (Fig. 2A). Subsequent 
western blot analysis displayed increased global H3K4me3 marks after 
24 h of LL37 alone and LL37/self-DNA complexes stimulation, with 
increased protein levels in both marks in the resting trained HD mono
cytes (Fig. 2B). Chromatin immunoprecipitation PCR uncovered 
enriched deposition of the histone H3K4me3 mark and reduced depo
sition of the H3K27me3 mark at the promoter regions of genes of IL6, 
IL8, and TNF after stimulation of HD monocytes with LL37 alone 
(Fig. S2) and LL37/self-DNA complexes (Fig. 2C) within 24 h, as well as 
in the resting trained HD monocytes (Fig. 2D and Fig. S2). These epi
genomic alterations suggest a poised transcriptional state for IL6 and 
TNF genes. This insight highlights how LL37 alone and LL37/self-DNA 
complexes orchestrate epigenomic modulation, enhancing the activity 
of specific enzymes and leading to higher histone H3K4me3 and lower 
histone H3K27me3 marks at critical promoter regions such as IL6 and 
TNF, resembling changes elicited by typical inducers of innate memory. 
However, genome-wide profile mapping of H3K4me3 and H3K27me3 is 
needed to understand which further gene activations and repressions are 
associated with monocyte reprogramming induced by LL37/self-DNA 
complex activation or training. 

Studies indicate NF-κB and STAT3 transcription factors are pivotal in 
proinflammatory cytokine production and chronic inflammation 
[28,29]. KDM6B, activated by STAT3, enhances proinflammatory gene 
transcription via the JAK2/STAT3 pathway [30]. KDM6A/B's activity in 
removing H3K27me3 and recruiting p65 regulates IL-6 and TNF-α pro
duction in LPS-activated monocytes, exacerbating inflammation 
[31,32]. Moreover, NF-κB induces KDM6A/B in monocytes and macro
phages in response to inflammatory stimuli [29]. 

To investigate the signaling cascade that modifies HD monocyte 
activities during innate immune memory, we analyzed STAT3 and NF- 
κB pathway alterations in HD monocytes treated with LL37 alone and 
LL37/self-DNA complexes. As shown in Fig. 2E, both LL37 alone and 
LL37/self-DNA complexes were associated with high expression of 

phospho-IκB-α (p-IκB-α) compared to the unstimulated state after 24 h of 
stimulation. Furthermore, the induced phosphorylation of STAT3 after 
24 h of stimulation and strong upregulation in the rested trained groups, 
suggested that the inflammatory response caused by LL37 alone and 
LL37/self-DNA complexes was linked to the STAT3-NF-κB pathway. 
These results suggest the influence of LL37 alone and LL37/self-DNA 
complexes within the NF-κB-STAT3 signaling axis, enhance the expres
sion of NF-κB-STAT3-related proinflammatory genes by modulating the 
transcription of IL-8, IL-6, and TNF-α, resulting in heightened 
responsiveness. 

Since we observed stronger activities after LL37/self-DNA treat
ments, we evaluated the importance of glycolysis for LL37/self-DNA- 
activated HD monocytes within the NF-κB-STAT3 signaling axis. We 
blocked or induced the glycolysis for 24 h during LL37/self-DNA stim
ulation. Glycolysis was inhibited with 5 mM of 2-deoxy-D-glucose (2- 
DG), a glucose analog, and induced with 500 nM of complex I (Rote
none) and complex III (Antimycin A) inhibitors (AA+Rot). Inhibition of 
glycolysis with 2-DG resulted in a downregulation of STAT3 activation 
and the protein level of IκB-α in LL37/self-DNA-treated HD monocytes 
compared to the unstimulated group (Fig. 2F), demonstrating the rela
tionship between glycolysis and STAT3-NF-κB activation in LL37/self- 
DNA-treated HD monocytes for 24 h. Finally, the induction of 
compensatory glycolysis by blocking mitochondrial respiration with 
AA+Rot decreased the H3K27me3 protein level in LL37/self-DNA- 
treated HD monocytes compared to the unstimulated and control 
groups (Fig. 2F). 

Although it has been shown that STAT3 inhibition leads to the 
upregulation of KDM6B and that STAT3 binds to the KDM6B promoter 
[33], further protein-protein interaction studies are needed to identify 
direct interactions between KDM6A/B and non-histone proteins in the 
STAT3 and NF-κB activation pathways. 

