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Innate immune dysregulation: a driving force of autoimmunity and
chronic inflammation
1 Introduction

Innate immunity plays a critical role in protecting the host against infections, tumors,

and tissue damage by initiating inflammatory responses, recruiting immune cells, and

orchestrating the production of both pro- and anti-inflammatory mediators (1).

Traditionally considered the first line of defense, emerging evidence reveals that innate

immunity operates through far more complex mechanisms. It not only responds to a wide

array of pathogens but also engages in intricate crosstalk with the adaptive immune system

(2). Importantly, its dysregulation is increasingly linked to various pathological conditions.

The initiation, activation, and resolution of innate inflammatory responses must be

tightly controlled to ensure effective pathogen clearance and preservation of tissue

homeostasis, while preventing excessive or prolonged inflammation. When this

regulation fails, it can lead to autoinflammatory diseases and significantly contribute to

chronic inflammation and autoimmune disorders (Figure 1) (3) such as systemic lupus

erythematosus (SLE), rheumatoid arthritis (RA), and juvenile idiopathic arthritis (JIA).

Although autoimmune diseases are typically characterized by a breakdown in self-tolerance

associated with the adaptive immune system, the innate immune system plays a

fundamental role in their onset, progression, and chronicity.

Over recent decades, autoimmune and chronic inflammatory diseases have become a

growing clinical challenge, marked by rising incidence and a lack of effective, long-term

treatments (4, 5). Despite advances in understanding their underlying mechanisms, current
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therapies largely rely on non-specific immunosuppressants, which

are limited by suboptimal efficacy and potential safety concerns.

These limitations often result in high disease burden, morbidity,

and, in many cases, mortality. There is, therefore, an urgent unmet

medical need for precisely modulating innate immune responses

that reduce pathological inflammation without compromising

overall immune function. Given the significant role of innate

immune dysregulation in driving autoimmune and chronic

inflammatory conditions, fostering scientific insights into the

mechanisms by which innate immunity contributes to
Frontiers in Immunology 026
autoimmunity and chronic inflammation holds promise for

identifying new therapeutic targets.
2 Molecular mechanisms of
inflammation regulation

While the activation of immune responses is necessary to

defend the body, unchecked or prolonged inflammation can lead

to tissue damage and chronic disease. A central component of this
FIGURE 1

Outcomes of innate immune activation under regulated versus dysregulated conditions. Innate immune cells, including dendritic cells, natural killer (NK)
cells, neutrophils, monocytes, and macrophages, respond to pathogens through receptors such as FcgR, TLRs, complement receptors, and nuclear
receptors. These pathways converge on transcription factors like NF-kB and promote the production of pro-inflammatory cytokines and reactive oxygen
species (ROS). Under a regulated response, this leads to acute inflammation, effective pathogen clearance, and resolution of inflammation. However,
under dysregulated conditions, excessive cytokine production may trigger a cytokine storm and chronic inflammation, resulting in a sustained reactive
immune state. This can aberrantly activate the adaptive immune system and contribute to the development of autoimmunity. Created with BioRender.
frontiersin.org
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regulation is the transcription factor NF-kB, which orchestrates the

expression of pro-inflammatory genes during infections or tissue

injury. However, NF-kB must be swiftly inactivated once the threat

is resolved. This is where proteins like PDLIM2, an E3 ubiquitin

ligase, come into play. PDLIM2 targets the p65 subunit of NF-kB
for degradation, effectively silencing the inflammatory signal.

Recent research by Sugimoto-Ishige et al. revealed that the F-box

protein Fbxo16 is critical in this process. Fbxo16 enables PDLIM2

to interact with p65 within the nucleus. Without Fbxo16, p65

accumulates, prolonging cytokine production and increasing the

risk of chronic inflammation (6).

Another important checkpoint is provided by IRAK3, a

negative regulator of Toll-like receptor (TLR) and interleukin-1

receptor (IL-1R) signaling. Borghese et al. demonstrated that mice

lacking IRAK3 exhibit more severe inflammatory arthritis. They

produce higher levels of IL-1b and show reduced numbers of

regulatory T cells, suggesting impaired immune tolerance.

Moreover, IRAK3 expression is often diminished in autoimmune

conditions such as SLE and inflammatory bowel disease,

highlighting its relevance in human disease (7, 8).

In a different regulatory context, ARHGAP25, a Rho GTPase-

activating protein, controls cytoskeletal dynamics and cell

migration (9). Czárán et al. found that mice deficient in

ARHGAP25 had significantly milder allergic contact dermatitis,

associated with reduced immune cell migration and activation. This

suggests that manipulating cytoskeletal signaling could represent a

novel approach to treating chronic inflammation.
3 Innate immune cells and
components in disease progression

Innate immune components are crucial regulators of

inflammation. In JIA, Tang et al. reported an increased NET

formation correlates with disease activity. Anti-TNF therapies

reduce NET formation, indicating that NETs may serve as both

biomarkers and therapeutic targets (10, 11). It has also been shown

that the complement system, particularly the C5a-C5aR1 axis, is

another potent driver of inflammation. An original article published

by Vahldieck et al. indicated that in acute myocardial infarction,

C5a disrupts the endothelial glycocalyx, reduces nitric oxide

bioavailability, and recruits inflammatory cells, contributing to

tissue injury. C5aR1 antagonists show therapeutic potential by

preserving vascular integrity and reducing inflammation (12).

Besides these molecules, innate immune cells such as

monocytes and macrophages play a key role in immune

regulation. In the article by Akiyama et al., it has been shown

that during hyperinflammatory conditions, such as cytokine release

syndrome, monocytes undergo apoptosis to prevent overwhelming

cytokine production. Disruption of this process, as shown in mouse

models, leads to exaggerated immune responses and higher

mortality. Maintaining monocyte homeostasis through controlled

cell death or immunomodulation is emerging as a critical strategy in
Frontiers in Immunology 037
preventing systemic inflammatory damage (13, 14). Furthermore,

Wang et al. identified that marked expression of Mincle receptors,

transmembrane pattern recognition receptors on macrophages and

neutrophils, exert pro-inflammatory and pro-fibrotic effects,

involved in persistence of renal inflammatory microenvironment

and accelerated renal fibrosis progression by inducing TNF

production (15, 16).
4 Neutrophils in immunity and
autoimmunity: balancing host defense
and inflammation

Neutrophils are among the first responders in innate immunity,

essential for eliminating pathogens.However, their prolonged activation

can exacerbate inflammation, especially in sterile conditions. One key

process is the formationofneutrophil extracellular traps (NETs),websof

DNA, histones, and granule proteins that capture microbes but also

stimulate autoimmunity if dysregulated (10, 11). Li et al. reviewed the

involvement of NETs in fibrotic and sterile inflammatory

diseases. In conditions such as RA, NETs release modified self-

antigens that provoke adaptive immune responses. Chen et al.

showed that citrullinated proteins within NETs activate

dendritic cells, encouraging T cell activation and the production

of autoantibodies, thereby fueling the autoimmune cycle.

Given the dual nature of neutrophils, new strategies aim to

reprogram rather than eliminate them. Raudszus et al. used cell-

derived nanoparticles (CDNPs) to modulate neutrophil function.

These CDNPs induced an anti-inflammatory phenotype, marked by

increased IL-10 production and programmed cell death, facilitating

inflammation resolution without compromising microbial defense.

Such approaches reflect a growing interest in using nanomedicine to

selectively steer immune cell function (17).
5 Inflammasomes and cytosolic DNA
sensors as central drivers of chronic
inflammation

Inflammasomes are multiprotein complexes that detect

intracellular threats and activate caspase-1, leading to the release of

IL-1b and IL-18 and triggering pyroptosis, a highly inflammatory

form of cell death. The NLRP3 and AIM2 inflammasomes are the

most studied and are increasingly implicated in chronic inflammatory

diseases (18, 19). In idiopathic inflammatory myopathies, Sun et al.

found that overactivation of NLRP3 and AIM2 correlates with

disease severity. Inhibitors like MCC950, which specifically block

NLRP3 activation, reduced inflammation in preclinical models and

are being investigated in clinical trials (20, 21).

Parallel to inflammasomes, the cytosolic DNA sensing pathway,

particularly cGAS-STING, is another major contributor to chronic

inflammation. The article by Zhu and Zhou explained that while
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this pathway is vital in recognizing viral DNA, it can be aberrantly

triggered by self-DNA released during cellular stress or apoptosis.

The result is the chronic production of type I interferons and pro-

inflammatory cytokines, a hallmark of diseases like SLE and

dermatomyositis (22, 23). Small-molecule inhibitors of STING are

currently under development, aiming to mitigate this persistent

immune activation (24).
6 Metabolic and systemic influences
on immune function

Beyond molecular signaling, immune function is tightly linked

to systemic metabolic cues. Obesity, for instance, promotes chronic

low-grade inflammation and can exacerbate inflammatory

disorders. Shang and Zhao demonstrated that obesity impairs

skin barrier integrity, alters the microbiome, and increases

inflammatory mediators such as TNF-a and leptin. These

changes worsen conditions like atopic dermatitis and reduce

treatment efficacy (25, 26).

In contrast, nuclear receptors such as PPAR-g serve as anti-

inflammatory regulators. PPAR-g activation inhibits pro-

inflammatory gene transcription and promotes lipid metabolism,

improving epithelial integrity and immune tolerance. Agonists

targeting PPAR-g have shown promise in reducing inflammation,

particularly in obesity-related immune disorders (27, 28). This

highlights the therapeutic potential of integrating metabolic

interventions into inflammatory disease management.
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Mincle receptor in macrophage
and neutrophil contributes to the
unresolved inflammation during
the transition from acute kidney
injury to chronic kidney disease
Cui Wang †, Yilin Zhang †, Anran Shen, Taotao Tang, Ning Li,
Chuanhui Xu, Bicheng Liu and Linli Lv*

Institute of Nephrology, Zhongda Hospital, Southeast University School of Medicine, Nanjing,
Jiangsu, China
Background: Recent studies have demonstrated a strong association between

acute kidney injury (AKI) and chronic kidney disease (CKD), while the unresolved

inflammation is believed to be a driving force for this chronic transition process.

As a transmembrane pattern recognition receptor, Mincle (macrophage-

inducible C-type lectin, Clec4e) was identified to participate in the early

immune response after AKI. However, the impact of Mincle on the chronic

transition of AKI remains largely unclear.

Methods: We performed single-cell RNA sequencing (scRNA-seq) with the

unilateral ischemia-reperfusion (UIR) murine model of AKI at days 1, 3, 14 and

28 after injury. Potential effects and mechanism of Mincle on renal inflammation

and fibrosis were further validated in vivo utilizing Mincle knockout mice.

Results: The dynamic expression of Mincle in macrophages and neutrophils

throughout the transition from AKI to CKD was observed. For both cell types,

Mincle expression was significantly up-regulated on day 1 following AKI, with a

second rise observed on day 14. Notably, we identified distinct subclusters of

Minclehigh neutrophils and Minclehigh macrophages that exhibited time-dependent

influx with dual peaks characterized with remarkable pro-inflammatory and pro-

fibrotic functions. Moreover, we identified that Minclehigh neutrophils represented

an “aged” mature neutrophil subset derived from the “fresh” mature neutrophil

cluster in kidney. Additionally, we observed a synergistic mechanism whereby

Mincle-expressing macrophages and neutrophils sustained renal inflammation by

tumor necrosis factor (TNF) production. Mincle-deficient mice exhibited reduced

renal injury and fibrosis following AKI.

Conclusion: The present findings have unveiled combined persistence of

Minclehigh neutrophils and macrophages during AKI-to-CKD transition,

contributing to unresolved inflammation followed by fibrosis via TNF-a as a

central pro-inflammatory cytokine. Targeting Mincle may offer a novel

therapeutic strategy for preventing the transition from AKI to CKD.
KEYWORDS

unresolved inflammation, Mincle, macrophage, neutrophil, acute kidney injury, chronic
kidney disease
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Introduction

As a widespread clinical syndrome with acute renal dysfunction,

acute kidney injury (AKI) could progress to chronic kidney disease

(CKD) with high risk, which is characterized with fibrotic structural

lesions (1). However, the mechanism underlies the progression

from AKI to CKD remains unclear. Inflammation plays a dual role,

being essential for renal repair while also acting as a potential driver

of sustained kidney damage leading to CKD (2–5). Therefore,

depicting the mechanism of unresolved inflammation during this

chronic transition process is of great significance.

The onset of AKI prompts an immediate and robust innate

inflammatory response characterized by rapid recruitment of

neutrophils and natural killer cells followed by infiltration and

activation of monocytes/macrophages and resident dendritic cells,

which further stimulate the adaptive immune responses (3, 6). The

innate immunity triggered by AKI produce a spectrum of

inflammatory mediators, meanwhile, damage-associated

molecular patterns (DAMPs) facilitate the recruitment and/or

persistence of various inflammatory cells (3, 7). As the disease

progresses, if injury is not resolved, prolonged inflammation can

result in maladaptive repair and subsequent uncontrolled fibrosis

(8–10). However, the precise mechanism driving the formation of

the inflammatory milieu and the role of innate immune cells in the

unresolved situation have yet to be completely delineated.

Phenotypic and functional plasticity of innate immune cells

increase the complexity of the context. Recently, emerging single-

cell genomic studies have provided novel insights into the

heterogeneity of innate immune cells during the process of renal

inflammation and fibrosis (11–14).

Mincle (macrophage-inducible C-type lectin, Clec4e),

recognized as a pattern recognition receptor is mainly expressed

in innate immune cells including monocytes/macrophages,

neutrophils and dendritic cells (15–17). Previous researches have

uncovered the significant involvement of Mincle in both infectious

diseases and sterile inflammation, wherein it prompts the secretion

of pro-inflammatory cytokines and chemokines upon activation by

its ligands encompassing pathogen-associated molecular patterns

(PAMPs) or DAMPs (18–20). We have previously reported that

Mincle could induce aggravated renal inflammation in the context

of AKI by maintaining pro-inflammatory phenotype of

macrophages, thereby contributing to the deterioration of kidney

injury (21, 22). Importantly, Mincle was suggested to recognize b-
glucosylceramide and free cholesterol released from dead tubular

cells, thereby contributing to the cell death-induced sustained

inflammation and renal atrophy (23). However, given the

diversity and heterogeneity of innate immune cells, the dynamic

profiling of Mincle in distinct populations of these cells and their

contribution to the chronic progression of AKI after the initial

kidney injury remains poorly understood.

Here, we applied single-cell RNA sequencing (scRNA-seq) and

spatial transcriptomics in a unilateral ischemia-reperfusion (UIR)

murine model of AKI at days 1, 3, 14 and 28 after injury. This study

unveiled the combined persistence of Minclehigh neutrophils and

macrophages during AKI-to-CKD transition, contributing to

unresolved inflammation followed by fibrosis via tumor necrosis
Frontiers in Immunology 0211
factor (TNF) as a central pro-inflammatory cytokine. Mincle-

deficient mice showed improved renal pathology and reduced

extracellular matrix deposition, suggesting that targeting Mincle

may offer a novel therapeutic avenue for halting chronic

progression of AKI.
Materials and methods

Preparation of single-cell suspension

Each kidney sample from three mice was minced and digested

using the Multi Tissue dissociation kit (Miltenyi, 130-110-203),

followed by homogenization through syringe-based mechanical

disruption. The kidney tissue was enzymatically digested using a

mixture of collagenase I, collagenase IV, and hyaluronidase in 1640

medium (Gibco, USA) at 37°C for 40 minutes while suppressing the

response with 10% fetal bovine serum (FBS). The resulting

dissociated solution was passed through 70-mm cell strainer and

then was centrifuged at 400g for 5min at 4°C to collect the cell

pellet. To remove any remaining erythrocytes, the red blood cell

(RBC) lysis solution (Miltenyi,130-094-183) was applied on ice.

Finally, the single-cell suspension was obtained with over 90%

viability as detected by Countstar (Alit Biotech, Rigel S2).
Single-cell RNA-seq library generation
and sequencing

This process was performed by CapitalBio Technology in

Beijing. The harvested cell suspension was processed with the

Chromium single-cell controller (10x Genomics, GCG-SR-1) and

the Single Cell G Chip Kit (10x Genomics, 1000120) to generate the

single-cell gel beads in the emulsion. The reverse transcription was

performed with the S1000TM Touch Thermal Cycler (Bio Rad)

following a procedure of 53°C for 45 minutes, 85°C for 5 minutes

and a subsequent hold at 4°C. The official library kit (Single Cell 3’

Library and Gel Bead Kit V3.1) was applied to construct the

libraries intended for single-cell RNA-seq analysis. After the

cDNA synthesis and amplification, the cDNA quality assessment

was analyzed using Agilent 4200 instrument, and then sequenced

on an Illumina Novaseq 6000 sequencer with paired-end reads of

length 150 bp. The minimum sequencing depth per cell required

was set at 100,000 reads.
Analysis of single-cell RNA-seq data

Alignment and quality control
The cleaned raw FASTQ files underwent alignment to the

mm10 (Ensembl GRCm38.93) reference genome and

quantification using CellRanger (Version 6.0). Following data

quality control, preprocessing, and dimensional reduction analysis

performed by Seurat, a merged gene-cell data matrix was generated

from all 15 matrices, comprising 12 UIR samples and 3 control

samples. Prior to downstream analysis, low-quality cells with fewer
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than 200 expressed genes or mitochondrial gene percentages

exceeding 25% were excluded. The remaining high-quality cell

barcodes were exported.

Identification of marker genes and differentially
expressed genes (DEGs)

For subsequent analysis, the remaining 60,010 high-quality

single cells underwent a repeated Seurat process to generate the

final dataset. The identification of DEGs in cell clusters was

performed using the FindAllMarkers function implemented in the

Seurat package. A comprehensive list of cell markers was employed

for cell type annotation of all identified clusters in the final dataset.

Cell sub-clustering analysis
For cell sub-clustering, the entire Seurat pipeline was re-

executed with identical parameters only in the barcodes of cells

labeled as monocyte/macrophage and neutrophil. As a result, a total

of 7 distinct subclusters of the monocyte/macrophage populations

and 3 distinct subclusters of the neutrophil populations

were identified.

Enrichment analysis
The GO (gene ontology) pathway enrichment analysis was

conducted by the KOBAS software incorporating the Benjamini-

Hochberg multiple testing adjustment. The top 50 DEGs

(Supplementary Table S1) of each cluster were used as input for

the enrichment. The obtained results were visualized using the

R package.

The scoring of gene sets in scRNA-seq data
Gene sets comprising relevant markers were collected from

previously relevant literatures in combination with GO database

( S upp l emen t a r y Tab l e S 2 ) . Th e S eu r a t p a c k a g e ’ s

“AddModuleScore” function was used for gene set scores of each

cell cluster.

Cell trajectory analysis
The inference of cell developmental trajectory was conducted

using RNA velocity according to the instructions (24). The state of

mRNA over time can be inferred by RNA Velocity through the

analysis of dynamic changes in alternative splicing of mRNA.

Specifically, by incorporating both spliced and unspliced data,

we employed the Python-based Velocyto command-line tool and

the Velocyto.R package to calculate the RNA velocity and visualize

it on the uniform manifold approximation and projection

(UMAP) graph.

Ligand–receptor interaction analysis
The CellChat library was utilized to analyze cell-to-cell

communication based on single-cell transcriptome data, enabling

an investigation into inter-cellular cross-talk among diverse cell

types (25). To forecast ligand-receptor interactions specific to each

cell type, we employed the Python package CellChat with database

v1.1.3. We considered only receptors and ligands expressed in over

5% of cells for analysis and visualization.
Frontiers in Immunology 0312
Spatial transcriptome sequencing

This process was performed by CapitalBio Technology in

Beijing. The kidney cryosections (10mm thickness) were carefully

positioned on the Thermocycler Adaptor with the active surface

facing upwards and incubated at 37°C for 1 minute. Subsequently,

they were fixed in -20°C methyl alcohol for 30 minutes. The Visum

spatial gene expression slide and Reagent Kit (10x Genomics, PN-

1000184) were utilized for processing the Visum spatial gene

expression analysis. A volume of 70 ml of permeabilization

enzyme was introduced and incubated at 37°C for 30 minutes. A

total volume of 100 ml of SSC was used to rinse each well, after

which 75 ml of reverse transcription Master Mix was added for

cDNA synthesis. Upon completion of first-strand synthesis, the RT

Master Mix was removed from the wells. A subsequent step

involved incubating each well with 75 ml of a solution containing

0.08 M KOH at room temperature for 5 minutes, followed by

removal of KOH and washing with EB buffer (100 ml). In the

process of second-strand synthesis, each well received an addition

of Second Strand Mix (75 ml). The cDNA amplification procedure

was conducted using a Bio Rad S1000TM Touch Thermal Cycler.

The Visum spatial libraries were generated utilizing the Visum

spatial Library construction kit (10x Genomics, PN-1000184) and

sequenced on Illumina Novaseq 6000 sequencer with at least

100,000 reads per spot and paired-end reads of length 150 bp.

The gene list for calculation offibrosis score and inflammation score

was based on Supplementary Table S2.
Animals

The Mincle genetic (WT&KO) mice, bred on the C57BL/6J

genetic background, were generously provided by Dr. Sho Yamasaki

from Osaka University in Osaka, Japan (26). Male C57BL/6J mice,

aged 6-8 weeks and weighing 20-25g, were obtained from Beijing

Vital River Laboratory Animal Technology Co., Ltd. The mice were

housed in a pathogen-free environment under a 12-hour light/dark

cycle and provided with standard mouse diet and water ad libitum.

All animal experiments conducted in this study received ethical

approval from the Committee on the Ethics of Animal Experiments

at Southeast University.
Renal unilateral ischemic reperfusion
injury model

The mice were allocated into distinct groups at random, and the

same researchers carried out every surgical procedure. The

abdomen was surgically opened under anesthesia to establish the

UIR model. The warm renal ischemia was initiated by applying

arterial clips on the left renal pedicle for 35 minutes on a 37°C-

warming pad, while maintaining the integrity of the right kidney.

Throughout the procedure, strict measures were taken to maintain a

consistent core body temperature of mice at 36.8-37.2°C using a

rectal probe for monitoring purposes. Sham-operated mice

underwent identical surgical procedures, excluding the application
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of microaneurysm clamps. Kidney samples were collected on days

1, 3, 14, and 28 following UIR induction.
Histopathological analysis

The kidney sections (4um) that had been fixed in formalin and

embedded in paraffin were processed for periodic acid-Schiff (PAS),

and Masson’s trichrome staining according to a standardized

protocol. Two experienced pathologists performed the renal

histopathological analysis in a blinded manner. The evaluation of

renal histopathological damage included assessment of brush

border loss, tubular dilation, cast formation, and tubular necrosis

in 10 randomly selected tissue sections per mouse. The extent of

tubular damage was evaluated using a semiquantitative scoring

method to assess renal injury as a percentage: 0, no damage; 1, 10%;

2, 10–25%; 3, 25–75%; 4, >75%. Interstitial fibrosis was indicated by

blue area observed in Masson staining. Renal fibrosis was quantified

in at least five sections per mouse by Image J software.
Cell experiments

A mouse macrophage cell line Raw264.7 (ATCC) was used for in

vitro study. Raw264.7 cells were cultured in Dulbecco’s Modified

Eagle Medium (DMEM; Gibco) supplemented with 1%(v/v)

penicillin-streptomycin (P/S, Gibco) and 10% FBS (10099141C,

Gibco). Clec4e knockdown in Raw264.7 cell was achieved by using

lentivirus shRNA (Target sequence: CCTTTGAACTGGAAACATT)

targeting the Clec4e gene purchased from GeneChem (Shanghai,

China). Non-silencing lentivirus shRNA was used as a nonsense

control (NC). Lentiviruses expressing Clec4e and nonsense control

(NC’) constructed in the GV492 vector were purchased from

Genechem (Shanghai, China). Raw264.7 cells infected with

lentivirus (MOI=100) were stimulated with LPS (100ng/ml, L2630,

Sigma) for 12h and then were applied for the following detection

through RT-qPCR and immunofluorescence.
Immunofluorescence staining

Prior to immuno-staining, antigen retrieval for all paraffin-

embedded kidney sections was conducted using the microwave

heating method in EDTA (MVS-0098, MXB Biotechnologies,

Foochow, China) . For immunofluorescence sta ining ,

formaldehyde-fixed kidney sections were incubated with primary

antibodies against Mincle (CLEC-4E (B-7): sc-390806, Santa Cruz,

USA), CD68 (ab125212, Abcam, UK), Ly6G (GB11229-100,

Servicebio, CN), TNF-a (ab1973, Abcam, UK), Megalin (sc-

515772,Santa Cruz, USA), a-SMA (ab5694, Abcam, UK).

Raw264.7 cells seeded on the cover glasses were incubated with

primary antibody against TNF-a (ab1973, Abcam, UK).

Subsequently secondary antibodies were applied and DAPI was

employed to stain cell nuclei. Immunostained samples were

observed under a confocal microscope (FV3000, Olympus).
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Flow cytometry analysis

The Mincle-positive immune cell population in UIR kidney was

quantified using flow cytometry. In brief, kidney samples were

minced and enzymatically digested using the gentleMACS™ octo

dissociator (Miltenyi Biotec) along with the multi tissue dissociation

kit (Miltenyi, 130-110-203), followed by a 30-minute incubation at

37°C. The resulting cell suspension was filtered through 70-mm cell

strainers and washed with wash buffer (PBS containing 2% FBS and

2 mM EDTA). Erythrocytes were eliminated using RBC lysis buffer

(00-4333-57, eBioscience™), and cell viability was detected with

Live/Dead-Fixable Viability Stain 780 (BD Biosciences, Cat. No.

565388). After blocking nonspecific Fc binding with FC Block

(553141, BD Biosciences), cell suspensions were then incubated

with CD45-BV510 (103138, Biolegend), CD11b-FITC (101206,

Biolegend), F4/80-BV421 (565411, BD Biosciences), Ly6G-PerCP-

cy5.5 (127615, Biolegend) for 30min at 4°C. For Mincle, we applied

the primary anti-Mincle antibody (D266-3, MBL) and then

incubated with the Alexa Fluor 647-conjunted second antibody

(ab150167, abcam, UK). Flow cytometry was performed on

FACSymphony A5 SORP (BD Biosciences) and data was

analyzed with FlowJo software.
Quantitative real-time PCR

The total RNA was extracted from mouse kidney samples and

Raw264.7 cell lysate using RNAiso Plus (Vazyme, Nanjing, China)

following the manufacturer’s protocols. Subsequent reverse

transcription and quantitative real-time PCR were performed

using 5× HiScript III qRT SuperMix and 2× ChamQ SYBR qPCR

Master Mix (Vazyme, Nanjing, China). The expression levels of b-
actin were used for data normalization, and the primers utilized in

RT-qPCR were listed in Supplementary Table S3.
Statistical analysis

The data were presented as the mean ± standard deviation (SD).

Statistical analysis was conducted using t-test or one-way analysis of

variance (ANOVA) with GraphPad Prism 9.0 software. A

significance threshold of P < 0.05 indicated statistical significance.
Results

The expression of Mincle exhibited a
biphasic pattern during the progression of
renal fibrosis

To explore the dynamics and functional role of Mincle in the

progression of AKI to CKD, we established a UIR-induced mouse

model (Figure 1A). We observed remarkable renal interstitial

collagen deposition on day 14, indicating the development of

renal fibrosis which was aggravated on day 30 (Figures 1B, D).
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Meanwhile, a time-dependent dynamic expression of Mincle during

the AKI - to -CKD tran s i t i on p roce s s wa s no t ed by

immunofluorescence staining (Figures 1C, E). We observed a

biphasic pattern of Mincle expression following AKI,

characterized by a sharp increase on the first day and a

subsequent second peak at day 14. The Pearson correlation

coefficient analysis indicated a positive association between

Mincle and the extent of fibrosis suggesting potential involvement

of Mincle in the chronicity of AKI (Figure 1F).
The single-cell transcriptional analysis
revealed the comprehensive landscape of
Mincle expression in macrophages
and neutrophils

Single-cell RNA sequencing analysis was performed to

investigate the landscape of Mincle expression in cell clusters

(Figure 1A). Our findings revealed that Mincle was mainly

expressed in the populations of monocytes/macrophages and

neutrophils in the kidney displaying a time-dependent pattern

(Figures 2A, B). The Mincle expression in monocytes/

macrophages and neutrophils exhibited a rapid increase on the

first day post-UIR injury. However, the expression of Mincle was

observed to be down-regulated in total monocytes/macrophages as

disease progressed (Figures 2A, B), which may attribute to the

decreased expression in monocyte cluster (Supplementary Figures

S1A, B). Interestingly, unlike monocytes/macrophages, Mincle in

neutrophils exhibited a sustained elevation and demonstrated a

secondary peak of up-regulation on day 14 (Figures 2A, B). The

biphasic pattern of Mincle expression on day1 and 14 suggested

their critical role in the acute phase as well as the transition point

towards chronicity.

To validate the findings of single-cell sequencing data, we

employed flow cytometry analysis and identified a notable increase

in the recruitment of Mincle-positive F4/80+ macrophages and

neutrophils on day 1 following AKI, which further augmented on

day 14 (Figures 2C–F). Immunofluorescence staining also displayed a

large number of macrophages and neutrophils expressing Mincle in

renal interstitium on day 14 (Figure 2G). Overall, single-cell RNA

sequencing analysis unveiled a dynamic profile of Mincle expression,

predominantly exhibited by macrophages and neutrophils,

throughout the process of AKI-to-CKD transition.
High Mincle-expressing neutrophils and
macrophages were characterized with pro-
inflammatory and pro-fibrotic signatures

Further analysis was subsequently conducted to delineate the

characteristics of cell clusters expressing Mincle. By performing

sub-clustering analysis, neutrophils were partitioned into 3 subsets

displayed in UMAP plots (Figure 3A). The cell fraction of

neutrophil cluster 1 and cluster 2 (referred to as Neu 1 and Neu

2) exhibited a significant increase on day 1, followed by obvious

decline by day 3. However, with disease progression, they displayed
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a peak on day 14 (Figure 3B). Next, gene set scores were established

in regard to cell maturation, activation, aging, apoptosis,

phagocytosis, and chemotaxis (related genes in Supplementary

Table S2), Neu 1 and Neu 2 were identified as mature neutrophil

subsets with phagocytic function (Figure 3C). Neu 2 displayed early

activation and chemotaxis characteristics while Neu 1 was more

likely to represent an “aged” subset of neutrophils characterized

with high level of Cxcr4 and low level of Sell (27) (Figure 3C).

However, Neu 3 may represent a small subset of immature or renal-

resident neutrophils with undefined function (Figure 3C).

Therefore, we focused on Neu 1 and Neu 2 in the following analysis.

Through gene ontology (GO) pathway enrichment analysis,

Neu 1(high expression of Clec4e, Ccl3, Ccl4, Tnf, Siglecf, Il1rn,

Icam1, Il1a,Ccr12, Ctsb) and Neu 2 (high expression of Retnlg, Slpi,

S100a8, S100a9, Lcn2, Ccl6, Mmp8, Lrg1) were found to be involved

in inflammatory responses (Figure 3D). RNA velocity analysis

further elucidated the trajectory of neutrophils, revealing that Neu

2 (as a fresh mature subset) differentiated into Neu 1 (as an aged

mature subset) (Figure 3E), which aligned well with the observed

dynamic changes in neutrophil proportions as well as the defined

gene set functions (Figures 3B, C). In addition, it turned out that

Mincle was significantly up-regulated in Neu 1(Figure 3F).

Meanwhile, unsupervised clustering identified seven distinct cell

subpopulations of mononuclear phagocytes (including monocyte

and Mac 1-6). Notably, a remarkable Mincle expression was

observed in two specific subsets, monocyte and Mac1 (Figure 3F).

