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Background: Neutrophils (polymorphonuclear leukocytes, PMNs) are the most
abundant subtype of white blood cells and are among the main actors in the
inflammatory response. Psoriatic arthritis (PsA) is a chronic inflammatory disease
affecting both the axial and peripheral joints. Typically associated with psoriasis,
PsA can also affect multiple systems and organs, including the nails and entheses.
Despite the involvement of PMNSs in PsA, their specific role in the disease remains
poorly understood. This study aimed to characterize the biological functions of
PMNs and neutrophil-related mediators in PsA patients.

Materials and methods: 31 PsA patients and 22 healthy controls (HCs) were
prospectively recruited. PMNs were isolated from peripheral blood and subjected
to in vitro stimulation with lipopolysaccharide (LPS), N-Formylmethionyl-leucyl-
phenylalanine (fMLP), tumor necrosis factor (TNF), phorbol 12-myristate 13-
acetate (PMA), or control medium. Highly purified peripheral blood PMNs
(>99%) were evaluated for activation status, reactive oxygen species (ROS)
production, phagocytic activity, granular enzyme and neutrophil extracellular
traps (NETs) release. Serum levels of matrix metalloproteinase-9 (MMP-9),
myeloperoxidase (MPO), TNF, interleukin 23 (IL-23), and interleukin 17 (IL-17)
were measured by ELISA. Serum Citrullinated histone H3 (CitH3) was measured
as a NET biomarker.

Abbreviations: AUC, Area Under Curve; BMI, Body Mass Index; CASPAR, ClASsification criteria for
Psoriatic ARthritis; CitH3, Citrullinated Histone H3; DAPSA, Disease Activity in PSoriatic Arthritis;
DMARDs, Disease-Modifying AntiRheumatic Drugs; DCF, 2,7’ Dichlorofluorescein; dsDNA, Double
Stranded DNA; fMLP, N-Formylmethionyl-leucyl-phenylalanine; FMO, Fluorescence Minus One; GCP,
Good Clinical Practice; HC, Healthy Control; H,DCF-DA 2’,7’-Dichlorodihydrofluorescein Diacetate; IBD,
Inflammatory Bowel Disease; LPS, Lipopolysaccharide; MFI, Median Fluorescence Intensity; MPO,
Myeloperoxidase; MMP-9, Matrix Metalloproteinase 9; NE, Neutrophil Elastase; NETs, Neutrophil
Extracellular Traps; PASI, Psoriasis Area Severity Index; PMA, Phorbol 12-myristate 13-acetate; PMNs,
Polymorphonuclear Leukocytes; PsA, Psoriatic Arthritis; PsO, Psoriasis; RA, Rheumatoid Arthritis; ROS,
Reactive Oxygen Species; TLR4, Toll-like Receptor 4; TNF, Tumor Necrosis Factor.
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Results: Activated PMNs from PsA patients displayed reduced activation, decreased
ROS production, and impaired phagocytic activity upon stimulation with TNF,
compared to HCs. PMNs from PsA patients also displayed reduced granular
enzyme (MPO) and NET release. Serum analyses revealed elevated levels of MMP-
9, MPO, TNF, IL-23, IL-17, and CitH3 in PsA patients compared to HCs. Serum CitH3
levels positively correlated with MPO and TNF concentrations, and IL-17
concentrations were positively correlated with IL-23 levels in PsA patients. These
findings indicate that PMNs from PsA patients show reduced in vitro activation and
function, and an increased presence of neutrophil-derived mediators (MMP-9, MPO,
TNF, IL-23, IL-17, and CitH3) in their serum.

Conclusions: Taken together, our findings suggest that PMNs from PsA patients
exhibit an “exhausted” phenotype, highlighting their plasticity and multifaceted roles

in PsA pathophysiology.
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Introduction

Psoriatic arthritis (PsA) is a heterogeneous, chronic, immune-
mediated disease characterized by inflammation of the musculoskeletal
system, including arthritis, enthesitis, spondylitis, and dactylitis. It
commonly occurs in patients with psoriasis (PsO), with
approximately 30% of PsO patients developing PsA (1). PsO
typically precedes the onset of arthritis by an average of 10 years;
however, in 15% of cases, arthritis and psoriasis occur simultaneously
or arthritis precedes the skin manifestations (2). Moreover, around 15%
of PsO patients have undiagnosed PsA (3). PsA can also be associated
with uveitis, inflammatory bowel disease (IBD), cardiovascular disease,
metabolic syndrome, obesity, diabetes mellitus, dyslipidemia,
osteoporosis, and depression (4).

The pathogenesis of PsA is complex and multifaceted, consisting of
an interplay between genetic predisposition, environmental triggers,
and activation of the innate and adaptive immune response,
culminating in inflammatory processes (5). Cytokines such as IL-17,
IL-23, and TNF are major players in PsA, promoting the activation of
endothelial cells, macrophages, fibroblasts, keratinocytes, dendritic
cells, epithelial cells, chondrocytes, osteoclasts, and osteoblasts. Innate
immune cells play a pivotal role in the pathogenesis of inflammatory
arthritis, orchestrating the inflammatory cascade and its resolution at
various levels (6, 7). The activation of immune cells leads to synovitis,
enthesitis, erosions, and lesions in articular cartilage and skin (1).

Polymorphonuclear neutrophils (PMNs) contribute to the
pathogenesis of PsA, although their role has not yet been fully
described (8, 9). PMNs are present in typical psoriatic lesions,
particularly in the epidermis, where they accumulate in Munro’s
microabscesses (MMs) in the stratum corneum (10). In addition,
recent studies have shown that psoriatic PMNs participate in both
the initiation and maintenance phases of disease pathogenesis through
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the release of granular components, neutrophil extracellular traps
(NETs), and the induction of oxidative stress (11). PMNs from
patients with severe psoriasis display higher surface expression of
CD66b and CD11b, and lower expression of CD62L compared to
patients with moderate psoriasis and healthy controls (HCs)—an effect
that is reversed by biological therapy (12).