3.3. Increased glycolysis and OXPHOS in psoriatic monocytes 

Golden et al. showed that the total number of monocytes and fre
quency of the intermediate CD14++CD16+ subset are increased in the 
blood of psoriatic patients compared with healthy control individuals 
[19]. Consistent with these findings, we observed an increased fre
quency of intermediate monocytes (CD14++CD16+) in the blood of 
naïve psoriatic patients, contributing to psoriatic inflammation by pro
ducing psoriatic cytokines (Fig. 3A) [34]. Given the elevated levels of 
LL-37 in the plasma of naïve psoriasis patients (Fig. 3B), increased 
KDM6A/B activities in psoriatic (Pso) monocytes at baseline, and the 
pivotal role of LL37 and LL37/self-DNA complexes in psoriasis pathol
ogy [18], we investigated whether the metabolic activities of Pso 
monocytes differ from those of healthy donor (HD) controls at baseline 
ex vivo. Unexpectedly, we found that Pso monocytes isolated from the 
blood of psoriatic patients exhibited heightened levels of both OXPHOS 
and glycolysis (Fig. 3C), similar to LL37 alone and LL37/self-DNA- 
treated HD monocytes after the rest period. Notably, cytokine produc
tion, including IL-8, IL-6, and TNF-α, showed significant elevation in Pso 
monocytes at baseline and upon stimulation with TLR7/8 and TLR4 li
gands compared to those from HD controls after 24 h (Fig. 3D). Subse
quent flow cytometric analysis displayed increased global levels of 
H3K4me3 marks, pSTAT3, and NF-κB p65 in Pso monocytes compared 
to HD controls at baseline (Fig. 3E). 

Previous studies have revealed elevated levels of circulating IL-17A+

IFN-γ− CD4+ cells in untreated psoriatic patients [35]. Given that in
teractions between monocytes and CD4+ T cells are implicated in the 
severity of several autoimmune diseases [23,35], we investigated the 
effect of Pso monocytes via secreted soluble factors on naïve HD pe
ripheral blood CD4+ T cells (Fig. 3F Pso and HD monocytes were stim
ulated with or without LPS (10 ng/ml) within trans-well plate inserts 
and co-cultured with naïve CD4+ T cells at a 25:75 T cells/monocytes 
ratio (Fig. S3A) [23,24]. After 24 h of culture, the top inserts containing 
monocytes were removed, and the HD CD4+ T cells were analyzed after 
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48 h. Flow cytometry analysis revealed that LPS-stimulated Pso mono
cytes induced IL-17A production in HD CD4+ T cells compared to 
unstimulated ones and HD monocytes (Fig. 3F). Subsequently, we 
evaluated the levels of IL-6, IL-23, and TGF-β1 cytokines in the super
natant of the lower well in our co-culture system. As shown in Fig. 3F 
and Fig. S3B, IL-6, IL-23, and TGF-β1 production, as well as IL17A, 
IL17F, and RORC (Th17 gene signature) gene expression, were upregu
lated in both LPS-stimulated and unstimulated Pso monocytes co- 
cultures compared to HD monocytes. This data reveals that Pso mono
cytes induce the differentiation of naïve CD4+ cells into Th17 cells. 

3.4. KDM6A/B inhibition reverses trained immunity in Pso monocytes 
and LL37/self-DNA complex-treated HD monocytes 

Recent studies have revealed the upregulation of KDM6A/B in 
monocytes derived from patients with SLE [27]. A KDM6A/B inhibitor 
effectively blocked excessive TNF-α production [31] and reduced 
interferon-stimulated genes (ISG) expression in monocytes from SLE 
patients [27]. Given the augmented expression of KDM6A/B in Pso 
monocytes (Fig. 2B) and following 24-h stimulation with LL37/self-DNA 
complexes in HD monocytes (Fig. 1A), we investigated whether inhib
iting KDM6A/B could reverse the enhanced immune responses. Utilizing 
GSK-J4, a selective inhibitor of KDM6A/B [36], we examined its impact 
on monocytes. Preincubation of HD monocytes with GSK-J4 (2 μM, 
nontoxic dose [27,31]) for one hour before 24 h stimulation with LL37/ 
self-DNA complex reduced the activity of KDM6A/B in HD monocytes to 
the baseline level (unstimulated HD monocytes) and increased the his
tone repressive H3K27me3 marks compared to LL37/self-DNA-trained 
and untreated HD monocytes (Fig. 4A and Fig. S4). 