The Neu 1 and Mac 1 clusters presenting with dual peak expression

of Mincle were identified as Minclehigh neutrophils and Minclehigh

macrophages, respectively. Functional assessments revealed that

these Minclehigh neutrophils and Minclehigh macrophages

exhibited prominent pro-inflammatory and pro-fibrotic properties

(Figure 3G). Moreover, spatial transcriptomics data showed a

pronounced expression of Mincle at the outer-stripe of outer

medulla in the kidney, with similar distribution for myeloid cells

(indicated by Itgam) as well as inflammatory regions (indicated by

inflammation score) and fibrotic regions (indicated by Acta2

expression and fibrosis score) (Figure 3H). Persistent chronic

renal inflammation was revealed by inflammation score peaked

on day 14 after AKI (Figure 3H).

Therefore, Mincle was highly expressed in specific subsets of

neutrophils and macrophages, displaying remarkable pro-

inflammatory and pro-fibrotic properties crucial for driving CKD

progression following the initial kidney injury.
Minclehigh neutrophils and Minclehigh

macrophages synergistically promote the
production of TNF

To further elucidate the mechanisms driving AKI-to-CKD

transition mediated by Mincle-expressing macrophages and

neutrophils, we identified 54 common genes from the up-

regulated genes of these two cell subsets (Figure 4A). GO terms of

these 54 genes were predicated to be implicated in immune-

inflammatory responses and extracellular matrix synthesis

(Figure 4B). In addition, protein-protein interaction (PPI)
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FIGURE 1

The expression of Mincle exhibited a significant correlation with kidney fibrosis. (A) Design and workflow of this study. The transition from AKI to
CKD was experimentally induced in mice through UIR. Kidney samples collected at days 1, 3, 14, and 28 post-UIR, along with sham kidneys, were
subjected to the 10x chromium single-cell and visium spatial transcriptomic procedures. Validation experiments were conducted in Mincle WT and
KO mice. (B, D) Masson staining and quantification of kidney at various time points post-UIR. n=7. Scale bar, 50mm. (C, E) Representive
immunofluorescencent images and quantification of Mincle (labeled in red) in kidney at various time points post-UIR. n=7. Scale bar, 50mm. (F) The
correlation analysis between fibrosis severity, as indicated by masson area fraction, and Mincle expression was conducted. n=35. Data were
presented as mean ± SD. ns, no significance, **p < 0.01, ****p < 0.0001.
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analysis showed that Tnf emerged as the hub gene closely related to

the up-regulated genes in both Minclehigh neutrophils and

Minclehigh macrophages (Figure 4C). Gene expression correlation

analysis demonstrated a strong association between Tnf and Clec4e

in these two Minclehigh immune cell subsets (Figure 4D). The

CellChat algorithm-based inter-cellular communication analysis

revealed important contribution of Minclehigh neutrophils and

Minclehigh macrophages as ligand sources in the TNF signaling

pathway network (Figure 4E). Correspondingly, a prominent
Frontiers in Immunology 0716
increase in Tnf expression primarily in macrophages and

neutrophils, particularly on day 14 was observed (Figure 4F).

Furthermore, the in vitro validation confirmed a decrease in TNF

expression following Mincle knockdown, while an increase was

observed after overexpression of Mincle in LPS-stimulated

Raw264.7 cells (Supplementary Figures S2A–D). Meanwhile,

TNF-a expression was reduced in macrophages and neutrophils

on day 14 in Mincle knockout (KO) mice (Figure 4G). Hence, we

identified that Minclehigh myeloid cells (specifically macrophages
A

B
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E

G

FIGURE 2

Dynamic expression of Mincle in macrophage and neutrophil. (A, B) The UMAP projection and violin plot suggesting expression of Mincle (Clec4e) in
all different identified cell clusters and specific expression in neutrophil and monocyte/macrophage at different time points post injury. B, B cell; CD,
collecting duct; DCT, distal convoluted tubule; EC, endothelial cell; Epi, epithelial cell; Fib, fibroblast; LH, loop of Henle; Mono/Mac, monocyte/
macrophage; Neu, neutrophil; Per, pericyte; Pod, podocyte; PT, proximal tubule; Pro, proliferation cell; T, T cell. (C–F) Flow cytometry analysis
revealing the quantification of Mincle-positive macrophages and neutrophils in the kidney from AKI to CKD (Sham, day 1 and day 14). n=5.
(G) Representative immunofluorescence staining of CD68+Mincle+ and Ly6G+Mincle+ cells in kidney of day 14 post-UIR. CD68&Ly6G, green; Mincle,
red. Scale bar, 20mm. Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 3

Neutrophils and macrophages expressing high levels of Mincle exhibited pro-inflammatory and pro-fibrotic signatures. (A) UMAP plot of all clusters
of neutrophils. (B) The proportion of each subgroup of neutrophils at different time points. (C) Heatmap of phenotype and function score (including
maturation, activation, aging, apoptosis, phagocytosis and chemotaxis) for each neutrophil cluster. (D) Heatmap of each sub-cluster of neutrophils
based on DEGs and their top marker genes were listed. Top GO pathway enrichment analysis of Neu1 and Neu 2 subtypes were presented. (E) The
UMAP plot depicting the developmental transition of neutrophil clusters in Neu 1-2 following injury, as revealed by RNA velocity analysis. (F) Violin
plot suggesting Mincle expression in all macrophage sub-clusters and neutrophil sub-clusters, as well as the dynamics of Mincle in clusters of Neu1
and Mac1 at each time point after injury. (G) Heatmap of fibrotic score and inflammatory score in sub-clusters of Neu1-3 and Monocyte and Mac1-
6. (H) Temporal and spatial gene expression patterns of Clec4e, Itgam and Acta2, along with fibrosis score and inflammation score, were elucidated
using 10x Visium spatial transcriptomics.
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FIGURE 4

Minclehigh neutrophils and Minclehigh macrophages collaboratively facilitate TNF production. (A, B) DEGs and top GO terms of 54 common genes of
Minclehigh neutrophils and Minclehigh macrophages. (C) PPI analysis of 54 common genes identified between Minclehigh neutrophils and Minclehigh

macrophages. (D) Gene correlation analysis between Tnf and Clec4e in Minclehigh neutrophils and Minclehigh macrophages, respectively. (E) TNF
signaling pathway indicated by relevant ligand-receptor interaction pairs predicted by CellChat between main kidney cell types. (F) The UMAP
projection suggesting expression of Tnf in all different identified clusters and specific expression in neutrophils and monocytes/macrophages at
different time points after injury. (G) Representative immunofluoresce staining of CD68+TNF-a+ and Ly6G+TNF-a+ cells in kidney of Mincle WT or
KO mice on day 14 post-UIR. CD68&Ly6G, green; TNF-a, red. Scale bar, 50mm.
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and neutrophils) synergistically contributed to TNF production

during the chronic transition of AKI.
Mincle deficiency protect kidney from
aggravated injury and fibrosis post-UIR

Due to the distinctive expression pattern of renal myeloid-

derived Mincle during both early and chronic stages of kidney

injury, along with its pro-inflammatory and pro-fibrotic properties,

we further investigated the renal manifestations in Mincle knockout

mice. In wild-type (WT) mice, obvious tubular epithelial cell (TEC)

flattening, loss of the brush border and epithelial cell nuclei, and

tubular cast formation were observed after AKI, which could not be

completely repaired in the late stage of the disease and was

accompanied by a substantial interstitial immune cell infiltration

(Figures 5A, B). However, Mincle knockout resulted in significant

amelioration in renal pathological damage at different time points

during the process of AKI to CKD (Figures 5A, B). Additionally, a-
SMA immunofluorescence staining indicated a notable attenuation

of renal fibrosis in Mincle-deficient mice (Figures 5A, C). In Mincle

WT mice, Mincle mRNA expression confirmed a biphasic up-

regulation pattern following AKI (Figure 5D). Quantitative

analysis of kidney weight and megalin staining revealed more

pronounced renal atrophy and tubular loss in WT mice than

those observed in KO mice (Figures 5E–G). Remarkably,

compared to WT group, Mincle KO mice exhibited significant

down-regulation in the mRNA expression of pro-inflammatory

factors (TNF-a, IL-1b, Ccl2) and fibrosis-associated factors (TGF-

b, a-SMA, COL1A1) especially on day 14 (Figures 5H–M).

Collectively, our findings demonstrated that Mincle played a

critical role in renal injury and fibrosis progression after AKI

probably by mediating the unresolved inflammation.
Discussion

While Mincle has been extensively characterized as a key

mediator of inflammation in AKI, further investigation is

warranted to elucidate its role in the transition from AKI to

CKD. In this research, we offered a comprehensive single-cell

analysis of Mincle behavior during the progression from AKI to

CKD. Using mouse models of UIR, we delineated the detrimental

involvement of Mincle in the unresolved inflammation and

subsequent renal fibrosis across the acute and chronic phase after

AKI (Figure 6).

Initially, we identified biphasic pattern of Mincle expression

during the progression of renal fibrosis which potentially

contributed to the chronicity of inflammation. Previous research

predominantly emphasized the pathogenic role of Mincle-

expressing macrophages in AKI, confirming the initiation and

exacerbation of renal inflammation by Mincle (21, 22, 28). Here,

we observed a rapid up-regulation of Mincle in the initial stage of

kidney injury, followed by a second peak during the chronic

progression of AKI, accompanied by recruitment of immune cells

and sustained inflammatory status, which exhibited a strong
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association with late-stage renal fibrosis. Inflammatory processes

are pivotal in kidney fibrosis, involving diverse innate immune cells

in establishing renal interstitial inflammation environment (2, 5).

Innate immune cells not only initiate and exacerbate inflammation

in the early stage, but also contribute to the progression of kidney

fibrosis through sustained chronic inflammation driven by the

activation of innate immune pathways (5, 7). Furthermore, in

conjunction with the implementation of spatial transcriptome

technology, some innate immune cells were identified in

anatomical regions adjacent to fibrotic areas and were deemed to

be implicated in the establishment of the renal fibrosis

microenvironment (29, 30). Xu et al. recently elucidated that the

sustained macrophages infiltration, along with subsequent

activation of T-cells and neutrophils leading to a pro-

inflammatory immune response, facilitated secondary kidney

injury during AKI-to-CKD transition (11). Therefore, Mincle

derived from macrophages and neutrophils may not only

exacerbate early inflammatory responses but also involved in the

chronic transformation of kidney injury.

Further study identified two distinct sub-clusters of Minclehigh

macrophages and Minclehigh neutrophils, both exhibiting pro-

inflammatory and pro-fibrotic characteristics during kidney injury

progression. The recognition of functional diversity and time-

dependent infiltration of immune cell signifies a critical facet in

the complex pathogenesis of renal interstitial inflammation and

chronic injury (7). The phenotypic heterogeneity and functional

plasticity of macrophages have gained increasing interest (31).

Macrophages not only participate in the early inflammatory and

repair process, but also can be transformed into pro-fibrotic

phenotype to mediate the collagen matrix deposition in the

kidney. Utilizing single-cell RNA sequencing technology, a

plethora of novel subsets of macrophages have been identified to

exert distinct roles in both AKI and CKD. In the ischemia-

reperfusion-induced AKI mouse model, a specific subset of

monocyte-derived macrophages marked by S100a8/S100a9

expression triggered and intensified kidney inflammation (32).

Additionally, an early-emerging Arg1+ monocyte subset displayed

a pro-inflammatory and pro-fibrotic phenotype, while Ccr2+

macrophages appeared in late phase of injury (14). In the current

study, we identified a specific Minclehigh macrophage population

that possesses both M1 and M2 phenotypes exhibiting pro-

inflammatory and pro-fibrotic characteristics, potentially

sustaining renal inflammatory and fibrogenic processes.

Neutrophils, recognized as primary responders in early renal

injury (3, 7), have garnered increased attention in the AKI-to-

CKD transition in recent researches. Persistent infiltration of

specific neutrophils, such as Siglec-F+ or MMP-9+ neutrophils, is

crucial for creating a pro-fibrotic microenvironment that facilitates

the progressive renal fibrosis (11, 33, 34). In addition, previous

report showed that the “aged” neutrophils (Cxcr4hi&

Icam1hiCxcr1lo) presented in the renal tissue were associated with

a pro-inflammatory phenotype (35). Here, we systematically

characterized three neutrophil subpopulations in UIR-induced

AKI-to-CKD model. Specifically, the Minclehigh neutrophils were

found as an “aged” sub-cluster with pro-inflammatory and pro-

fibrotic signatures, prominently infiltrating during late renal UIR
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FIGURE 5

The absence of Mincle provides protection by mitigating exacerbated injury and fibrosis following UIR. (A–C) Acute kidney injury was induced by UIR
in Mincle WT or KO mice. Renal tubular injury score was calculated according to PAS staining at each time point (Sham, day1, day3, day14 and
day28) post-UIR. Representative immunofluorescent staining of a-SMA (green) in kidney at each time point after UIR. n=7. Scale bar, 50mm.
(D) RT-qPCR analysis of Mincle mRNA in kidney from Mincle WT and KO mice. n=7. (E) The ratio of the weight of the injured kidney to that of the
healthy (sham group) kidney. n=7. (F–G) Immunofluorescence staining of megalin (red) in kidney sections (Sham and day 28) after UIR with
representative images. Megalin-positive areas were quantified. n=7. Scale bar, 50mm. (H–M) RT-qPCR analysis for the indicated inflammation and
fibrosis related factors was performed on sham kidney and injured kidney samples harvested on day1, 3, 14, and 28 after injury. n=7. Data were
presented as mean ± SD. ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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stages, suggesting its significant role in fibrosis progression.

Therefore, Minclehigh macrophages and Minclehigh neutrophils

may represent a distinct myeloid cell population implicated in

inflammation and fibrosis during AKI to CKD transition.

Interestingly, the expression of Mincle in neutrophils was

significantly higher than that in macrophages. Nevertheless,

further validation utilizing macrophage-specific Mincle-deficient

mice and neutrophil-specific Mincle-deficient mice is warranted

to determine whether neutrophil-derived Mincle plays a

predominant role in the AKI-to-CKD progression.

Next, we found that Minclehigh macrophages and Minclehigh

neutrophils contributed to the production of TNF, which was

reduced significantly in Mincle knockout mice. The pathogenic

role of TNF signaling pathway in kidney disease has been

extensively reported. Wen et al. found that the KLF4 deficiency in

myeloid cells augmented TNF-a production, thereby exacerbating

necroptosis of TECs and renal interstitial fibrosis in two murine

models of CKD induced by nephrotoxic serum nephritis and

unilateral ureteral obstruction, however, this effect was mitigated

by macrophage-specific TNF deletion (36). Utilizing single-cell

transcriptomics, TNF from activated leukocytes drove Gli1+ cell

proliferation and fostered renal fibrosis by elevating Indian

Hedgehog (IHH) release from TECs (37). Moreover, an unbiased

transcriptomic approach revealed shared molecular signatures of an

activated kidney TNF pathway and unfavorable clinical outcomes

among patients diagnosed with either minimal change disease or

focal segmental glomerulosclerosis, highlighting TNF as a pivotal

driver in the progression of these diseases (38). Considering the

impact of TNF on renal injury and fibrosis, the dynamic infiltration

of these two Mincle-expressing immune cell subsets collectively

facilitates TNF production which may act as the critical contributor

to the chronic transition of AKI.

Finally, we identified that Mincle deficiency protect kidney from

aggravated injury and fibrosis post-UIR. New anti-inflammation

therapies against renal fibrosis have been well discussed (39, 40). It
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has proven that targeting the endogenous ligands of Mincle

represents a promising approach for alleviating renal inflammation

(22, 28). Moreover, Syk inhibitors and a variety of Chinese patent

medicine compounds have demonstrated the ability to suppress

Mincle/Syk/NF-kB signaling pathway, consequently mitigating

acute kidney inflammation induced by various etiologies (41–43).

Furthermore, modulating Mincle activation via targeted

manipulation of Mincle gene (23, 44) or protein receptor (45, 46)

emerged as potential therapeutic avenues. Nevertheless, a limitation

of this study lies in its exclusive utilization of a murine model of UIR

induced AKI. Given the intricate etiologies of AKI in humans (47), it

is imperative to explore alternative kidney disease models to unveil

the complex mechanistic actions of Mincle in different

disease contexts.

In conclusion, we have elucidated the dynamic expression of

Mincle with a second peak in a UIR-mediated AKI-to-CKD model

through sc-RNA seq analysis. We identified distinct Minclehigh

macrophages and neutrophils exerting pro-inflammatory and pro-

fibrotic effects, which synergistically contributed to the persistence of

renal inflammatory microenvironment and accelerated renal fibrosis

progression by promoting TNF production. Precisely targeting

Mincle or its downstream pathways may provide a promising

therapeutic avenue to impede AKI-to-CKD transition.
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SUPPLEMENTARY FIGURE 1

The dynamics of monocytes and Mincle-derived from the monocyte cluster.

(A) The monocyte cluster highlighted in the UMAP projection was markedly
increased on day 1 after injury. (B) The violin plot suggesting expression of

Mincle in Mono cluster at different time points post-injury. Mono, monocyte;
Mac, macrophage.

SUPPLEMENTARY FIGURE 2

Expression of TNF-a in Raw264.7 cell with Mincle knockdown or

overexpression. (A, B) RT-qPCR analysis for Mincle and TNF-a mRNA was
performed in lentivirus-infected Raw264.7 cells after stimulation with LPS. (C,
D) Immunofluorescence staining of TNF-a (red) in Raw264.7 stimulated with
LPS with representative images. The mean fluorescence intensity (MFI) of

TNF-a was quantified by Image J software. n=3. Scale bar, 20mm. NC/NC’,

nonsense control; KD, knockdown; OE, overexpression. Data were presented
as mean ± SD. *p < 0.05, **p< 0.01, ***p < 0.001.
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17. Iborra S, Martıńez-López M, Cueto F, Conde-Garrosa R, Del Fresno C, Izquierdo
H, et al. Leishmania uses mincle to target an inhibitory ITAM signaling pathway in
dendritic cells that dampens adaptive immunity to infection. Immunity. (2016) 45:788–
801. doi: 10.1016/j.immuni.2016.09.012

18. Ishikawa E, Ishikawa T, Morita Y, Toyonaga K, Yamada H, Takeuchi O, et al.
Direct recognition of the mycobacterial glycolipid, trehalose dimycolate, by C-type
lectin Mincle. J Exp Med. (2009) 206:2879–88. doi: 10.1084/jem.20091750

19. Yamasaki S, Ishikawa E, Sakuma M, Hara H, Ogata K, Saito T. Mincle is an
ITAM-coupled activating receptor that senses damaged cells. Nat Immunol. (2008)
9:1179–88. doi: 10.1038/ni.1651

20. Huang X, Yu Q, Zhang L, Jiang Z. Research progress on Mincle as a
multifunctional receptor. Int Immunopharmacol. (2023) 114:109467. doi: 10.1016/
j.intimp.2022.109467

21. Lv L, Tang P, Li C, You Y, Li J, Huang X, et al. The pattern recognition
receptor, Mincle, is essential for maintaining the M1 macrophage phenotype in
acute renal inflammation. Kidney Int. (2017) 91:587–602. doi: 10.1016/
j.kint.2016.10.020

22. Lv L, Wang C, Li Z, Cao J, Zhong X, Feng Y, et al. SAP130 released by damaged
tubule drives necroinflammation via miRNA-219c/Mincle signaling in acute kidney
injury. Cell Death Dis. (2021) 12:866. doi: 10.1038/s41419-021-04131-7

23. Tanaka M, Saka-Tanaka M, Ochi K, Fujieda K, Sugiura Y, Miyamoto T, et al. C-
type lectin Mincle mediates cell death-triggered inflammation in acute kidney injury.
J Exp Med. (2020) 217:e20192230. doi: 10.1084/jem.20192230

24. La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V, et al.
RNA velocity of single cells.Nature. (2018) 560:494–8. doi: 10.1038/s41586-018-0414-6

25. Jin S, Guerrero-Juarez C, Zhang L, Chang I, Ramos R, Kuan C, et al. Inference
and analysis of cell-cell communication using CellChat. Nat Commun. (2021) 12:1088.
doi: 10.1038/s41467-021-21246-9

26. Yamasaki S, Matsumoto M, Takeuchi O, Matsuzawa T, Ishikawa E, Sakuma M,
et al. C-type lectin Mincle is an activating receptor for pathogenic fungus, Malassezia.
Proc Natl Acad Sci U.S.A. (2009) 106:1897–902. doi: 10.1073/pnas.0805177106

27. Grieshaber-Bouyer R, Nigrovic P. Neutrophil heterogeneity as therapeutic
opportunity in immune-mediated disease. Front Immunol. (2019) 10:346.
doi: 10.3389/fimmu.2019.00346

28. Li S, Zhang Y, Lu R, Lv X, Lei Q, Tang D, et al. Peroxiredoxin 1 aggravates acute
kidney injury by promoting inflammation through Mincle/Syk/NF-kB signaling.
Kidney Int. (2023) 104:305–23. doi: 10.1016/j.kint.2023.04.013

29. Abedini A, Ma Z, Frederick J, Dhillon P, Balzer MS, Shrestha R, et al. Spatially
resolved human kidney multi-omics single cell atlas highlights the key role of the
fibrotic microenvironment in kidney disease progression. bioRxiv. (2022). doi: 10.1101/
2022.10.24.513598. 2022.10.24.513598.

30. Lake B, Menon R, Winfree S, Hu Q, Melo Ferreira R, Kalhor K, et al. An atlas of
healthy and injured cell states and niches in the human kidney. Nature. (2023)
619:585–94. doi: 10.1038/s41586-023-05769-3

31. Tang P, Nikolic-Paterson D, Lan H. Macrophages: versatile players in renal
inflammation and fibrosis. Nat Rev Nephrol. (2019) 15:144–58. doi: 10.1038/s41581-
019-0110-2

32. Yao W, Chen Y, Li Z, Ji J, You A, Jin S, et al. Single cell RNA sequencing
identifies a unique inflammatory macrophage subset as a druggable target for
Frontiers in Immunology 1423
alleviating acute kidney injury. Adv Sci (Weinh). (2022) 9:e2103675. doi: 10.1002/
advs.202103675

33. Ryu S, Shin J, Kwon S, Lee J, Kim Y, Bae Y, et al. Siglec-F-expressing neutrophils
are essential for creating a profibrotic microenvironment in renal fibrosis. J Clin Invest.
(2022) 132:e156876. doi: 10.1172/jci156876

34. Wang H, GaoM, Li J, Sun J, Wu R, Han D, et al. MMP-9-positive neutrophils are
essential for establishing profibrotic microenvironment in the obstructed kidney of
UUO mice. Acta Physiol (Oxf). (2019) 227:e13317. doi: 10.1111/apha.13317

35. Skopelja-Gardner S, Tai J, Sun X, Tanaka L, Kuchenbecker J, Snyder J, et al.
Acute skin exposure to ultraviolet light triggers neutrophil-mediated kidney
inflammation. Proc Natl Acad Sci USA. (2021) 118:e2019097118. doi: 10.1073/
pnas.2019097118

36. Wen Y, Lu X, Ren J, Privratsky J, Yang B, Rudemiller N, et al. aKLF4 in
macrophages attenuates TNF-mediated kidney injury and fibrosis. J Am Soc Nephrol.
(2019) 30:1925–38. doi: 10.1681/asn.2019020111

37. O'Sullivan E, Mylonas K, Xin C, Baird D, Carvalho C, Docherty M, et al. Indian
Hedgehog release from TNF-activated renal epithelia drives local and remote organ
fibrosis. Sci Transl Med. (2023) 15:eabn0736. doi: 10.1126/scitranslmed.abn0736

38. Mariani L, Eddy S, AlAkwaa F, McCown P, Harder J, Nair V, et al. Precision
nephrology identified tumor necrosis factor activation variability in minimal change
disease and focal segmental glomerulosclerosis. Kidney Int. (2023) 103:565–79.
doi: 10.1016/j.kint.2022.10.023

39. Liu F, Zhuang S. New therapies for the treatment of renal fibrosis. Adv Exp Med
Biol. (2019) 1165:625–59. doi: 10.1007/978-981-13-8871-2_31

40. Tang T, Wang B, Lv L, Dong Z, Liu B. Extracellular vesicles for renal
therapeutics: State of the art and future perspective. J Control Release. (2022)
349:32–50. doi: 10.1016/j.jconrel.2022.06.049

41. Tan R, Li J, Liu J, Lei X, Zhong X, Wang C, et al. BAY61-3606 protects kidney
from acute ischemia/reperfusion injury through inhibiting spleen tyrosine kinase and
suppressing inflammatory macrophage response. FASEB J. (2020) 34:15029–46.
doi: 10.1096/fj.202000261RRR

42. Hui D, Rui-Zhi T, Jian-Chun L, Xia Z, Dan W, Jun-Ming F, et al. Astragalus
propinquus Schischkin and Panax notoginseng (A&P) compound relieved cisplatin-
induced acute kidney injury through inhibiting the mincle maintained macrophage
inflammation. J Ethnopharmacol. (2020) 252:112637. doi: 10.1016/j.jep.2020.112637

43. Lei X, Tan R, Jia J, Wu S, Wen C, Lin X, et al. Artesunate relieves acute kidney
injury through inhibiting macrophagic Mincle-mediated necroptosis and inflammation
to tubular epithelial cell. J Cell Mol Med. (2021) 25:8775–88. doi: 10.1111/jcmm.16833

44. Xue V, Chung J, Tang P, Chan A, To T, Chung J, et al. USMB-shMincle: a virus-
free gene therapy for blocking M1/M2 polarization of tumor-associated macrophages.
Mol Ther Oncolytics. (2021) 23:26–37. doi: 10.1016/j.omto.2021.08.010

45. Stephens M, Keane K, Roizes S, Liao S, Weid P. Mincle-binding DNA aptamer
demonstrates therapeutic potential in a model of inflammatory bowel disease.Mol Ther
Nucleic Acids. (2022) 28:935–47. doi: 10.1016/j.omtn.2022.05.026

46. Tan R, Zhong X, Han R, Xie K, Jia J, Yang Y, et al. Macrophages mediate
psoriasis via Mincle-dependent mechanism in mice. Cell Death Discovery. (2023) 9:140.
doi: 10.1038/s41420-023-01444-8

47. Kellum J, Romagnani P, Ashuntantang G, Ronco C, Zarbock A, Anders H. Acute
kidney injury. Nat Rev Dis Primers. (2021) 7:52. doi: 10.1038/s41572-021-00284-z
frontiersin.org

https://doi.org/10.1016/j.immuni.2016.09.012
https://doi.org/10.1084/jem.20091750
https://doi.org/10.1038/ni.1651
https://doi.org/10.1016/j.intimp.2022.109467
https://doi.org/10.1016/j.intimp.2022.109467
https://doi.org/10.1016/j.kint.2016.10.020
https://doi.org/10.1016/j.kint.2016.10.020
https://doi.org/10.1038/s41419-021-04131-7
https://doi.org/10.1084/jem.20192230
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1073/pnas.0805177106
https://doi.org/10.3389/fimmu.2019.00346
https://doi.org/10.1016/j.kint.2023.04.013
https://doi.org/10.1101/2022.10.24.513598
https://doi.org/10.1101/2022.10.24.513598
https://doi.org/10.1038/s41586-023-05769-3
https://doi.org/10.1038/s41581-019-0110-2
https://doi.org/10.1038/s41581-019-0110-2
https://doi.org/10.1002/advs.202103675
https://doi.org/10.1002/advs.202103675
https://doi.org/10.1172/jci156876
https://doi.org/10.1111/apha.13317
https://doi.org/10.1073/pnas.2019097118
https://doi.org/10.1073/pnas.2019097118
https://doi.org/10.1681/asn.2019020111
https://doi.org/10.1126/scitranslmed.abn0736
https://doi.org/10.1016/j.kint.2022.10.023
https://doi.org/10.1007/978-981-13-8871-2_31
https://doi.org/10.1016/j.jconrel.2022.06.049
https://doi.org/10.1096/fj.202000261RRR
https://doi.org/10.1016/j.jep.2020.112637
https://doi.org/10.1111/jcmm.16833
https://doi.org/10.1016/j.omto.2021.08.010
https://doi.org/10.1016/j.omtn.2022.05.026
https://doi.org/10.1038/s41420-023-01444-8
https://doi.org/10.1038/s41572-021-00284-z
https://doi.org/10.3389/fimmu.2024.1385696
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Paola Italiani,
National Research Council (CNR), Italy

REVIEWED BY

Ivana Kawikova,
University of Hartford, United States
Till Adhikary,
University of Marburg, Germany

*CORRESPONDENCE

Toshiaki Ohteki

ohteki.bre@mri.tmd.ac.jp

†These authors have contributed equally to
this work

RECEIVED 09 March 2024

ACCEPTED 06 June 2024
PUBLISHED 08 July 2024

CITATION

Akiyama M, Kanayama M, Umezawa Y,
Nagao T, Izumi Y, Yamamoto M and Ohteki T
(2024) An early regulatory mechanism of
hyperinflammation by restricting
monocyte contribution.
Front. Immunol. 15:1398153.
doi: 10.3389/fimmu.2024.1398153

COPYRIGHT

© 2024 Akiyama, Kanayama, Umezawa, Nagao,
Izumi, Yamamoto and Ohteki. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 08 July 2024

DOI 10.3389/fimmu.2024.1398153
An early regulatory mechanism
of hyperinflammation
by restricting
monocyte contribution
Megumi Akiyama1,2†, Masashi Kanayama1†,
Yoshihiro Umezawa2, Toshikage Nagao2, Yuta Izumi1,
Masahide Yamamoto2 and Toshiaki Ohteki 1*

1Department of Biodefense Research, Medical Research Institute, Tokyo Medical and Dental
University (TMDU), Tokyo, Japan, 2Department of Hematology, Graduate School of Medical and
Dental Sciences, TMDU, Tokyo, Japan
Innate immune cells play a key role in inflammation as a source of pro-

inflammatory cytokines. However, it remains unclear how innate immunity-

mediated inflammation is fine-tuned to minimize tissue damage and assure

the host’s survival at the early phase of systemic inflammation. The results of this

study with mousemodels demonstrate that the supply of monocytes is restricted

depending on the magnitude of inflammation. During the acute phase of severe

inflammation, monocytes, but not neutrophils, were substantially reduced by

apoptosis and the remaining monocytes were dysfunctional in the bone marrow.

Monocyte-specific ablation of Casp3/7 prevented monocyte apoptosis but

promoted monocyte necrosis in the bone marrow, leading to elevated levels

of pro-inflammatory cytokines and the increased mortality of mice during

systemic inflammation. Importantly, the limitation of monocyte supply was

dependent on pro-inflammatory cytokines in vivo. Consistently, a reduction of

monocytes was observed in the peripheral blood during cytokine-release

syndrome (CRS) patients, a pathogen-unrelated systemic inflammation

induced by chimeric antigen receptor-T cell (CAR-T cell) therapy. Thus,

monocytes act as a safety valve to alleviate tissue damage caused by

inflammation and ensure host survival, which may be responsible for a

primitive immune-control mechanism that does not require intervention by

acquired immunity.
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1 Introduction

Inflammation is a basic biological phenomenon that is mediated

by the immune system and therefore has been studied for a long

time. Although inflammatory responses are necessary to maintain

homeostasis (1), they can be a serious risk to life and health if

inappropriately driven and sustained. Before the COVID-19

pandemic, about 19.7% of deaths were related to sepsis, a life-

threatening multiple organ failure induced by infection-mediated

inflammation (2), in the world (3). After the pandemic, the

mortality of COVID-19 patients with severe sepsis reached up to

48% (4). In addition to infection-induced inflammation, immune

therapies such as chimeric antigen receptor-T cell (CAR-T cell)

treatment of patients with hematological malignancies often cause

an acute systemic inflammation known as cytokine release

syndrome (CRS), which sometimes threatens the lives of patients.

