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Abstract

Background: The antimicrobial peptide LL-37 has emerged as a key mediator linking innate and
adaptive immunity and has been implicated in the pathogenesis of immune-mediated inflammatory
diseases. While circulating levels of LL-37 and anti-LL-37 antibodies have been investigated in several
conditions, their presence and relevance within the local joint microenvironment remain
insufficiently explored. This study aimed to evaluate anti-LL-37 antibodies in synovial fluid from
patients with psoriatic arthritis (PsA), rheumatoid arthritis (RA), and knee osteoarthritis (GoA), and
to analyze their associations with pro-inflammatory cytokines. Methods: Synovial fluid samples were
obtained from patients with PsA, RA, GoA, and from healthy controls. Levels of anti-LL-37
antibodies, IL-1(3, IL-6, and IL-23 were measured using enzyme-linked immunosorbent assay
(ELISA). Correlation analyses were performed to assess relationships between anti-LL-37 antibodies
and cytokine levels. Receiver operating characteristic (ROC) curve analysis was used to evaluate the
diagnostic performance of anti-LL-37 antibodies. Results: Anti-LL-37 antibody levels were
significantly elevated in synovial fluid from patients with PsA compared to RA, GoA, and healthy
controls. Patients with RA exhibited lower anti-LL-37 levels despite pronounced elevations of IL-1f3
and IL-6. In GoA, anti-LL-37 concentrations were comparable to those of healthy controls. A strong
positive correlation between anti-LL-37 antibodies and IL-23 was observed in PsA, whereas
correlations with IL-1p and IL-6 were more prominent in RA. ROC analysis demonstrated moderate
diagnostic accuracy of anti-LL-37 antibodies in distinguishing PsA from healthy controls, but limited
utility in RA and GoA. Conclusions: The findings support a disease-specific role of anti-LL-37
antibodies in the immunopathogenesis of psoriatic arthritis and highlight their association with the
IL-23/Th17 axis within the synovial microenvironment. Anti-LL-37 antibodies may serve as a
complementary biomarker for PsA and provide further insight into the distinct immunological
mechanisms underlying inflammatory versus degenerative joint diseases.
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1. Introduction

LL-37 is the sole human cathelicidin, encoded by the CAMP gene, comprising 37 amino acids
beginning with two leucines (LL). It is expressed by a wide range of cells, including neutrophils,
monocytes/macrophages, keratinocytes, synoviocytes, and epithelial cells, highlighting its
fundamental role in innate immunity and host defense [1-6]. Beyond its antimicrobial activity, LL-37
functions as a pleiotropic immunomodulator, bridging innate and adaptive immunity and
participating in inflammation and autoimmunity [7-10].

Physiologically, LL-37 exhibits broad-spectrum antimicrobial activity against Gram-positive and
Gram-negative bacteria, viruses, and fungi. Its primary mechanism involves disruption of microbial
membranes, leading to cell lysis [11,12]. Beyond this direct microbicidal effect, LL-37 modulates the
host immune response through interactions with pattern recognition receptors such as TLR2, TLR4,
and TLR9[11p 12]. These interactions trigger intracellular signaling pathways that stimulate the
production of pro-inflammatory cytokines including IL-1§3, IL-6, IL-8, and IL-23, and promote the
recruitment of immune cells, such as neutrophils, monocytes, and lymphocytes, to sites of infection
or tissue injury [11-14].

Recent studies have highlighted the dual nature of LL-37, revealing that under certain conditions
it can exert pro-inflammatory effects. This occurs via the formation of complexes with self-DNA or
RNA, which activate plasmacytoid dendritic cells, leading to IFN-a production. This interferon-
driven response is a central pathogenic mechanism in immune-mediated inflammatory diseases such
as psoriasis and systemic lupus erythematosus (SLE), where chronic immune activation and tissue
damage are hallmarks [15-17].