GSK-J4 significantly reduced the release of key proinflammatory 
cytokines including IL-8 and IL-6, after 24 h of LL37/self-DNA complex 
stimulation (Fig. 4B) and IL-8 and TNF-α during the resting phase in HD 
monocytes (Fig. 4C). Chromatin immunoprecipitation PCR showed GSK- 
J4 treatment significantly enriched the deposition of the H3K27me3 
mark at the promoter regions of the IL6 and TNF genes after stimulation 
of HD monocytes treated with LL37/self-DNA complexes within 24 h 
(Fig. 4D). These findings emphasize the pivotal role of KDM6A/B 
modifiers in facilitating the heightened cytokine production in LL37/ 
self-DNA-treated HD monocytes. GSK-J4 suppressed the LL37/self- 
DNA-induced activation of non-histone targets such as NF-κB and 
STAT3 pathway signaling in treated HD monocytes (Fig. 4E and Fig. S4). 
Likewise, flow cytometric and western blot analyses showed that GSK-J4 
diminished the activated NF-κB and STAT3 in Pso monocytes (Fig. 4F). 

Subsequently, we examined whether inhibiting KDM6A/B using 
GSK-J4 could reverse the metabolic reprogramming observed in LL37/ 
self-DNA-treated HD monocytes. The epigenetic enzyme inhibitor 
robustly reverted the glycolytic and OXPHOS activities of HD monocytes 
treated with LL37/self-DNA (Fig. 4G) to lower than baseline levels. 
Remarkably, GSK-J4 effectively reduced the heightened cytokine re
sponses observed in Pso monocytes upon TLR4 and TLR7/8 stimulations 
for 24 h and reverted the glycolytic and OXPHOS activities of Pso 
monocytes (Fig. 4H). 

These results underline the profound influence of KDM6A/B 

inhibition in not only abating the exaggerated cytokine responses eli
cited by LL37/self-DNA complexes but also in reversing the aberrant 
metabolic and epigenetic reprogramming observed in psoriatic mono
cytes, thereby highlighting the therapeutic potential of targeting 
KDM6A/B [36] in modulating inflammatory responses and metabolic 
dysregulation. 

3.5. The effect of LL37/self-DNA-treated HD monocytes on naive HD 
CD4+ T cells 

As shown previously, soluble mediators released by psoriatic (Pso) 
monocytes induce the differentiation of naive CD4+ cells into Th17 cells, 
characterized by higher expression of IL17A, IL17F, and RORC, and the 
secretion of IL-6, IL-23, and TGF-β1 cytokines (Fig. 3F). This raises the 
question of whether secreted mediators from LL37/self-DNA-treated HD 
monocytes affect cytokine production and differentiation of naive HD 
CD4+ T cells. To investigate this, HD monocytes were subjected to LL37/ 
self-DNA stimulation within trans-well plate inserts and co-cultured 
with naive CD4+ T cells at a 25:75 T cells/monocytes ratio (Fig. S3A) 
[23,24]. After 24 h of culture, the top inserts containing LL37/self-DNA- 
treated HD monocytes were removed, and the T cells were analyzed 
after 48 h. Flow cytometry analysis revealed that LL37/self-DNA-treated 
HD monocytes induced the IL-17A production in CD4+ T cells compared 
to unstimulated HD monocytes (11.9% versus 1.8%). Notably, the IL-17A 
production was significantly inhibited in the LL37/self-DNA-GSK-J4 
treated group (11.9% versus 3.8%). The culture of naïve T cells alone 
(in the absence of monocytes) with LL37/self-DNA complexes did not 
affect IL-17A production in CD4+ T cells (Fig. 5A). 