In addition to the release of granular enzymes, phagocytosis, and
the production of reactive oxygen species (ROS), PMNs release NET's
to kill microorganisms (13). NETs are composed of nuclear molecules
(DNA and histones) and granular enzymes, such as neutrophil elastase
(NE), myeloperoxidase (MPO), pentraxin-3 (PTX3), and are released
by activated PMNs in response to various immunological and non-
immunological stimuli, including bacteria (14), fungi (15), and viruses
(16, 17). NETSs can also serve as a source of autoantigens, potentially
contributing to the development of autoimmune diseases, including
PsA (9, 18).

In this study, we aimed to evaluate PMNs and NETs in PsA
patients. To this end, we conducted an ex vivo evaluation of the
activation status, phagocytic activity, ROS production, and release of
granular enzymes and NETs from highly purified peripheral blood
PMNs from PsA patients compared to HCs. Additionally, we
measured the circulating levels of soluble neutrophil-related
mediators and NET-derived biomarkers in PsA patients and HCs.

Materials and methods
Patient recruitment
In this study, 31 PsA patients and 22 HCs, matched for sex and

age, were recruited at the Division of Clinical Immunology and
Internal Medicine of the University of Naples Federico II (Naples,
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Italy). The study was conducted in accordance with Good Clinical
Practice (GCP) guidelines and adhered to the Declaration of
Helsinki. Written informed consent was obtained from all
participants. Patients were eligible for enrollment in the study if
they were aged 18-70 years and had a diagnosis of PsA according to
ClASsification criteria for Psoriatic ARthritis (CASPAR) criteria:
evidence of psoriasis (or family history of psoriasis), possible
psoriatic nail dystrophy, negative test for rheumatoid factor,
dactylitis (current or previous history), and radiological evidence
of juxta-articular new bone formation. The main exclusion criteria
comprised other autoimmune diseases, infections, and
malignancies. Peripheral blood samples were collected at the
Center for Basic and Clinical Immunology Research (CISI) at the
University of Naples Federico II and were immediately processed.
Serum samples were obtained by centrifugation (+4°C, 400xg, 20
min) and stored at -80°C until use.

Neutrophil purification and culture

The study procedure, involving the use of human blood cells,
was approved by the Ethics Committee of the University of Naples
Federico II (approval no. 194/2023). Leukocytes from peripheral
blood samples of PsA patients and HCs were isolated from
erythrocytes using HetaSep " Solution (StemCell Technologies,
Vancouver, Canada). PMNs were further purified by density
gradient centrifugation using LymphoprepTM (StemCell
Technologies, Vancouver, Canada) at 400xg for 20 min at +22°C.
To achieve >99% purity, PMNs were isolated from granulocytes
through negative selection using the EasySep Neutrophil
Enrichment Kit (StemCell Technologies, Vancouver, Canada)
(19). Purity (>99% PMNs) was confirmed by flow cytometric
analysis using the following antibodies: anti-CD3, anti-CD14,
anti-CD15, anti-CD11b, anti-CD193 (Miltenyi Biotec, Bergisch
Gladbach, Germany), anti-CD62L (L-selectin; BD Biosciences,
San Jose, CA, USA), and anti-CD66b (BioLegend, San Diego, CA,
USA). Samples were analyzed on the MACSQuant Analyzer 10
(Miltenyi Biotec, Bergisch Gladbach, Germany) and data were
processed using FlowJo software (v.10). Dead cells, doublets,
debris, and eosinophils were excluded from the analysis.
Representative flow cytometric panels and the complete gating
strategy used to verify PMN purity are illustrated in
Supplementary Figure 1. Data are expressed as the percentage of
positive cells (20).

Flow cytometry

PMNs were maintained in RPMI supplemented with 10% of
fetal bovine serum (FBS; Euroclone, Milan, Italy) and antibiotics at
+37°C for 30 min, then were washed with phosphate-buffered saline
(PBS). After washing, cells were stimulated with LPS (100 ng/mL),
fMLP (1 uM), TNF (10 ng/mL), PMA (10 ng/mL), and/or control
medium (RPMI 1640 medium with 5% FBS; Euroclone, Milan,
Italy) as a negative control for 60 min at +37°C. Subsequently, 1.5 x
10° cells were seeded in a 96-well plate (Thermo Fisher Scientific,
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Waltham, MA, USA) and incubated with Zombie Violet dye
(BioLegend, San Diego, CA, USA) for 20 minutes at +4°C to
evaluate cell viability. Following incubation, the cells were stained
for 20 minutes at +4°C in PBS containing 1% FBS with the following
antibodies: allophycocyanin (APC)-conjugated anti-CD66b (clone
REA306, dilution 1:50; Miltenyi Biotec, Bergisch Gladbach,
Germany), VioBlue-conjugated anti-CD193 (CCR3) (clone
REA574, 1:10; Miltenyi Biotec, Bergisch Gladbach, Germany),
peridinin chlorophyll protein (PerCP)-conjugated anti-CD11b
(clone REA713, dilution 1:50; Miltenyi Biotec, Bergisch Gladbach,
Germany), and fluorescein isothiocyanate (FITC)-conjugated anti-
CD62L (clone 145/15, dilution 1:50; Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells were acquired using a MACS Quant
Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and
analyzed with FlowJo software (v.10). Doublets and debris were
excluded based on forward and side scatter properties, dead cells
were excluded using the Zombie Violet Fixable Viability Kit
(BioLegend, San Diego, CA, USA, and eosinophils were excluded
based on the CCR3 exclusion gate. All experiments were performed
in duplicate.