In psoriasis and psoriatic arthritis (PsA), LL-37 is overexpressed in lesional skin and synovial
tissue. It plays a key role in amplifying the IL-23/Th17 axis, promoting IL-17 secretion, and driving
the recruitment and activation of pathogenic T-cell subsets. Importantly, patients with psoriasis and
PsA develop circulating anti-LL-37 antibodies, and their levels correlate with disease activity,
suggesting a direct link between LL-37-mediated immune activation and autoimmunity [17-19,32].
LL-37 has therefore been proposed as a potential autoantigen capable of breaking immune tolerance
and sustaining chronic inflammation.

In rtheumatoid arthritis (RA), LL-37 is also detectable in synovial fluid and tissue, where it is
associated with neutrophil activation and synovial inflammation. However, the levels of anti-LL-37
antibodies in RA are lower compared to PsA, suggesting disease-specific differences in LL-37-
mediated immune modulation [20-22,33]. Similarly, in knee osteoarthritis (OA), LL-37 expression
appears to be primarily related to mechanical stress and low-grade inflammation. While anti-LL-37
antibodies have been detected in OA, their levels are generally low, indicating a limited role for
adaptive immune activation in this degenerative disorder [17,23].

The development of anti-LL-37 antibodies typically requires prolonged exposure to the peptide
in the context of chronic inflammation. These antibodies serve as markers of immune dysregulation
and impaired tolerance, reflecting a state of heightened autoimmune susceptibility. They are best
characterized in conditions such as psoriasis, PsA, and SLE [14,16,20-22]. The study of these
antibodies is therefore of clinic interest, as they may not only reflect disease activity but also
contribute to pathogenesis by neutralizing LL-37’s immunoregulatory functions.

Beyond its role in skin and joint diseases, LL-37 has been implicated in broader immunological
processes. It acts as an endogenous danger signal, modulating immune responses under
inflammatory conditions, including sepsis and systemic infections. LL-37’s ability to activate and
recruit immune cells, induce chemokines, and influence cytokine networks positions it as a key
regulator of inflammation and tissue homeostasis. Understanding its pleiotropic functions may
inform the development of novel therapeutic strategies targeting antimicrobial peptides or their
stable analogs in inflammatory and infectious diseases [24].

LL-37 exerts diverse biological effects, including pro- and anti-inflammatory actions, chemokine
induction, modulation of immune cell functions, and pro-apoptotic activity. It exhibits antimicrobial
properties against bacteria, fungi, and parasites and may contribute to carcinogenesis through
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modulation of the tumor microenvironment [25-28]. Mechanistically, LL-37 activates natural killer
(NK) cells and CD4+ type 1 T lymphocytes, promotes endothelial cell migration, facilitates
microthrombus formation, and enhances wound healing and re-epithelialization in vivo [29,30]. The
presence of anti-LL-37 antibodies could inhibit these protective immune responses, potentially
stabilizing pathological inflammation in rheumatic diseases [31].

Historical studies further support LL-37’s disease-specific roles. In PsA, early work (2018)
demonstrated LL-37’s pro-inflammatory function in psoriatic skin lesions and proposed its role as an
autoantigen for Th1-Th17/CD8+ T cells. Anti-LL-37 antibodies correlated with inflammatory
mediators in PsA but not in OA, suggesting their involvement in autoreactive T-cell activation and
sustained neutrophil-driven inflammation [32]. In RA, immunohistochemical analysis of synovial
biopsies (2012) revealed LL-37 expression near blood vessels and throughout inflamed tissue,
highlighting its potential contribution to synovial inflammation and immune cell recruitment [33].

Despite these insights, knowledge of LL-37 and anti-LL-37 antibodies in the local joint
microenvironment remains limited. Most studies have focused on circulating levels, leaving a gap in
understanding their synovial presence and clinical relevance. Investigating these antibodies in
synovial fluid may provide important clues about disease-specific immune mechanisms, help
distinguish inflammatory from degenerative arthropathies, and identify biomarkers with potential
prognostic or therapeutic value.

Aim of the Study

The present study aims to investigate anti-LL-37 antibodies in the synovial fluid of patients with
psoriatic arthritis, rheumatoid arthritis, and knee osteoarthritis. This work may inform the
development of diagnostic and therapeutic strategies targeting LL-37-mediated pathways in
inflammatory and degenerative joint diseases.