Thus, regardless of pathogen involvement, controlling severe

systemic inflammation remains the biggest challenge even today.

Innate immunity plays a critical role in host protection by

phagocytosing pathogens, producing cytokines and inducing

adaptive immunity. However, at the same time, the production of

systemic cytokines by activated innate immune cells causes tissue

damage and the dysfunction of multiple organs during systemic

infection, which could be a life-threatening risk (5–7). Especially in

the early stage of inflammation, the mechanism of innate immunity

to regulate the balance between host protection and inflammation-

mediated tissue damage has not been fully understood.

Monocytes are a unique immune cell population that can

differentiate into multiple cell lineages such as macrophages and

dendritic cells (8), even though they are constantly provided to the

periphery through circulating blood (9). Classical monocytes, a major

subset of monocytes, are related to the pathogenesis of various

diseases such as cancer, infection and inflammation by producing

cytokines and differentiating into pro-inflammatory and into anti-

inflammatory cell populations (10–15). In the early stage of infection,

monocytes are recruited from the bone marrow (BM) to infected sites

and play roles in inflammation and pathogen clearance (10, 16).

Indeed, genetic deletion of Ccr2, a gene encoding a critical chemokine

receptor for monocyte exit from the BM to the periphery, decreased

the severity of sepsis after cecal ligation and puncture (CLP) induction

with reduced systemic cytokine production, suggesting that existing

monocytes in the periphery are important for the progression of

inflammation (17). In addition, the tolerance and trained memory of

monocytes modify the secondary immune responses at the late phase

of inflammatory responses including microbial infections (18).

However, the early regulatory mechanism of excessive inflammation

that affects the fate of monocytes has remained unclear.

In this study, we found that the fate of monocytes is

dramatically changed to maintain homeostasis depending on the

intensity of systemic inflammation. At early stages of severe

systemic inflammation, the number of monocytes was

significantly reduced in peripheral organs although neutrophils

were successfully supplied to the periphery. This was because half

of the monocytes were immediately killed by apoptosis, and the

remaining monocytes were dysfunctional and failed to migrate into

the periphery. Importantly, the mechanism to prevent monocyte
Frontiers in Immunology 0225
supply was pro-inflammatory cytokine-dependent and driven only

when severe inflammation was induced. The monocyte-specific

ablation of Casp3 and Casp7 prevented their apoptosis but

promoted monocyte necrosis, which increased both the

production of pro-inflammatory cytokines and the mortality of

mice during sepsis. Finally, we collected blood samples of CRS

patients who received CAR-T cell therapy and confirmed that the

classical monocyte counts in their blood were reduced at early

phases of inflammation. Collectively, monocytes sense the severity

of inflammation to decide whether to participate in the

inflammatory responses or commit suicide or dysfunction to

reduce the tissue damage and ensure the host’s survival.
2 Materials and methods

2.1 Mice

C57BL/6J (B6) mice were obtained from Japan Slc Inc.

(Hamamatsu, Japan). B6.SJL-ptprca (B6.SJL, Strain #: 4007) mice

congenic at the CD45 locus (CD45.1+CD45.2−), CAG-EGFP mice

(Strain#: 006567), Ccr2-/- mice (Strain#: 004999) and Ccr2-creERT2

mice (Strain #: 035229) were obtained from Jackson Laboratories

(Bar Harbor, ME, USA). Casp3flox/flox mice and Casp7-/- mice were

generated as shown in Supplementary Figures 3A, B. Casp3-flox and

Casp7 Knockout (KO) mice were generated using the CRISPR/Cas

system as previously reported (19) with slight modifications. For

Casp3-flox, two crRNAs were synthesized (Fasmac, Kanagawa,

Japan) to target the 5’-CAACAACTCAAGTTAAGTAC-3’ and 5’-

GTCTCATCTTGAGGCCAAGG-3’ sequences in introns flanking

the Casp3 exon2 containing the start codon. The plasmid vector used

to generate the floxed allele of Casp3was constructed with the 5’- and

3’-homology arms of 1500 bases long loxP sequences (5’-

ATAACTTCGTATAGCATACATTATACGAAGTTAT-3’) placed

at the cleavage sites by Cas9 and restriction sites (SalI and NotI).

For Casp7 KO, two crRNAs targeting the 5’-AAGCAGCCCA

CAGAACAGCT-3’ sequence in the intron between exons 4 and 5

and the 5’-TGTTTCCTTGCCCCGCCAAG-3’ sequence in the

intron between exons 6 and 7 were synthesized (Fasmac) to delete

exons 5 and 6. To generate the KO allele with a precisely designed

DNA sequence, a 150-mer single-stranded oligodeoxynucleotide

(ssODN) was synthesized (5’-CACCTCTTTATAGAGAGAG

AAGAAAATGGAGGTTAGCCAACCTCTCTCTGCTGTCA

CAAAGCAGCCCACAGAACAAAGGGGACCTGGCTCAGTGGG

CAAGCTACTTGCAGTACAAGCAATGAGGACCCAAGA

CCGAATCCCCAGCATCTA-3’ by Hokkaido System Science

(Sapporo, Japan). A mixture of Cas9 protein (final concentration of

30 ng/ml, NEB), crRNAs (8.7 ng/ml each), tracrRNA (28.6 ng/ml,
Fasmac), the plasmid vector (10 ng/ml) and the ssODN (15 ng/ml) was
injected into the pronuclei of C57BL/6J zygotes produced by in vitro

fertilization. Zygotes surviving after the injection were transferred

into the ampullae of the oviducts of pseudopregnant female mice.

After natural delivery or caesarean section, newborn pups were

genotyped us ing PCR primer pa irs (5 ’-GTAAGCTA

ACCGAGCCAATG-3’ and 5’-AGTCAGGTAGATCAGAGGTC-3’

for Casp3-flox, 5’-GACGGAGCACACCTTTAATCC-3’ and 5’-
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CAGTCTGTCGGAATTTGGAGC-3’ for Casp7 KO), restriction

enzymes and Sanger sequencing. Founder mice with the expected

genetic modifications were used for further experiments.
2.2 Study design for CAR-T cell therapy

We performed an analysis of patients with relapse/refractory

diffuse large B cell lymphoma (DLBCL), B-cell lymphoid leukemia

(B-ALL), who were treated with CD19-targeted CAR T-cell therapy.

We prospectively collected blood samples on CRS patients in Tokyo

medical and dental university hospital. Samples were collected from

22 patients between July 2020 and April 2023 and 3 patients were

excluded from the analysis of this study according to the reasons

shown in Supplementary Figure 4E. Nineteen patients were treated

with a lymphocyte-depletion regimen (Fludarabine 25 mg/m2 +

Cyclophosphamide 250 mg/m2: Flu+CY) from Day -5 to Day -3

and CD19-specific CAR-T cells (tisagenlecleucel, tisa-cel) (Novartis,

Basel, Switzerland) were infused at Day 0. Blood samples were

collected before CAR-T cell administration until Day 14. All

patients were enrolled in this study with protocols approved by the

Institutional Review Board of the Tokyo Medical and Dental

University, and written informed consent was obtained from a

legally authorized representative as per the Declaration of Helsinki.

CRS grading was defined by clinicians blinded to the results of the

analysis based on Penn CRS grading (Supplementary Table 1) (20).

Blood samples were collected in vacutainer tubes containing heparin.

Sample tubes were delivered to the laboratory within 4 hours of the

sample draw. Peripheral blood mononuclear cells (PBMCs) were

purified via density gradient centrifugation and were processed for

flow cytometry analysis. Lymphocyte separation solution (d = 1.077,

d = 1.119) (Nacalai Tesque Inc., Kyoto, Japan) was used. The blood

samples were placed at room temperature for 30–60 min after the

blood collection and then kept on ice for all experimental steps until

FACS analysis, except for density gradient centrifugation. Plasma

samples were stored at -80°C.

Patients’medical records were reviewed for laboratory data and

outcomes. All data were collected from documentation in the

medical records. Clinical laboratory studies, including complete

blood count (CBC) with differential, C-reactive protein (CRP),

lactate dehydrogenase (LDH) and fibrinogen (Fbg) were

performed in the Tokyo Medical and Dental University Hospital.
2.3 Flow cytometry and cell sorting

After staining with specific antibodies, cells were analyzed using

a FACS AriaTM III (BD Bioscience, Franklin Lakes, NJ, USA) and

then by FlowJo software (Treestar Inc., Ashland, OR, USA). For

sorting of monocytes, BM cells were stained with PE/Cy5-

conjugated antibodies against TER119, B220, Ly6G, CD4, CD3e,

CD8a (Thermo Fisher Scientific), NK1.1 and CD19 (Biolegend).

After washing, cells were incubated with anti-Cy5 microbeads

(Miltenyi Biotec, Bergisch Gladbach, Germany) and monocytes

were briefly isolated by negative isolation with Auto MACS

(Miltenyi Biotec). Monocytes were then stained with a specific
Frontiers in Immunology 0326
antibody and the Ly6Chi monocyte fraction was isolated using a

FACS AriaTM III. For counting cell numbers, CountBright™

absolute counting beads (Thermo Fisher Scientific) were used.
2.4 Real-time PCR

Total mRNAs were reverse-transcribed to cDNAs and gene

expression levels were determined using a Light Cycler 480 and

SYBR Green I Master (04707516001, Roche Diagnostics, Basel,

Switzerland). The values were normalized according to the

expression of b-actin. Specific primers used for real-time PCR are

shown in Supplementary Table 4.
2.5 Quantification of cytokines

To measure cytokine production from monocytes, BM

monocytes obtained from wild type (WT) mice before and 12

hours after lipopolysaccharide (LPS, L2880–100mg, Sigma-Aldrich,

Saint Louis, MO, USA) treatment (5 mg/kg) were cultured

overnight with RPMI-1640 containing 10% FBS in the absence or

presence of LPS (100 ng/ml). Supernatants were collected and

analyzed using a LEGENDplex™ Mouse Macrophage/Microglia

Panel kit (BioLegend, San Diego, CA, USA). Casp3/7Dmono and their

littermate control mice were treated with 20 mg/kg LPS and plasma

was collected 2 hours after the LPS injection to evaluate the levels of

TNF-a, IL-6, IL-1b and IL-10 using ELISA kits (R&D Systems,

Minneapolis, MN, USA and Biolegend). For blood samples of CRS

patients, a LEGENDplex™ Human Inflammation Panel 1 kit

(Biolegend) was used to measure the levels of cytokines.
2.6 Cytological analysis

CD11b+Ly6ChiLy6G- monocytes were obtained from the BM 12

hours after treatment (5 mg/kg). Cells were stained with Diff Quik

(Sysmex, Kobe, Japan) and the diameters of nuclei in each

population were evaluated using Image J.
2.7 Evaluation of apoptosis

Cells were obtained from the BM, peripheral blood, and spleen

2, 4, 6 and 12 hours after LPS injection (5 mg/kg). After staining cell

surface markers for neutrophils and monocytes, cells were stained

with a PE-conjugated anti-Annexin V antibody (Thermo Fisher

Scientific, Waltham, MA, USA) and propidium iodide (PI) and

were analyzed by flow cytometry. For the detection of cells

expressing active caspase-3/7, cells were stained with CellEvent™

Caspase-3/7 Detection Reagents (Thermo Fisher Scientific) after the

cell surface marker staining. For detection of cells expressing active

caspase-1, cells were stained with a FAM-FLICA(R) Caspase 1 Assay

Kit (Immunochemistry Technologies, Davis, CA, USA) after the cell

surface marker staining.
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2.8 In vitro stimulation of BM cells

Monocytes, neutrophils, and B cells isolated from naïve WT mice

were cultured with LPS (10–1000 ng/ml) and/or cytokines (50 ng/ml,

Biolegend) at 37°C for 3 hours. For caspase-blockade, cells were pre-

cultured with inhibitors for Caspase-1 (Z-YVAD-FMK), Caspase-3 (Z-

DEVD-FMK), Caspase-8 (Z-IETD-FMK) or Caspase-9 (Z-LEHD-

FMK) (1–100 mM) (R&D Systems) before the stimulation. After

stimulation, live cell numbers were counted by flow cytometry using

CountBright™ absolute counting beads (Thermo Fisher Scientific).
2.9 Cecal ligation and puncture model

Mice were anesthetized by intraperitoneal injection of an anesthetic

mixture of medetomidine, midazolam and butorphanol. The abdomen

of each mouse was then shaved and a laparotomy was performed. The

cecum was exposed and tightly ligated 1.0 cm from the distal end. The

ligated cecum was then perforated twice with a 26G or 19G needle.

The cecum was returned to the peritoneal cavity after gentle squeezing

to extrude a small amount of feces from the perforated sites. The

peritoneum was sutured, and the skin was closed using a clip. Twelve

hours after CLP induction, the mice were sacrificed and the frequencies

and absolute numbers of neutrophils andmonocytes in the BM and the

peritoneal cavity were determined using flow cytometry.
2.10 Cytokine administration

Carrier-free recombinant mouse TNF-a and IFN-g (10 mg/
mouse each) (Biolegend, endotoxin level: <0.1 EU/µg protein) were

mixed and administered intraperitoneally to WT C57BL/6J mice

after which the numbers, PI+ dead cell ratio, and active caspase3/7-

expressing apoptotic cell ratio in monocytes and neutrophils

obtained from the BM and peripheral blood were evaluated 6

hours after the cytokine treatment.
2.11 Intra-BM transplantation

Mice were anesthetized by an intraperitoneal injection of an

anesthetic mixture of medetomidine, midazolam and butorphanol,

after which monocytes obtained from the BM of CAG-EGFP mice

were transplanted into the tibias of recipient B6.SJL mice. After the

intra-BM transplantation, mice were quickly recovered by an

injection of atipamezole. The mice were then treated with LPS (5

mg/kg) 1 hour after the transplantation. Eighteen hours after

treatment, the distribution, expression of monocyte markers and

cell death of donor cells were analyzed using FACS. To examine the

apoptosis in monocytes, monocytes sorted from the BM of naïve

TLR4-deficient or sufficient mice were transplanted into the BM of

B6.SJL mice. Then, LPS (5 mg/kg) was intraperitoneally injected

into the recipient mice and the apoptotic cell ratio was determined

in the BM donor monocytes 6 hours after the LPS-treatment.
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2.12 Transwell migration assay

To evaluate the migration capacity of monocytes toward CCL2,

Transwell migration assays (3-mm pores, Corning, Pittsburgh, PA,

USA, #3402) were performed. Monocytes (3×105 cells) obtained

from the BM before and after LPS treatment (5 mg/kg) were placed

in the upper chamber and different doses of recombinant CCL2 (0,

2.5, 10, 50 ng/ml) (Biolegend) were added in the lower chamber.

The cells were then cultured 12 hours at 37˚C with 5% CO2. Cells

that had migrated from the lower chamber were counted by FACS

with cell counting beads (Thermo Fisher Scientific).
2.13 Western blot analysis

Western blotting was performed as previously described (21).

Casp3/7Dmono mice were treated with 100 mg/kg tamoxifen

intraperitoneally for 5 days. Two days after the last injection of

tamoxifen, monocytes (2–3×105 cells) were sorted from the BM of

WT mice and of Casp3/7Dmono mice and were lysed in lysis buffer

containing 1% Triton X-100, 20 mM Tris–HCl (pH 7.5), 150 mM

NaCl, 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM

phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin and 10 mg/ml

leupeptin. The lysates were incubated on ice for 15 minutes and the

supernatants were collected after centrifugation at 15,000 rpm, 4 ˚C

for 20 min. The supernatants were mixed with 1 volume of 2x

Laemmli sample buffer and were separated by electrophoresis on

SDS-PAGE gels (Biorad, Hercules, CA, USA). The proteins were

transferred to Immobilon P membranes (Millipore, Darmstadt,

Germany) using a wet transfer method. Western blotting was

performed using specific antibodies against b-actin (Sigma-

Aldrich), Caspase3 (Cell Signaling Technology, Danvers, MA,

USA, #14220T) and Caspase7 (Cell Signaling #12827T) and the

proteins detected by those antibodies were visualized using a

chemiluminescence kit (Western Lightning Plus-ECL,

PerkinElmer, Waltham, MA, USA).
2.14 Statistical analysis

Statistical analyses were performed using Microsoft Excel or

Prism software version 3 (GraphPad, San Diego, CA, USA). A two-

tailed Student’s t-test was used for statistical analyses of two-group

comparisons. Multigroup comparisons were performed using one-

way analysis of variance (ANOVA) followed by the Tukey–Kramer

multiple comparisons test. The criterion of significance was set at p <

0.05. Results are expressed as means ± standard error of the mean

(SEM). For analysis of survival of the high dose LPS challenge, each

group was subjected to Kaplan-Meier analysis and comparisons were

performed using the log-rank test. CRS grading was defined by

clinicians blinded to the results of analysis based on Penn CRS

grading (Supplementary Table 1). Samples from 3 patients were

excluded from the analysis as shown in Supplementary Figure 4E.

Randomization of the groups was not performed. No statistical

methods were used to estimate sample size.
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3 Results

3.1 Disappearance of monocytes at early
phase of systemic inflammation

To examine the kinetics of monocytes in acute systemic

inflammation, we intraperitoneally administered a sublethal dosage

of LPS (5 mg/kg) to WT C57BL/6 mice to induce sepsis. After LPS

treatment, the upregulation of chemoattractants for monocytes (Ccl2,

Ccl3, Ccl4, Ccl6, Ccl7 and Ccl8) and neutrophils (Cxcl1 and Cxcl2) was

examined in various peripheral organs (Supplementary Figure 1A).

Consistent with previous reports, major monocyte and neutrophil

chemoattractants such as CCL2, CCL7, and CXCL1/2 were

substantially elevated (Supplementary Figure 1A), which are driven

by common transcription factors NF-kB and/or AP-1 both inmice and

in humans (22–24). We then examined the kinetics of monocytes in

the BM, peripheral blood, spleen, and peritoneal cavity of mice after

LPS treatment and found that about half of classical monocytes

(hereafter referred to as “monocyte”) and neutrophils were lost in

the BM within 12 hours after sepsis induction (Figures 1A–C; gating

strategy is shown in Supplementary Figure 1B). Interestingly, the

increase of monocytes was not observed in the blood and spleen

until 72 hours after LPS treatment (Figures 1A, B), although

neutrophils were greatly increased in the peripheral blood 12 hours

after sepsis induction (Figure 1C). Thus, we investigated where the

monocytes that were lost in the BM went. However, LPS injection did

not increase the number of monocytes in most peripheral organs at 12

hours after treatment (Figure 1D). In some organs, such as the

peritoneal cavity and kidney, an increase of monocytes was observed

within 12 or 24 hours after LPS treatment (Figures 1A, D). Consistent

with previous reports (25, 26), monocytes accumulated transiently in

the lungs 2 hours after the injection of LPS. However, those effects were

too small to explain the decrease of monocytes in the BM (Figures 1A,

D, Supplementary Figure 1C). We transferred Ly6Chi monocytes from

CAG-EGFP mice (CD45.2) into the BM of B6.SJL mice (CD45.1) and

examined the donor-derivedmonocytes in the BM and spleen 12 hours

after LPS treatment (Figure 1E). Compared to naïve conditions, the

LPS treatment significantly decreased the ratio of splenic monocytes/

BM monocytes (Figure 1F), suggesting that BM monocytes do not

distribute to the periphery at the early stage of LPS-induced sepsis. To

further demonstrate that the LPS-induced monocyte reduction in the

BM was unlikely due to the egress of monocytes from the BM, we

induced LPS-induced sepsis in CCR2-deficient mice (Figure 1G). As

the decrease of monocytes in the BM was observed even in CCR2-

deficient mice 12 hours after LPS treatment (Figure 1G), the egress of

monocytes from the BM seems not to be a cause of the monocyte

reduction in the BM at the early stage of sepsis. To further examine

whether LPS treatment altered the expression of monocyte markers,

which would make monocyte identification difficult, we transferred

BM-derived monocytes from CAG-EGFP mice into the BM of

recipient mice and examined the expression of monocyte markers 12

hours after LPS treatment (Figures 1E, H). The expression of CD11b

and Ly6C was maintained and Ly6G was not expressed in the donor-

derived monocytes regardless of LPS-injection (Figure 1H), ruling out

the possible alteration of monocyte markers.
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3.2 Monocytes are eliminated by apoptosis
early after systemic inflammation

To examine the reason for the disappearance of monocytes in

peripheral organs after LPS treatment, we evaluated cell death in

monocytes and neutrophils 12 hours after LPS treatment. Staining

with propidium iodide (PI) and Annexin V revealed that the

frequency of dead cells (PI+ Annexin V+) in monocytes was

increased immediately after LPS treatment (Figure 2A), and the

increase of cell death in monocytes was significantly higher than

that in neutrophils (Figure 2B). When monocytes isolated from the

BM of CAG-EGFP mice were transferred into the BM of recipient

mice (as shown in Figure 1E), the frequency of PI+ dead cells was

increased in donor monocytes after LPS treatment (Figure 2C).

Staining for active caspase-3/7 demonstrated that apoptosis is

selectively induced in monocytes, but not in neutrophils or other

leukocytes in the BM, spleen and peripheral blood after LPS

treatment (Figures 2D, E), which suggests that monocyte

apoptosis was induced in both the BM and the periphery. In

contrast, the frequencies of active caspase-1-expressing cells were

comparable between monocytes and neutrophils after LPS

treatment (Figure 2F), suggesting that pyroptosis could not

explain the selective disappearance of monocytes in peripheral

organs after sepsis induction.

We next examined whether inflammatory stimuli cause the cell

death of monocytes in vitro. We isolated Ly6Chi monocytes from the

BM of naïve WT mice and cultured them with LPS or with

inflammatory cytokines for 3 hours (Figure 2G) and found that

LPS and inflammatory cytokines such as IFN-g and TNF-a but not

IL-6, quickly decreased the number of live monocytes (Figure 2H). In

contrast, the impact of the stimulation with LPS or with cytokines in

the cell death of neutrophils and B cells was much lower than that of

monocytes (Figure 2I), which suggests that the monocyte-specific cell

death program is driven by infection/inflammation. Consistent with

the low induction of apoptosis in B cells, we recently showed that the

number of B cells was not decreased in the BMwithin 12 hours after a

high dose LPS injection (27). To demonstrate how monocytes were

killed by inflammatory stimuli, we pre-cultured monocytes in the

presence of inhibitors for caspases-3, 8, 9 or 1 for 30minutes and then

stimulated them with LPS. Live cell counts revealed that only the

caspase-3 inhibitor suppressed the cell death (Figure 2J), which

indicates that monocytes are eliminated by apoptosis. Taken

together, microbial and/or inflammatory signals eliminate

monocytes by inducing apoptosis early after the onset of sepsis.
3.3 Functional alteration of monocytes in
the BM during systemic inflammation

Half of the monocytes were eliminated by apoptosis early after

sepsis, meaning that the other half of the monocytes survived

(Figures 1A, B). We characterized the surviving monocytes in the

BM. The monocytes from LPS-treated mice and from naïve

monocytes showed kidney-shaped nuclei, a representative

monocyte morphology (Figure 3A). However, the LPS-treated
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monocytes were significantly larger in size than the naïve

monocytes (Figure 3B). Monocyte egress from the BM is

dependent on CCR2, a receptor for CCL2, during infection (28).

The BM monocytes from LPS-treated mice maintained their CCR2

expression even after LPS treatment (Figures 3C–E). However, they

showed an impaired migration ability toward CCL2 compared to

BM monocytes from naïve mice (Figures 3F, G), which suggested

that surviving monocytes in the BM after sepsis had lost their

capacity to migrate out of the BM.
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M-CSF-mediated signaling promotes monocyte differentiation

into macrophages, and LPS treatment induces ADAM17-dependent

shedding of CD115, a receptor for M-CSF (29). In this context,

CD115 expression on the surface of BM monocytes was largely

abolished within 3 hours after LPS treatment (Supplementary

Figure 2A). To examine the differentiation capacity of monocytes

in vivo, we obtained BM monocytes before and after LPS treatment

and transferred them into the peritoneal cavity of naïve B6.SJL mice,

after which flow cytometry was used to examine the generation of
B C

D E

F G H

A

FIGURE 1

Kinetic analysis of monocytes and neutrophils during LPS-induced inflammation. LPS (5 mg/kg) was intraperitoneally injected into WT C57BL/6J
mice to mimic systemic inflammation caused by a systemic bacterial infection. (A) Kinetics of monocytes (Mo) in the BM, peripheral blood (PB),
spleen and peritoneal cavity from 0 to 72 hours after treatment with LPS; red dotted lines indicate monocyte numbers at naïve conditions.
(B–D) Numbers of monocytes (B, D) and neutrophils (C) in the BM and PB (B, C) and/or lung, liver, kidney, spleen, small intestine (SI), colon,
peritoneal cavity (PEC) and mesenteric lymph node (MLN) (D) 12 hours after LPS treatment; n=3 each group. (E, F, H) Experimental strategy for intra-
BM injection of monocytes obtained from CAG-EGFP mice (E). Monocytes obtained from the BM of naïve CAG-EGFP mice were transferred into the
BM of B6.SJL mice after which the mice received LPS treatment. The ratio of monocyte number between spleen and BM (F) and the expression of
monocyte markers (H) were examined 18 hours after LPS treatment; n=3 each group. The numbers on the FCM plots indicate the frequencies of the
gated populations. (G) Monocyte number in the BM of CCR2-deficient mice before and 12 hours after LPS treatment; n=3 each group. *p<0.05,
**p<0.01, ***p<0.001, N.S., not significantly different (Student’s t-test). Data are representative of two independent experiments (error bars, SEM).
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FIGURE 2

Exclusion of monocytes by apoptosis early after systemic inflammation. (A, B) Evaluation of cell death of BMmonocytes before and after intraperitoneal
injection of LPS (5 mg/kg). BM cells were obtained before and 6 or 12 hours after LPS treatment and the frequencies of the PI+ AnnexinV+ fraction were
measured using FACS; representative FACS plots are shown in (A). (C) EGFP+monocytes were transferred to B6.SJLmice as shown in Figure 1E and the
frequency of PI+ dead cells was examined in donormonocytes 18 hours after LPS treatment; n=4 per group. (D, E) Frequencies of apoptotic cells in monocytes
obtained from the BM (D), spleen and PB (E)were evaluated by counting active caspase-3/7-expressing cells; n=4 per group for (D, E). (F) Frequencies of active
caspase-1-expressing cells in BMmonocytes before and after LPS administration; n=4 per group. (G–I) Induction of apoptosis in monocytes by ex vivo
stimulation with LPS or cytokines. Monocytes (H), neutrophils and B cells (I) obtained from the BM of naïveWTmice were stimulated with LPS or indicated
cytokines for 3 hours, and surviving cell numbers were counted by FACSwith cell counting beads; n=4 per group. The experimental strategy is shown in (G).
(J) BMmonocytes obtained from naïveWTmice were pre-cultured in the presence of caspase inhibitors at various concentrations as indicated for 30minutes
and then were stimulated with LPS (10 ng/ml) for 3 hours. Surviving cell numbers were examined by FACS with cell counting beads. *p<0.05, **p<0.01,
***p<0.001, N.S., not significantly different (one-way ANOVA). Data are representative of two independent experiments (error bars, SEM).
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F4/80+Ly6C- macrophages from F4/80-Ly6C+ monocytes

(Supplementary Figure 2B). As expected, the monocytes obtained

from LPS-treated mice showed impaired differentiation into

macrophages (Supplementary Figures 2C, D).

Monocytes act as a source of cytokines during infections (17, 28).

Thus, we evaluated the cytokine production ability of BMmonocytes

from naïve and from LPS-treated mice (Figure 3H, Supplementary

Figure 2E) and found that BM monocytes from LPS-treated mice

showed significantly lower production of TNF-a, a representative

cytokine involved in sepsis induction, and CXCL1 (Figure 3H).

In contrast, monocytes from LPS-treated mice, but not from naïve

mice, were able to produce G-CSF (Figure 3H).
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Together with the defects in migration, differentiation, and

cytokine production, the surviving monocytes in the BM after

LPS treatment are dysfunctional in terms of sepsis induction.
3.4 Severe inflammation prevents an
increase of monocytes in the periphery

A previous report suggested that administration of high-dose

LPS does not increase circulating monocytes, although low-dose

LPS does that (26). However, the mechanism and physiological

meaning of that are unknown. In this context, our results from
B C D
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A

FIGURE 3

Monocytes surviving in the BM after LPS treatment lose their functions. (A, B) Morphology of monocytes obtained from the BM of WT C57BL/6 mice
before and 12 hours after LPS treatment (5 mg/kg). Representative images and the maximum diameter of BM monocytes are shown in
(A, B), respectively; scale bars indicate 5 mm. (C–E) Expression of CCR2 on monocytes obtained from the BM of WT C57BL/6 mice before and 12
hours after LPS treatment (5 mg/kg). Representative FACS plots are shown in (C) and statistical analysis of the frequencies of CCR2+ cells (D) and the
CCR2 mean fluorescence intensity (MFI) (E) of BM monocytes is shown in (D); n=5 per group. (F, G) Transwell migration assay for BM monocytes.
Monocytes were obtained from the BM of naïve or LPS-treated WT C57BL/6 mice (3×105 cells/well) and were added to the upper chamber with the
indicated concentration of recombinant mouse CCL2 added in the lower chamber. The cells were then incubated at 37˚C overnight, after which the
number of migrated monocytes was counted by FACS with cell-counting beads. The experimental strategy is shown in (E) and statistical analysis of
specific migration toward CCL2 is shown in (F); n=6 per group. (H) Cytokine production by monocytes obtained from the BM of naïve or LPS-
treated mice. BM monocytes were obtained from WT mice before and 12 hours after LPS treatment (5 mg/kg) and were cultured (5×105 cells/ml) in
the presence of LPS (100 ng/ml) for 24 hours. N.S., not significantly different. Supernatants were collected and the production of cytokines was
evaluated using Legendplex. *p<0.05, **p<0.01, ***p<0.001, N.S., not significantly different; N.D., not detectable [Student t-test (D, E) and one-way
ANOVA (G)]. Data are representative of two independent experiments (A–E) or pooled from two independent experiments (G) (error bars, SEM).
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monocyte cultures revealed that the stronger the inflammatory

stimulus, the greater the apoptosis of monocytes (Figure 2H),

which implies that severe inflammation more efficiently

suppresses monocyte appearance in vivo. Using a cecal ligation

and puncture (CLP) infection model, we induced mild and severe

sepsis with 26G and 19G needles, respectively. Severe sepsis-

induced mice showed significantly higher plasma levels of TNF-a
compared to mild sepsis-induced mice (Figure 4A). In both settings,

the numbers of monocytes and neutrophils were similarly decreased

in the BM within 12 hours after CLP-induction (Figure 4B).