Cytometric analytical strategy

The flow cytometry gating strategy used to identify PMNs from
peripheral blood samples of HCs and PsA patients was based on their
size and granularity. Flow cytometric panels were gated on live single
cells, displaying forward scatter (FSC) and side scatter (SSC) for
EasySep-purified untouched PMNs. VioBlue-positive cells, which
included both dead cells and CCR3-positive cells (eosinophils),
were excluded based on a negative gate. Mean Fluorescence
Intensity (MFI) measurements of CD66b, CD11b, and CD62L were
used to assess the brightness and the abundance of these antigens on
the surface of PMNs from HCs and PsA patients. Fluorescence Minus
One (FMO) controls included: an unstained sample; a sample with
Zombie Violet dye only (BioLegend, San Diego, CA, USA); a sample
with APC-conjugated anti-CD66b and VioBlue-conjugated anti-
CD193 (CCR3) monoclonal antibodies (Miltenyi Biotec, Bergisch
Gladbach, Germany); a sample with anti-CD66b, anti-CD193, and
PerCP-conjugated anti-CD11b monoclonal antibodies (Miltenyi
Biotec, Bergisch Gladbach, Germany); and a sample stained with
anti-CD66b, anti-CD193, anti-CD11b and FITC-conjugated anti-
CD62L monoclonal antibodies (Miltenyi Biotec, Bergisch Gladbach,
Germany). Representative flow cytometric panels illustrating the
complete gating strategy for HCs and PsA patients are shown in
Figures 1G-1.

ROS production

PMNs (2 x 10° cells/mL) were resuspended in RPMI 1640
medium supplemented with 10% FBS and antibiotics for 30 min at
+37°C. Following incubation, cells were washed with PBS and
incubated for 30 min with 2°,7’-dichlorodihydrofluorescein
diacetate (H,DCF-DA; 10 pg/mL; Life Technologies, Carlsbad,
CA, USA). PMNs were then washed with PBS and resuspended

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1448560
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Modestino et al.

in RPMI with 5% FBS and various immunologic [LPS (100 ng/mL;
SigmaAldrich, Milan, Italy), fMLP (1 uM; SigmaAldrich, Milan,
Italy), or TNF (10 ng/mL; Miltenyi Biotec, Bergisch Gladbach,
Germany)] or non-immunologic [phorbol 12-myristate 13-acetate
(PMA; 10 ng/mL; SigmaAldrich, Milan, Italy)] stimuli. Cells were
immediately analyzed in a 96-well plate and using an EnSpire
Multimode Plate Reader (Perkin Elmer, Waltham, MA, USA).
The MFI of DCF was measured at an excitation wavelength of

10.3389/fimmu.2024.1448560

492-495 nm and an emission wavelength of 517-527 nm. All
experiments were conducted in duplicate.

Neutrophil phagocytic activity

To assess phagocytosis, 1.5 x 10° PMNs were seeded into 96-
well plate (Thermo Fisher Scientific, Waltham, MA, USA) and
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FIGURE 1

MFI

PMNs from peripheral blood of PsA patients (PsA Pts, red borders) and HCs (HCs, black borders), freshly isolated (A—C) and/or stimulated with TNF
(10 ng/mL) (D—F) for 60 min at +37 °C. Cells were stained for the neutrophil activation markers CD62L (A, D, J), CD66b (B, E, K), and CD11b (C, F, L),
then subjected to cytofluorimetric analysis. Each data point in panels (A—F) represents one patient (PsA Pts) or one healthy control (HC). Mean
fluorescence intensity (MFI) of CD62L, CD66b, and CD11b was calculated and normalized to non-stimulated cells (control medium). Results are
presented as raw MFI (A—C) or percentage increase versus control (D—F) (mean + SEM); *p < 0.05; ***p < 0.005, analyzed by Student's-t-test or
Mann-Whitney U test, depending on the distribution of the data. (G—I) Representative flow cytometric panels gated on live single cells, depicting
forward (FSC) and side scatter (SSC) of EasySep-purified untouched PMNs (G, H). Cells positive for VioBlue include both dead cells and CCR3 cells
(eosinophils), were excluded using a negative gate (l). Representative histograms illustrating MFI and cell count for CD62L (J), CD66b (K), and CD11b
(L) on peripheral blood PMNs from HCs and PsA patients (PsA Pts), both non-stimulated (CTRL) and stimulated with TNF. MFI, Mean fluorescence

intensity; FMO, Fluorescence minus one.
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stimulated with PMA (10 ng/mL), LPS (100 ng/mL), fMLP (1 uM),
TNF (10 ng/mL), or control medium (RPMI 1640 medium with 5%
FBS; Euroclone, Milan, Italy) as negative control for 60 min at +37°
C. Following stimulation, cells were washed with PBS, resuspended
in RPMI 1640 medium supplemented with 5% FBS, and incubated
with pHrodo' Green E. coli BioParticles® conjugate (100 pg/mL;
Life Technologies, Carlsbad, CA, USA) for 60 min at +37°C in the
presence of cytochalasin B (10 uM; SigmaAldrich, Milan, Italy) to
inhibit phagocytosis. Phagocytosis was evaluated by acquiring
samples on the MACS Quant Analyzer 10 (Miltenyi Biotec,
Bergisch Gladbach, Germany) and data were analyzed by FlowJo
software (v.10). All experiments were performed in duplicate.