2. Materials and Methods
2.1. Study Design and Participants

This cross-sectional study enrolled 90 patients (35-65 years) and 30 age- and gender-matched
healthy controls from the University Rheumatology Clinics “St. George” and “Kaspela,” Plovdiv,
Bulgaria. Participants were classified according to ACP/EULAR criteria [34] into PsA (n=30), RA
(n=30), and knee osteoarthritis (GoA, n=30). Data were collected between March and November 2025.

Only patients with peripheral polyarticular asymmetric PsA were included, as this represented
the majority of cases during recruitment. Patients with other PsA subtypes were excluded due to
insufficient numbers for subgroup analysis. Inclusion criteria for PsA were: confirmed diagnosis with
synovial effusion, no prior biological therapy (TNF-a or IL-12/23, IL-17, IL-23 inhibitors), absence of
psychiatric comorbidities, and written informed consent. RA patients were included if they had
confirmed synovial effusion, were biologic-naive, and provided consent. GoA inclusion required =5
years of knee pain in patients >50 years, stiffness <30 min, crepitus, joint deformity/enlargement
without local warmth, radiographic osteophytes, ESR <40 mm/h, negative rheumatoid factor,
presence of effusion, and consent.

Exclusion criteria across all groups included refusal to participate, diagnosis of a rheumatic
disease other than PsA, RA, or GoA, current or previous biologic therapy, decompensated
cardiovascular, pulmonary, or renal disease, and hematologic disorders.

2.2. Ethical Approval

The study complied with the Declaration of Helsinki (1964) and its revised version (Edinburgh,
2000). All procedures—including patient data analysis, blood collection, synovial fluid aspiration,
and informed consent—were approved by the Ethics Committee of the Medical University of Plovdiv
(Protocol No. 5/5.04.2025). The study was conducted under Project No. NO-07/2025.
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2.3. Sample Size Calculation

the EPITOOLS
(https://epitools.ausvet.com.au/casecontrols) with a=0.05 and 95% CI. A total of 120 participants were

Sample size was determined using calculator

required: 60 inflammatory joint disease patients (PsA+RA), 30 GoA patients, and 30 healthy controls,
maintaining a 2:1 ratio between inflammatory and degenerative groups.

2.4. Synovial Fluid Collection

Arthrocentesis was performed under ultrasound guidance by an experienced rheumatologist,
strictly adhering to antiseptic protocols. Only the knee joint was aspirated, yielding 10-15 mL of clear,
pale yellow synovial fluid with good viscosity. Samples were examined for crystals using polarized
light microscopy; patients with crystals were excluded.

2.5. Biomarker Measurement by ELISA

Synovial fluid samples were centrifuged at 3,000 rpm for 10 min and stored at —80°C until
analysis. Concentrations of IL-1f3 (ng/mL), IL-6 (pg/mL), IL-23 (pg/mL), and anti-LL-37 antibodies
were measured using ELISA (eBioscience, San Diego, CA, USA) according to manufacturer
instructions. Measurements were performed in duplicate, and mean values were used for analysis.
Intra- and inter-assay coefficients of variation were <10%. Standard curves and quality control
samples were included on each plate. Values below the detection limit were assigned half the
minimum detectable concentration.

2.6. Statistical Analysis

Data were analyzed using SPSS v26 (IBM Corp., Armonk, NY, USA) and Excel 2019. Normality
was assessed prior to analysis. Comparative analyses included chi-square tests, one-way ANOVA,
and post hoc LSD tests. Pearson correlation coefficients were used for normally distributed variables.
ROC curve analysis evaluated the discriminative capacity of anti-LL-37 antibodies between groups,
with AUC values of 0.7-0.8 indicating acceptable diagnostic accuracy. All tests were two-tailed;
p<0.05 was considered statistically significant. Graphical representations were generated in SPSS.

3. Results

The mean age of participants was 47.78 + 5.65 years in the PsA group, 46.41 + 6.31 years in the
RA group, 48.81 + 5.11 years in the GoA group, and 46.54 + 6.54 years in the healthy control group.
One-way ANOVA analysis revealed no statistically significant difference in age between the groups
(p=0.741).