However, the frequency and number of monocytes that migrated

into the peritoneal cavity were significantly higher in mice with mild

sepsis compared to mice with severe sepsis (Figures 4C, D). In

contrast, the number of neutrophils was comparable between the

severe and mild CLP settings (Figures 4C, D). As we observed in the

LPS injection model (Figures 2D, E), the apoptotic cell ratio in BM

monocytes of severe sepsis-induced mice was significantly higher

than that of mild sepsis-induced mice (Figures 4E, F). Since it has

been reported that the injection of low-dose LPS (20 ng/body)

increases monocytes in the periphery (26), we also tested the impact

of treatment with low-dose (20 ng/body) and high-dose (100 mg/
body) LPS in the apoptosis of monocytes (Supplementary
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Figure 2F). Consistent with our results with the CLP model, low-

dose LPS injection did not induce apoptosis, although high-dose

LPS injection did induce apoptosis. Thus, monocytes are eliminated

by apoptosis only when the inflammation is excessive.
3.5 Inhibition of apoptosis in monocytes
exacerbates systemic inflammation
during sepsis

A CCR2-deficiency improved the severity of sepsis and a supply

of peripheral monocytes restores sepsis in CCR2-deficient mice (17),

suggesting that the existence of monocytes in the periphery enhances

systemic inflammation. To further examine if the apoptosis-mediated

reduction of monocytes alters the magnitude of inflammation, we

generated Casp7-/-;Casp3flox/flox;CCR2-CreERT2 (Casp3/7Dmono) mice

(Supplementary Figures 3A–C). We injected tamoxifen (2 mg/

mouse/day) into Casp3/7Dmono mice and their littermate control

mice (Casp3fl/fl;Casp7-/- mice) for 5 consecutive days (Figure 5A)

and confirmed that monocytes from Casp3/7Dmono mice after that

treatment lacked Caspase-3 and 7 by western blotting

(Supplementary Figure 3D). The frequency of Annexin+ PI- early
B
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FIGURE 4

Peripheral monocyte supply is dependent on the magnitude of inflammation. (A–F) Mild and severe CLP was performed in WT mice using 26G and
19G needles, respectively; n=5 for naïve, n=12 for mild CLP and n=11 for severe CLP. (A) Levels of plasma TNF-a were evaluated 3 or 13 hours after
the induction of mild or severe CLP. (B–D) Number (B, D) and frequency (C) of monocytes and neutrophils in the BM (B) and peritoneal cavity
(C, D) 13 hours after CLP-induction. (E, F) Frequencies of early apoptotic cells (Annexin V+ PI-) and dead cells (Annexin V+ PI+) in BM monocytes
before and 13 hours after CLP induction; representative FACS plots are shown in (E). *p<0.05, **p<0.01, ***p<0.001, N.S., not significantly different
[one-way ANOVA (A–D, F)]. Data are pooled from two (A) or five (B–F) independent experiments (error bars, SEM).
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apoptotic cells was also successfully decreased in monocytes by the

genetic ablation of Casp3/7 after LPS treatment (Figures 5B, C). On

the other hand, the frequency of the Annexin-V+ PI+ fraction, which

is a mixture of necrotic cells and late apoptotic cells, was not

significantly changed (Figures 5B, C), which suggests that the

monocyte death was induced by non-apoptotic cell death such as

necrosis in Casp3/7Dmono mice. Consistently, the blockade of

apoptosis results in the induction of necroptosis (30–32). Indeed,

the number of monocytes was equally reduced in control and in

Casp3/7Dmono mice (Figure 5D). In this context, there was no

significant difference in the frequency of monocytes expressing

active caspase-1, an indicator of pyroptosis, between control and

Casp3/7Dmono mice (Supplementary Figure 3E). Collectively, these

results imply the necrosis-mediated clearance of monocytes in Casp3/
Frontiers in Immunology 1033
7Dmono mice. To evaluate the importance of monocyte death by

apoptosis in fine-tuning the magnitude of inflammation, we

examined blood cytokine levels 2 hours after LPS treatment and

found that the levels of TNF-a and IL-6 were increased in Casp3/

7Dmono mice compared to control mice (Figure 5E). In contrast, the

levels of IL-1b and IL-10 were comparable between the two groups

(Supplementary Figure 3F). Reflecting the severe inflammation, the

weight and size of the spleens in Casp3/7Dmono mice were slightly

increased (Supplementary Figure 3G). In addition, the mortality of

Casp3/7Dmono mice was significantly increased compared to control

mice during sepsis induced by treatment with a lethal dosage of LPS

(20 mg/kg) (Figures 5F, G). These results suggested that the

apoptosis-dependent reduction of monocytes is crucial for fine-

tuning excessive inflammation during sepsis.
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FIGURE 5

Casp3/7-deficiency in monocytes exacerbates systemic inflammation during sepsis. (A) Experimental strategy with Casp3/7Dmono mice (Casp3fl/fl;
Casp7-/-;CCR2-CreERT2) and their littermate control (Casp3fl/fl;Casp7-/-) mice. (B, C) Frequencies of early apoptotic cells (Annexin V+ PI-) and dead
cells (Annexin V+ PI+) in monocytes obtained from the BM of Casp3/7Dmono and control mice 12 hours after LPS treatment (5 mg/kg); n=6 per group.
(D) Numbers of monocytes in the BM and spleens of Casp3/7Dmono and control mice before and 12 hours after LPS treatment (5 mg/kg); n=4 for
control, n=7 for Casp3/7Dmono. (E) Concentration of TNF-a and IL-6 in the plasma of Casp3/7Dmono mice and control mice 2 hours after LPS
treatment (5 mg/kg); n=10 per group. (F, G) LPS (20 mg/kg) was administered to Casp3/7Dmono mice and control mice and their mortality was
monitored for 11 days. Kaplan-Meier survival curve and the life times of mice are shown in (F, G), respectively; n=20 for Casp3/7Dmono mice, n=13 for
control mice. *p<0.05, **p<0.01, ***p<0.001, N.S., not significantly different [Student’s t-test (C, E, G), one-way ANOVA (D) or log-rank test (F)]; data
are pooled from two (B–E) or three (F, G) independent experiments (error bars, SEM).
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3.6 Cytokine-mediated stimulation is
sufficient to induce monocyte
disappearance in periphery

In contrast to immune paralysis, which is induced at a later phase

of sepsis (33), we showed that monocyte apoptosis at an early stage of

sepsis protects the host from excessive inflammation, implying that

this mechanism might work independently of microbial stimuli. To

examine that hypothesis, TLR4-deficient or TLR4-sufficient

monocytes were mixed with monocytes from TLR4-sufficient

CAG-EGFP mice at a 1:1 ratio and were directly transplanted into

the BM of B6.SJL mice. When we examined the ratio between EGFP+

and EGFP- donor (TLR4-deficient or TLR4-sufficient) monocytes 12

hours after LPS treatment (Figure 6A), the TLR4-deficiency did not

alter that ratio (Figure 6B). Next, we administrated LPS (5 mg/kg)

into SJL mice that received an intra-BM transplantation of WT or

TLR4-deficient monocytes (Figure 6C). Importantly, the TLR4-

deficiency did not alter the ratio of Annexin V+PI+ dead cells,

Annexin V+ PI- early apoptotic cells (Figures 6D, E) or active

caspase3/7-expressing cells in donor monocytes (Figure 6F). These

results suggested that TLR4-mediated signaling is not required to

trigger monocyte apoptosis in vivo and implied the importance of

pro-inflammatory cytokine-mediated signaling. To directly test this

in vivo, we treated WT mice with recombinant TNF-a and IFN-g as
reported previously (34) (Figure 6G), which caused monocyte cell

death in vitro (Figure 2H), and found that the numbers of monocytes

and neutrophils were significantly reduced in the BM 6 hours after

the treatment (Figure 6H). Importantly, monocytes simultaneously

disappeared from the peripheral blood, while the number of

neutrophils was greatly increased (Figures 6H, I). At this time, the

increases in dead cells, which were evaluated by PI staining, and

caspase3/7-expressing cells were pronounced in monocytes

compared with neutrophils and CD11b- cells in the BM

(Figures 6J–L). Collectively, these results suggested that a microbial

stimulus is not required while a pro-inflammatory cytokine

stimulation is sufficient to induce monocyte apoptosis, which

resulted in the selective disappearance of monocytes in the periphery.
3.7 The monocyte disappearance during
human cytokine release syndrome

As pro-inflammatory cytokines are sufficient to induce apoptosis-

mediated monocyte disappearance in mice (Figure 6), we aimed to

determine whether it is also observed in human patients during

pathogen-unrelated systemic inflammation. To this end, we focused

on cytokine-release syndrome (CRS), which is caused by the release

of large amounts of cytokines accompanying an excessive immune

response not only during systemic infection but also during CAR-T

cell immunotherapy. It should be emphasized that CAR-T cell

administration has the advantage of monitoring CRS from the

starting point of inflammation, which is not feasible in patients

with infectious diseases or other inflammatory diseases because the

symptoms are already present at the time the patient is seen in the

hospital. In the CAR-T cell-induced CRS model with humanized

mice and human CAR-T cells, human monocytes act as a major
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source of cytokines (35). We monitored the kinetics of

CD14+CD16low classical monocytes, neutrophils, c-reactive protein

(CRP), and fibrinogen (FBG) in the blood of 19 patients until day 14

after CAR-T cell administration (Figure 7A, the gating strategy of

classical monocytes and neutrophils is shown in Supplementary

Figure 4A). The severity of CRS was graded based on the Penn

grading scale (Supplementary Table 1). All patients who received

CAR-T cell therapy developed CRS (n=19), but only four patients

developed severe CRS (grade 3 and 4, 15.8%). Patient characteristics

with each CRS grade were shown in Supplementary Table 2. The

peak of blood neutrophil count almost coincided with the peaks of

the inflammation markers CRP and FBG (Figure 7B). In contrast, the

peak of classical monocyte count was later than the peaks of CRP and

FBG, implying the suppression of monocyte appearance in the

periphery during systemic inflammation in humans. In this

context, the duration between the peak of monocytes, but not

neutrophils, and the peak of CRP or FBG became larger in patients

with severe CRS (grades 3 and 4) compared to those with relatively

mild CRS (grades 1 and 2) (Figures 7C, D). Thus, the more severe the

inflammation, the more delayed the appearance of classical

monocytes in the blood during CRS. Related to this, patients with

higher counts of classical monocytes before CAR-T therapy had a

more severe CRS after receiving CAR-T therapy (day 0) (Figure 7E).

On the other hand, the blood levels of cytokines, neutrophils and

clinical indicators of inflammation at day 0 did not affect the severity

of CRS (Supplementary Figures 4B–D; Supplementary Table 3),

implying that the counts of classical monocytes in the blood before

starting CAR-T therapy may serve as a biomarker to predict the

severity of subsequent CRS after the treatment. Importantly,

compared to day 0, the counts of monocytes in the blood were

significantly increased at the peak of CRS in grade 1/2 patients,

whereas grade 3/4 patients showed a decrease of monocytes in their

blood at that time (Figures 7F, G). Those results obtained from

patients are consistent with results obtained from mice (Figure 4),

and the magnitude of inflammation is critical for changing monocyte

behavior both in mice and in humans.
4 Discussion

Monocytes are a unique population of cells that have the

potential to differentiate into multiple cell lineages while existing

in the periphery. The variability of monocytes is suitable for

maintaining homeostasis flexibly according to the situation. In

this study, we found that apoptosis and functional alterations are

induced in monocytes early after systemic inflammation, which

effectively suppresses the appearance of monocytes in peripheral

tissues. During excessive inflammation, this could be a mechanism

to attenuate monocyte-mediated acceleration of systemic

inflammation and tissue damage and instead assure host survival.

Indeed, suppression of monocyte appearance was observed during

severe inflammation both in mice and in humans.

Apoptosis maintains homeostasis by silently removing

unwanted or harmful cells during various biological processes

such as development, inflammation, and aging (36–38).

Importantly, the impaired apoptotic cell death selectively in
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FIGURE 6

Importance of TLR4-mediated signaling to trigger monocyte cell death during systemic inflammation. (A, B) Experimental strategy for co-IBI of
TLR4-sufficient or TLR4-deficient monocytes and EGFP-expressing monocytes (A). Monocytes were obtained from the BM of naïve Tlr4flox/flox;Vav1-
Cre mice (TLR4 KO) or their littermate control (Tlr4flox/flox; WT) mice and were mixed with monocytes obtained from naïve CAG-EGFP mice at a 1:1
ratio. The mixed monocytes were transferred into the BM of recipient SJL mice and the recipient mice received an intraperitoneal injection of LPS (5
mg/kg). Twelve hours after treatment, the ratio of GFP- and GFP+ cells in CD45.2+CD45.1- donor cells was examined (B). (C–F) BM monocytes
obtained from TLR4 KO or control mice were injected into the BM of B6.SJL mice after which the mice were treated with LPS (5 mg/kg) as shown in
(C). Six hours after the treatment, the frequencies of Annexin V+PI+ dead cells, Annexin V+PI- early apoptotic cells (D, E), and active caspase3/7-
expressing cells (F) in donor monocytes were examined. Representative FACS plots are shown in (D). (G–L) A mixture of recombinant mouse TNF-a
and IFN-g (10 mg/mouse each) was injected intraperitoneally to WT B6 mice and the numbers (H), dead cell ratio (J, K), and active caspase3/7-
expressing cell ratio (L) of monocytes, neutrophils and/or CD11b- cells in the BM and PB were examined 6 hours after the cytokine administration.
The experimental strategy is shown in (G). Representative FACS plots for CD11b+ cells in the PB and monocytes and neutrophils in the BM are
shown in (I, J), respectively. **p<0.01, ***p<0.001, N.S., not significantly different [Student t-test (B, H), one-way ANOVA (D, E, K, L)]. Data are
pooled from two independent experiments (Error bars, SEM).
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monocytes, i.e., Casp3/7Dmono mice, exacerbated the inflammation

and increased host death due to LPS-induced sepsis (Figure 5),

which suggests that the apoptosis-mediated reduction of

monocytes is a novel fine-tuning mechanism to prevent excessive

inflammation. In this respect, non-apoptotic cell death such as

necrosis was also suggested to increase inflammation and decrease

host survival. Further research will be needed to elucidate whether

this tuning machinery is active in various diseases and whether its

impairment leads to the onset of inflammatory diseases. In addition,
Frontiers in Immunology 1336
the functionally altered monocytes had a decreased ability to

produce pro-inflammatory cytokines, such as TNF-a and CXCL1

(Figure 3H). In contrast, their ability to produce anti-inflammatory

cytokines was not upregulated (Figure 3H), suggesting that the

dysfunctional monocytes seem not to be suppressive monocyte

subsets such as Ym1+ monocytes (14). Interestingly, monocytes that

survived in the BM after LPS treatment showed a remarkable

expression of G-CSF (Figure 3H). As G-CSF induces the

differentiation of neutrophils and Ym1+ monocytes (39, 40), the
B C

D
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A

FIGURE 7

Classical monocytes disappear in the peripheral blood during human CRS. (A) Experimental strategy for monitoring inflammation biomarkers, numbers
of leukocytes and levels of cytokines in blood samples of CRS patients who received CAR-T cell therapy; n=19. (B) The peak day for cell counts of
neutrophils and classical monocytes, CRP and FBG in the PB of CRS patients. (C, D) Duration between CRP or FBG and classical monocytes (C) or
neutrophils (D). (E) Cell count of classical monocytes in the blood of patients of each grade of CRS at day 0. (F) Number of classical monocytes in the
blood at day 0 and at the peak of CRS. (G) Fold changes of classical monocytes in the blood from day 0 to the peak of CRP are shown. *p<0.05,
**p<0.01, ***p<0.001, N.S., not significantly different [Student’s t-test (C, D, F, G) or one-way ANOVA (B, E)]. Error bars, SEM.
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functional alteration of monocytes may affect subsequent immune

responses at the later phase of inflammation. In addition, the

reduced production of TNF-a and the enhanced production of

G-CSF are observed in monocytes of human septic patients (41),

implying that a similar functional alteration of monocytes during

inflammation is widely conserved in mammals. Our findings

indicated that inflammatory cytokines induce the apoptosis and

functional alterations of monocyte in the periphery. With this

respect, the functional alternations of monocytes, such as reduced

TNF-a production, might be caused by hypoxia- or LPS-mediated

upregulation of hypoxia inducible factor-1a (HIF1a) that reduces
inflammatory cytokine production from monocytes (42, 43).

The results of this study show that “monocyte loss” is triggered in

the periphery only under severe inflammation (Figures 7F, G, 4E, F;

Supplementary Figures 2F, 5), which was transient and canceled as

soon as the inflammation subsided both in mice and in humans

(Figures 1A, 7B). On the other hand, it has been considered that a

dysregulated immune response is induced in septic patients, e.g. the

induction of indiscriminate apoptosis in a variety of cell types.

However, we found that the susceptibility of monocytes to

apoptosis is higher than that of other immune cells (Figures 2D, E,

H, I; Figure 6L), which leads to the preferential removal of monocytes

in a programmed manner. In contrast to the monocyte loss under

excessive inflammation, monocyte tolerance is induced during mild

inflammation triggered by low doses of LPS (44–46). Mechanistically,

the monocyte loss was induced by pro-inflammatory cytokines

independent of microbial stimuli (Figures 6G–L). Consistently,

monocyte loss was also observed in patients with CAR-T cell-

induced CRS (Figure 7), implying that monocyte loss is a common

regulatory mechanism that limits excessive inflammation both in

mice and in humans.

In another aspect, previous studies on monocyte- or monocyte-

derived cell-mediated immune suppression have focused primarily

on the immunological significance during the late stage of

inflammation, such as sepsis, inflammatory bowel disease, and

allergy (2, 14, 47, 48). Depending on the immunological context,

the late stage of monocyte suppression may increase patient mortality

caused by secondary infections (2, 49, 50), or it may help to terminate

inflammation and promote tissue repair (14, 42, 46, 47). In contrast

to these studies, we focused on the early inhibitory mechanism of

hyperinflammation and newly identified that the transient reduction

and dysfunction of monocytes fine-tunes the magnitude of

inflammation to minimize tissue damage and to assure host survival.

The recruitment of monocytes to infected sites is often later

than that of neutrophils (46, 51). We found that the more severe the

inflammation, the more delayed the appearance of monocytes in the

periphery, which may explain the reason for the delayed monocyte

recruitment to the infected site. While previous studies with low-

dose LPS treatment showed a mobilization of monocytes from the

BM to peripheral tissues (26), the monocyte behavior in severe

inflammatory conditions has not been fully elucidated. Supporting

our conclusion, Giamarellos-Bourboulis et al. reported that septic

patients with apoptosis in more than 50% of their peripheral blood

monocytes have a lower mortality compared to patients with
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apoptosis in less than 50% of their monocytes (52). Although

their study did not prove the mechanism and causal relationship

involved, it implies the apoptosis-mediated removal of monocytes

with the suppression of systemic inflammation.

In this study, we used blood samples from CRS patients to

elucidate whether monocyte disappearance is induced in systemic

inflammatory conditions. Because CRS is triggered after CAR-T cell

therapy, it is easy to monitor the progress of inflammation and cell

kinetics from before the onset of inflammation. The tumor burden

before CAR-T cell injection and CAR-T cell expansion is a risk

factor for CRS development in cancer treatment (53, 54). However,

because accurate evaluation of the tumor burden requires analysis

with computed tomography (CT), magnetic resonance imaging

(MRI), and/or positron emission tomography/CT (PET/CT)

scanning, the identification of biomarkers that can easily predict

the severity of CRS would be beneficial. Here, we demonstrate that

the number of classical monocytes in the patient’s blood before

CAR-T cell administration is a useful biomarker to predict the

severity of CRS. The high number of classical monocytes in the

periphery before CAR-T cell administration correlated with

the severity of CRS, implying that monocytes are a major source

of pro-inflammatory cytokines. Supporting this notion, the

importance of monocytes as a source of inflammatory cytokines

during CRS induced by CAR-T cell therapy was indicated in a

humanized mouse model (35). Meanwhile, as the development of

CRS does not correlate with the prognosis of primary disease (55),

our findings further suggested that the classical monocyte counts

cannot predict the outcomes of CAR-T cell therapy. In addition,

temporary removal of monocytes may help control systemic

inflammation, although prolonged monocyte depletion risks

increased susceptibility to infection and collapse of homeostasis.

Of note, we previously developed the antibody-drug conjugate

(ADC) that selectively removes human monocytes and monocytic

leukemia cells with minimal side effects on other hematopoietic cells

by targeting monocyte progenitors (56). This ADC might also be

applicable for CRS, although this is an issue for the future.

To avoid uncontrolled inflammation, the immune system is

equipped with various regulatory mechanisms that function

appropriately at the right time. In this study, we found the

apoptotic removal and induction of dysfunctionality in monocytes

at early stages of excessive inflammation (Supplementary Figure 5).

Because this mechanism does not need help with adaptive immunity,

it might be a primitive system that has existed since before the

development of the acquired immune system. Considering this novel

fine-tuning mechanism, our findings are valuable not only for

extending our understanding of monocyte function but also for

identifying therapeutic targets for severe inflammatory diseases.
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Dysregulated complement
activation during acute
myocardial infarction leads to
endothelial glycocalyx
degradation and endothelial
dysfunction via the C5a:C5a-
Receptor1 axis
Carl Vahldieck1,2,3*, Samuel Löning2, Constantin Hamacher2,
Benedikt Fels2,3, Bettina Rudzewski2, Laura Nickel4,
Joachim Weil4, Henry Nording5,3, Lasse Baron5,
Marie Kleingarn6, Christian Marcel Karsten6

and Kristina Kusche-Vihrog2,3

1Department of Anesthesiology and Intensive Care Medicine, University Medical Centre Schleswig-
Holstein Campus Luebeck, Luebeck, Germany, 2Institute of Physiology, University of Luebeck,
Luebeck, Germany, 3DZHK (German Research Centre for Cardiovascular Research), Partner Site
Hamburg/Luebeck/Kiel, Luebeck, Germany, 4Medizinische Klinik II, Sana Kliniken Luebeck,
Luebeck, Germany, 5Cardioimmunology Group, Medical Clinic II, University Heart Center
Luebeck, Luebeck, Germany, 6Institute for Systemic Inflammation Research (ISEF), University
of Luebeck, Luebeck, Germany
Introduction: Complement-mediated damage to the myocardium during acute

myocardial infarction (AMI), particularly the late components of the terminal

pathway (C5-convertase and C5b-9), have previously been characterized.

Unfortunately, only few studies have reported a direct association between

dysregulated complement activation and endothelial function. Hence, little

attention has been paid to the role of the anaphylatoxin C5a. The endothelial

glycocalyx (eGC) together with the cellular actin cortex provide a vasoprotective

barrier against chronic vascular inflammation. Changes in their nanomechanical

properties (stiffness and height) are recognized as hallmarks of endothelial

dysfunction as they correlate with the bioavailability of vasoactive substances,

such as nitric oxide (NO). Here, we determined how the C5a:C5aR1 axis affects

the eGC and endothelial function in AMI.

Methods: Samples of fifty-five patients with ST-elevation myocardial infarction

(STEMI) vs. healthy controls were analyzed in this study. eGC components and

C5a levels were determined via ELISA; NO levels were quantified

chemiluminescence-based. Endothelial cells were stimulated with C5a or

patient sera (with/without C5a-receptor1 antagonist “PMX53”) and the

nanomechanical properties of eGC quantified using the atomic force

microscopy (AFM)-based nanoindentation technique. To measure actin

cytoskeletal tension regulator activation (RhoA and Rac1) G-LISA assays were

applied. Vascular inflammation was examined by quantifying monocyte-

endothelium interaction via AFM-based single-cell-force spectroscopy.
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Results: Serum concentrations of eGC components and C5a were significantly

increased during STEMI. Serum and solely C5a stimulation decreased eGC height

and stiffness, indicating shedding of the eGC. C5a enhanced RhoA activation,

resulting in increased cortical stiffness with subsequent reduction in NO

concentrations. Monocyte adhesion to the endothelium was enhanced after

both C5a and stimulation with STEMI serum. eGC degradation- and RhoA-

induced cortical stiffening with subsequent endothelial dysfunction were

attenuated after administering PMX53.

Conclusion: This study demonstrates that dysregulated C5a activation during

AMI results in eGC damage with subsequent endothelial dysfunction and

reduced NO bioavailability, indicating progressively developing vascular

inflammation. This could be prevented by antagonizing C5aR1, highlighting the

role of the C5a:C5a-Receptor1 axis in vascular inflammation development and

endothelial dysfunction in AMI, offering new therapeutic approaches for

future investigations.
KEYWORDS

endothelial glycocalyx, endothelial dysfunction, complement system, C5a, C5a receptor

1, myocardial infarction, nitric oxide, atomic force microscopy
1 Introduction

During acute myocardial infarction (AMI) several innate

immune pathways, including those of the complement system, are

activated in the early steps of the inflammatory response to

myocardial ischemia (1). There are three major pathways of

complement activation: the classical, lectin, and alternative

pathways. The classical pathway is initiated by the binding of C1q

to immune complexes or other activating molecules like pentraxins

(2). The lectin pathway is activated by recognition of carbohydrate

patterns by ficolins or mannose-binding lectin (MBL) (2–4). The

alternative pathway is triggered by spontaneous hydrolyzation of

C3, amplifying the formation and deposition of C3b (4). All three

pathways converge at the cleavage of C3 into C3a and C3b, leading

to the formation of the C5 convertase (C4bC2bC3b or C3bBbC3b)

that cleaves C5 into C5a and C5b (4). When C5b associates with C6

and C7, the complex becomes inserted into cell membranes and

interacts with C8, inducing the binding of several units of C9 to

form a lytic pore, the terminal complement complex (C5b-9n) also

known as membrane attack complex (4).

Dysregulated activation of the complement system during AMI

has been shown to be an important mediator of inflammatory

damage and is associated with larger infarctions and poor clinical

outcomes (5). C3 breakdown products and leukocyte infiltration

have been demonstrated in infarcted myocardium highlighting the

critical role of the complement cascade in triggering inflammation

in the ischemic myocardium (6) The role of complement as a

mediator of myocardial inflammation has been investigated by

quantifying the products of complement activation, C3b, C4b, Bb
0241
and C5b-9n, in patients with AMI. Although serum elevation of the

early complement pathway’s components like C1r, C3 and Factor B

during AMI was demonstrated (7) only the late components (C5

convertase and C5b-9) of the complement pathway were correlated

with necrotic mass of the myocardium and Troponin-T levels.

Furthermore, C5a and C5b-9 have been shown to increased

polymorphonuclear leukocytes adherence and directly induce

myocardial injury (8).

Particularly, the mechanisms underlying complement-mediated

injury to the myocardium mediated by the late components of the

complement system’s terminal pathway have previously been

characterized (9–11). However, dysregulated complement activation

causes not only myocardial damage, but also damage to the vascular

endothelium (12, 13). Although the terminal pathway seems to play an

important role in the development of endothelial damage during

dysregulated complement activation, little attention has been paid to

the effect of the anaphylatoxin C5a (14). Unfortunately, only few data

are available so far on the mechanisms underlying C5a-induced

damage to the vascular endothelium and especially the development

of chronic vascular inflammation.

C5a is considered the most potent proinflammatory anaphylatoxin

(5). It shows high proinflammatory activity and induces activation and

polarization of lymphocytes and increased leukocyte adherence to

endothelial cells (15, 16). Plasma concentrations of C5a can rise

several fold under pathophysiological conditions such as AMI,

causing local increases in blood flow, smooth muscle contraction,

edema, cytokine storm, mast cell degranulation, and increased vascular

permeability (1, 5, 13, 15, 17). The influence of the anaphylatoxin C5a

on the endothelium in the context of AMI has been underestimated to
frontiersin.org
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date and mechanistic knowledge of C5a-mediated changes both in

endothelial cells and on the endothelial surface is limited.

During AMI the endothelium becomes an activated phenotype,

resulting in a proinflammatory and prothrombotic state (18).

Under healthy conditions, endothelial cells form a continuous

layer along the entire vasculature, representing a crucial interface

between blood and tissue. The endothelium is able to respond to

external stimuli by secreting vasoactive substances and

endothelium-derived relaxing factors such as nitric oxide (NO) to

regulate homeostasis within the vascular system (19, 20). Healthy

endothelium is covered by a negatively charged, brush-like layer:

the endothelial glycocalyx (eGC). The eGC is a multifunctional

layer of membrane-bound, carbohydrate-rich molecules, mostly

consisting of glycoproteins and proteoglycans. Together with the

underlying cellular cortex, an actin-rich layer 50–150 nm beneath

the plasma membrane, the eGC forms a functional compartment

that enables endothelial cells to detect and respond to external

stimuli (20). Changes in the nanomechanical properties (such as

stiffness) inversely correlate with endothelial NO release. Increased

stiffness of the cellular actin cortex therefore reduces NO

production and vice versa (20). Thus, the cellular actin cortex and

the eGC can be seen as key vasoprotective players.

RhoA and its downstream effector, Rho-dependent coiled-coil

kinase (ROCK), belong to the GTPase members of the Rho

subfamily (21). Together, the RhoA/ROCK pathway regulates a

wide array of cellular functions, including cellular polarity,

motility, adhesion, proliferation, contraction, and migration

(22). This signaling pathway is also known to regulate cell

contraction, and permeability function in endothelial cells (22).

Also, the cytoskeletal dynamics, such as changes in cell stiffness

through actin polymerization/depolymerization, are regulated via

the RhoA/ROCK pathway and dysregulation of this pathway has

been implicated in various vascular disorders (21–23). Although

reperfusion of the hypoxic myocardial tissue after AMI is critical

for reoxygenation and organ salvage, it also results in myocardial

ischemia and reperfusion (I/R) injury, causing further damage to

the reperfused myocardial tissue (13). In fact, the vascular

endothelium, or the eGC, is also impaired in the context of I/R

(18). Degradation of the eGC is furthermore considered a

hallmark in I/R-related endothelial dysfunction, which further

impairs local microcirculation with a feed-forward loop of organ

damage due to vasoconstriction, leukocyte adherence, and

activation of the immune response, including the complement

cascade (1, 18).

The aim of this study was to evaluate the effects of the

complement anaphylatoxin C5a on the nanomechanical

properties of the eGC and cellular cortex in the context of AMI.

In the present study we (i) determine the importance of AMI-

induced C5a elevation on mechanical changes to the endothelial cell

surface using the atomic force microscopy (AFM)-based

nanoindentation technique, (ii) evaluate the contribution of C5a

to endothelial dysfunction and the condition of the eGC and to

leukocyte-endothelium interaction, and (iii) investigate the effect of

administering the C5a-Receptor-1 antagonist “PMX53” on

restoring vascular nanomechanics and endothelial function.
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2 Methods

2.1 Study population

Fifty-five patients with a first onset of ST-elevation myocardial

infarction (STEMI) were recruited at the University of Luebeck in

cooperation with the Department of Cardiology and Angiology of

the Sana-Kliniken-Luebeck hospital (Germany) in accordance with

the Declaration of Helsinki and approved by the Local Ethics

Committee (Case: 19–310). Patients with STEMI who received a

percutaneous coronary intervention (PCI) as first-line therapy

during the first 120 min after STEMI was diagnosed were

enrolled randomly after obtaining written informed consent.

Serum samples were collected during emergency PCI (STEMI

group). Fifty-five age- and sex-matched volunteers without

cardiovascular comorbidities served as controls (CTR group).

Serum samples from patients and controls were immediately

treated according to Brandwijk et al. (24), who recommended

assessing individual complement components in whole blood.

Therefore, samples were kept on ice and centrifuged at 4°C

within 60 min after collection. Thereafter, the samples were snap

frozen and stored at -80°C. Patients in whom cardiopulmonary

resuscitation was performed were excluded, as were patients who

died during or after PCI. Further exclusion criteria were age below

18 years, pregnancy, or consent not given.
2.2 Enzyme-linked immunosorbent assay

Concentrations of the complement anaphylatoxin C5a and of

soluble glycocalyx constituents (syndecan-1, heparan sulfate, and

hyaluronan) were quantified by enzyme-linked immunosorbent

assay (ELISA) (C5a: Complement C5a Human ELISA Kit;

Thermo Fisher Scientific, Hamburg, Germany; catalog: BMS2088/

Syndecan-1: Human CD138 ELISA kit, Diaclone Research,

Besançon, France; catalog: 950.640.192/Heparan Sulfate: Human

Heparan sulfate Proteoglycan (HSPG) ELISA Kit, MBS, San Diego,

CA, USA; catalog: MBS2023323/Hyaluronan: Hyaluronan

Quantikine ELISA Kit, R&D Systems, Minneapolis, MN, USA;

catalog: DHYAL0).
2.3 Nitric oxide measurements

Concentrations of NO products [nitrites (NO2
−) and nitrates

(NO3
−)] were determined using the chemiluminescence detector

Sievers Nitric-Oxide Analyzer 280-i (NOA-280i; GE Water &

Process Technologies, Analytic Instruments; Boulder, CO, USA).