Subsequently, we evaluated the local cytokine milieu in our co- 
culture system's supernatant of T cells. After 24 h of culture, the top 
inserts containing LL37/self-DNA-treated HD monocytes were removed, 
and the supernatant from the lower well was analyzed with the Prote
ome Profiler Human XL Cytokine Array after 48 h. Following image 
analysis and the quantification of pixel intensity for each spot, 105 cy
tokines were evaluated in the supernatant of LL37/self-DNA-treated HD 
compared to unstimulated HD monocytes-T cells co-culture (Fig. 5B). Of 
these, 17 cytokines were upregulated after LL37/self-DNA treatment in 
co-culture, including molecules known to play roles in pathogenic 
response cytokines (IL-6, IL-1β, GM-CSF, and IL-17A) [37] were also 
strongly downregulated after LL37/DNA-GSK-J4 treatment (except IL- 
8). The names of these differentially expressed 5 cytokines/chemo
kines are presented on a schematic grid that corresponds to the spot 
positions on the membrane. In keeping with the literature [38], we 
detected that most inflammatory cytokines, specifically IL-6, were 
inhibited after LL37/DNA-GSK-J4 treatment, indicating a return to 
baseline levels similar to the unstimulated group (Fig. 4B). Furthermore, 
IL-6 and TGF-β1 production was upregulated after LL37/self-DNA 
treatment in co-culture and were strongly downregulated after LL37/ 
DNA-GSK-J4 treatment (Fig. 5D). Notably, the expression of IL17A, 
IL17F, and RORC was not changed in T cells in both culture systems, and 
IL-23 cytokine was not secreted in their supernatants. This data reveals 
that LL37/self-DNA-treated HD monocytes, unlike LL37 alone (Fig. S5), 
induce the naïve CD4+ cells into IL-17-producing cells, but not into Th17 

Fig. 3. Evaluation of trained immunity phenotype in psoriatic monocytes. (A) Representative flow plots and the percentage of intermediate (CD14++CD16+) 
monocytes analyzed in naïve psoriatic (Pso) by flow cytometry (n = 10) when compared with healthy donors (HD) (n = 10). (B) Schematic representation of the ex 
vivo model. The level of LL37 in the plasma of naïve Pso patients (n = 8) compared to HD (n = 5) measured by ELISA. Assessment of KDM6A/B enzymatic activity in 
Pso monocytes at baseline levels compared to HD monocytes measured by ELISA (n = 8). (C) OCR and ECAR between Pso and HD monocytes under basal conditions. 
Data represents findings from 10 naïve psoriatic patients. (D) Naïve Pso and HD individual monocytes were exposed to TLR7/8 and TLR4 ligands for 24 h. Sub
sequently, the production levels of IL-6, IL-8, and TNF-α, in cell supernatants were quantified by ELISA (n = 6–7). (E) Flow cytometry analysis depicting the 
activation of p-STAT3 and NF-κB p65 in Pso monocytes compared to HD monocytes under basal conditions (n = 3). (F) Naïve CD4+ CD25− T cells from HD were co- 
cultured with Pso or HD monocytes upon LPS stimulation or without it as indicated. Percentage of IL-17A –expressing CD4+ T cell (gated on Live Lin− CD4+ cells) in 
trans well co-culture of monocytes-T cells quantified by flow cytometry (n = 3). The gene expression of IL17A, IL17F, and RORC were quantified by qPCR from HD T 
cells in co-culture of LPS-stimulated Pso monocytes or HD monocyte. The production of TGF-β1, IL-6, and IL-23 cytokines were quantified by ELISA, from supernatant 
of T cells in co-culture of LPS-stimulated Pso monocytes or HD monocyte (n = 5). (Error bars show means ± SEM, P values were calculated using Wilcoxon signed 
rank test). 
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Fig. 4. Impact of KDM6A/B inhibition on LL37/self-DNA-treated HD monocytes and Pso monocytes. (A) Treatment with GSK-J4 normalized the heightened activity 
of KDM6A/B in LL37/self-DNA-treated HD monocytes, reducing it to baseline levels (n = 5) and increasing H3K27me3 marks. (B) Preincubation of HD monocytes 
with GSK-J4, one hour before LL37/self-DNA complex stimulation for 24 h, significantly decreased the release of IL-8 and IL-6 at 24 h post-stimulation (n = 4). (C) 
GSK-J4 treatment reduced IL-8, IL-6, and TNF-α levels during the resting phase following LL37/self-DNA complex stimulation, demonstrating a sustained effect on 
cytokine reduction (n = 4). (D) GSK-J4 effectively increased H3K27me3 marks at the promoter regions of IL6 and TNF (but not IL8) genes following LL37/self-DNA 
complex stimulation (n = 5). (E) Western blot analysis depicting p-STAT3, STAT3, p-IκB, and IκB in HD monocytes treated with GSK-J4 one hour before LL37/self- 
DNA complex stimulation. (F) Flow cytometry and western blot analysis depicting reduced STAT3 and NF-κB activation in Pso monocytes treated with GSK-J4 
compared to HD monocytes (n = 3). (G) GSK-J4 intervention reversed the enhanced glycolytic and oxidative phosphorylation activities observed in LL37/self- 
DNA-trained HD monocytes (n = 3). (H) GSK-J4 effectively mitigated the exaggerated cytokine responses observed in Pso monocytes upon TLR4 and TLR7/8 
stimulation (n = 4–7) and the enhanced glycolytic and oxidative phosphorylation activities (n = 6). (Error bars show means ± SEM, P values were calculated using 
Wilcoxon signed rank test). 