Key demographic and clinical characteristics of the study participants are summarized in Table

1.
Table 1. Baseline demographic and clinical characteristics.
PsA RA GoA Controls P
Parameter
(n=30) (n=30) (n=30) (n=30) Value

Disease duration,

11.1 (9.1-12.9) |[10.9 (7.2-10.3) 9.1 (7.4-12.1) — NS
years
Hemoglobin, g/l [|120.9 (101-162) [|134.2 (104-149) |[130.3 (105-143) |132.6 (115-156)|INS
Leukocytes, x10°/L (|7.91 (4.3-10.6) {|6.90 (4.24-9.62) (8.1 (4.56-10.8) 7.63 (4.5-8.2) |INS
CRP, mg/L 32.4 (10-124) ||47.9 (11-136) 17.1 (10.1-21.4) |8.2 (4.8-10.4) |[<0.01*
ESR, mm/h 44.9 (15-38) 52.9 (19-74) 12.3 (9-34) 11.3 (6-15) <0.01*
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BMI, kg/m? 36.8 (26.4-42.5) |[27.9 (23.1-29.3) ||35.1 (25.5-39.6) ||25.2 (23.7-25.4)||<0.01*
Methotrexate use (|26 (72.2%) 19 (63.3%) - - —
Leflunomide use (|10 (27.8%) 11 (36.6%) — — —
>1 comorbidity 22 (61.1%) 14 (33.3%) 14 (33.3%) — <0.01*

Values are presented as mean + SD or median (IQR), as appropriate. * Statistically significant difference between

PsA and both comparison groups.

Analysis of cytokine concentrations in synovial fluid revealed significant differences between
the study groups. Mean + standard deviation (SD) levels of IL-13 and IL-6 were highest in RA
patients, followed by PsA, GoA, and healthy controls (p < 0.01).

Mean + SD levels of IL-23 and anti-LL-37 antibodies were highest in PsA patients, followed by
RA, GoA, and healthy controls (p <0.01) (Table 2).

Table 2. Immunological parameters measured in synovial fluid of study participants.

PsA RA GoA Controls P
Parameter
(n=30) (n =30) (n=30) (n=30) Value
IL-1B pg/ml 1.46+1.8 45.6+2.4 0.09+0.1 0.01+0.1 <0.01
11-6 pg/ml 27.449.8 49.6+9.7 15.1+6.2 2.01+0.2 <0.01
IL-23 pg/ml 171.09+9.45 109.00+101.70 17.56+7.07 7.0+2.76 <0.01
anti-LL37 pg/ml 4.06+1.53 1.16+0.48 0.6+0.1 0.03+0.2 <0.01

3.1. Anti-LL-37 Antibody Levels and Correlation Analysis

A detailed comparative analysis of anti-LL-37 levels (pg/mL) across the study groups, using the
least significant difference (LSD) test, revealed statistically significant differences between specific
pairwise comparisons. The mean difference in anti-LL-37 levels between PsA and RA patients was
0.01765 (p =0.001), between PsA and GoA patients 0.01329 (p = 0.001), and between PsA and healthy
controls 0.01198 (p = 0.001). No significant difference was observed between GoA patients and
healthy controls (p = 0.804).

A strong positive correlation was identified between IL-1p, IL-6, IL-23 levels and anti-LL-37
concentrations in both PsA and RA patients (Table 3).

Table 3. Correlation between synovial fluid biomarkers in PsA, RA, and GoA/healthy control groups.

Parameters Patients with PsA (n = 30) Patients with RA(n = 30)
r p-value

IL-1p and anti-LL37 pg/ml 0.855** 0.000 0.644** 0.000

IL-6 and anti-LL37 pg/ml 0.027 0.784 0.357** 0.007

IL-23and anti-LL37 pg/ml 0.962** 0.000 0.931** 0.000

r=Pearson correlation; ** significant (p<0.05).