The assay is based on the reduction of all nitrates and nitrites into

NO by vanadium(III)-chloride (VCl3). Briefly, NO reacts with

ozone (O3) to produce nitrogen dioxide (NO2), which is

sensitively detected by its chemiluminescence.

A 100 mM NO3
− stock solution was prepared by dissolving 84.9

mgNaNO3 (Sigma Aldrich, Hamburg, Germany) in 10 mL deionized

water. Standard dilutions (10 nM, 50 nM, 100 nM, 500nM, 1 μM, 5
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μM, 10 μM, and 100 μM NO3
−) were prepared and injected in

duplicates to create a calibration curve before the experiment.

All samples were deproteinized prior to analysis using ethanol

precipitation. For this, the cell culture supernatants as well as the

sera were diluted 1:3 with chilled pure ethanol (0°C). After 30 min

precipitation time, the samples were centrifuged at 14000 x g for

15 min and the supernatant was used for the experiment.

NO concentrations of the cell culture supernatant as well as of

the STEMI and CTR sera were analyzed by injecting 50 mL
duplicates of each sample into a purge vessel containing a

solution of VCl3 (50 mmol/L; Sigma-Aldrich, Hamburg,

Germany; catalog: 208272) in hydrochloric acid (HCl; 1 mol/L;

Sigma-Aldrich, Hamburg, Germany; catalog: 1098214) at 95°C,

continuously purged with a stream of nitrogen gas, connected to

the NOA-280i. A gas bubbler between the purge vessel and the

NOA-280i was filled with 15 mL of 1 M aqueous NaOH solution

(Sigma-Aldrich, Hamburg, Germany; catalog: 655104) to prevent

HCl vapors from entering the NOA-280i. Concentrations were

calculated using the manufacturer’s NO Analysis Software for

Liquid (Version 3.21/Liquid, GE Water & Process Technologies,

Analytic Instruments; Boulder, CO, USA).
2.4 Cell isolation and culture

Primary endothelial cells (“human umbilical vein endothelial

cells”; HUVEC) were isolated as described previously in detail (25)

and cultivated in Gibco Medium 199 supplemented with fetal calf

serum 10% (FCS; Gibco, Carlsbad, CA, USA), penicillin/

streptomycin 1% (100 U/mL, 100 mg/mL; Gibco, Carlsbad, CA,

USA), large-vessel endothelial supplement 1% (Gibco, Carlsbad,

CA, USA), and heparin (5000 U/mL; Biochrom, Schaffhausen,

Switzerland) at 37°C, 21% O2 and 5% CO2. Umbilical cords were

donated by patients giving birth in the Marien-Krankenhaus

Luebeck and the University Medical Centre Schleswig-Holstein

Campus Luebeck (approved by Local Ethics Committee Cases:

18–325 and 2023–520_1).

EA.hy 926 endothelial cells (kindly provided by Cora-Jean S.

Edgell, University of North Carolina, Chapel Hill, NC, USA) were

grown in culture as described elsewhere (26). Briefly, cells were grown

in 12.5 cm² falcon tissue culture flasks (Corning Inc., Corning, NY,

USA; catalog: 353107) until they reached confluence. Cells were

grown in Dulbecco’s modified eagle’s medium (DMEM; Thermo

Fisher Scientific, Hamburg, Germany; catalog: 41966–029)

supplemented with FCS (10%) and penicillin/streptomycin (100 U/

mL, 100 mg/mL) at 37°C, with 21% O2 and 5% CO2.

HUVEC monolayers were stimulated with the complement

anaphylatoxin C5a (Merck, Darmstadt, Germany; catalog:

204902). Different concentrations of C5a (0, 1, 10, 50, and 100

ng/mL) as well as different stimulation durations (0, 30, 60, and

120 min and 24 h) were initially tested for their effect on cortical

stiffness. In further experiments, HUVEC were stimulated with 50

ng/mL of C5a with or without the C5a-Receptor-1 antagonist

(C5aRA) PMX53 (Sigma Aldrich, Hamburg, Germany; catalog

number 533683), according to the manufacturer’s instructions

[concentration 1 μg/mL (1:1000)] for 24 h. In addition, the
Frontiers in Immunology 0443
endothelial cells were stimulated with 10% patient (STEMI) or

healthy donor (CTR) sera (instead of FCS) for 24 h either with or

without C5aRA (PMX53). The concentration of C5a in the patient

sera was determined by ELISA. The patient group with a

concentration of C5a in the lowest quartile is hereinafter referred

to as LOW and the group of patients with a concentration in the top

quartile as HIGH. Differences in cortical stiffness between HIGH

and LOW C5a were determined using AFM measurements.
2.5 Atomic force microscopy

The height and stiffness of the eGC and cortical stiffness in both

HUVEC and mouse aortic endothelial cells were determined using

the AFM-based nanoindentation technique, as described previously

(25). Indentation measurements were performed on living confluent

cells at 37°C in HEPES-buffered solution (standard composition in

mmol/L: 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 5 glucose, and 10

HEPES, pH 7.4). To determine cortical stiffness, a Nanoscope

Multimode8 AFM (Veeco, Mannheim, Germany) was used. For

measuring the nanomechanical properties of the eGC of HUVEC

as well as for measurements of ex vivo mouse aortas, a Nanowizard4

(JPK BioAFM Business, Berlin, Germany) was employed.

Briefly, a laser beam was aligned on the back of a gold-coated

triangular cantilever (Novascan Technologies, Boone, NC, USA) with a

mounted spherical tip (diameter 10 mm) and a nominal spring constant

of 10 pN/nm (for eGC) and 30 pN/nm (for cortical stiffness). The

cantilever indents the endothelial cell surface with a loading force of 0.5

nN. The reflection of a laser beam is used to quantify the cantilever

deflection. The height of the eGC can be calculated by knowing the

cantilever force, the piezo displacement, and the deflection sensitivity.

For each experimental condition, a total of 150–300 single cells were

measured. For each single cell, 6–8 force distance curves were generated

and averaged, resulting in n = 900–2400 per condition. Data were

collected using the Research NanoScope version 9.20 (64 bit; Bruker

Nano GmbH) and calculated using the Protein Unfolding and Nano-

Indentation Analysis Software (PUNIAS 3D; Version 1.0; Release 2.3;

Copyright 2009).
2.6 Fluorescence staining and microscopy

Fluorescence staining and microscopy of the cortical F-actin

and of components of the eGC were applied as described preciously

(25). Briefly, HUVEC were fixed with either 4% paraformaldehyde

or 0.1% glutaraldehyde for further staining. Cortical F-actin was

stained using phalloidin-tetramethylrhodamine (10 mg/mL; Sigma

Aldrich) after permeabilization of the cells with 0.1% Triton X-100

(Sigma Aldrich; catalog: T8787–50ML) for 10 min. Coverslips were

mounted overnight at 4°C with Dako mounting medium (Dako,

Carpinteria, CA; catalog: GM30411–2). Wheat germ agglutinin

(WGA; conjugate Alexa-Fluor488; Thermo Fisher, Waltham,

MA) was used as overview staining for eGC components. After

fixation, cells were incubated with 1:500 dilutions of WGA and

mounted overnight. For immunostaining of syndecan-1 (CD138),

fixed cells were incubated with the primary antibody (1:100, mouse
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antihuman CD138; monoclonal antibody; Bio-Rad, Hercules, CA;

catalog: MCA2459). After incubation, the coverslips were incubated

with the secondary antibody (1:400, goat anti-mouse conjugate

Alexa-488; Invitrogen, Carlsbad, CA; catalog: A28175) and

mounted with Dako mounting medium containing Hoechst

solution (1.5 mg/mL; Sigma Aldrich, Hamburg, Germany; catalog:

94403) to stain cell nuclei.

Images were rendered with a Keyence fluorescence microscope

BZ9000 (Keyence Corp., Osaka, Japan; magnification x60) using the

BZ Viewer/Analyzer-II (software version 2.2; Keyence Corp.).

Images and stacks of WGA and phalloidin staining were analyzed

for fluorescence intensity (in arbitrary units) using ImageJ software.

For analyzing the amount of syndecan-1 per cell relative to control,

fluorescence-dot nuclei colocalization was measured using YT

Evaluation software (Version 2.1.12014; 64 bit; Synentec,

Elmshorn, Germany).
2.7 Single-cell force spectroscopy and
quantitative monocyte
adhesion measurements

Adhesion forces between the endothelial surface and

monocytes were quantified by single-cell force spectroscopy and

by monocyte wash-away assays as described elsewhere (27).

Human monocytes were isolated from the blood of healthy

donors using the S-pluriBead Maxi Reagent Kit (pluriSelect Life

Science, Leipzig, Germany; catalog number 70–50010-12)

following the manufacturer’s instructions.

For single-cell force spectroscopy a single human monocyte was

attached to the AFM cantilever in order to measure the adhesion

forces between the monocyte and HUVEC monolayers.

Measurements were performed by using the Nanowizard4

CellHesion-Module (JPK BioAFM Business, Berlin, Germany).

Arrow TL-2 tipless cantilevers (NanoAndMore GmbH, Wetzlar,

Germany) were incubated prior to all experiments for 20 min in

Corning Cell-Tak (Fisher Scientific GmbH, Schwerte, Germany;

catalog: 10317081) to attach the monocyte to the cantilever. For

quantifying the adhesion forces between the monocyte and the

endothelial cells, the monocyte was brought into contact with the

endothelial surface for 10 s with a constant set point of 0.5 V and

then pulled away to obtain force-distance/adhesion curves. The

maximal adhesion forces (in N) between monocyte and endothelial

surface and the adhesion energy (in J) were measured and analyzed

using the JPK Data processing software version 7.0.112 (Bruker

Nano GmbH, Berlin, Germany).

In addition, monocyte-endothelium interaction was quantified

by monocyte wash-away assays. For this, monocytes were

fluorescently labeled using an Alexa Flour 488 anti-human CD14

antibody (25:1000, Biolegend, San Diego, CA, USA; catalog:

367130) and added to a confluent HUVEC monolayer for 4 h. To

remove nonadherent monocytes, cells were washed carefully four

times with PBS, following a standardized protocol. HUVEC and

adherent monocytes were fixed with 4% paraformaldehyde and

subjected to fluorescence microscopy for further analysis.
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2.8 Preparation of mouse aortas/
assessment of mouse aortic endothelial
cell nanomechanics

Wild-type (B6.JRj), C5ar1–/– (B6.129S4-C5ar1tm1Cge), C5-/- (B6

(Cg)Tg(Ins2-GP)zbz) and mice double deficient for C5aR1 and

CXCL4 (C5aR1-/-CXCL4-/-) (on C57BL/6J background) were bred

and maintained in an SPF animal facility of the University of

Luebeck (Case: 39.2_2020–08-20_Karsten) as described previously

(28). All study animals were between 8 and 18 weeks of age and

handled in accordance with the appropriate institutional and

national guidelines. Both male and female mice were equally used

for the experiments.

The aortas were harvested and prepared for ex vivo analysis by

AFM, as described previously (29), to assess the thickness and

stiffness of the eGC and cellular cortex of the mouse aorta

endothelial cells using the AFM.

Briefly, aortas were harvested after sacrificing the animals and

freed from the surrounding tissue. Small patches (~1mm²) of the

aorta were attached on Cell-Tak-coated glass coverslips with the

endothelial cells facing upwards, making them accessible for further

experiments. After preparation, the ex vivo patches were cultured in

minimal essential medium (Invitrogen Corp., La Jolla, CA, USA)

supplemented with 10% FCS (Gibco, Carlsbad, CA, USA), 1%

minimal essential medium vitamins (Invitrogen), 1% minimal

essential medium nonessential amino acids (Invitrogen), and 1%

penicillin/streptomycin (100 U/mL, 100 mg/mL). Integrity of the ex

vivo endothelial cell monolayers derived from mouse aorta was

confirmed by immunostaining of platelet endothelial cell adhesion

molecule 1 (PECAM1; data not shown), and individual cells on

those preparations were studied.
2.9 Small G-protein activation assays

The intracellular concentrations of GTP-bound Rac1 and RhoA

GTPases were measured by using colorimetric G-LISA activity

measurements (G-protein ELISA assays; Cytoskeleton, Denver,

CO, USA.; catalog: Rac1: BK128; RhoA: BK124). HUVEC were

serum starved for 24 h and treated either with C5a or STEMI vs.

CTR serum +/- C5aR1 antagonist. After processing, cell lysates were

subjected to the G-LISA according to the manufacturer’s

instructions. The final reaction absorbance was measured using a

Mitras LB940 microplate reader (Berthold Technologies, Bad

Wildbad, Germany). Absorbance was detected at 490 nm.

Presented data are background subtracted.
2.10 RNA extraction and quantitative real
−time PCR

RNA from primary HUVEC was extracted using the innuPREP

RNA Mini Kit 2.0 (IST Innu-screen GmbH, Berlin, Germany;

catalog: 12183020) according to the manufacturer’s protocol.

cDNA of total RNA (1000 ng) was synthesized with the Go Script
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Reverse Transcriptase (Promega GmbH, Walldorf, Germany;

catalog: A5003) and random hexamer primers (Thermo Fisher

Scientific; catalog: SO142) according to the instructions of

the manufacturer.

Sequences: C5aR1 (Forward: 5´-GGCAGTGGTGGCCAGTT

TCT-3´; Reverse: 5´-GGGAGGCATTTCCGCAGTGC-3´), L28

(Forward: 5′-ATGGTCGTGCGGAACTGCT-3′; Reverse: 5′-
TTGTAGCGGAAGGAATTGCG-3′).

L28 primers were synthesized by Invitrogen (Invitrogen,

Carlsbad, CA); C5aR1 primers were synthesized by Metabion

(Metabion International AG, Planegg, Germany). Quantitative

real-time polymerase chain reaction (RT-PCR) was performed in

the Eco48 qPCR System (PCRmax Limited Beacon Road,

Staffordshire, United Kingdom) using 1 mg cDNA and the

SensiMix SYBR Kit (Bioline, Luckenwalde, Germany; catalog:

QT615–05) in a total volume of 12.5 mL per assay.

The cutoff point (Ct) was defined as the value when the

fluorescent signal increased above the background threshold.

Gene-specific mRNA expression of C5aR1 was normalized to

mRNA expression of the housekeeping gene ribosomal protein

L28. Relative expression values were calculated using the 2^-

(DDCT) method and are presented as the relative fold change.
2.11 Wound healing assay

For wound closure experiments, EA.hy926 endothelial cell

monolayers were scratched with a 200-mL sterile pipette tip and

detached cells were washed away with PBS. Stimulation with C5a or

STEMI vs. CTR serum +/- C5aR1 antagonist was carried out in

HEPES-buffered solution. Once the scratch was made, the culture

flasks were transferred into a flask heater set to 37°C.

Wound closure was analyzed with time-lapse video microscopy

using an Olympus CKX53 microscope (EVIDENT Europe GmbH,

Hamburg, Germany) with a 10x objective. Pictures were taken every

5 min for 24 h with a VWR VisiCam 5 (VWR International GmbH,

Darmstadt, Germany) using the OPTIKA Vision Software (Version

2.13; OPTIKA S.r.l., Ponteranica, Italy). To quantify the cell

migration characteristics (wound closure in %), the images were

analyzed using an ImageJ (ImageJ software version 1.52a; NIH,

Bethesda, MD; https://imagej.nih.gov/ij/download.html, last

accessed 8 Feb 2024) plugin for the high-throughput image

analysis of in vitro scratch wound healing assays developed by

Suarez-Arnedo et al (30). The wound closure speed was

furthermore normalized into the cell growth rate (μm/h) to

render all data comparable, as the cell front velocity is

independent of the initial gap width, gap creation method, gap

orientation, the microscopy settings, and the objective lens`

magnification. For this, the wound closure speed (surface area per

time) was determined by creating a graph showing the cell-covered

area per time and defining the linear part of the curve (trend line

calculation). The slope of the trend line corresponds to the growth

rate. To finally calculate the cell front velocity, the wound closure

speed was divided by the length of the cell front (in μm). (For

further information compare the ibidi Application Note 30 on

Experimental Setup Optimization and Data Analysis of Wound
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Healing Assays; ibidi GmbH, Gräfelfing, Germany; https://

www . i b i d i . c om/ img / cms / suppo r t /AN/AN30_Wound

_Healing_Data_Analysis.pdf, last accessed Feb. 09th 2023).
2.12 Sprouting angiogenesis aortic
ring assay

The sprouting angiogenesis aortic ring assay was performed as

described, previously (31), with some modifications: Aortas of mice

were harvested as described above and sectioned into 1 mm pieces.

Matrigel (Corning) was selected for its basement membrane-like

composition as embedding medium. 200 mL of Matrigel was evenly

coated on 12-well plates placed on ice and polymerized by

incubating in a humidified incubator at 37°C with 5% CO2 for

30 min. Subsequently, freshly obtained aortic rings were placed at

the center of each well, and an additional 300 mL of Matrigel was

applied on top of the aortic ring tissue. The plates were re-incubated

under the same conditions until the Matrigel was fully polymerized.

The Matrigel was supplemented in its liquid state with VEGF-A (25

ng/mL, Sigma Aldrich). Following Matrigel polymerization, the

aortic ring sandwich assay was incubated in 1000 mL of

endothelial culture medium supplemented with 2% FCS and 1%

penicillin/streptomycin. Media were replenished every 2 days

throughout the assay.

To monitor sprouting in real-time, the explants were placed

under a light microscope equipped with phase-contrast optics and a

digital camera with a Visiscope inverted microscope (IT404, VWR,

Radnor, PA, USA). Sprouting was typically observed by day 3, with

maximal sprouting occurring around day 7. Sprouting was quantified

using the Angiogenesis analyzer for ImageJ as described before (32).
2.13 Tube formation assay

The tube formation assay was performed, as described,

previously (33). For the in vitro tube formation assay, MHEC-

5T (6 x 104 cells/well) were plated onto Matrigel-coated

Angiogenesis μ-slides (ibidi, Planegg, Germany) in endothelial

culture medium containing 2% FCS. Cells were co-incubated with

C5a (R&D) at different concentrations. After 6h tube formation

was imaged by phase-contrast microscopy. Tube Formation

was analyzed using Angiogenesis analyzer for ImageJ as

described before.
3 Results

3.1 C5a concentrations and eGC
components are increased after myocardial
infarction and alter endothelial function in
STEMI patients

For forming the experimental groups, C5a concentrations were

measured using ELISA in the STEMI patients’ serum. The sera were

further sorted by quartile according to their level of C5a concentration.
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The lowest quartile as well as the top quartile were pooled to form the

experimental groups LOW (mean C5a concentration: 20.43 ± 2.8 ng/

mL) and HIGH (mean C5a concentration: 88.56 ± 6.9 ng/mL). Serum

of healthy donors was implemented as control group (CTR; mean C5a

concentration: 3.61 ± 1.1 ng/mL).

Concentrations of both C5a and the eGC components

syndecan-1, heparan sulfate, and hyaluronan were significantly

increased in the HIGH group compared to controls (all:

p<0.0001) (Figure 1A). NO bioavailability was decreased by 52%

in the HIGH group compared to CTR (p<0.0001).

The eGC components measured in the patients’ blood

correlated with the C5a concentration (Figure 1B). The C5a

concentration positively correlated with syndecan-1 (r=0.84;

p<0.001), heparan sulfate (r=0.53; p< 0.001) and hyaluronan

(r=0.49; p<0.001). NO concentration (r=-0.33; p<0.05; calculated

without LOW data) as well as eGC height (r=-0.66; p<0.001)

negatively correlated with C5a. Of note, C5a concentrations
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correlated positively with the days until hospital discharge

(r=0.72; p<0.001).
3.2 C5a incrementally changes the
nanomechanical properties of the
endothelial surface layers in a
concentration-dependent manner

To quantify nanomechanic changes of the eGC and cellular

cortex confluent HUVEC monolayers were treated with 10%

patient or control sera and the nanomechanical properties (height

and stiffness) of the endothelial surface layers (eGC and cortex)

were probed by using the AFM nanoindentation technique.

Incubation with LOW serum increased the cortical stiffness by 10%

compared to control-treated HUVEC (CTR vs. LOW: 0.88 ± 0.06 pN/

nm vs. 1.0 ± 0.06 pN/nm; p<0.0001) (Figure 2A). Treatment with
A

B

FIGURE 1

C5a Concentrations and eGC Components Are Increased After Myocardial Infarction and Alter Endothelial Function in STEMI Patients. (A) Serum
levels of C5a, syndecan-1, heparan sulfate, and hyaluronan (measured by enzyme-linked immunosorbent assay, ELISA) as well as nitric oxide (NO)
concentrations (measured chemiluminescence based). (B) Correlation of C5a concentrations in ST-elevation myocardial infarction (STEMI) patient
sera vs. syndecan-1, heparan sulfate, and hyaluronan as well as of endothelial glycocalyx (eGC) height, days until discharge from hospital, and NO
concentration (calculated without data from LOW group). Rho (r) and p-values (p) shown for correlations. Groups: LOW: STEMI patient sera of the
lowest C5a concentration quartile; HIGH: STEMI patient sera of the top C5a-concentration quartile; CTR: healthy donors. p-values: ****p<0.0001;
**p<0.01; *p<0.05.
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HIGH serum augmented this effect, increasing the cortical stiffness

further by 12% (p<0.0001) compared to healthy controls.

eGC height was decreased by 32% (p<0.0001) after treatment

with LOW serum and by 49% after HIGH serum C5a

concentrations compared to controls (CTR vs. HIGH: 232.4 ±

57.7 nm vs. 115.3 ± 43.4 nm; p<0.0001) (Figure 2B). After

treatment with HIGH serum, eGC damage was markedly

stronger than after treatment with LOW serum (LOW overall

mean 156.3 ± 60.1 nm vs. HIGH overall mean 115.3 ± 43.4 nm;

p<0.0001). In addition, the eGC stiffness was impaired after

serum stimulation with a decreased stiffness of 6% in the LOW

(p<0.01) and 19% in the HIGH group (CTR vs. HIGH: 0.37 ± 0.08

pN/nm vs. 0.29 ± 0.07 pN/nm; p<0.0001) (Figure 2C). This

combination of loss of height and reduction in stiffness of the

eGC indicates shedding of the glycocalyx after stimulation with

STEMI serum (20).
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Results of fluorescence staining were consistent with the AFM

findings. Fluorescence staining of the cortical F-actin conformed

with the results of the AFM-based cortex measurements.

Fluorescence intensity was increased in the LOW (7%) and the

HIGH (15%; p<0.01) group compared to CTR (Figure 2D),

indicating polymerization of cortical actin. eGC shedding detected

by AFM could be confirmed by fluorescence staining of eGC

components, as STEMI-induced eGC deterioration resulted in a

reduced WGA fluorescence intensity in LOW (12%; p<0.001) and

HIGH (24%; p<0.0001) serum-treated cells compared to the CTR

group (Figure 2E). Additionally, the specific syndecan-1-antibody

(anti-CD138) showed a reduction in syndecan-1 per cell after serum

stimulation compared to CTR. Both groups, LOW (by 13%; p<0.01)

and HIGH (by 33%; p<0.0001), showed significant reductions in

syndecan-1 per cel l compared to the control-treated

HUVEC (Figure 2F).
A B C

D E F

FIGURE 2

C5a Incrementally Changes the Nanomechanical Properties of the Endothelial Surface Layers in a Concentration-Dependent Manner
(A–C) Statistical analysis of atomic force microscopy (AFM) nanoindentation measurements of human umbilical vein endothelial cells (HUVEC)
monolayers. Data showing mean ± SD of (A) cortical stiffness, (B) endothelial glycocalyx (eGC) height and (C) eGC stiffness. Each dot represents a
single cell measurement (8 force-distance curves per dot; N=6). (D–F) Representative fluorescence images and statistical fluorescence intensity
analyses. (D) Phalloidin-tetramethylrhodamine–stained (red: F-actin) and (E) Wheat germ agglutinin (WGA)-stained (green; representing unspecific
eGC components) HUVEC monolayers. Graphs showing the measured fluorescence intensity in arbitrary units. (F) Syndecan-1 antibody-stained
HUVEC monolayers (green: syndecan-1; blue: cell nucleus) after stimulation. Graphs showing the amount of syndecan-1 per cell relative to the
control group. (D–F: N=5; scale bars: 50 µm). Groups: LOW: ST-elevation myocardial infarction (STEMI) patient sera of the lowest C5a concentration
quartile; HIGH: STEMI patient sera of the top C5a -concentration quartile; CTR: healthy donors. p-values: ****p<0.0001; ***p<0.001; **p<0.01.
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3.3 C5a stimulation leads to cortical
stiffening and eGC degradation

To evaluate the contribution of C5a on endothelial

nanomechanics and condit ion of the eGC, di fferent

concentrations of C5a (0, 1, 10, 50, and 100 ng/mL) and different

stimulation durations (0, 30, 60, and 120 min and 24 h) were

applied to HUVEC monolayers. The nanomechanical properties

(height and stiffness) of the cellular cortex and the eGC were

quantified via AFM nanoindentation technique.

Stimulation with 50 ng/mL (p<0.001) and 100 ng/mL (p<0.0001)

induced significant stiffening of the endothelial cortex (Figure 3A).

Both concentrations were further tested in a temporal context and

showed a significant increase in cortical stiffness after 24 h of

stimulation (Figures 3B, C, both p<0.0001). In subsequent

experiments, 50 ng/mL (hereinafter referred to as C5a group) was

applied, as this concentration proved to be the lowest with a significant

effect on nanomechanical properties of the vascular surface.

Cortical stiffness increased by 29% after C5a stimulation

compared to control conditions (CTR vs. C5a: 0.9 ± 0.06 pN/nm

vs. 1.17 ± 0.12 pN/nm; p<0.0001) (Figure 3D). Compared to control

treatment, eGC height was diminished by 36% (CTR vs. C5a: 198.5

± 40.0 nm vs. 124.5 ± 32.7 nm; p<0.001; Figure 2E) and the eGC

stiffness was reduced by 19% (CTR vs. C5a: 0.40 ± 0.07 pN/nm vs.

0.32 ± 0.05 pN/nm; p<0.001; Figure 3F) after stimulation with 50

ng/mL of C5a. Both effects (Figures 3E, F) were observed after

treatment with C5a, indicating eGC shedding.

The nanoindentation measurements were again confirmed by

fluorescence staining of the cellular cortex and the eGC. The

fluorescence signal for cortical F-actin was enhanced by 31%

(p<0.0001), indicating polymerization of cortical actin

(Figure 3G). Unspecific staining of the eGC using WGA revealed

a reduced fluorescence intensity of the C5a-treated cell surface by

19% (p<0.001) (Figure 3H), which was additionally underpinned by

the syndecan-1 staining showing a reduction in syndecan-1 per cell

by 26% compared to controls (p<0.001) (Figure 3I).
3.4 C5a-receptor-1 antagonist (PMX53)
reduces impairment of the vascular surface
after AMI and C5a stimulation

After observing shedding of the eGC and cortical stiffening after

treatment with both patient sera and recombinant C5a, C5aRA

(PMX53) was employed to investigate the influence of the C5a:

C5aR1 axis on vascular surface nanomechanics and eGC integrity.

To test the effect of C5aRA, two different experimental approaches

were followed: i) stimulation with CTR vs. C5a (50 ng/mL) with and

without C5aRA treatment; and ii) stimulation with STEMI patient

serum (STEMI group: mean C5a concentration: 86.74 ± 6.5 ng/mL)

vs. healthy control serum (CTR group: mean C5a concentration:

3.61 ± 1.1 ng/mL) with and without C5aRA treatment. The mean

C5a concentration of the STEMI group corresponds to the mean

C5a concentration of the HIGH group. The nanomechanical

properties of the cellular cortex and the eGC were probed using

the AFM nanoindentation technique on HUVEC monolayers.
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Nanoindentation of the cellular cortex revealed increased

stiffness after C5a stimulation (CTR vs. C5a: 0.85 ± 0.18 pN/nm;

vs. 0.95 ± 0.17 pN/nm; p<0.0001). However, treatment with C5aRA

fully restored the cortex stiffness compared to CTR levels

(Figure 4A). After C5a stimulation the condition of the eGC

changed and height was decreased (CTR vs C5a: 172 ± 37 nm vs.

123 ± 34 nm; p<0.0001) compared to controls (Figure 4B).

Although treatment with C5aRA did not completely regenerate

the eGC height up to control levels, there was a significant

improvement in the C5a+RA group compared to the C5a group

(C5a vs. C5a+RA: 122.7 ± 33.8 nm vs. 152.9 ± 30.8 nm; p<0.0001).

C5a-mediated shedding of the eGC led to softening of the eGC by

17% compared with CTR (p<0.01) (Figure 4C) and treatment with

C5aRA to full restoration of the eGC stiffness compared to controls,

both indicating recovery of the eGC.

Treatment with C5aRA could reduce the STEMI-induced

cortical stiffening (STEMI vs. STEMI+RA: 0.99 ± 0.2 pN/nm vs.

0.9 ± 0.2 pN/nm; p<0.01) (Figure 4D). STEMI serum reduced eGC

height significantly compared to controls (CTR vs. STEMI: 161 ± 29

nm vs. 138 ± 26 nm; p<0.0001) (Figure 4E). This effect could not be

prevented by C5aRA treatment. eGC stiffness was not affected after

stimulation with the C5aR inhibitor (Figure 4F).

Treatment with C5aRA prevented the C5a-induced

polymerization of cortical actin, confirming the results of AFM-

based nanoindentation measurements. Simultaneously, C5aRA

treatment in the context of STEMI reduced cortical F-actin

(STEMI vs. STEMI+RA: p<0.001) (Figure 4G).

The AFM-based detection of eGC shedding and cortical stiffening

were also visualized by fluorescence staining. WGA staining revealed

a reduction in eGC components after both C5a (p<0.0001) and

stimulation with STEMI serum (p<0.0001) (Figure 4H).

Treatment with C5aRA fully restored the eGC components,

reaching control levels after C5a stimulation, and the condition of the

eGC was significantly improved after stimulation with STEMI serum

(STEMI vs. STEMI+RA: p<0.05) (Figure 4H). Consistently, syndecan-1

staining indicated a reduction in syndecan-1 per cell both after

stimulation with C5a (p<0.0001) and with STEMI serum (p<0.0001)

compared with healthy controls (Figure 3I). Fullly restored syndecan-1

levels were detected after C5aRA treatment (C5a vs. C5aRA: 0.85 ± 0.2

vs. 0.93 ± 0.2 Syn-1 per cell (relative to control); p<0.05) (Figure 4I).

STEMI+RA stimulation resulted in a significant elevation in stainable

syndecan-1 per cell (STEMI vs. STEMI+RA: 0.71 ± 0.1 vs. 0.78 ± 0.2

Syn-1 per cell (relative to control); p<0.05) (Figure 4I).