Fig. 5. Impact of LL37/self-DNA-treated HD monocytes and their KDM6A/B inhibition on naive HD CD4+ T cells. (A) Naive CD4+ CD25− T cells and LL37/self-DNA- 
treated HD monocytes were co-cultured as indicated. The percentage of IL-17A–expressing CD4+ T cells (gated on Live Lin− CD4+ cells) in the transwell co-culture of 
monocytes-T cells and T cell culture alone was quantified by flow cytometry (n = 3). (B) After 24 h of culture, LL37/self-DNA-treated HD monocytes were removed, 
and the supernatant from the lower well of the co-culture was analyzed after 48 h using a Proteome Profiler Human XL Cytokine Array (n = 4). (C) The production of 
IL-6 and TGF-β1 was quantified by ELISA in cell supernatants from the transwell co-culture of monocytes-T cells and T cell culture alone (n = 5). (Error bars show 
means ± SEM, P values were calculated using one-way ANOVA followed by Dunnett's multiple comparisons test.). 
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cells. Additionally, HD monocytes exert a synergistic increase effect by 
upregulating the secretion of GM-CSF, IL-1β, IL-6, TGF-β1, and IL-17A 
upon LL37/self-DNA exposure in trans-well co-culture. 

4. Discussion 

Recent findings support the concept that alterations in metabolism 
also affect the epigenetics of monocytes, contributing to the concept of 
innate immune memory [1,4]. In this study, we demonstrated that 
LL37/self-DNA complexes, to a lesser extent LL37, induce monocyte 
reprogramming at metabolic and epigenetic levels, enhancing respon
siveness to subsequent stimuli. Our observations revealed heightened 
glycolysis and oxidative phosphorylation rates in LL37/self-DNA- 
trained monocytes as well as in peripheral monocytes from psoriasis 
patients. These metabolic shifts indicate a heightened readiness to 
respond to inflammatory stimuli, by increased releases of proin
flammatory cytokines, including IL-6, IL-8, and TNF-α, and elevated ROS 
production. The link between metabolic reprogramming and trained 
immunity is further supported by our observation that inhibiting 
glycolysis with 2-deoxy-D-glucose (2-DG) reduced STAT3 and NF-κB 
activation in LL37/self-DNA-treated monocytes. 

Epigenetic modifications regulate transcription and contribute to 
trained immunity responsiveness [39]. Here, we observed the enrich
ment of activating H3K4me3 marks and the reduction in repressive 
H3K27me3 marks on the promoter regions of proinflammatory cytokine 
genes, TNF and IL6 in LL37/self-DNA-trained monocytes This epigenetic 
remodeling primes monocytes for enhanced responsiveness to subse
quent stimuli. Given the differential expression levels of H3K27me3 in 
global and promoter regions of TNF and IL6, it suggests additional as
pects of epigenomic regulation. Future studies should aim to elucidate 
further the genome-wide epigenetic changes induced by LL37/self-DNA 
complexes, focusing on identifying which regions are silenced or acti
vated. Understanding these dynamics could provide deeper insights into 
the mechanisms of trained immunity and aid in the developing more 
targeted therapeutic strategies. 

It was recently shown that the accumulation of α-ketoglutarate 
(α-KG) as a cofactor of KDM6A/B integrates metabolic circuits to induce 
monocyte epigenetic reprogramming [27,40]. Additionally, using Gas 
chromatography (GC) TOF-MS, revealed that psoriasis patients had 
higher levels of α-ketoglutarate (α-KG) in their serum compared to 
healthy individuals [41]. Consistent with the peripheral blood of RA and 
SLE patients, where LL37/self-DNA plays a significant role in the path
ogenesis of these diseases, we found that the KDM6B enzyme was 
upregulated in isolated monocytes from psoriatic patients compared to 
healthy controls [27,42]. 