Quantification of neutrophil-
related mediators

The concentrations of MMP-9, MPO, TNF, IL-17, and IL-23, in
cell-free conditioned media (CM) and patient sera were determined
using commercially available ELISA kits (R&D Systems,
Minneapolis, MN, USA). The absorbance of the samples was
measured at 450 nm using a microplate reader (Tecan, Grodig,
Austria). The ELISA detection ranges were 31.2 to 2000 pg/mL
(MMP-9), 62.5 to 4000 pg/mL (MPO), 15.6 to 1000 pg/mL (TNF
and IL-17), and 125.0 to 8000 pg/mL (IL-23). Data analysis was
performed using Microsoft Excel 2019 software (Microsoft
Corporation, Redmond, WA, USA), with subsequent statistical
analysis conducted using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA, USA). All experiments were performed in duplicate.

Quantification of NET biomarkers in cell-
free supernatant

Free DNA (dsDNA), a marker for NET formation (21, 22), was
measured using a Quant—iTTM PicoGreen dsDNA Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The concentration of MPO-DNA
complexes in PMN supernatants from PsA patients and HCs was
measured as previously described (23). Briefly, 96-well microplates
(Thermo Fisher Scientific, Waltham, MA, USA) were coated
overnight at +4°C with the monoclonal mouse anti-human MPO
antibody (5 mg/mL; Bio-Rad, CA, USA) diluted in PBS. After
blocking with 1% bovine serum albumin (BSA) in PBS, samples
and then anti-DNA-POD antibodies from the Cell Death Detection
ELISA kit (Roche, Basel, Swiss) were added sequentially to the wells
and incubated for 2 hours each at +22°C. Following incubation,
substrate solution from the Cell Death Detection ELISA kit (Roche,
Basel, Swiss) was added, and absorbance was measured at 405 nm
using a microplate reader (Tecan, Grédig, Austria, GmbH). PMNs
(1.5 x 10° cells) were seeded in a 96-well plate and stimulated with
LPS (100 ng/mL), fMLP (1 uM), TNF (10 ng/mL), PMA (10 ng/mL)
or control medium (RPMI 1640 medium with 5% FBS; Euroclone,
Milan, Italy), for 60 min at +37°C. Supernatants from stimulated
PMNs were collected after 60 min and stored at -80°C until analysis.
The absorbance of dsDNA was measured with an excitation
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wavelength of 480 nm and an emission wavelength of 520 nm
using the EnSpire Multimode Plate Reader (Perkin Elmer,
Waltham, MA, USA). MPO-DNA complex absorbance was
measured at 405 nm with a microplate reader (Tecan, Grodig,
Austria). The ELISA sensitivity range for dsDNA was 25 pg/mL-
1000 ng/mL. All experiments were performed in duplicate.

Serum NET biomarker detection

The concentration of CitH3, a specific NET biomarker (24), was
measured in the sera of PsA patients and HCs using an ELISA kit
from Cayman Chemicals (Ann Arbor, MI, USA) according to the
manufacturer’s instructions. This assay employed a specific
monoclonal antibody for histone H3 citrullinated at residue R2,
RS, and R17 (clone 11D3). Absorbance at 450 nm was determined
using a microplate reader (Tecan, Grodig, Austria). The ELISA
sensitivity range was 0.15-10 ng/mL. All experiments were
performed in duplicate.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). Results are presented as
mean + SEM of the specified number of experiments. Data
normality was assessed using the D’Agostino & Pearson
normality test. If data were normally distributed at a 0.05
significance level, parametric tests were applied. For non-
normally distributed data, nonparametric tests were used. Group
comparisons were made using Student’s t-test or Mann-Whitney
U test, depending on the parametric or nonparametric
distribution of the continuous variables. Repeated measures
one-way or two-way ANOVA were used where appropriate, as
described in the figure legends. Correlations between two variables
were assessed using Pearson and/or Spearman rank correlation
analysis and reported as the coefficient of correlation (r).
Statistical significance was set at p < 0.05.

Results
Patients

In this study, 31 PsA patients and 22 HCs, matched for sex and
age, were recruited at the Division of Allergy and Clinical
Immunology of the University of Naples Federico II (Naples,
Italy). Eligible patients were aged 18-70 years and had a diagnosis
of PsA according to the ClASsification criteria for Psoriatic
ARthritis (CASPAR). All patients presented with peripheral joint
involvement, and 32.3% (10/31) also exhibited radiologically
evident axial involvement. Of the 31 patients, 87.1% displayed
cutaneous psoriasis (27/31), and 71% (22/31) had onychopathy.
Among the enrolled patients, 45.2% were treatment-naive, 22.6%
were receiving low-dose oral corticosteroids (OCS), with or without
disease-modifying antirheumatic drugs (DMARDs), and 29% were
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on DMARD therapy (methotrexate). One patient was on a
combination of methotrexate and biological therapy
(adalimumab). The main clinicopathological features of PsA
patients and HCs are summarized in Table 1.