Induction of C5a-Receptor-1 expression was confirmed by

measuring C5a-Receptor-1 genes via quantitative PCR after

stimulating HUVEC with C5a but not with STEMI serum

(Figure 4J). To determine the pathway of cellular cortex stiffening,

small GTPases were quantified. For this, RhoA and Rac1 were

measured as key mechanotransduction players, regulating actin

cytoskeletal tension using G-LISA assays. Analysis of baseline

RhoA activity in confluent HUVEC monolayers revealed

significantly higher RhoA activity after both C5a and stimulation

with STEMI serum (both p<0.05) (Figure 4K). RhoA activity was

regulated to control levels in both groups after C5aRA treatment.

Baseline Rac1 activity was elevated after stimulation with STEMI

serum (p<0.05) and reversed by C5aRA treatment (Figure 4L).
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FIGURE 3

C5a stimulation leads to cortical stiffening and eGC degradation. Different concentrations of C5a as well as different stimulation durations were
tested for their influence on cortical stiffness measured via atomic force microscopy (AFM) nanoindentation technique. (A) Statistical analysis of AFM
measurements of human umbilical vein endothelial cells (HUVEC) monolayers. Data showing mean ± SD of cortical stiffness after stimulation with
different concentrations of C5a (0, 1, 10, 50 und 100 ng/mL; N=5). (B) Statistical analysis of AFM measurements of HUVEC monolayers showing
mean ± SD of cortical stiffness after stimulation with 50 ng/mL of C5a using different stimulation durations (0, 30, 60, and 120 min and 24 h; N=5).
(C) Statistical analysis of AFM measurements of HUVEC monolayers showing mean ± SD of cortical stiffness after stimulation with 100 ng/mL of C5a
using different stimulation durations (0, 30, 60, and 120 min and 24 h; N=5). (D–F) Statistical analysis of AFM nanoindentation measurements. Data
showing mean ± SD of (D) cortical stiffness, (E) eGC height, and (F) eGC stiffness after stimulating HUVEC monolayers with 50 ng/mL of C5a for
24 h (N=5). (G–I) Representative fluorescence images and statistical fluorescence intensity analyses. (G) Phalloidin-tetramethylrhodamine-stained
(red: F-actin) and (H) Wheat germ agglutinin (WGA)-stained (green; representing unspecific eGC components) HUVEC monolayers after stimulation
as described. Graphs showing the measured fluorescence intensity in arbitrary units. (I) Syndecan-1 Antibody-stained HUVEC monolayers (green:
syndecan-1; blue: cell nucleus) after stimulation. Graphs showing the amount of syndecan-1 per cell relative to the control group. (G–I: N=6; scale
bars: 50 µm). p-values: ****p<0.0001; ***p<0.001.
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3.5 The influence of C5a and STEMI on
eGC condition and cortical stiffness are
attenuated in a mouse model for C5a-
receptor-1-knockout

To further examine the effects of the C5a-Receptor-1 on

vascular surface nanomechanics and eGC integrity ex vivo,

endothelial cells derived from C5a-Receptor-1 knock-out (KO;

C5aR1–/–) mouse aorta were employed.
Frontiers in Immunology 1150
Stimulation with either C5a (p<0.01) or STEMI serum (p<0.001)

enhanced cortical stiffness in WT mice (Figure 5A). As expected,

stimulation with C5a showed no effects on the C5aR1–/–mouse aortic

endothelial cells, although stimulation with STEMI serum did cause

cortical stiffening compared to both controls and to the C5a group

(KO CTR vs. C5a vs. STEMI: 0.88 ± 0.0.4 pN/nm vs. 0.88 ± 0.03 pN/

nm vs. 0.92 ± 0.04 pN/nm; p<0.001). Cortical stiffness differed

between WT and KO after simultaneous stimulations: after C5a

stimulation cortical stiffness was significantly higher inWTmice than
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FIGURE 4 (Continued)

C5a-receptor-1 antagonist (PMX53) reduces impairment of the vascular surface after AMI and C5a stimulation. (A–C) Statistical analysis of atomic
force microscopy (AFM) nanoindentation measurements of human umbilical vein endothelial cells (HUVEC) monolayers. Data showing mean ± SD
of (A) cortical stiffness, (B) endothelial glycocalyx (eGC) height, and (C) eGC stiffness of CTR, C5a, and C5a+RA groups. Each dot represents a single
cell measurement (8 force-distance curves per dot; N=5) as described in detail in the methods section. (D–F) Statistical analysis of AFM
nanoindentation measurements of HUVEC monolayers. Data showing mean ± SD of (D) cortical stiffness, (E) eGC height, and (F) eGC stiffness of
CTR, STEMI, and STEMI+RA groups. Each dot represents a single cell measurement (8 force-distance curves per dot; N=5) as described in detail in
the methods section. (G–I) Representative fluorescence images and statistical fluorescence intensity analyses. (G) Phalloidin-
tetramethylrhodamine-stained (red: F-actin) and (H) Wheat germ agglutinin (WGA)-stained (green; representing unspecific eGC components)
HUVEC monolayers after stimulation as described. Graphs showing the measured fluorescence intensity in arbitrary units. (I) Syndecan-1 antibody-
stained HUVEC monolayers (green: syndecan-1; blue: cell nucleus) after stimulation. Graphs showing the amount of syndecan-1 per cell relative to
the control group. (G–I: N=5; scale bars: 50 µm). (J) Expression levels of C5a-Receptor1 genes via quantitative PCR after stimulation of HUVEC.
Gene-specific mRNA expression was measured using the DDCt method relative to expression of ribosomal protein L28 (endogenous control) and
normalized to unstimulated controls (N=3). (K) Small GTPases activation analysis of RhoA from confluent HUVEC. Bar graphs show raw optical
density (O.D.) measured with an absorbance wavelength of 490 nm (N=3). (L) Small GTPases activation analysis of Rac1 from confluent HUVEC
after treatment. Bar graphs show raw optical density (O.D.) measured with an absorbance wavelength of 490 nm (N=3). Groups: CTR: stimulation
with standard cell culture media; C5a: cell culture media + 50 ng/mL of C5a; C5a+RA: cell culture media + 50 ng/mL of C5a + C5a-Receptor
antagonist (PMX53; 1:1000). Serum groups: CTR: stimulation with cell culture media + 10% Serum of healthy donors; STEMI: cell culture media +
10% serum of STEMI patients (final C5a concentration 8.7 ng/mL); STEMI+RA: cell culture media + 10% serum of STEMI patients + C5a-Receptor
antagonist (PMX53; 1:1000). p-values: ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05.
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in C5aR1–/–mice (WT C5a vs. KO C5a: 0.94 ± 0.04 pN/nm vs. 0.88 ±

0.03 pN/nm; p<0.001). C5aR1–/– mice also showed less cortical

stiffening after stimulation with STEMI serum compared to WT

mice (WT STEMI vs. KO STEMI: 0.98 ± 0.04 pN/nm vs. 0.92 ± 0.04

pN/nm; p<0.0001) (Figure 5A).

Stimulation with C5a (p<0.05) as well as with STEMI serum

(p<0.001) reduced eGC height in WT mice (Figure 5B). C5a

stimulation had no impact on the eGC of C5aR1–/– mice.

However, stimulation with STEMI serum reduced eGC height in

KO mice by 9% compared to controls (p<0.001). In direct

comparison between WT and KO, eGC height was preserved in

C5aR1–/– mice after stimulation with C5a (WT C5a vs. KO C5a:

121.5 ± 24 nm vs. 127.2 ± 24 nm; p<0.05) as well as with STEMI

serum (WT STEMI vs. KO STEMI: 115.1 ± 23 nm vs. 127.0 ± 23

nm; p<0.05) (Figure 5B).

Both C5a (p<0.001) and STEMI serum (p<0.0001) decreased

eGC stiffness inWTmice (Figure 5C). C5a stimulation had no impact

on eGC stiffness in C5aR1–/–mice. stimulation with STEMI serum on

KO aortas did decrease eGC stiffness (p<0.001). Compared to

C5aR1–/– mice stimulation both with C5a (WT C5a vs KO C5a:

0.37 ± 0.05 vs. 0.46 ± 0.06 pN/nm; p<0.001) and STEMI serum (WT

STEMI vs. KO STEMI: 0.36 ± 0.04 vs. 0.42 ± 0.06 pN/nm; p<0.0001)

showed a higher impact on eGC stiffness in WT mice (Figure 5C).

AFM parameters were correlated within the experimental

groups. eGC height was negatively associated with cortical

stiffness for WT mice (r=-0.86; p<0.001). This effect was

diminished in C5aR1–/– mice, where no significant relationship

was observed between eGC height and cortical stiffness (Figure 5D).

Furthermore, eGC height was positively associated with eGC

stiffness in WT mice (r=0.86; p<0.001). This correlation was

much weaker in C5aR1–/– mice (r=0.62; p<0.05) (Figure 5E).

In order to assess the impact of C5aR1 depletion on the potential

of vessel growth, we employed the sprouting angiogenesis aortic ring

assay (31). We harvested aorta sections from mice of different

genotypes and found that C5aR1-/- mice display reduced sprouting

angiogenesis after 4, 5 and 6 days of culture compared to global C5-/-

and WT. Previously, we have described a C5aR1-CXCL4 axis in

revascularization (34). Interestingly, C5aR1-/- CXCL4-/- double
Frontiers in Immunology 1251
deficient mice did not display this phenotype of reduced

angiogenesis (Figure 5F). Thus, the C5aR1-CXCL4 axis does not

seem to be the driver of the observed effect. When endothelial cells

(MHEC-5T) were stimulated with C5a, on the other hand, angiogenic

potential measured in the tube formation assay increased at a

concentration of 200 ng/ml C5a (Figure 5G).
3.6 Endothelial function is improved after
treatment with C5aRA

To investigate the impact of C5a on inflammatory processes of

the vascular endothelium, we performed monocyte adhesion

measurements and wound healing assays and tested the

endothelial NO production. Adhesion forces between leukocytes

and endothelial monolayers were measured using AFM-based

single-cell force spectroscopy. Figure 6C showing exemplary

force-distance curve of SCFS and Figure 6F showing exemplary

picture of AFM cantilever with mounted monocyte.

Stimulation with C5a increased adhesion forces between

monocytes and the HUVEC surface by 19% compared to control

stimulation (CTR vs. C5a: 39.0 ± 15.0 μN vs. 46.7 ± 16.7 μN;

p<0.001) (Figure 6A). Adhesion energy, calculated as the area under

the curve (AUC) of the force-distance curves, increased after C5a

stimulation by 59% (p<0.001) compared to controls (Figure 6B).

This could not be prevented by administering C5aRA.

Stimulation with STEMI serum resulted in both higher

adhesion forces (p<0.0001; Figure 6D) and higher adhesion

energy (p<0.001; Figure 6E) compared to control conditions.

However, adhesion energy was significantly decreased by 17%

after C5aRA treatment (C5a vs. C5aRA: 0.19 ± 0.1 nJ vs. 0.16 ±

0.1 nJ; p<0.05) (Figure 6E). By quantifying adherent monocytes

these results were confirmed. Both C5a (p<0.0001; Figure 6G) and

stimulation with STEMI serum (p<0.0001; Figure 6H) enhanced the

monocyte count per region of interest (ROI) compared to controls,

which could not be prevented by treatment with C5aRA.

Stimulation with both C5a (CTR vs. C5a: 670 ± 102 μM vs.

386 ± 62 μM; p<0.01) and STEMI serum (CTR vs. C5a: 545 ± 49
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μM vs. 361 ± 36 μM; p<0.01) resulted in reduced NO production

compared to controls (Figure 6I). In both cases, treatment

wi th C5aRA significant ly improved NO product ion .

Compared to C5a the administration of C5aRA led to a 59%

higher NO concentration (p<0.05). In the STEMI group the

treatment with C5aRA enhanced NO production by 40%

(p<0.05) (Figure 6I).

To investigate the migration characteristics of HUVEC

monolayers after C5a and stimulation with STEMI serum, wound
Frontiers in Immunology 1352
healing assays were performed. The endothelial growth rate (μm/h)

over 24 h was significantly reduced by 63% after C5a stimulation

(CTR vs. C5a: 18.8 ± 10 μm/h vs. 7.1 ± 2 μm/h; p<0.01) (Figure 6J).

C5aRA enhanced the growth rate by 25% compared to C5a

stimulation (p<0.05). Wound closure (%/h) was compared among

all groups. Both CTR and C5a+RA groups reached 50% wound

closure after 4 h. Wound closure was significantly further advanced

after 3.5 h in controls compared to those in the C5a stimulation

group (p<0.05).
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FIGURE 5

The influence of C5a and STEMI on eGC condition and cortical stiffness are attenuated in a mouse model for C5a-receptor-1-knockout.
(A–C) Statistical analysis of atomic force microscopy (AFM) nanoindentation measurements of living endothelial cells on isolated mouse aorta
preparations. Aortas of wild-type (WT; N=6) and C5a-Receptor-1-knock-out (KO; C5aR1–/–; N=6) mice were harvested and made available for AFM
measurements as described in detail in the methods section. Groups: Preparations of WT and KO aortas were stimulated with either cell culture
media (control group, CTR), cell culture media + 50 ng/mL of C5a (C5a group), or cell culture media + 10% STEMI serum (STEMI group). Data
showing mean ± SD of (A) cortical stiffness, (B) eGC height, and (C) eGC stiffness of single cell measurements of living endothelial cells on isolated
mouse aorta preparations (8 force-distance curves per single cell; n=50 cells per mouse; N=6 mice per group). (D) Correlation of WT endothelial
glycocalyx (eGC) height vs. WT cortical stiffness and KO eGC height vs. KO cortical stiffness (CTR and stimulation with STEMI serum). (E) Correlation
of WT eGC height vs. WT eGC stiffness and KO eGC height vs. KO eGC stiffness (CTR and stimulation with STEMI serum). Rho (r) and p-values (p)
shown for correlations. (F) Sprouting angiogenesis aortic ring assay of C5-/- (B6(Cg)Tg(Ins2-GP)zbz) and mice double deficient for C5aR1 and CXCL4
(C5aR1-/-CXCL4-/-) (on days 3, 4, 5, 6 and 7). (G) Tube formation assay of MHEC-5T cells after C5a stimulation. p-values: ****p<0.0001; ***p<0.001;
**p<0.01; *p<0.05; ns, not significant.
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stimulation with STEMI serum decreased the growth rate by

83% compared to controls (CTR vs. STEMI: 17.2 ± 6 μm/h vs. 2.9

± .06 μm/h; p<0.001) (Figure 6K). In controls, 50% of wound

closure was reached after 4 h whereas in the STEMI+RA group

50% closure was achieved after 9 h. The STEMI+RA group

showed a nonsignificant trend towards faster growth rate

compared to STEMI group by 27%. However, wound closure

after 9 h was significantly further advanced in the STEMI+RA

group compared to s t imula t ion wi th STEMI serum

(p<0.05) (Figure 6K).
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4 Discussion

The endothelial surface layers, endothelial cortex, and eGC are

highly vulnerable to toxins and factors released during AMI,

resulting in loss of their vasoprotective function (18, 20, 35).

AMI-induced endothelial damage is multifactorial and complex,

caused by a variety of immunologic factors present in AMI serum

that are associated with cardiac mechanical stress, generalized

vascular trauma, and inflammatory response (1, 35). During AMI,

several innate immune pathways, including those of the
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FIGURE 6 (Continued)

Endothelial function is improved after treatment with C5aRA. (A) Data showing mean ± SD of monocyte adhesion forces to human umbilical vein
endothelial cells (HUVEC) monolayers measured via atomic force microscopy (AFM)-based single-cell force spectroscopy (SCFS) of control (CTR),
C5a, and C5a+RA groups (N=5). (B) Mean ± SD of adhesion energy between monocyte and HUVEC monolayer (energy needed to separate
monocyte from HUVEC) of CTR, C5a, and C5a+RA groups (N=5) measured via AFM-based SCFS. (C) Exemplary force-distance curve of SCFS. Red
circle indicates the maximum adhesion force between monocyte and HUVEC monolayer. Gray area representing the total adhesion energy
calculated as the area under the curve (AUC). (D) Data showing mean ± SD of monocyte adhesion forces to HUVEC monolayers measured via
AFM-based SCFS of CTR, ST-elevation myocardial infarction (STEMI), and STEMI+RA groups (N=5). (E) Mean ± SD of adhesion energy between
monocyte and HUVEC monolayer (energy needed to separate monocyte from HUVEC) of CTR, STEMI, and STEMI+RA groups (N=5) measured via
AFM-based SCFS. (F) Exemplary picture of AFM cantilever with mounted monocyte (white arrow) before adhesion measurements (scale bar: 25 µm).
(G) Representative fluorescence images of human monocytes (green: CD14-labeled monocytes; indicated by white arrow) adhesive to HUVEC
monolayer of CTR, C5a, and C5a+RA groups (blue: HUVEC nuclei; indicated by white dashed box). Statistical analysis showing mean ± SD of
adherent monocytes per region of interest (ROI) quantified via monocyte-wash-away assay with previous CD14-staining (CTR, C5a, and C5a+RA
groups; N=6; scale bar: 40 µm). (H) Representative fluorescence images of human monocytes (green: CD14 labeled monocytes) adhesive to
HUVEC monolayer of CTR, STEMI, and STEMI+RA groups (blue: HUVEC nuclei). Statistical analysis showing mean ± SD of adherent monocytes per
region of interest (ROI) quantified via monocyte-wash-away assay with previous CD14-staining (CTR, STEMI, and STEMI+RA groups; N=6; scale bar:
40 µm). (I) Statistical analysis of nitric oxide (NO) concentrations in cell culture media supernatant. NO products were measured by
chemiluminescence-based via NOA-280i for CTR, C5a, and C5a+RA groups (N=3) as well as for CTR, STEMI, and STEMI+RA groups (N=3). (J)
Statistical evaluation of wound healing assays for CTR, C5a, and C5a+RA groups (N=7). Data showing the 24-h growth rate (µm/h) as described in
the methods section as well as wound closure in % (*: CTR vs. C5a). (K) Statistical evaluation of wound healing assays for CTR, STEMI, and STEMI
+RA groups (N=7). Data showing the 24-h growth rate (µm/h) as described in the methods section as well as wound closure in % (*: CTR vs. STEMI;
+: CTR vs. STEMI+RA; #: STEMI vs. STEMI+RA). Groups: CTR: stimulation with standard cell culture media; C5a: cell culture media + 50 ng/mL of
C5a; C5a+RA: cell culture media + 50 ng/mL of C5a + C5a-Receptor antagonist (PMX53; 1:1000). Serum groups: CTR: stimulation with cell culture
media + 10 % serum of healthy donors STEMI: cell culture media + 10 % serum of STEMI patients; STEMI+RA: cell culture media + 10 % serum of
STEMI patients + C5a-Receptor antagonist (PMX53; 1:1000). p-values: ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05; ++p<0.01; +p<0.05; #p<0.05.
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complement system, are activated in the early steps of the

inflammatory response to myocardial ischemia (1, 13). In this

study, the effects of the complement anaphylatoxin C5a on the

nanomechanical properties as well as on vascular surface function

were studied in the context of AMI.

For this, serum derived from patients with a first onset of

STEMI was used in an in vitro model to quantify the impact of

elevated levels of the anaphylatoxin C5a on endothelial surface

mechanics and endothelial function. Stimulation with both STEMI

serum and with C5a only decreased eGC height and stiffness,

indicating a C5a-mediated shedding of the eGC. In parallel, both

stimulations increased cortical stiffness with a subsequent reduction

in NO concentrations, enhanced monocyte adhesion to the

endothelium, and decreased wound healing capacity, all

indicating progressively developing endothelial dysfunction and

vascular inflammation during AMI-induced C5a elevation.

Furthermore, we demonstrated that inhibiting the complement

anaphylatoxin C5a using the C5aRA (PMX53) significantly reduced

complement-induced vascular damage and enhanced vascular

function. eGC degradation and cortical stiffening with subsequent

endothelial dysfunction were both attenuated after administering

C5aRA. Additionally, knock-out of the C5aR1 in mice correlated

with these effects. Our findings demonstrate that the C5a:C5a-

Receptor1 axis plays a central role in mediating vascular surface

deterioration in the context of AMI.

During AMI, the main constituents of the eGC can be detected

in patients’ blood. Syndecan-1 (36), heparan sulfate (12), and

hyaluronan (37) have been identified as biomarkers for eGC

damage during myocardial ischemia. This also applies to our

data. In addition, our data demonstrate positive correlations

between eGC component levels of syndecan-1, heparan sulfate,

and hyaluronan, with levels of C5a indicating a possible interaction

between loss of eGC components due to complement activation.

Moreover, increased serum levels of eGC components are by no
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means unimportant: Jung et al. identified syndecan-1 as an

independent predictor of 30-day mortality in cardiogenic shock

and Wernly et al. showed that high levels of syndecan-1 are

independently associated with 6-month mortality after myocardial

infarction (36, 38). In the present study, mortality was not analyzed

as an endpoint, but the positive correlation between elevated C5a

and days until hospital discharge suggests that patients with higher

C5a levels are more severely ill than patients with lower C5a levels.

Indeed, correlations between enhanced complement activity and

disease severity have been shown for SARS-CoV-2 infections (39),

but have so far not been demonstrated in the context of AMI.

The effects between enhanced complement activity and disease

severity are also reflected in the mechanical alterations of the

vasculature: In the present study, the functional height of eGC

was drastically reduced after incubating primary endothelial cells

with sera derived from AMI patients. Intriguingly, the eGC height

and stiffness incrementally decreased with rising levels of C5a

(LOW vs. HIGH). In parallel, the cortical stiffness increased with

rising C5a levels and was accompanied by a decrease in NO

bioavailability, indicating progression of endothelial damage with

progressing C5a release. There was no difference in NO availability

between CTR and the LOW group, which may be due to small

group size and the co-occurrence of outliers in the LOW group.

Correlations between NO and C5a were therefore calculated

excluding this group, although other correlations in this

manuscript showed no different associations when the data of the

LOW group were excluded.

The cortical stiffening accompanied by elevated levels of C5a

combined with reduced NO production are most likely conferred by

multiple pathways, but our data suggest an important contribution

of the terminal complement pathway, especially C5a. C5a is

associated with cardiovascular complications such as

atherosclerosis and acute thrombosis (40). Furthermore, excessive

quantities of C5a have been detected in patients with the acute
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coronary syndrome, advanced atherosclerosis, and myocardial

infarction and have been associated with increased cardiovascular

risk in patients with advanced atherosclerosis (41).

The reduction in eGC height and stiffness (shedding) as well as

stiffening of the endothelial cortex were also shown for C5a

stimulation alone, demonstrating the role C5a plays in endothelial

impairment during AMI. Explanations of the mechanism

underlying eGC shedding and subsequent cortical stiffening are

embedded in the structure of the eGC, especially syndecan-1, which

functions as a backbone of the eGC formation. Syndecan-1 is

composed of an ectodomain as well as a transmembrane and a

cytoplasmic domain (42). The cytoplasmic domain is directly

associated with the actin cytoskeletal network of the cellular

cortex via linker proteins, such as syntenin and synectin, allowing

mechanotransduction from the endothelial surface to intercellular

cortex (42). In response, syndecan-1 initiates cytoskeletal alignment

and focal adhesion formation via activation of RhoA (43). In our

study, baseline RhoA activity was significantly higher after C5a

stimulation – and after AMI stimulation – displaying a direct link

between eGC shedding, cortical actin alignment, and C5a

stimulation. At this point, the C5aR1 plays an important

mechanistic role. Kaida et al. demonstrated an enhanced

conversion of RhoA-GDP to RhoA-GTP dependent on the C5a-

C5aR1 signal (44). Activation of RhoA regulates cell stiffness via its

downstream target Rho-associated kinase (ROCK), which

modulates both actin/myosin-based cytoskeletal tension and

cortical actin network formation (45). Thus, binding of C5a to

the C5aR1 enhances activation of ROCK via RhoA conversion,

leading to endothelial stiffening which ultimately results in eGC

impairment. All these effects could at least be partly prevented by

administering C5aR1A (PMX53) in our study.

Despite the influence of C5a on the endothelium, we should not

neglect mentioning that the effects described here are not inevitably

complement-dependent, but are, in any case, complement-related.

AMI-induced shedding of the eGC with subsequent impairment of

endothelial function might be caused by a variety of factors present

in the patients’ sera which are associated with cardiac mechanical

stress, generalized vascular trauma, and an inflammatory response

(18). Those biomarkers and effectors of eGC degradation, are

elevated and activated during AMI, including proinflammatory

factors like interleukins (35), catecholamines (46), CRP (47) as

well as matrix metalloproteinases (MMPs) (35). Furthermore,

myocardial infarction and the following reperfusion of the

occluded vessel results in a burst of free radical formation with

increased generation of reactive oxygen species (ROS) (48). The

increased oxidative stress and imbalanced levels of the production

and accumulation of ROS not only enhances tissue damage of the

myocardium, but also leads to degradation of eGC molecules

(48, 49).

AMI immediately activates the sympathoadrenal system, which

is associated with an excessive increase in circulating

catecholamines, which, in turn, are associated with eGC damage

(46). Furthermore, other immunogenic factors such as interleukins

(IL) are activated during AMI. IL induce a complex network of

proinflammatory cytokines via expression of integrins on

leukocytes and endothelial cells. They regulate and initiate
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inflammatory responses that are associated with worse myocardial

function, larger infarct extent, and more severe I/R injury in AMI

(35, 50). Interestingly, excessive C5a levels can direct the production

of cytokines such as tumor necrosis factor a and IL-6, which both

induce heparanase expression with subsequent degradation of the

eGC (51, 52). This might, in part, explain the mechanisms

underlying the development of endothelial dysfunction under

elevated C5a conditions. C-reactive protein (CRP) is also elevated

in AMI sera. CRP is an early inflammatory biomarker associated

with stiffening of the endothelial cell cortex, as shown in our data

(47). Moreover, CRP can trigger activation of the complement

system and lead to cardiovascular complications such as

atherosclerosis and acute thrombosis mediated by generating

excessive C5a (5). Furthermore, AMI serum contains a variety of

MMPs, a group of zinc ion-dependent proteases that degrade

collagen and proteoglycans (35, 53). MMPs play a pivotal role in

the development of atherosclerosis and in post-myocardial

infarction cardiac remodeling as well as in the development of

adverse outcomes (53, 54). C5a upregulates the expression MMP-1

and MMP-9, thus contributing to the extracellular matrix and eGC

degradation (55, 56). The eGC component syndecan-1 is shed by

MMP isoforms MMP-2, MMP-9, and MMP-14 (57). The up-

regulated MMP-9 (58), which is even amplified by C5a (5), may

be responsible for eGC impairment in AMI through cleavage of

syndecan-1.

Exposure of primary endothelial cells to AMI serum

significantly decreased NO bioavailability, the hallmark of

endothelial dysfunction (20), indicating the presence of additional

inhibitors/mechanisms suppressing NO release, which are

abundant in AMI serum. In addition, stimulation with C5a alone

reduced NO production. This reflects the dose-dependent influence

of C5a contained in the AMI serum on NO production by

uncoupling the endothelial NO synthase (eNOS) (59). Reduction

in NO bioavailability was prevented by administering C5aR1A

(PMX53). This clearly shows an association of the C5a:C5a-

Receptor axis with NO bioavailabilty. Similar effects could be

shown for C5a activation of pig pulmonary endothelium, which

altered NOS translation with subsequent endothel ia l

dysfunction (60).

AMI and C5a stimulation both enhanced monocyte adhesion

forces quantified by single-cell force spectroscopy and in monocyte

adhesion assays. By using the single-cell force spectroscopy

modality adhesion forces and adhesion energy can be quantified

precisely between a single monocyte and endothelial surfaces and

therefore the mechanical effects of C5a or STEMI serum stimulation

on cell-cell surface interactions can be measured. Our data illustrate

a change from a quiescent to an activated endothelial surface,

resulting in a proinflammatory and prothrombotic state. Due to

its position on the endothelial surface, the eGC mediates and

regulates these leukocyte-endothelium interactions (61). The eGC

has been recognized as an important structure during leukocyte

recruitment and adhesion (27) with a proadhesive function, thus

playing a crucial role during inflammatory processes (61). A

functional and intact eGC lies atop of adhesion molecules such as

vascular cellular adhesion molecule-1 (VCAM-1) and intercellular

adhesion-molecule-1 (ICAM-1), which are needed for leukocyte-
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endothelial interaction. Unless the barrier formed by the eGC is

compromised, leukocytes are ‘tip-toeing’ with their cytoskeletal

protrusions on the eGC and barely reaching the adhesion

molecules at the endothelial surface (27). The enhanced adhesion

forces between monocytes and endothelial monolayers after C5a

stimulation proves that shedding of the eGC favors the formation of

bonds between binding partners on monocytes and endothelial

surfaces. Furthermore, activation of RhoA/ROCK signaling, as

demonstrated in the present study, was shown to contribute to

lysophosphatidic acid receptor-4-induced stimulation of VCAM-1

expression (62). Thus, our findings are in line with the current state

of knowledge as the interaction of C5a with endothelial cells has

been demonstrated to upregulate cellular adhesion molecules

(ICAM-1, VCAM-1), promoting infiltration of leukocytes to

ves se l wa l l s and contr ibu t ing to inflammat ion and

atherosclerosis (5).

In the present study both, purified C5a stimulation as well as

elevated levels of C5a in AMI patient’s sera, generate structural and

mechanical changes on the endothelial surface, including the eGC

and the cellular cortex via the C5a:C5a-Receptor1 axis. C5a

activates RhoA, which accelerates endothelial stiffening via its

downstream target ROCK. This causes eGC impairment,

ultimately resulting in endothelial dysfunction with reduced NO

bioavailability, enhanced endothelial surface activation, and

decreased wound healing velocity. In parallel, a variation of other

mechanistic processes is triggered by AMI, resulting in further

damage to the endothelial surface and reducing vascular function.

Our study confirms the important role of the C5a:C5a receptor1

axis in the development of vascular diseases and thus opens up new

therapeutic approaches to improve patient health in the context of

AMI. Future investigations should evaluate the role of C5a

antagonism as a potential post-AMI treatment to counteract the

development of endothelial dysfunction. In addition, influencing

the C5a:C5a-Receptor1 axis might represent a novel approach to

protect or restore the eGC in acute cardiac ischemia and prevent

further development of endothelial dysfunction in the event

of AMI.
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Increased neutrophil
extracellular trap formation in
oligoarticular, polyarticular
juvenile idiopathic arthritis and
enthesitis-related arthritis:
biomarkers for diagnosis and
disease activity
Hongxia Tang1,2, Yucheng Zhong3, Yali Wu2, Yanmei Huang4,
Yi Liu2, Jing Chen2, Ting Xi2, Yini Wen2, Ting He2,
Shanshan Yang2, Fan Liu2, Runji Xiong1 and Runming Jin1*

1Department of Pediatrics, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, 2Department of Rheumatology and Immunology, Wuhan Children’s
Hospital, Tongji Medical College, Huazhong University of Science & Technology, Wuhan, China,
3Department of Cardiovascular Surgery, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, Hubei, China, 4Department of Pathogen Biology, School of Basic
Medicine, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei, China
Objective: Neutrophil extracellular traps (NETs) are important factors in initiating

and perpetuating inflammation. However, the role of NETs in different subtypes

of juvenile idiopathic arthritis (JIA) has been rarely studied. Therefore, we aimed

to explore the ability of JIA-derived neutrophils to release NETs and the effect of

TNF-a (tumor necrosis factor-alpha) inhibitors on NET formation both in vitro

and in vivo, and evaluate the associations of NET-derived products with clinical

and immune-related parameters.