The upregulation of KDM6A/B enzyme activity in response to LL37/ 
self-DNA complexes indicated potential epigenetic alterations akin to 
those observed in psoriatic monocytes. This upregulation contributed to 
enhanced demethylation and removal of repressive H3K27me3 histone 
marks [27] allowing for the activation of genes encoding proin
flammatory cytokines. 

Using GSK-4 J, a KDM6A/B-selective inhibitor [31], we effectively 
reversed innate immune memory in LL37/self-DNA-trained monocytes 
and psoriatic monocytes. This inhibition mitigated proinflammatory 
cytokine production, NF-kB-STAT3 signaling, and metabolic activities. 
Recent studies have shown that type I IFN induces innate immune 
memory in SLE monocytes, accompanied by epigenetic changes, 
including increased H3K4me3 and decreased H3K27me3 at IFN- 
stimulated genes (ISGs) promoter sites. These findings suggest that 
KDM6A/B demethylases are highly regulated at the transcriptional 
level, and their functional activity in trained monocytes may involve 
various pathways in SLE [27] as we observed in psoriasis. KDM6A/B's 
role in regulating broad proinflammatory gene expression emphasizes 
its therapeutic potential in inflammatory conditions 
[27,30,31,40,42–44]. As shown the inflammatory cytokine milieu 
induced by psoriatic monocytes contributed to Th17 differentiation and 

may play a crucial role in disease pathogenesis [45]. LL37/self-DNA- 
treated monocytes have the capacity to produce higher levels of IL-8, 
IL-6, and TNF-α and attract to inflammatory cells by a synergistic in
crease of C–C motif ligand (CCL) 3, CCL4, CCL7, and CCL20. They can 
further differentiate into inflammatory macrophages or DCs, infiltrate T 
cell areas, and amplify T cell responses. As shown, LL37/self-DNA- 
treated HD monocytes induced the differentiation of naive CD4+ T 
cells into IL-17-producing cells, albeit not fully into Th17 cells. Recent 
studies showed that KDM6B demethylases and α-KG play a central role 
in the metabolism, epigenetics, and functional landscape of human and 
murine CD4+ T cell subsets [38,46]. GSK-J4 dramatically suppresses 
Th17 cell differentiation in vitro and in vivo [46]. GSK-J4 was shown to 
bind to and reduce the levels of H3K27me3 directly, impacting the 
RORγt transcription factor, and inducing metabolic reprogramming in 
Th17 cells toward a resting state, leading to the suppression of Th17 
differentiation [37,38,46]. Our findings demonstrated that GSK-J4 
treatment successfully returned CD4+ T cells and their cytokine milieu 
to baseline levels. Furthermore, KDM6A/B inhibition restored the 
epigenetic landscape to a more repressive state, as evidenced by 
increased H3K27me3 marks on the promoters of IL6 and TNF. Thus, 
targeting specific mechanisms at the epigenetic level, participating not 
only in the functional activity of trained monocytes but also in IL-17- 
producing T cells, might be a beneficial strategy for treatment to 
reduce the chronicity and severity of psoriasis. 

5. Conclusions 

Our findings highlight the crucial role of LL37/self-DNA complexes 
in driving both metabolic and epigenetic reprogramming in monocytes, 
thereby contributing to the pathogenesis of psoriasis and potentially 
other autoimmune diseases. Understanding prolonged metabolic 
reprogramming mechanisms remains an area for future inquiry, 
including whether monocyte reprogramming originates from hemato
poietic progenitors in the bone marrow [47,48]. Exploring additional 
layers of epigenomic regulation that modulate innate immune memory 
is also crucial [49]. Taken together, our findings provide a basis for 
further exploration using small molecule KDM6A/B inhibitors to 
comprehend these critical aspects of innate immune memory. KDM6A/B 
emerges as a promising therapeutic target for chronic, relapsing, and 
systemic inflammatory diseases, including psoriasis, supported by 
studies emphasizing its role in Th17 cell differentiation and innate 
memory. 
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N. Schneiderhan-Marra, M.W. Löffler, H. Kalbacher, T. Vierbuchen, H. Heine, L. 
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