3.2. Diagnostic Performance of Anti-LL-37 Antibodies

The diagnostic performance of anti-LL-37 levels in distinguishing between study groups was
evaluated using receiver operating characteristic (ROC) curve analysis:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e In PsA patients, the area under the curve (AUC) was 0.736, indicating reasonable diagnostic
accuracy in differentiating PsA from healthy controls. The AUC was statistically significant (p <
0.001) with a 95% confidence interval (CI) of 0.549-0.924.

e In GoA patients, the AUC was 0.484, suggesting limited diagnostic utility of the biomarker in
distinguishing GoA from controls. The AUC was statistically significant (p < 0.001) with a 95%
CI of 0.257-0.711.

e In RA patients, the AUC was 0.479, also indicating limited diagnostic value for differentiating
RA from healthy controls. The AUC was statistically significant (p < 0.001) with a 95% CI of
0.337-0.769 (Table 4).

Table 4. Diagnostic validity of anti-LL-37 levels for differentiating PsA, GoA, and RA patients from healthy
controls.

Area Under the Curve

Asymptotic 95%
Confidence Interval
Variables Area 1SE p-value Lower bound Upper bound
Anti-LL37 in PsA 736 .096 0.000 .096 .096
Anti-LL37 in GoA 484 116 0.034 116 116
Anti-LL37 in RA 479 112 0.039 112 112

All reported differences and correlations were statistically significant (p < 0.05).

ROC Curve

Source of the
Curve

—PsA

— GoA

——RA
Controls
Reference Line

Sensitivity

‘00 02 04 06 08 10

1 - Specificity

Figure 1. ROC curves for examined anti-LL37 to differentiate between patients witt PsA and control, GoA and

control, and RA and control.

4. Discussion

The present study provides novel evidence supporting a disease-specific role of anti-LL-37
antibodies in the synovial microenvironment of inflammatory arthritides, with a particular emphasis
on psoriatic arthritis (PsA). By directly analyzing synovial fluid rather than systemic circulation, our
results offer mechanistic insights into local immune dysregulation at the site of joint inflammation
[28-31].

The most prominent finding is the significantly elevated concentration of anti-LL-37 antibodies
in the synovial fluid of PsA patients compared with rtheumatoid arthritis (RA), knee osteoarthritis
(GoA), and healthy controls. This observation aligns with accumulating evidence identifying LL-37
as a bona fide autoantigen in psoriasis and PsA, capable of breaking immune tolerance and
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perpetuating chronic inflammation through Th1/Th17-driven pathways. The markedly higher
synovial levels of anti-LL-37 antibodies in PsA suggest an active, localized autoimmune response
rather than passive diffusion from the circulation [13,17].

Mechanistically, LL-37 has been shown to form complexes with self-DNA and RNA, facilitating
their uptake by plasmacytoid and myeloid dendritic cells and triggering Toll-like receptor (TLR)
signaling. This process leads to sustained production of IL-23, a pivotal cytokine in PsA pathogenesis.
The exceptionally strong correlation between anti-LL-37 antibodies and IL-23 levels observed in our
PsA cohort strongly supports the involvement of the LL-37-IL-23/Th17 axis in maintaining synovial
inflammation. These findings suggest that anti-LL-37 antibodies may not merely represent
epiphenomena but may actively participate in immune amplification loops within the joint [4,13].

All authors agree that LL-37 has attracted considerable research attention over the past decade
due to its broad-spectrum immunomodulatory and antimicrobial activity. Despite extensive study,
many questions regarding its efficacy and safety in vivo remain unanswered. LL-37 may offer new
avenues for the prevention and treatment of certain carcinomas and persistent infections. Conversely,
targeting or blocking LL-37 could potentially have therapeutic benefits in PsA that is resistant to
conventional anti-cytokine therapies. In recent years, there has been a persistent search for novel
biomolecules that could help differentiate PsA from rheumatoid arthritis (RA) and degenerative joint
diseases, as well as for innovative therapeutic options for rheumatologic conditions.