Neutrophil activation in PsA patients

To determine the activation status of PMNs in PsA patients, we
utilized flow cytometry to evaluate the expression of three activation
markers: CD66b, CD11b, and CD62L (L-selectin) (25-28). The
mean absolute number of peripheral blood neutrophils in PsA
patients was found to be within the normal range (4561 cells/mL +
1896 cells/mL). Freshly isolated PMNs and those stimulated with
PMA (positive control), LPS, fMLP, TNF, or control medium, were
stained with antibodies against CD62L, CD66b, and CD11b, then
analyzed by flow cytometry (27). Freshly isolated PMNs from PsA
patients showed lower expression of CD62L compared to PMNs
from HCs (Figures 1A, J). No differences were observed in CD66b
and CDI11b expression (Figures 1B-C, K-L). Interestingly, after
incubation with TNF, PMNs purified from PsA patients reduced
CD62L expression, but to a lesser extent compared to HCs
(Figures 1D, J). Similar results were obtained under LPS and
fMLP stimulation (Supplementary Figure 2C-D). No difference in
CD62L expression was detected when PMNs of HCs and PsA
patients were treated with control medium or PMA (Supplementary
Figure 2A, B). In basal conditions, PMNs from both HCs and PsA
patients showed minimal expression of CD66b and CD11b, which
rapidly increased after incubation with TNF compared to control
medium. However, under TNF stimulation, PMNs from PsA
patients increased CD66b and CD11b expression to a lesser
extent compared to HCs (Figures 1E-F, K-L). In contrast, no
significant difference was found between PsA patients and HCs in
the expression of CD66b and CD11b after stimulation with control
medium, PMA, LPS, and fMLP (Supplementary Figure 2E-L).
Collectively these data indicate that freshly isolated PMNs in PsA
patients are activated compared to their HC counterparts and,
selectively under TNF stimulation, PMNs undergo activation
(CD66b and CD11b upregulation and CD62L downregulation) to
a lesser extent compared to PMNs purified from HCs.

ROS production and phagocytic activity of
PMNs in PsA patients

To investigate ROS production, PMNs from PsA patients and
HCs were stimulated with PMA, LPS, fMLP, and TNE, then
subjected to an H,DCF-DA ROS detection assay. No significant
difference in ROS production was observed between patients and
HCs in the control medium (Supplementary Figure 3A). However,
under TNF stimulation, PMNs isolated from PsA patients exhibited
increased ROS production, although to a lesser extent compared to
PMNs from HCs (Figure 2A). Similar trends were observed with
LPS and fMLP stimulation (Supplementary Figures 3C-D).
Following TNF stimulation, ROS production in PMNs from PsA
patients and HCs became evident after 20 minutes, whereas LPS
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and fMLP-induced ROS production was detectable after 25
minutes. No significant difference in ROS production was
detected between patients and HCs when PMNs were stimulated
with PMA (Supplementary Figure 3B). Following stimulation with
PMA, LPS, fMLP, and TNF, the phagocytic ability of PMNs from
PsA patients was assessed by incubating the cells with pHrodoTM
Green E. coli BioParticles® in the presence or absence of
cytochalasin B, a phagocytosis inhibitor (29). Compared to HCs,
PMNs from PsA patients exhibited a significant reduction in
phagocytic ability upon TNF stimulation (Figures 2B-C). No
differences in phagocytic activity were found between PMNs from
PsA patients and HCs in basal conditions or following LPS, fMLP,
or PMA stimulation (Supplementary Figures 3F-I). These findings
indicate that PMNs from PsA patients, upon stimulation with TNF,
display a reduced rate of ROS production and phagocytic activity
compared to HCs.

NET biomarker release and neutrophil
degranulation in PsA patients

PMNs from HCs and PsA patients were cultured in the
presence of PMA, LPS, fMLP, TNF, or control medium for 60
min. After incubation, supernatants were collected to evaluate the
extracellular levels of NET biomarkers (dsDNA and MPO-DNA
complexes), MPO, and MMP-9. In control medium, PsA PMNs
displayed reduced levels of MPO-DNA complexes in the
extracellular milieu (Supplementary Figure 4E), while no
differences in the release of dsDNA, MPO, and MMP-9 were
observed (Supplementary Figures 4A, I, M). Upon stimulation
with TNF, PMNs from PsA patients released NETs and MPO
into the extracellular milieu, although lower levels than PMNs from
HCs (Figures 3A-C). A similar trend was observed for MMP-9
release (Figure 3D). Similarly, under fMLP stimulation, PMNs from
PsA patients released less MPO-DNA complexes than their HC
counterparts (Supplementary Figure 4H). No differences were
detected in the release of dsDNA (Supplementary Figures 4A-D),
MPO-DNA complexes (Supplementary Figures 4F, G), MPO
(Supplementary Figure 4I-L), or MMP-9 (Supplementary
Figure 4M-P) under LPS, fMLP, or PMA stimulation. These
results suggest that PMNs from PsA patients, when incubated
with TNF, release lower quantities of granular enzymes (MPO
and MMP-9) and NET biomarkers compared with PMNs
from HCs.

Serum levels of neutrophil-related
mediators and NET biomarkers in
PsA patients

Inflammatory cytokines, including TNF, IL-23, and IL-17, play
a crucial role in the initiation and progression of inflammatory
processes in PsA (30). Serum levels of the neutrophil-related
mediators MMP-9 (Figure 4A), MPO (Figure 4B), TNF
(Figure 4C), IL-23 (Figure 4D), and IL-17 (Figure 4E) were
increased in PsA patients compared to HCs. Serum
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TABLE 1 Clinicopathological features of PsA patients (N=31) and HCs (N=22).

Characteristics PsA Patients (N, %) HCs (N, %)

Age (years)

Mean + SD 57.8 +11.7 47.9 + 146
‘ Sex

Male 8 (25.8) 8 (36.3)

Female 23 (74.2) 14 (63.6)
‘ BMI (kg/m?)