Methods: The ability of neutrophils to release NETs and the effect of adalimumab

on NET formation was assessed via in vitro stimulation and inhibition studies.
Abbreviations: ANA, anti-nuclear antibody; ABST, peroxidase substrate; ANCA, anti-neutrophil

cytoplasmic antibodies; AUC, the area under the curve; csDMARDS, conventional synthetic disease-

modifying antirheumatic drugs; CDKs, cyclin-dependent kinases; DAMPs, damage-associated molecular

patterns; DAPI, 4′,6-diamidino-2-phenylindole; DPI, diphenyl iodide; Cf-DNA, cell-free DNA; FBS, fetal

bovine serum; FCM, flow cytometry; GC, glucocorticoids; HLA-B27, human leukocyte antigen B27; HC,

healthy control; hs-CRP, hypersensitive C-reactive protein; HRP, horseradish peroxidase; IQR, interquartile

ranges; IL-17A, interleukin 17A; IgG, immunoglobulin G; JIA, juvenile idiopathic arthritis; JADAS27,

Juvenile Arthritis Disease Activity Score 27; MPO, myeloperoxidase; MAPK, mitogen-activated protein

kinase; ESR, erythrocyte sedimentation rate; ERA, enthesitis-related arthritis; ERK1/2, extracellular signal-

regulated kinase 1/2; o-JIA, oligoarticular juvenile idiopathic arthritis; p-JIA, polyarticular JIA; PMA,

phorbol-12-myristate-13-acetate; PI3K, phosphoinositide 3-kinase; RA, rheumatoid arthritis; RF,

rheumatoid factor; ROC, receiver operating characteristic curve; ROS, reactive oxygen species; s-JIA,

systemic juvenile idiopathic arthritis; SLE, systemic lupus erythematosus; TNF-a, tumor necrosis factor-

alpha; VAS, visual analog scale.
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Plasma NET-derived products were detected to assess the incidence of NET

formation in vivo. Furthermore, flow cytometry and western blotting were used

to detect NET-associated signaling components in neutrophils.

Results: Compared to those derived from HCs, neutrophils derived from patients

with oligoarticular-JIA, polyarticular-JIA and enthesitis-related arthritis were

more prone to generate NETs spontaneously and in response to TNF-a or

PMA in vitro. Excessive NET formation existed in peripheral circulation of JIA

patients, and elevated plasma levels of NET-derived products (cell-free DNA and

MPO-DNA complexes) could accurately distinguish JIA patients from HCs and

were positively correlated with disease activity. Multiple linear regression analysis

showed that erythrocyte sedimentation rate and TNF-a levels were independent

variables and were positively correlated with cell-free DNA concentration.

Notably, TNF-a inhibitors could effectively prevent NET formation both in vitro

and in vivo. Moreover, the phosphorylation levels of NET-associated kinases in

JIA-derived neutrophils were markedly increased.

Conclusion:Our data suggest that NETs might play pathogenic roles and may be

involved in TNF-a-mediated inflammation in JIA. Circulating NET-derived

products possess potential diagnostic and disease monitoring value.

Furthermore, the preliminary results related to the molecular mechanisms of

NET formation in JIA patients provide a theoretical basis for NET-

targeted therapy.
KEYWORDS

juvenile idiopathic arthritis, neutrophils, neutrophil extracellular traps, biomarkers,
tumor necrosis factor-alpha
Introduction

Juvenile idiopathic arthritis (JIA) refers to a heterogeneous

group of chronic childhood arthritis of unknown etiology that

persist for more than 6 weeks and occur before the age of 16 (1).

The International League of Associations for Rheumatology (ILAR)

identified seven subtypes of JIA according to disease manifestations

within the first 6 months: oligoarticular JIA (o-JIA), rheumatoid

factor negative (RF−) polyarticular JIA (p-JIA), RF-positive (RF+)

p-JIA, enthesitis-related arthritis (ERA), systemic JIA (s-JIA),

psoriatic arthritis and undifferentiated arthritis (1). JIA is the

most common pediatric rheumatic disease with an incidence rate

ranging from 1.6 to 23 cases per 100,000 people and a prevalence

ranging from 3.8 to 400 cases per 100,000 people (2). JIA causes

joint pain and swelling and limited range of joint motion and results

in uveitis, osteopenia/osteoporosis, and growth retardation if it is

not diagnosed early or treated promptly or effectively (2). However,

the diagnosis of JIA relies mainly on clinical assessments and ruling

out other pediatric diseases that manifest as chronic arthritis

because of the lack of reliable diagnostic biomarkers. Since the

development of new biological agents in the early 2000s, the

outcomes of JIA in children have substantially improved (3).
0260
However, the disease has not yet been cured, further research is

needed to explore the complex immunopathological process of JIA

and identify new biomarkers and therapeutic targets.

JIA is thought to be associated with genetic, epigenetic, and

environmental factors, but its etiology is not fully clear (3–5). Over

the years, many studies have claimed that JIA is caused primarily by

dysregulation of the adaptive immune system. However, as the

understanding of genetics and immunology in JIA has improved,

increasing evidence has shown that the innate immune system is

also involved in the pathogenesis of JIA (5–8). Specifically,

neutrophils have been implicated in the disordered immune

response in JIA (6, 7). It is well evidenced that abundant activated

neutrophils accumulate in the synovial fluid of inflamed joints in

JIA patients (9, 10). In polyarticular JIA, peripheral blood

neutrophils are chronically activated even when the patient is in

clinical remission (6), and activated neutrophils can form

neutrophil extracellular traps (NETs) (11–13), the process of NET

formation, called NETosis, was originally thought to be a process of

neutrophil death distinct from apoptosis and necrosis (14–16).

Notably, excessive NET formation causes an inflammatory

imbalance and dysregulation of adaptive immune responses by

presenting major sources of autoantigens (17, 18) and danger-
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associated molecular patterns (DAMPs) (19, 20) and mediating

complement and inflammasome activation (21–24). Additionally,

NETs can activate T cells and autoreactive B cells, induce B-cell

expansion, and promote B-cell and Th17 cell differentiation

(25–28). Therefore, the role of NETs in autoimmune diseases is

currently gaining increasing attention, and accumulating evidence

suggests that NETs play a vital role in the initiation and

perpetuation of autoimmune diseases, such as rheumatoid

arthritis (RA), systemic lupus erythematosus (SLE) and anti-

neutrophil cytoplasmic antibody (ANCA)-associated vasculitis

(AAV) (17, 18, 20, 29). In animal models of antigen-induced

arthritis, NETs contribute to articular pain and mediate joint

edema, maintaining the inflammatory response (30).

JIA is not a single disease; this heterogeneity implies that

different pathogenetic mechanisms underlie the various JIA

subtypes. NET formation has been studied in o-JIA and p-JIA

(31). In this study, NET formation was further studied in different

subtypes of JIA in a larger size cohort. As such, we explored NET

formation in patients with three subtypes of JIA, i.e., o-JIA, p-JIA,

and ERA, respectively, and whether NET-derived products could be

biomarkers for diagnosing JIA and monitoring disease activity.

Furthermore, TNF-a plays a pivotal role in the pathogenesis of JIA

(2, 7), and whether NETs are involved in TNF-a-mediated

inflammation in JIA was investigated.
Methods

Human samples

Fifty-eight JIA patients who fulfilled the International League of

Associations for Rheumatology (ILAR) criteria (1) were screened

for inclusion in this study. Patients with other inflammatory or

autoimmune diseases, metabolic diseases, and malignancies were

excluded. Thirty healthy volunteer controls (HCs) who underwent

physical examinations or elective surgery and had not received any

medication for any disease were enrolled, and there was no

significant difference in age and sex between HCs and patients.

All participants were infection-free for at least one month and were

recruited from Wuhan Children’s Hospital of Tongji Medical

College, Huazhong University of Technology and Science between

July 2022 and August 2023. Clinical and laboratory data and blood

samples were collected. Fresh neutrophils were isolated from 5 mL

of EDTA-anticoagulated peripheral blood by density centrifugation

using Polymorphprep™ (Axis-Shield) according to the

manufacturer’s protocol within 1-2 hours after collection.

Contaminating erythrocytes were lysed with red blood lysis buffer

(0.83% (w/v) for 4-5 min at room temperature. Trypan blue

exclusion indicated that cell viability was ≥97%, and the purity of

the isolated neutrophils was ≥ 90% according to the forward and

side of scatter plots generated from the flow cytometric analyses.

Neutrophils were further analyzed by flow cytometry (Attune NxT,

AFC2, Thermo Fisher) after incubation with a fluorescein

isothiocyanate (FITC)-conjugated anti-CD15 antibody

(BioLegend, 394705). The purified neutrophils were resuspended

in phenol red-free RPMI 1640 medium supplemented with 10%
Frontiers in Immunology 0361
heat-inactivated fetal bovine serum (FBS) at 2.5×106 cells/mL. The

plasma samples were aliquoted and stored at −80°C until further

analysis. This study was approved by the Wuhan Children’s

Hospital Committee for Research Ethics and was performed

following the Declaration of Helsinki. Written informed consent

was obtained from all participants’ parents. Because of the limited

amount of peripheral blood available, not all patients were included

in each experiment.

The demographic characteristics of the patients are summarized

in Table 1. The Juvenile Arthritis Disease Activity Score 27

(JADAS27) includes the following four measures: physician’s

global assessment of disease activity, as measured on a 0–10

visual analog scale (VAS) where 0 = no activity and 10 =

maximum activity; parent global assessment of well-being, as

measured on a 0-10 VAS where 0 = very well and 10 = very poor;

erythrocyte sedimentation rate (ESR), which was normalized to a 0

to 10 scale; and the number of joints with active disease (32, 33).
In vitro stimulation and inhibition studies

Freshly isolated neutrophils (2.5×105 cells, 100 µL) from JIA

patients or HCs were seeded in 24-well plates on 0.001% poly-L-

lysine-coated glass coverslips and incubated for 30-40 min at 37°C

in 5% CO2. Then, the neutrophils were incubated with phorbol-12-

myristate-13-acetate (PMA, 30 nM) (P1585-1MG, Sigma) for 3

hours or recombinant human TNF-a (100 ng/mL) (570102,

BioLegend) for 6 hours at 37°C in 5% CO2. In addition,

neutrophils were cultured without any stimulus for 6 hours to

assess spontaneous NET formation. To visualize whether TNF-a-
induced NET formation was inhibited by TNF-a antagonists,

neutrophils were seeded in the same way as described above and

pretreated with a humanized anti-TNF-a antibody (adalimumab,

Humira, Abbvie) (4 mg/mL, equivalent to the average serum

concentration in the human body) for 15 minutes prior to TNF-a
stimulation. The concentrations and time points for neutrophil

stimulation were determined based on the optimized protocol.
Visualizing NET formation via
immunofluorescence confocal microscopy

After treatment as described above, the neutrophils were

immediately fixed with 4% paraformaldehyde, rinsed three times

with PBS, and blocked with 3% BSA. For immunofluorescence

labeling, the neutrophils were stained using a rabbit anti-

myeloperoxidase (MPO) mAb (1:800) (ab208670, Abcam)

overnight at 4°C and then with an Alexa Fluor 488-conjugated

goat anti-rabbit secondary antibody (A-11008; Thermo Fisher) for 1

hour at room temperature. The DNA was counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) (C1005, Beyotime) for 5

minutes. Neutrophils and NETs were visualized using a Nikon

Eclipse-Ti-S fluorescence microscope (Nikon, Tokyo, Japan). Five

randomly chosen fields of each coverslip were observed, and

fluorescence images of MPO and DNA were analyzed using

ImageJ software (National Institutes of Health, NIH). The results
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are expressed as the percentage area of the microscopic field of view

occupied by NETs under a 20× objective.

Since NETs are fragile and easily shed during surgery, we used

SYTOX Green (Invitrogen Life Technologies, San Diego, CA, USA)

to stain DNA to further visualize NET formation. The cells were

fixed with 4% paraformaldehyde and rinsed 3 times with PBS. DNA

was stained with 0.2 mM SYTOX Green dye for 15 min, and NETs

were visualized using a Nikon Eclipse-Ti-S fluorescence

microscope. A total of 5 randomly selected fields from different

regions of each coverslip were imaged with a 20× objective.
Quantification of NET release via a
fluorescence microplate assay

Fluorescence microscopy is laborious and time-consuming and

is not suitable for the assessment of a large number of samples.

Hence, a fluorescence microplate assay was used to determine the

amounts of NET formation. Freshly isolated neutrophils (4×104

cells per well) were cultured in 96-well black microtiter plates in

RPMI 1640 medium supplemented with 10% FBS containing 0.2

µM SYTOX Green and stimulated with PMA (30 nM) or with TNF-

a (100 ng/mL) for 6 hours. Neutrophils were also incubated without

any stimulus for 6 hours to measure spontaneous NETosis. To

quantify the inhibitory effects of adalimumab and DPI on TNF-a-
induced NET formation in vitro, neutrophils were pretreated with

adalimumab (4 mg/mL) or DPI (10 mM) (diphenyl iodide, NADPH

oxidase inhibitor, Enzo Life Sciences) for 15 minutes prior to the

addition of TNF-a. The samples were analyzed in triplicate. After

incubation, the absorbance of each well of the 96-well black

microtiter plates was measured with an EnSpire Multimode Plate
Frontiers in Immunology 0462
Reader (PerkinElmer, Inc) at 485 nm (excitation)/520 nm

(emission). The data are expressed in relative fluorescence units

(RFUs) and were calculated by subtracting the fluorescence

intensity of the control cells at time 0.
Measurement of reactive oxygen
species production

Neutrophils (1.5×105 cells) were incubated with TNF-a (100 ng/

mL) for 3 hours at 37°C or were not incubated. Then, CellROX™

Green (C10444, Invitrogen) was added to the cells, which were then

incubated at 37°C for 15 minutes. Then the cells were washed with

PBS to remove the unbound dye, labeled with 7-AAD (559925, BD

Pharmingen™), resuspended in PBS, and subsequently detected by

flow cytometer (AttuneNxt, Thermo Fisher). The fluorescence

intensity of individual cells was analyzed by FlowJo software.
Western blot analysis

Neutrophils (2.5×106/mL) isolated from HCs or JIA patients

were either cultured in 24-well plates in the presence or absence of

100 ng/mL TNF-a (570102, BioLegend) for 3 hours at 37°C or were

not cultured. Then, the cells were lysed with RIPA buffer (P0013B,

Beyotime) containing a protease inhibitor cocktail (G2006,

Servicebio), NaF (1 M, G2007-1, Servicebio), and Na3VO3 (100

mM, G2007-1, Servicebio). The cell lysates were separated by SDS

−PAGE and electrotransferred onto nitrocellulose membranes

(Amersham™ Protran™ 0.2 mm NC). The following primary

antibodies were used: monoclonal anti-MPO (1:1000; Abcam
TABLE 1 Demographic, clinical, and laboratory characteristics.

Subtypes o-JIA p-JIA ERA All cases

Number (%) 29 (50%) 18 (31%) 11 (18.9%) 58 (100%)

Gender (males, %) 11 (37.93%) 4 (22.22%) 11 (100%) 26 (44.83%)

Age (mean ± SEM, y) 8.473 ± 0.7530 7.366 ± 1.151 10.68 ± 0.7825 8.548 ± 0.5524

JADA S27 (mean ± SEM) 12.27 ± 0.8272 15.11 ± 1.773 15.15 ± 1.512 13.91 ± 0.7342

RF positivity (n, %) 0 (0%) 7 (38.8%) 0 (0%) 7 (12.1%)

HLA-B27 (n, %) 0 (0%) 0 (0%) 4 (36.4%) 4 (6.9%)

ANA positivity (n, %) 13 (44.9%) 7 (38.9%) 7 (63.6%) 27 (45.55%)

active uveitis (n) 3 (10.35%) 0 (0%) 0 (0%) 3 (5.17%)

ESR (median with IQR, mm/hour) 6 (4-10) 8 (4-18) 11 (6-29.5) 7.5 (4-13)

hs-CRP (median with IQR, mg/L) 4.285 (2.035-13.63) 2.77 (1.44-31.55) 13.4 (6.105-69.95) 4.42 (1.6-16.7)

Treatment 12 (41.38%) 7(44.44%) 0 (0%) 19 (34.48%)

GCs (n, %) 1 (3.45%) 1 (5.56%) 0 (0%) 2 (5.17%)

csDMARDs (n, %) 12 (100%) 7 (100%) 0 (0%) 19 (100%)

anti-TNF-a (n, %) 10 (83.33%) 7 (100%) 0 (0%) 17 (90%)
o-JIA, oligoarticular juvenile idiopathic arthritis; p-JIA, polyarticular JIA; ERA, enthesitis-related arthritis; y, years; ANA, anti-nuclear antibodies; HLA-B27, human leukocyte antigen B27; RF,
rheumatoid factor; ESR, erythrocyte sedimentation rate; hs-CRP, hypersensitive C-reactive protein; IQR, interquartile ranges; JADAS27, Juvenile Arthritis Disease Activity Score 27; GCs,
glucocorticoids; csDMARDS, conventional synthetic disease-modifying antirheumatic drugs; anti-TNF-a, anti-tumor necrosis factor-alpha antibody.
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ab208670), anti-GAPDH (1:1000, Cat No. CL594-60004,

Proteintech), anti-phospho-PI3K (1:1000; 4292S, Cell Signaling

Technology), anti-phospho-AKT (1:1000; Cell Signaling

Technology, 4060 L), anti-phospho-extracellular signal-regulated

kinase 1/2 (ERK1/2) (Abmart T40072) and anti-phospho-MAPK-

CDK (mitogen-activated protein kinase/cyclin-dependent kinase)

(1:1000; Cell Signaling Technology, 2325) antibodies. The

secondary antibodies used were horseradish peroxidase (HRP)-

conjugated goat anti-mouse immunoglobulin G (IgG) (1:10000)

(Proteintech, SA00001-1) and HRP-conjugated goat anti-rabbit IgG

(1:8000) (Proteintech, SA00001-2). The bound antibodies were

detected using an enhanced chemiluminescence system.
Quantification of cell-free
DNA concentrations

Cell-free DNA concentrations were quantified using a

Helixyte™ Green dsDNA Quantitation Assay Kit (AAT Bioquest

Catalog number: 17650). HC and JIA patient plasma samples were

diluted 1:10 and incubated with Helixyte Green™ working solution

for 5-10 min at room temperature away from light. Then, the

fluorescence intensity was measured with an EnSpire Multimode

Plate Reader (Ex/Em = 490/525 nm). The data were analyzed using

serial dilutions of calf thymus DNA to generate a calibration curve.
Analysis of MPO-DNA complex levels
by ELISA

A novel capture ELISA was used to quantify NET levels in JIA

patients and controls by measuring the levels of the MPO-DNA

complex in human plasma. The wells of 96-well plates were coated

with 5 mg/mL mouse anti-human myeloperoxidase antibody (clone

D02-2A1, Bio-Rad) (100 mL per well) as the capture antibody overnight
at 4°C. After the wells were blocked in 1% BSA (150 mL per well) and

washed 3 times with 0.05% PBST (300 mL each), 20 mL of patient

plasma combined with 80 mL of incubation buffer containing a

peroxidase-labeled anti-DNA mAb (Cell Death ELISA Plus, Roche;

Cat. No: 11774425001) was added to each well according to the

manufacturer’s instructions. After three hours of incubation at RT

on a shaker (300 rpm), the plates were washed with 0.05% PBST (300

mL each), and 100 mL of the peroxidase substrate (ABTS) from the kit

(Cell Death Detection ELISAPLUS, Roche, Cat. No: 11774425001) was

added. The absorbance at a measurement wavelength of 405 nm and a

reference wavelength of 490 nm was measured with a BioTek Synergy

H1 microplate reader after 40 minutes of incubation at room

temperature in the dark. The difference between the measured and

reference absorbance was calculated as MPO-DNA complex level in

the plasma of JIA patients and HCs.
Statistical analysis

Statistical analysis was performed using SPSS 18.0 statistical

software or GraphPad Prism software version 8.0. Continuous
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variables are presented as the means ± standard errors of the

means (SEMs) or medians and interquartile ranges (IQRs). For

continuous variables with normal distributions, Student’s t-tests or

paired-sample t tests were used to analyze differences. For

nonnormally distributed data, the Mann−Whitney U test or

Wilcoxon test was used for comparisons between two groups.

One-way ANOVA or the Kruskal−Wallis test was used for

comparisons among multiple groups. Spearman’s or Pearson’s

rank correlation analyses were used as indicated to evaluate

associations between the levels of NET components and clinical

parameters, and multiple linear regression analysis was used for

multivariate analysis. Receiver operating characteristic (ROC)

curves were generated and the area under the curve (AUC) was

analyzed to measure the sensitivity and specificity of NET-derived

products for the diagnosis of JIA. P values less than 0.05 were

considered to indicate statistical significance (*p<0.05, **p<0.01,

***p<0.001, ****p<0.0001).
Results

Detailed demographic, clinical, and
laboratory characteristics of JIA patients

Fifty-eight patients with JIA participated in the study: 29

patients with o-JIA, 18 patients with p-JIA, and 11 patients with

ERA. o-JIA was the most common subtype, accounting for 50% of

all JIA cases. The percentages of patients with p-JIA and ERA are

also shown in Table 1. The population consisted of 32 female and 26

male children. The mean age was 8.548 ± 0.5524 y (95% CI 7.442-

9.655). The mean JADAS27 was 13.91 ± 0.7342 (95% CI 12.44-

15.38). The median ESR was 7.5 mm/h (IQR 4-13; range 2 and 51

mm/h). Thirty-nine patients with JIA did not receive medical

treatment, nineteen patients had already undergone treatment for

six months, and seventeen patients had received TNF-a inhibitor

therapy. Thirty age- and sex-matched HCs were recruited

as controls.
Excessive NET formation in neutrophils
from patients with JIA spontaneously or in
response to PMA and TNF-a in vitro

MPO is embedded in extracellular DNA which is the major

backbone of NETs (13). NETs were identified by the colocalization

of extracellular DNA and MPO, and the amounts of NETs were

quantified by fluorescence microscopy and a fluorescence

microplate assay (Figure 1). As shown in Figures 1A, B, the

percentages of the NET-occupied area were markedly greater in

JIA-derived neutrophils than in HC-derived neutrophils after no

stimulation (28.75 ± 1.355% vs. 21 ± 2.236%, p = 0.0065), PMA

stimulation (53.4 ± 2.172% vs. 40.5 ± 2.527%, p = 0.0021) or TNF-a
stimulation (44.83 ± 2.628% vs. 34 ± 3.215%, p = 0.0247).

A fluorescence microplate assay was utilized to further quantify

the levels of NETs in patients with different subtypes of JIA,

including o-JIA, p-JIA, and ERA. Our findings showed that there
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FIGURE 1

Neutrophils derived from the peripheral blood of JIA patients increase NET formation in vitro, either spontaneously or in response to TNF-a or PMA.
(A) Representative images of NETs released by neutrophils derived from at least 10 patients with JIA and 6 HCs spontaneously or in response to PMA
or TNF-a. NETs were double immunostained for extracellular DNA (DAPI; blue) and MPO (MPO antibody; green), and NETs were identified by the
presence of extracellular DNA stained with SYTOX-Green. Images were captured at 20× magnification; the scale bars represent 100 µm. (B) In a
quantitative analysis of the above experiments, the percentages of NET-occupied areas in the total area in the JIA group were markedly higher than
those in the HC group. (C–F) Quantitative assessment of NET formation in the o-JIA, p-JIA, and ERA groups by microplate assays. Neutrophils
isolated from patients with o-JIA, p-JIA, and ERA and healthy controls were incubated for 6 hours under the conditions of (C) no intervention,
(D) PMA (30 nM) stimulus, or (E) the addition of TNF-a (100 ng/ml). (F) The amounts of NETs were compared among the three subtypes of o-JIA, p-
JIA, and ERA, respectively. The results are expressed as the fluorescence intensity of DNA in NETs. One-way ANOVA or the Kruskal−Wallis test was
used to compare three or more groups. Student’s independent-sample t-test was used to compare the two groups. The bar graphs show the mean
± SEM or median with IQR. *p<0.05, **p<0.01, ***p<0.001, ns, nonsignificant; spontan, spontaneous.
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were more NETs formed by neutrophils derived from 16 o-JIA

patients, 9 p-JIA patients and 9 ERA patients than from 15 HCs

with no stimulation (p = 0.0436, p = 0.0119, and p = 0.0193,

respectively; Figure 1C), PMA stimulation (p = 0.0376, p = 0.0003,

and p = 0.0002, respectively; Figure 1D) or the addition of TNF-a

(p = 0.0059, p = 0.0378, and p = 0.0164, respectively; Figure 1E).

Moreover, there were significant differences in the amounts of

NETs released by neutrophils after the indicated intervention

between in entire cohort of JIA patients and in HCs (p = 0.0005,

p = 0.0004 and p = 0.0014, respectively; Figures 1C–E), which was

consistent with the results of fluorescence microscopy. Importantly,

our findings revealed no significant differences in NET formation

among o-JIA, p-JIA and ERA patients (p > 0.05, Figure 1F). Overall,

neutrophils derived from patients with the three subtypes of JIA

were more prone to release NETs in the presence or absence of

TNF-a or PMA stimulation and further in vitro verification of

TNF-a mediated NET generation was performed.
Increased plasma levels of NET-derived
products in JIA patients: potential
biomarkers for diagnosis and
disease activity

To quantify NET formation in the peripheral blood of JIA

patients, plasma levels of cf-DNA and MPO-DNA complexes, as

major components of NETs, were measured, there was a marked

increase in levels of cf-DNA and MPO-DNA complexes in

peripheral blood of JIA patients when compared to HCs [691.4 ±

15.37 ng/mL vs. 611.2 ± 21.53 ng/mL, p = 0.0043; 0.1430

(IQR:0.0952-0.2210) vs. 0.0797 (IQR: 0.05125-0.1500), p = 0.0030;

Figure 2A]. Significantly, the plasma concentrations of cf-DNA in

patients with o-JIA, p-JIA and ERA were significantly increased as

compared to those in HCs (683.3 ± 18.73 vs. 611.2 ± 21.53 ng/mL,

p = 0.0243; 697.9 ± 32.92 vs. 611.2 ± 21.53 ng/mL, p = 0.0162; 703.7

± 38.14 vs. 611.2 ± 21.53 ng/mL, p = 0.0401, respectively;

Figure 2B). Similarly, the plasma levels of MPO-DNA complex in

patients with o-JIA [0.1356 (IQR: 0.0961-0.1806)], p-JIA [0.1295

(IQR: 0.09540-0.0.2485)] and ERA [0.1823 (IQR:0.08975-0.5570)]

were higher than those in HCs [0.0797 (IQR:0.05125-0.1500)] (p =

0.0163, p = 0.0302 and p = 0.0258, respectively; Figure 2B), these

results verified that excessive NET formation were present in

peripheral blood of JIA patients. However, there were no

differences in cf-DNA and MPO-DNA complex levels among the

three JIA subtypes (p > 0.05, Figure 2C).

Significantly, ROC curve analysis showed that plasma levels of

cf-DNA and MPO-DNA complex, as diagnostic biomarkers, could

accurately distinguish JIA patients from HCs, with cut-off values of

638.4310 ng/mL and 0.0913, respectively (Figure 2D). Figure 2E

showed that the plasma concentration of cf-DNA was strongly

correlated with the JADAS27 in the whole cohort of JIA patients

(r = 0.5129, p = 0.0002), and in patients with o-JIA, p-JIA, and ERA

(r = 0.4573, p = 0.0215; r = 0.5005, p = 0.0483; and r = 0.7316, p =

0.0391, respectively). As shown in Figure 2F, a significant positive

correlation between MPO-DNA complex levels and disease activity

(JADAS27) was identified in the whole cohort of JIA patients (r =
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0.3399, p = 0.0138) and even in o-JIA patients (r = 0.4193, p =

0.0260), and p-JIA patients (r = 0.6434, p = 0.0139), despite no

significant correlation in ERA patients (r = 0.1198, p = 0.7808).

Taken together, NETosis-derived products may be used to monitor

disease activity, and thus predict the flares.
Associations of immune-related laboratory
parameters with cell-free DNA
concentrations in JIA patients

Emerging research suggests that NET remnants can interact

with immune components and immune cells to modulate immune

response (20). In this study, correlation studies demonstrated that

the plasma concentrations of cf-DNA strongly and positively

correlated with some immune-related parameters, such as the

number and percentage of neutrophils and B cells, hs-CRP, ESR,

and TNF-a levels, total IgG production and complement C3 and C4

levels in peripheral circulation, whereas nonsignificant correlation

between IL-6 level and cf-DNA concentration was observed

(Figure 3A). Subsequently, the 10 statistically significant variables

were analyzed by multiple linear regression analysis, and the

multiple linear regression equation established was statistically

significant (P < 0.05; Figure 3B), only ESR and TNF-a levels were

positively associated with cf-DNA concentration and were found to

be independent variables, implying that TNF-a is a major inducer

in triggering NET formation in JIA patients, and further verifying

that cf-DNA concentration could be a biomarker for monitoring

disease activity.
TNF-a inhibitors suppress TNF-a-induced
NET formation both in vitro and in vivo

In vitro inhibition study showed that adalimumab

(a humanized anti-TNF-a antibody) effectively suppressed TNF-

a-induced NET formation, as assessed by fluorescence microscopy

(p < 0.0001; Figures 4A, B). NADPH oxidase inhibitor (DPI) can

almost completely inhibit PMA-induced NETosis (14, 34) which

was further verified in this study (n=21, p < 0.0001; Figure 4C), and

was used as a positive control of effective inhibition of NETosis. Our

results showed that DPI could inhibit TNF-a-induced NET

formation (n = 16 p = 0.0008; Figure 4D), and the inhibitory

effects of adalimumab and DPI on suppressing TNF-a-induced
NETosis were similar (47.57% ± 3.665 vs. 49.41% ± 23.79,

p = 0.7821; Figure 4E). Moreover, there was no difference in the

inhibitory effects of adalimumab in suppressing TNF-a-induced
NETosis between JIA pat ients and heal thy controls

(p = 0.8160; Figure 4F).

Next, we examined whether TNF-a inhibitors could prevent

NETosis in vivo. As shown in Figure 4G that patients with JIA had a

decreased plasma concentration of cf-DNA after six months of

treatment with TNF-a inhibitors (adalimumab or etanercept),

along with significantly improving disease activity (reduced

JADAS27) (n = 23, p < 0.0001), indicating that TNF-a inhibitors

can effectively inhibit NET formation in vivo.
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High expression of NET-associated
signaling components in JIA-
derived neutrophils

NADPH oxidase, a key enzyme in redox signaling, is a major

generator of reactive oxygen species (ROS) in vivo. NADPH

oxidase-mediated ROS generation is involved in most of the

mechanisms underlying NETosis (35). TNF-a-induced NET
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formation was suppressed by DPI (Figure 4E), and ROS

production in neutrophils stimulated with TNF-a was

significantly increased (n = 6, p = 0.0266; Figure 5A), indicating

that NADPH oxidase-mediated ROS production was an important

factor driving TNF-a-induced NET formation. To further clarify

the upstream signals mediating NADPH oxidase activation, the

effect of TNF-a on phosphoinositide 3-kinase (PI3K)-AKT

signaling activation was examined, because this signaling pathway
FIGURE 2

Excessive NET formation exists in the peripheral circulation of patients with JIA, with elevated NET-derived components as biomarkers for diagnosis
and disease activity. (A) The plasma levels of NETosis-derived products, cf-DNA and MPO-DNA complexes, were compared between JIA patients
and HCs. (B) The plasma concentrations of cf-DNA in children with o-JIA (n = 25), p-JIA (n=16) and ERA (n = 8) were higher than those in HCs (n =
22). Meanwhile, there was an increase in the plasma levels of MPO-DNA complexes in 22 o-JIA patients, 13 p-JIA patients and 8 ERA patients
compared to HCs (n = 21). The bar graphs show the mean ± SEM or the median with IQR. *p<0.05, **p<0.01. (C) The plasma levels of cf-DNA and
MPO-DNA complexes were similar among the three subtypes of JIA. ns, nonsignificant. (D) ROC curve analysis of cf-DNA and MPO-DNA complexes
to evaluate the accuracy of these parameters as diagnostic biomarkers of disease in JIA patients (AUC = 0.6897, p = 0.0110; and AUC = 0.7265, p =
0.0035, respectively). AUC, area under the curve. (E) The concentrations of cf-DNA were strongly and positively associated with the JADAS27 in the
whole cohort of children with JIA (n = 49) and the three JIA subtypes, i.e., o-JIA (n=25), p-JIA (n = 16), and ERA (n = 8). (F) A significant positive
correlation between the MPO-DNA complex levels and the JADAS27 in 42 patients with JIA, 22 patients with o-JIA, and 12 patients with p-JIA, but
not 8 patients with ERA. R values of Spearman or Pearson’s rank correlation and p values of their null hypothesis are shown.
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is involved in ROS production by NADPH oxidase (36, 37).