Our findings are consistent with those reported by Frasca et al. According to Frasca, antibodies
against LL-37 correlate with clinical inflammatory markers in PsA. Specifically, antibodies to
carbamylated or citrullinated LL-37 are present in synovial fluid and plasma from PsA patients, and
to a lesser extent in plasma from patients with psoriasis, but are absent in healthy controls [32].
Moreover, plasma antibodies to carbamylated LL-37 correlate with PsA disease activity, as measured
by DAS44, but do not correlate with psoriasis disease activity (PASI). Elevated levels of anti-LL-37
antibodies were observed in PsA patients but not in synovial tissues or synovial fluid of patients with
osteoarthritis. These findings suggest that LL-37 may serve as a novel autoantigenic target in PsA,
and that anti-LL-37 antibodies may play a role in the pathogenesis of the disease [32].

In 2019 Tianfu Wu et al. developed a system of typical autoantigens in rheumatic diseases.
According to the authors, IgG autoantibodies against two new antigens, one of which is LL37, are
significantly increased in patients with psoriasis and psoriatic arthritis, respectively, compared to
healthy controls, which is why the authors assume that LL37 may be involved in the pathogenesis of
psoriatic arthritis [36]. Tianfu Wu and co-authors conclude that these autoantibodies may be useful
biomarkers and indicative of therapeutic targets for psoriasis and psoriatic arthritis [36].

2021 O'Neil et al. found that elevated levels of cathelicidin LL37 have been documented in the
synovium of patients with RA, but the cellular source remains unclear [20]. They studied anti-carLL37
antibodies in synovial fluid from people with RA and found that elevated levels of carLL37 were
found in plasma and synovial fluid from patients with RA compared to healthy controls and that
they correlated with radiological findings of bone erosion in the hands and feet of patients with RA.
According to the authors, CarLL37-IgG immune complexes enhance the ability of monocytes to
differentiate into osteoclasts and potentiate osteoclast-mediated extracellular matrix resorption [20].
A shortcoming of this study is that the authors did not compare the results of RA patients with those
of other rheumatological diseases such as PsA or gonarthrosis, as we did in our study.

In contrast, patients with RA exhibited significantly lower synovial levels of anti-LL-37
antibodies despite markedly elevated concentrations of IL-1p and IL-6. This dissociation indicates
that, although LL-37 is present in RA synovium and contributes to neutrophil activation and innate
immune responses, it is less likely to function as a dominant autoantigen in RA. Instead, RA appears
to be characterized by broader, less antigen-specific inflammatory cascades driven predominantly by
classical pro-inflammatory cytokines. Our findings are consistent with previous reports describing
anti-LL-37 antibodies in RA at substantially lower levels than in PsA.

In patients with GoA, synovial anti-LL-37 antibody levels were low and comparable to those of
healthy controls, reinforcing the concept that LL-37 plays a limited role in degenerative joint disease.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this context, LL-37 is more likely associated with mechanical stress, low-grade innate immune
activation, and tissue remodeling rather than adaptive autoimmunity. The absence of a significant
autoimmune response against LL-37 further differentiates GoA from inflammatory arthritides at the
molecular level.

The ROC curve analysis demonstrated moderate diagnostic accuracy of synovial anti-LL-37
antibodies for distinguishing PsA from healthy controls, while showing poor discriminatory value in
RA and GoA. These findings highlight the potential utility of anti-LL-37 antibodies as an adjunctive
biomarker in PsA, particularly in challenging differential diagnostic scenarios. However, their
limited performance in RA and GoA underscores the disease-specific nature of LL-37-driven
autoimmunity.

Several limitations should be acknowledged. The cross-sectional design precludes assessment
of temporal relationships and treatment-related dynamics of anti-LL-37 antibodies. Additionally, the
relatively small sample size and restriction to peripheral polyarticular PsA may limit generalizability.
Nevertheless, the study’s major strength lies in its focus on the synovial compartment, providing
direct insight into local immune mechanisms rather than relying solely on systemic biomarkers.

In conclusion, our findings support a central pathogenic role for LL-37 and anti-LL-37 antibodies
in PsA, closely linked to IL-23—-mediated immune activation within the joint. These data reinforce the
concept of PsA as a disease driven by antigen-specific autoimmune responses at the interface of
innate and adaptive immunity. Future longitudinal and multicenter studies are warranted to explore
the prognostic value of anti-LL-37 antibodies and to evaluate their potential as therapeutic targets in
psoriatic arthritis.
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