18.0-24.9 10 (32.3) 9 (40.9)

25.0-29.9 8 (25.8) 9 (40.9)

>30-Obesity 13 (41.9) 4 (18.1)
‘ Current or former smoker

Yes 19 (61.3) 16 (72.7)

No 12 (38.7) 6 (27.2)

Comorbidities:

Cardiovascular
Yes 16 (51.6) 5(22.7)
No 15 (48.4) 17 (77.2)

Metabolic disorders
Yes 24 (77.4) 11 (50.0)

No 7 (22.6) 11 (50.0)

Neurologic disease

Yes 5(16.1) 0 (0)

No 26 (83.9) 22 (100)

Psychiatric illness

Yes 12 (38.7) 1 (4.55)

No 19 (61.3) 21 (95.4)
Thyroid disease

Yes 15 (48.4) 3 (13.6)

No 16 (51.6) 19 (86.3)

Age at onset of symptoms (years)

Mean + SD 437 £12.9 N/A
‘ PsA subtypes

Peripheral joint involvement 31 (100.0) N/A

Axial involvement 10 (32.3) N/A

Evidence of psoriasis 27 (87.1) N/A

Onychopathy 22 (71.0) N/A

Dactylitis 14 (45.2) N/A
‘ DAPSA

Mean + SD ‘ 261 £12.7 ‘ N/A
PAS|

Mean + SD ‘ 0.72 + 1.05 ‘ N/A

N/A, Not Available.
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PMNs from peripheral blood of PsA patients (red lines) and HCs (black lines) were incubated with 2',7°-dichlorodihydrofluorescein diacetate
(HoDCFDA, 10 pM), washed, then stimulated with TNF (10 ng/mL) or control medium. Immediately following stimulation, PMNs were analyzed with a
multimode microplate reader (EnSpire Multimode Plate reader, PerkinElmer), and DCF fluorescence was measured for 30 min at 2 min intervals. The
results are expressed as Relative Fluorescence Unit (RFU) and percentage increase versus time 0 (mean + SEM); *p < 0.05; **p < 0.01, analyzed by
two-way ANOVA and Bonferroni post-test (A). PMNs from peripheral blood of PsA patients (PsA Pts, red border) and HCs (HCs, black border) were
stimulated with TNF (10 ng/mL) for 60 min at +37 °C, then incubated with pHrodo™ Green E. coli BioParticles® conjugate (100 pg/mL) for 60 min
at +37 °C, with or without cytochalasin B (as inhibitor of phagocytosis, 10 uM), followed by flow cytometric analysis. Each point represents one
patient (PsA Pts) or one healthy control (HCs). MFI of cells positive for pHrodo™ was calculated and normalized to the unstimulated cells (control
medium). Results were expressed as percentage increase versus control (mean + SEM); *p < 0.05, analyzed by Student'’s t-test (B). Representative
histograms illustrating MFI and cell count for pHrodo assay data of peripheral blood PMNs from HCs and PsA patients (PsA Pts), in the presence or
absence of cytochalasin B, after stimulation with TNF (C). MFI, Mean fluorescence intensity; FMO, Fluorescence minus one.

concentrations of CitH3, a specific biomarker for NET
identification, were also elevated in PsA patients compared to
HCs (Figure 5A). Interestingly, circulating levels of CitH3
displayed a moderate correlation with serum concentrations of
MPO and TNF (Figure 5B). Importantly, ROC curve analysis
demonstrated that serum levels of CitH3 could accurately
distinguish PsA patients from HCs with high specificity and
sensitivity (Figure 5C). Specifically, ROC curve analysis for CitH3
showed a cut-off value of 1.65 and a confidence interval (CI) of
2.51-7.07, with sensitivity and specificity values of 0.90 and 0.64,
respectively. In addition, a moderate correlation was found between
serum levels of IL-23 and IL-17 (Supplementary Figure 5), two well-
established inflammatory cytokines involved in neutrophil-related
PsA pathogenesis (31). Altogether, these data indicate that
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FIGURE 3

neutrophils exhibit a distinct phenotype in PsA patients,
suggesting that PMNss are activated under resting conditions in PsA.

Discussion

In this study, we found that PMNs from the peripheral blood of
PsA patients exhibit several distinct phenotypic and functional
deficits compared to their counterparts from HCs. Specifically,
upon stimulation with TNF, PMNs from PsA patients displayed
lower expression of activation markers (CD66b, CD11b, and
CD62L), reduced ROS production, and diminished ability to
phagocytose bacterial bioparticles, compared to PMNs purified
from the peripheral blood of HCs. In addition, PMNs from PsA
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PMNs from peripheral blood of PsA patients (PsA Pts, red borders) and HCs (HCs, black borders) were cultured for 60 min at +37 °C in the presence
or absence of TNF (10 ng/mL). The extracellular levels of dsDNA (A), MPO-DNA complexes (B), MPO (C), and MMP-9 (D) were measured by Quant-
iT™ PicoGreen™ dsDNA Assay Kit or by ELISA, respectively. Each point in graphs (A-D) represents one patient (PsA Pts) or one healthy control
(HCs). The extracellular levels of dsDNA, MPO-DNA complexes, MPO, and MMP-9 were calculated and normalized to unstimulated cells (control
medium; mean + SEM); *p < 0.05; **p < 0.01; p for MMP-9 = 0.06, analyzed by Student’s-t-test or Mann-Whitney U test, depending on the

distribution of the data.
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Serum concentrations of MMP-9 (A), MPO (B), TNF (C), IL-23 (D), and IL-17 (E) in PsA patients (PsA PTs, red borders) and HCs (HCs, black borders)
were measured by ELISA. Each point in graphs (A—E) represents one patient (PsA Pts) or one healthy control (HCs). Results were expressed as mean
+ SEM; *p < 0.05; **p < 0.01; **** p < 0.001. Student’s t-test or Mann-Whitney U test was employed according to the distribution of the data.

patients released less granular enzymes (MPO and MMP-9) and
NET biomarkers than those from HCs. Finally, increased levels of
neutrophil-related mediators MMP-9, MPO, TNF, IL-23, and IL-
17, as well as elevated levels of CitH3, a specific NET biomarker,
were found in PsA patients compared to HCs.

In psoriasis, PMNs are among the first cells to migrate into
psoriatic lesions (32). PMN accumulation in the dermis and
epidermis results in the characteristic Kogoj pustules and Munro
microabscesses (33). However, among the immune cells involved in

the pathogenesis of PsA, the role of PMNs has been investigated in
relatively few studies. The neutrophil-to-lymphocyte ratio has been
proposed as an inflammatory parameter, correlating with disease
score and response to biological therapy (34-36). Only one study
investigated the circulating levels of NET biomarkers in PsA
patients. Serum MPO-DNA complex levels were significantly
increased in patients with PsA/PsO compared to HCs and were
positively associated with the DAPSA score (9). For the first time,
this study systematically investigated the ex vivo and in vitro
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FIGURE 5

Serum concentrations of CitH3 in PsA patients (PsA PTs, red borders) and HCs (HCs, black borders) were measured by Citrullinated Histone H3
(clonellD3) ELISA. Each point represents one patient (PsA Pts) or one healthy control (HCs). Results were expressed as mean + SEM; *** p < 0.005,
analyzed by Student's t-test or Mann-Whitney U test, depending on the distribution of the data (A). Multiple linear regression analysis between serum
concentrations of CitH3, MPO (red line), and TNF (green line) in PsA patients, with CitH3 as the dependent variable. 2 = 0.46; versus MPO p =
0.0001; versus TNF p = 0.0007 (B). ROC curve analysis of serum concentrations of CitH3 to evaluate the accuracy of CitH3 as a diagnostic
biomarker for PsA. Area Under the Curve (AUC) = 0.78; Cut-Off = 1.65; Sensitivity = 0.90; Specificity = 0.64; Cl = 2.51-7.07 (C).

Frontiers in Immunology

09

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1448560
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Modestino et al.

behavior of PMNSs from PsA patients from a functional perspective.
In addition, we evaluated neutrophil-related mediators and
circulating NETs as biomarkers of disease.

As shown in Figure 1, we evaluated the activation status of
PMNs in PsA patients and HCs, including both freshly isolated
PMNs (panels A-C) and those stimulated with TNF (panels D-F).
Specifically, to investigate PMN functional behavior in vitro, we
evaluated the changes in the expression of CD11b, CD66b, and
CD62L induced by TNF in PsA patients and controls. Under basal
conditions, PsA PMNs expressed lower levels of CD62L compared
to HCs, while there was no difference between PsA patients and
HCs in the expression of CD66b and CD11b, which are minimally
expressed on the cell surface (Figures 1B, C) (37). Ex vivo, after
stimulation with TNF, PMNs increased the expression of CD66b
(Figure 1E) and CDI11b (Figure 1F), with a more pronounced
increase in HCs compared to PsA patients. Conversely, CD62L,
normally expressed on the surface of resting PMNs, is rapidly
downregulated after cell activation (27). In PsA patients, TNF
stimulation led to CD62L downregulation in PMNs, albeit to a
lesser extent than in HCs (Figure 1D). Based on the current
understanding of PMN activation dynamics, it is widely
demonstrated that in vitro activation with various stimuli leads to
CD62L shedding (38). Consistent with this, our findings of CD62L
downregulation under TNF likely result from shedding.
Collectively, these findings support the hypothesis that
neutrophils from PsA patients are presumably desensitized in vivo
and less responsive to in vitro activation by TNF.

ROS play multiple and significant roles in the pathogenesis of
several inflammatory disorders (39), including PsO and PsA (40).
Neutrophil ROS production can be induced by several stimuli. LPS and
fMLP activate ROS production upon the engagement of toll-like
receptor 4 (TLR4) (41) and formyl peptide receptors (42),
respectively. TNF is also capable of enhancing the neutrophil
respiratory burst (43, 44). As displayed in Figure 2A, we found that
PMNs from PsA patients produced reduced ROS compared to HCs
when stimulated with TNF. In addition, after stimulation with TNF,
PMNs from PsA patients exhibited reduced phagocytic capability
compared to those from HCs (Figures 2B, C), which is one of the
microbicidal mechanisms utilized by PMNs to eliminate
microorganisms (45). These data further confirm the hypothesis that
PMNss from PsA patients are exhausted in vitro. Importantly, ROS acts
both as a regulator of inflammation (46) and as a suppressor of arthritis
and encephalomyelitis (47-49). Although ROS has been suggested to
be pathogenic in PsO (50), a murine model of imiquimod-induced
psoriasis demonstrated that the disease was attenuated with elevated
ROS levels and aggravated in with reduced ROS levels (51). In
mannan-induced inflammation, ROS deficiency promoted PsO and
arthritis, which were suppressed by monocyte/macrophage-derived
ROS, similar to collagen-induced arthritic inflammation (49).
However, the exact mechanism by which ROS protects against PsO
and PsA requires further detailed investigation. More broadly, the
hypo-responsiveness of neutrophils in vivo under TNF stimulation can
be interpreted in two different ways. One hypothesis is that neutrophils
are exhausted in vivo and thus unable to respond further to
inflammatory stimuli. Alternatively, reduced neutrophil activation
might represent a self-limiting mechanism to mitigate TNF-driven
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inflammation, thereby reducing overall patient injury. Further
experiments are necessary to elucidate these mechanisms.

Human PMNs secrete a variety of pro-inflammatory mediators and
cytokines, as well as NETs (52). The role of TNF in NET release has
been documented in PMNs from patients suffering from inflammatory
diseases (53). In our study, we investigated the presence of NETs in the
supernatants of PMNs isolated from PsA patients (Figure 3).
Quantification of circulating NETs can be performed using various
analytical methods; however, a standardized assay specifically for NET's
remains unavailable. Therefore, studies typically measure NET
biomarkers such as free DNA (dsDNA), nucleosomes, circulating
CitH3, and NET-associated proteins (e.g, NE, MPO). While MPO
and NE are components and putative biomarkers of NETs, they are not
specific (54), as they can be released during neutrophil degranulation
independently of NET formation (55). Conjugates such as MPO-DNA
complexes or CitH3 may offer greater specificity compared to dsDNA
alone (56, 57). To evaluate in vitro NET release, we measured two NET
biomarkers: dsDNA (58) and the more specific MPO-DNA complexes
(9, 56, 58). Our findings revealed that PMNs from PsA patients
displayed reduced levels of NET biomarkers in the extracellular
milieu (Figures 3A-B) upon stimulation with TNF, compared to
PMNs from HCs. Additionally, MMP-9 plays a key role in the
development of inflammatory disorders (e.g. rheumatoid arthritis;
RA) (59). MPO is a cationic heme-containing enzyme stored in the
primary/azurophilic granules of PMNs, involved in ROS and NET
production pathways, as well as in several inflammatory diseases (60).
We found that PMNs from PsA patients exhibited a reduced release of
granular enzymes, specifically MPO (Figure 3C) and MMP-9
(Figure 3D), upon TNF stimulation compared to PMNs isolated
from the peripheral blood of HCs.

In subsequent experiments, we investigated the circulating levels of
neutrophil-related mediators (Figure 4). We found higher serum
concentrations of neutrophil-associated factors (MMP-9, MPO, TNF,
IL-23, and IL-17; Figures 4A-E) in PsA patients compared to controls.
These results align with findings in patients with RA, where elevated
MMP-9 and MPO levels have been reported in the plasma and synovial
fluid (59, 61). In addition, patients with PsA and PsO have elevated
levels of TNF in their joint tissues and lesional skin (62). The IL-23/IL-
17 pathway plays a primary pathogenic role in psoriatic disorders, and
IL-23/IL-17 targeted therapies have demonstrated efficacy in psoriasis
(63, 64). Notably, in PsA patients who responded to anti-IL-17 therapy,
RNA sequencing revealed transcriptomic changes predictive of
downregulation in cytokine signaling and chemotaxis pathways,
alongside upregulation of de novo gene expression pathways,
including translation initiation, mRNA catabolism, and translation in
peripheral blood neutrophils. These results suggest significant
alterations in neutrophil properties following secukinumab treatment
in PsA (65). Similarly, anti-IL-23 therapy led to a more pronounced
downregulation of genes associated with neutrophil and macrophage
gene sets in responders than in non-responders (66). We also found a
positive correlation between IL-17 and IL-23, both of which are
commonly associated with PMNs and PsA (67, 68), supporting their
involvement in this inflammatory condition. Interestingly, in a murine
model of mannan-induced PsA, uncontrolled macrophage activation
triggered TNF-mediated activation of Y8 T cells in the skin, leading to
localized IL-17A production, which subsequently promoted neutrophil
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infiltration and activation (69). Further longitudinal studies evaluating
the impact of anti-TNF/IL-17/IL-23 blocking therapies on neutrophil
functions could provide additional insights into these mechanisms.

Finally, we investigated the circulating levels of NET biomarkers in
the sera of PsA patients and HCs (Figure 5). Given that ELISA
detection of MPO-DNA complexes in vivo is error-prone and yields
limited information (70), we validated our findings by measuring
serum levels of CitH3, which is considered a more reliable biomarker
of NET formation (54). We found elevated circulating levels of CitH3
in PsA patients compared to HCs (Figure 5A) and identified a positive
correlation between serum levels of CitH3, MPO, and TNF (Figure 5B).
These findings corroborate the established association between MPO
and NET release, as MPO is typically released during the NETosis
process (71). In addition, the correlation with TNF levels suggests an
interplay between the overall inflammatory condition in PsA and NET's
(72). Indeed, recent evidence highlights that NETs are released when
PMNs are activated and play critical roles in the onset and persistence
of inflammation and autoimmune responses (73). Importantly, ROC
curve analysis demonstrated that circulating levels of CitH3 could serve
as a potential biomarker for distinguishing PsA patients from healthy
individuals (Figure 5C). These results align with previous evidence
demonstrating the diagnostic potential of cell-free nucleosomes for
differentiating active versus non-active axial spondyloarthritis (74) and
RA (75). Collectively, our results demonstrate that PsA patients display
higher basal levels of neutrophil-related mediators and NET
biomarkers compared to HCs, confirming the distinct neutrophil
signature associated with PsA.

Our data demonstrate that PMNs from PsA patients, upon TNF
stimulation, exhibit diminished efficiency in several key effector
functions, including activation, ROS production, phagocytosis of
bacterial particles, and the release of granular enzymes and NETs.
This impaired behavior may be attributed to the heightened
inflammatory milieu characteristic of PsA, which could contribute
to a state of “pre-activation” in these cells, leading to reduced
reactivity during subsequent in vitro stimulation. This
phenomenon, known as “innate immune tolerance”, occurs when
cells exposed to persistent inflammatory stimuli become incapable
of effectively activating gene transcription and performing their
normal functions upon restimulation (76). Such functional deficits
in neutrophils from PsA patients may contribute to ongoing
inflammatory processes and could potentially impair the role of
PMNs in the host defense.

This study has certain limitations. The sample size was relatively
small, and while our findings suggest an exhausted phenotype of
neutrophils, larger and multi-center studies are required to further
elucidate the role of innate immunity in PsA and validate the
existence of neutrophil tolerance in these patients. In addition,
subgroup analyses stratified by different medications were not
conducted, leaving the potential impact of various conventional
and biologic DMARDs on neutrophil phenotype unexplored.

Together, our findings underscore the need for a reassessment of
PMNs and neutrophil-related mediators in the pathophysiology of
PsA. Further investigations involving larger cohorts of both healthy
donors and patients could corroborate and better highlight the role of
PMNs and neutrophil-related mediators in PsA.
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