Western blotting revealed that the levels of phosphorylated PI3K

and AKT in neutrophils from JIA patients and HCs were elevated

after TNF-a stimulation (Figure 6A), especially in JIA-derived

neutrophils, despite nonsignificant differences between patients

and HCs (Figure 6B). These results suggested that TNF-a
induced NETosis through ROS- and PI3K-Akt-dependent

signaling pathways.

Excessive NET formation existed in peripheral circulation of

patients with o-JIA, p-JIA and ERA, so it is urgent to explore the

molecular mechanisms of NETosis in JIA patients. Our findings

demonstrated that basal ROS production, MPO expression, and

phosphorylated PI3K and AKT levels in JIA-derived neutrophils

were markedly increased compared with those in HC-derived

neutrophils (Figures 5B, 6C). Previous studies have shown that the
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MAPK-ERK1/2 signaling pathway is involved in NET formation

through the activation of NADPH oxidase (38, 39), and NET

formation is controlled by the activation of cyclin-dependent

kinases 4 and 6 (CDK4/6) (40). As shown in Figure 6D, the levels

of MAPK-CDKs and ERK1/2 phosphorylation were markedly higher

in JIA-derived neutrophils than in HC-derived neutrophils. Overall,

there might be distinct activated NETosis-associated signaling

pathways in the hyperinflammatory milieu of JIA.
Discussion

Recent research has highlighted that NETs are released by

neutrophils upon activation and play central roles in the initiation

and perpetuation of inflammation and autoimmune responses (11),
FIGURE 3

Associations of cf-DNA levels with immune-related parameters in the entire cohort of patients with JIA. (A) The concentrations of cf-DNA were
strongly correlated with the number and percentage of neutrophils and CD19+ B cells, the expression of inflammatory markers (TNF-a, ESR, and hs-
CRP), the levels of IgG, complement C3 and C4 in peripheral blood, but no correlation with IL-6 level. R values of Spearman or Pearson’s rank
correlation and p values of their null hypothesis are shown. (B) ESR and TNF-a are independent variables by the multiple linear regression analysis.
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and it has been verified that neutrophils are activated in JIA patients (6,

9). In this study, the capacity of neutrophils purified from patients with

o-JIA, p-JIA, and ERA to generate NETs spontaneously and in

response to TNF-a or PMA in vitro was significantly higher than

that of cells derived from HCs (Figure 1). Importantly, patients with

JIA had elevated plasma levels of cf-DNA and MPO-DNA complexes
Frontiers in Immunology 1068
which were identified as NETosis-derived products compared to

healthy controls (Figures 2A, B). Strangely, there was no significant

difference in NET formation both in vivo and ex vivo among the three

subtypes of JIA i.e., o-JIA, p-JIA, and ERA (Figures 1F, 2C). Therefore,

we concluded that these activated neutrophils in JIA patients most

likely contribute to the pathogenesis of JIA by releasing NETs.
FIGURE 4

Effect of an anti-TNF-a antibody (adalimumab) on NET formation. Neutrophils isolated from JIA patients and HCs were pretreated with adalimumab
(4 mg/ml) prior to the addition of TNF-a. (A) Representative images of TNF-a induced NETs and minimal NET formation after adalimumab
intervention. The third column is an image of spontaneous NET formation as a negative control. (B) The percentage of the NET-occupied area under
TNF-a stimulation was significantly decreased in the presence of adalimumab (n=18, 41.22% ± 2.351 vs. 20.39% ± 1.683, p < 0.0001). (C–F) The
levels of NET release were measured via microplate assays to further evidence the ability of adalimumab to inhibit NET generation. (C) DPI can
effectively inhibit PMA-induced NETosis. (D) Adalimumab (n=27) and DPI (n=16) effectively inhibited TNF-a-induced NET formation (n=27).
(E) Comparison of the inhibitory effects of adalimumab and DPI on TNF-a-induced NET formation. (F) The inhibitory rate of adalimumab in NETosis
by neutrophils from JIA (n=18) and HCs (n=9) under TNF-a stimulation. (G) The effect of TNF-a inhibitors on cf-DNA concentration and JADAS27 in
JIA patients. The data were analyzed with paired-sample t test or unpaired-sample t test. The bar graphs show the mean ± SEM. ***p<0.001,
****p<0.0001, ns, nonsignificant.
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ROC curve analysis demonstrated that circulating levels of cf-

DNA andMPO-DNA complexes could serve as potential diagnostic

biomarkers for accurately distinguishing JIA patients from HCs

(Figure 2D). In addition, although there was no significant

correlation between the MPO-DNA complex levels and the

JADAS27 in ERA patients, this was most likely due to the small

sample size (n = 8), the plasma levels of MPO-DNA complex were

associated with the JADAS27 in o-JIA and p-JIA patients

(Figure 2F), and cf-DNA plasma concentrations were strongly

and positively associated with the JADAS27 in patients with o-

JIA, p-JIA and ERA (Figure 2E). We believed that plasma levels of

NET-derived products in patients with JIA could be sufficient for

monitoring disease activity, and could be used to predict disease

flares. Recent research has also shown that NET formation is
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increased in o-JIA patients and is correlated with the disease

activity score (cJADAS10), but not in p-JIA patients (31), which

are not entirely consistent with our conclusions. The main reason is

likely due to their small sample size (o-JIA, n = 4 and p-JIA, n = 3).

Our research not only examined a large sample size, but also

investigated NET formation via in vitro stimulation studies and in

the peripheral circulation of patients with o-JIA, p-JIA and ERA

using a variety of methods, meaning that our study is more reliable

than the previous data. In addition, there is rarely a study

investigating NET formation in patients with JIA, we

systematically explored NETosis in patients with the three

subtypes of JIA i.e., o-JIA, p-JIA, and ERA, respectively.

Ayako Ohyama et al. have evidenced that there was significant

CitH3 overexpression in pGIA (peptide glucose-6-phosphate
FIGURE 5

ROS levels were measured ex vivo using a FACSCalibur flow cytometer. (A) The exposure of neutrophils to TNF-a increased in the production of
ROS. (B) Baseline ROS levels in neutrophils derived from JIA patients were higher than those in HC-derived neutrophils (n = 20; p = 0.0074).
The paired-sample t test was used to analyze all the data. * p< 0.05, **p<0.01.
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isomerase-induced arthritis) joints, and anti-IL-6 receptor

antibodies could decrease neutrophilic infiltration and NETosis in

the joints of pGIA (41). In addition, IL-6 inhibitors are highly

effective and have been approved for use in systemic JIA (2).
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However, correlation analysis revealed that cf-DNA concentration

and IL-6 levels did not significantly correlate in JIA patients

consisted of o-JIA, p-JIA and ERA patients, indicating IL-6 may

not play a major role in o-JIA, p-JIA and ERA. Simple linear
FIGURE 6

The expression levels of NET-associated signaling components. (A) The phosphorylation of PI3K and AKT in neutrophils purified from JIA patients
and HCs before and after TNF-a stimulation (p-PI3K n = 10, p = 0.0008; p-AKT, n = 6, p = 0.0313). The paired-sample t test and Wilcoxon test were
used to analyze the data. (B) Comparison of phosphorylated PI3K and AKT protein levels in neutrophils derived from JIA patients and HCs after TNF-
a stimulation (n = 5, p = 0.7340; n = 3, p = 0.3386, respectively). (C) Phosphorylation of PI3K (15 HCs vs. 18 JIA patients, p = 0.0222) and AKT (n =
10 p = 0.0135) and the protein expression of MPO (n = 15, p = 0.0012) in neutrophils derived from JIA patients and HCs. (D) MAPK-CDK and ERK1/2
phosphorylation was assessed (6 HCs vs. 7 JIA patients p = 0.0239). (A, C, D) Representative western blots. The Mann−Whitney U test was used to
compare two groups. Stim, stimulated; unstim, unstimulated. The bar graphs show the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
ns, nonsignificant.
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regression of correlation studies showed that the number and

percentage of neutrophils and CD19+ B cells, the levels of the

systemic inflammatory markers TNF-a, hs-CRP and ESR, the

serum IgG and complement C3 and C4 levels were strongly and

positively correlated with cf-DNA levels (Figure 3A). However, only

ESR and TNF-a levels are positively associated with cf-DNA

concentration and are independent variables by multiple linear

regression analysis (Figure 3B). TNF-a has been identified as a

proinflammatory cytokine with a central role in arthritis, which was

further proved by the clinical efficacy of the TNF-a inhibitions

therapy in JIA (2). In this study, TNF-a could induce NET

formation in vitro and the plasma concentration of cf-DNA

(NETosis-derived product) was linked to the serum level of TNF-

a in vivo, implying that TNF-a might augment inflammation by

inducing NETosis in JIA patients, then lead to disease progression.

ESR is a commonly objective biomarker for monitoring disease

activity, and the association of cf-DNA levels with the ESR level

further evidenced that cf-DNA concentration was closely associated

with disease activity and could be used to monitor disease activity.

Previous work and our data confirmed that TNF-a could trigger

NET formation (34) and NET-derived products in turn could act on

other immune cells to secrete TNF-a (42). Therefore, there may be

a vicious cycle between NETosis and TNF-a. Consequently,

inhibiting NETosis in JIA patients could be useful for preventing

the deleterious effects of NETs on inflammation. Anti-TNF-a
biologics are effective in most JIA patients (2). However, the effect

of TNF-a inhibitor therapies on NET release in JIA patients still

requires further study. Recently, some research show that

infliximab, a TNF-a inhibitor can inhibit NET formation and

reduce disease activity in RA patients (43) and in radiographic

axial spondyloarthritis patients (44). In this study, in vitro

inhibition study showed that TNF-a-induced NET formation was

substantially suppressed by adalimumab (Figures 4A, B).

Furthermore, the ability of TNF-a inhibitors, including

adalimumab and etanercept, to suppress NET formation

significantly improved disease activity in JIA patients (Figure 4G).

Given that enhanced NET formation in the three JIA subtypes,

the molecular mechanisms of NETosis in JIA patients and TNF-a-
induced NETosis should be studied for NET-targeted therapy for

JIA. Our study demonstrated that TNF-a-induced NET formation

was markedly reduced in the presence of DPI (Figure 4D), and ROS

production was increased in neutrophils following TNF-a
administration (Figure 5A), suggesting that ROS generation by

activated NADPH oxidases is required for TNF-a-induced NET

formation. Several signaling pathways have been found to regulate

the activation of NADPH oxidase, and PI3K-dependent signaling is

the central pathway, and the blockade of which severely limits the

activation of NADPH oxidase (37, 45), we thus examined the effect

of TNF-a on PI3K-AKT-NADPH signaling activation and found

TNF-a caused a dramatic increase in the phosphorylation levels of

PI3K and AKT in neutrophils (Figure 6A), indicating that TNF-a-
induced NETs might occur through a ROS- and PI3K-Akt
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signaling-dependent pathways. Notably, NET formation in JIA

patients might occur through activation of the PI3K-Akt-

dependent and MAPK-ERK signaling pathways, followed by the

production of ROS by NADPH oxidase and the subsequent

activation of MPO, and CDKs, which was proven by increases in

basal ROS production, the levels of phosphorylated PI3K and AKT,

phosphorylated MAPK-CDKs and ERK1/2, and MPO expression in

JIA-derived neutrophils (Figures 5B, 6C, D). Previous research has

elucidated that NET formation can be initiated by various

inflammatory cytokines (34) and various stimuli activate different

NET-associated signaling pathways (45, 46). NETosis in JIA might

occur through the activation of several signaling pathways, which

might be closely associated with various stimuli. These findings may

explain why NETosis is enhanced in JIA, and aid in the

development of drugs that target NETs to improve the treatment

of JIA. The molecular mechanism of NET formation in JIA is a

preliminary study, which needs further systematic study.

In conclusion, NET formation was augmented in the three

subtypes of JIA, i.e., o-JIA, p-JIA and ERA and might exert

detrimental roles in JIA. Furthermore, TNF-a may be involved in

the immunopathogenesis of JIA by enhancing NET formation.

Importantly, NET-derived products: cf-DNA and MPO-DNA

complex could be used as potential biomarkers for diagnosis and

disease activity.
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Rheumatoid arthritis (RA) is a chronic autoimmune diseasewith a complex etiology.

Neutrophil extracellular traps (NETs are NETwork protein structures activated by

neutrophils to induce the cleavage and release of DNA-protein complexes).

Current studies have shown the critical involvement of NETs in the progression

of autoimmune diseases, Neutrophils mostly gather in the inflammatory sites of

patients and participate in the pathogenesis of autoimmune diseases in various

ways. NETs, as the activated state of neutrophils, have attracted much attention in

immune diseases. Many molecules released in NETs are targeted autoantigens in

autoimmune diseases, such as histones, citrulline peptides, and myeloperoxidase.

All of these suggest that NETs have a direct causal relationship between the

production of autoantigens and autoimmune diseases. For RA in particular, as a

disorder of the innate and adaptive immune response, the pathogenesis of RA is

inseparable from the generation of RA. In this article, we investigate the emerging

role of NETs in the pathogenesis of RA and suggest that NETs may be an important

target for the treatment of inflammatory autoimmune diseases.
KEYWORDS

neutrophil extracellular trap, rheumatoid arthritis, autoantibody, citrullination, key role
1 Introduction

Rheumatoid arthritis (RA) is a systemic immune disorder mainly characterized by

erosive joint damage involving the hands, wrists, ankles, knees, and other joints. In the early

stage, the joints may become red, swollen, hot, and dysfunctional, and gradually deteriorate

to stiffness and deformation in the late stage. At present, the pathogenesis of RA remains

unclear, and its main pathological manifestations include immune cell infiltration,

synovium hyperplasia and formation, and articular cartilage and bone destruction.

Accumulating studies have been conducted regarding the molecular mechanisms of RA.
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There are various breakthrough points for RA molecular

mechanism research, and, among its autoantibodies, anti-

citrullinated protein antibody (ACPA) is an important factor that

cannot be ignored in RA disease development (1). With the increase

in global life expectancy, the number of patients with RA is also

rising, and the proportion of female patients is approximately three

times that of male patients (2, 3). The incidence of RA is 0.5%–1%,

affecting 0.2–1% of the global population. A positive family history

can increase the risk of RA by approximately 3–5 times, and genetic

factors cannot be ignored as a cause of RA (3). Studies have found

that compared with non-RA patients, RA patients have a higher

probability of suffering from multiple diseases (approximately 31–

86%), a faster accumulation of comorbidity, a worse prognosis, a

higher risk of disease activity, and a higher possibility of biologic

agent failure. These data indicate that the clinical treatment of RA is

urgent (4). Currently, disease-modifying anti-rheumatic drugs are

still the first choice treatment for RA, and non-steroidal anti-

inflammatory drugs and glucocorticoids have also been proven to

reduce RA inflammation and pain (5). However, these drugs are

also accompanied by inevitable shortcomings, such as side effects,

adverse reactions, and drug resistance, and cannot really cure RA.

Almost all RA patients need lifelong treatment; therefore, there is an

urgent need for new treatment methods to delay the pathological

process of RA and provide new therapeutic targets. Existing studies

have pointed out the critical implication of neutrophils in the

development of RA, and neutrophils abundantly exist in the

synovial fluid and synovial tissue of RA joints (6, 7), while

neutrophil extracellular traps (NETs) are important sources of

citrullinated proteins and cytokines in RA and contribute to

promoting the formation of ACPA. Additionally, NETs can

promote the proliferation of synovial fibroblasts and produce

cytokines, thus aggravating joint inflammation. Therefore, this

article will explore the pathogenesis and role of NETs in RA and

consider the potential and challenge of NETs as a new treatment

strategy for RA, with a view to opening up new ways to prevent and

treat RA.
2 Overview of NETs

2.1 The formation of NETs

Neutrophils are stimulated by phobolate (PMA) and

lipopolysaccharide (LPS). Brinkmann et al. found that the

NETswork structure formed by chromatin in neutrophils had the

potential of being an antibacterial barrier, and such NETswork

structures containing DNA-protein were designated as NETs (8).

NETs are fibrous structures released by neutrophils in response to

specific stimuli. These structures are composed of neutrophil

particles and decondensed chromatin coated with cytoplasmic

proteins (9). NETs mainly bind neutrophil elastase (NE),

myeloperoxidase (MPO), histone sphaerolysis concentrated

chromatin, Caldwell protein, and defensin to capture and kill

bacteria or viruses (8, 10). In the current situation regarding

autoimmune diseases, a detailed proteomic analysis focusing on
Frontiers in Immunology 0275
the composition of specific NETs holds promise for revealing new

mechanisms underlying disease onset and progression (11).
2.2 The NETosis pathway of NETs release

NETosis is a peculiar death modality of neutrophils that gives

rise to the production of NETs (12), which contribute to the

neutralization of invading pathogens and restoration of

homeostasis. There are multiple stimuli that trigger NETosis but

the mechanism by which NETosis releases NETs is not exactly the

same. In spite of this, chromatin deconcentration is a necessary

condition for NETosis (13). Here, we describe three pathways by

which NETosis releases NETs (Table 1).

Suicidal NETosis, also known as NADPH oxidase-dependent

NETs, is triggered by neutrophil receptors [such as toll-like receptor

(TLR)] recognizing a variety of stimuli (such as bacteria, viruses,

and fungi) and persists for a long time. Upon receiving the

stimulation, calcium ions are first released from the endoplasmic

reticulum (ER) into the cytoplasm, which increases the activity of

protein kinase C (PKC) and induces nicotinamide adenine

dinucleotide phosphate (NADPH) to form a functional complex

(PHOX) through the RAF-MERK-ERK signaling pathway (14),

leading to the production of reactive oxygen species (ROS) and

the activation of receptor interacting protein kinase 3 (RIPK3) and

mixed lineage kinase domain-like protein (MLKL). NADPH

oxidase (NOX) activates PAD4, an enzyme downstream of ROS

and calcium signals (15, 16). NE and MPO are released from

azinotropic particles and transferred into the nucleus with the

assistance of NADPH. The cleavage protein promotes chromatin

decondensation, so that the decondensed chromatin containing

cytoplasmic and granular components is excreted out of the cell

(17), thus initiating programmed cell death (18). Relevant clinical

evidence proves that suicidal NETosis requires the involvement of

ROS. Neutrophils lacking sufficient ROS isolated from patients with

chronic granulomatous disease fail to produce NETs under

stimulation (19), and the use of NOX inhibitors can prevent the

formation of NETs (20, 21) (Figure 1A).

Active NETosis, also known as non-NADPH oxidation-

dependent NETs, is characterized by the fact that the nuclear

membrane of neutrophils remains intact and active after the release

of NETs, and neutrophils continue to migrate to bacteria, a process

crucial for resisting bacterial invasion (22). NETs under this

mechanism are released rapidly after exposure to Staphylococcus

aureus through the secretion of chromatin and particles (23). Under

this pathway, the formation of NETs can occur independently of the

production of NADPH oxidase ROS. Specifically, PAD4 is activated in

the presence of elevated levels of mitochondrial ROS and intracellular

calcium (24), resulting in histone citrullination and chromatin

decondensation, in which the DNA-protein complex envelopes the

vesicles and releases its load outside the cell, without breaking the

nuclear membrane in the process. To our knowledge, the difference

between suicidal NETosis and critical NETosis lies in the dependence

of the two approaches to NOX and whether the nuclear membrane is

intact after chromatin release (Figure 1B).
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The third form of NETosis (mitochondrial NETosis) relies on

the production of ROS, with living cells formed from mitochondrial

DNA releasing NETs, instead of nuclear DNA. Mitochondrial DNA

causes neutrophils to release NETs in response to granulocyte-

macrophage colony-stimulating factor (GM-CSF) pre-treatment

and LPS/C5a stimulation while retaining their nuclei (25, 26).

Mitochondrial NETosis has also been observed in LPS-stimulated

neutrophils isolated from trauma patients after orthopedic surgery

(27). As reports on mitochondrial NETosis are currently limited,

further studies on the mechanism of mitochondrial NETosis are

needed to gain a deeper understanding (28). (Figure 1C).
2.3 Key factors triggering NETosis

Neutrophil activation is the first condition for NETosis

production, and resting neutrophils under non-inflammatory

conditions do not develop NETosis. Neutrophils can induce

NETosis at surface pattern recognition receptors (29). In addition

to the relevant receptors, NETosis can also be induced by bacterial

toxins, such as ionomycin (30) and Nigericin (31). Therefore,
Frontiers in Immunology 0376
neutrophil activation requires the involvement of bacterial toxins

or surface receptors to initiate NETosis (32). A large number of

activated neutrophils and high levels of neutrophil granulocytes

have also been found in the synovial and joint tissues of RA patients,

which aggravate the proliferation and invasion of synovial cells

activating cytokines and receptors to participate in the pathogenesis

of RA (33), and relevant experiments have also yielded compelling

evidence to support the activation of neutrophils and formation of

NETs during the development of RA (34).

Changes in calcium concentration are also key to NETosis

activation. Neutrophil activation will lead to an increase in

intracellular calcium concentration, and the binding of ligand and

complement receptor will trigger the ER to release stored calcium,

and then open the plasma membrane calcium channel, resulting in

a disturbance in the calcium ion balance. The increase of

intracellular Ca2+ has been demonstrated to be a prerequisite for

the production of NETs induced by optimal PMA (31, 35). In the

context of NETosis, an increase in intracellular calcium has been

observed in neutrophils induced by LPS, IL-8, and PMA, as well as

by the calcium ion carriers iomycin and A23187, leading to the

formation of NETs (36). Therefore, the increase of intracellular
FIGURE 1

NETosis releases NETs through three different mechanisms. (A) After neutrophils are stimulated, ROS production is induced through the NADPH
pathway to stimulate nuclear DNA cleavage, initiating the release of NE and MPO in neutrophils, which intensifies the direct cleavage of nuclear DNA
and directly destroys the cell membrane, thus releasing NETs. (B) When stimulated, neutrophils do not depend on NADph-dependent ROS, but
intracellular mitochondrial ROS can directly promote the activation of PAD4 and the release of NE and MPO, thus promoting the nuclear DNA
wrapped in vesicles to release NETs. (C) Neutrophils generate NETs through the cleavage of mitochondrial DNA after stimulation. RA, rheumatoid
arthritis; FCR, fragment crystallizable receptor; PMA, phorbo nutmeg acetate; ER, endoplasmic reticulum; PKC, protein kinase C; NADPH,
nicotinamide adenine dinucleotide phosphate oxidase; NOX, nitric oxide; PIPK3: receptor interacting protein kinase 3; PAD4, peptidylarginine
deiminase 4; NE, neutrophil elastase; MPO, myeloperoxidase; NETs, neutrophil extracellular traps; ROS, reactive oxygen species; TLR, toll-like
receptor; GM-CSF, granulocyte macrophage colony-promoting factor.
TABLE 1 The difference between the three pathways of NETosis generation.

NETosis
pathway category

Stimulating
factor

Conductor
receptor

Trigger key DNA cleavage Is the nuclear
membrane intact

Suicidal NETosis Virus、 fungus、 PMA FcR NADPH、 NOX2、
NE、 MPO

Nuclear DNA No

Active NETosis Virus
(S. aureus)、 fungus

TLR2/TLR4 Mitochondrial ROS、
Ca+、 NE、 MPO

Nuclear
DNA

Yes

Mitochondrial NETosis CMS-CF/Ca5/LPS TLR4 Mitochondrial ROS、
NE、 MPO

Mitochondrial DNA NO
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calcium, whether the calcium released from intracellular storage or

the calcium flowing into the cell from the extracellular

environment, is critical for NETosis.

PAD4, an enzyme mediated by calcium, plays a crucial role in

NETosis (37). It is generally believed that PAD4 drives NETosis

through citrullinated histones. PAD4 is highly expressed in

neutrophils and ectopic to the nucleus in the presence of elevated

cytosolic calcium concentration, and mediates the conversion of

arginine residues to citcitline in the target protein (38). The internal

force of PAD4 on citrullinated histones and its specific expression

make it an important linkmediating chromatin decondensation during

NETosis (32). PAD4 itself is the target of autoantibodies and shows a

high-expression profile in the synovium of RA. A positive correlation

between the polymorphism of PAD4 gene and the incidence of RA has

been revealed (39, 40), which is better explained by the fact that the

PAD4 inhibitor chloropyrimidine can alleviate the symptoms of

collagen-induced arthritis (CIA) in mice and rats (41).

ROS production is also an important step involved in the

formation of NETosis. ROS in neutrophils are mainly derived

from NOX and mitochondria. Stimulating neutrophils with PMA,

S. aureus, or group B Streptococcus can generate ROS within 20 min,

and neutrophils with ROS scavengers can inhibit PMA-induced

NETosis (20, 31). Neutrophils lacking functional NOX cannot

develop NETosis under the stimulation of S. aureus or PMA (19).

However, the exact mechanism by which NOX drives the release of

NETs remains unclear (32). It has been shown that calcium ion-

induced NOX-dependent NETosis is mediated by mitochondrial

ROS (24). ROS are indispensable in all forms of NETosis and can

promote the release of NE and MPO, thus accelerating the process

of NETosis. However, its specific mechanism still needs

further exploration.
3 The relationship between NETs
and RA

Plenty of autoantibodies have been identified as markers of RA,

including rheumatoid factor (RF) and antibodies against post-

translational modified proteins [such as anti-citrullinated protein

autoantibody (ACPA)] and carbamylation, which may form

immune complexes within the joint and lead to the aggregation

of immune cells (42). Compared with healthy individuals, RA

patients present detectable activated neutrophils in the

circulation, which can last for several days and accumulate in

large numbers in the synovial fluid and vascular membranes of

RA, leading to RA inflammation and joint destruction. The increase

of neutrophils is associated with increased ROS production,

elevated MPO expression, and increased citrullination mediated

by PAD4 activity. Therefore, ROS, the NOX pathway, and PAD4

activity are important factors in controlling RA-inflammation-

induced NETosis. High levels of ACPA and RF inducing NETosis

can be detected in the serum of RA patients (43) and promote the

further production of autoantigens in the form of citrullinated

protein, resulting in persistent inflammation and tissue damage;

abnormal NETs may exacerbate the expression of citrullinated

autoantigens and immune-stimulating molecules, thereby
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promoting the development of epitopes associated with RA

pathogenesis. In addition, the formation of NETs promotes the

recruitment of various inflammatory factors to the joint

inflammation site, increasing cartilage injury and promoting the

development of RA. NETs can increase the production of related

pro-inflammatory factors such as IL-1b and IL-18, further

stimulating the formation of NETosis. These mechanisms

contribute to inflammatory arthritis and joint destruction, thereby

driving the onset of disease and the presentation of RA (44). Of

course, the proper generation of NETs can activate the

immunomodulatory response and alleviate the pathological

process of RA by regulating T cells and dendritic cells, and NETs

can also clear the apoptotic cells in joints and reduce the

inflammatory response caused by these cells. We should strive to

explore a balance point between optimal treatment and minimal

impact and better clarify the relationship between RA and NETs. In

the following article, we mainly explore the mechanism of the

pathogenic effect of NETs on RA.
3.1 NETs induce the citrullination of RA

3.1.1 NETs promote the ACPA citrullination of RA
Currently, definitive diagnosis of RA depends on the detection

of RF and ACPA (43), among which ACPA is recognized as one of

the most important diagnostic biomarkers with high specificity and

sensitivity. The specificity of ACPA is crucial for immunopathology

caused by autoantibodies. Studies have shown that ACPA isolated

from RA patients not only reacts with broad-spectrum citrulline

peptides with different affinities but also shows heterogeneity (45).

There are multiple types of structural interactions between ACPA

and its citrulline antigen. ACPA interacts with citrulline and amino

acid side chains and is specifically recognized or “cross-reacted” to

citrulline labeled on joint proteins, showing an arthritic effect (46).

Ge et al. have demonstrated that ACPA can promote proteoglycan

consumption of cartilage and aggravate joint inflammation through

the cross-reaction of specific ACPA with articular cartilage (47).

Citrullinated antigens on NETs play a key role in the initiation

and development of autoimmunity and ACPA (48). Citrulline is

derived from arginine through a post-translational modification of

peptidyl arginine deiminase (PAD) and thus converted to citrulline

protein (49). Exposure of citrulline protein to NETs is a key driver of

autoimmunity, leading to the formation of ACPA (50). Citrulline

vimentin itself is present in stimulated neutrophils or NETs, and anti-

citrulline vimentin autoantibodies can induce the formation of NETs

(43). At the same time, the release of NETs can further aggravate the

production of ACPA, resulting in the production of inflammatory

molecules such as IL-6, IL-8, chemokines, and adhesion proteins. As

a result, ACPA continuously promotes neutrophils to release arginine

deaminase (PADI), which can in turn modify arginine to citcitline.

Thus, a vicious cycle of autoantibodies is formed (51). Moreover, it is

pointed out that the exposure of citrullinated antigens by NETs to the

immune system with the same citrullinated antigens and

inflammatory cytokines will perpetuate NETosis (52). In addition,

RA synovial cells exhibit an unusual pattern of citrullination known

as cellular “hypercitrullination”. Hypercitrullination is induced by
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perforin and membrane attack complex (MAC)-mediated membrane

lysis pathways, which are activated in RA joints and produce ACPA

(18, 53). It has also been shown that therapeutic anti-citrullinated

protein autoantibody (tACPA, a therapeutic antibody that specifically

recognizes citH2A and citH4) inhibits the formation of NETs in

humans and mice induced by different physiological stimuli in vivo

and in vitro, and that tACPA treatment prevents the release of NETs

in a mouse model of CIA (54). In addition, NETs-derived NE can

destroy cartilage structure and promote its citrullination, thereby

increasing its immunogenicity and the production of autoantibodies

and eventually leading to joint inflammation (55). Thus, NETs induce

citrullination in RA patients and exacerbate RA symptoms.

3.1.2 NETs promote histone citrullination
Histone is an important component of NETs, and the histone

levels in the synovial fluid of RA patients are increased compared

with osteoarthritis patients. In neutrophils, PAD4-induced histone

amination is a key step in NETosis, enabling the apparent release of

active PDA4 into the synovial fluid of RA patients, promoting the

production of autoantibodies and leading to inflammation (56).

Additionally, extracellular histone plays a similar role. Owing to the

inflammatory properties of NETosis and the characteristics of

extracellular histone, the extracellular histone in RA synovial fluid

interacts with other cells in the joint, amplifying the pro-

inflammatory role of histone in RA inflammation (57). NETs that

spontaneously express citrulline histone H3 (Cit-H3) have higher

levels in the neutrophils of RA patients, which intensify the local
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production of ACPA and accelerate the development of

inflammation (58, 59). In addition, NETs directly induce STAT3

phosphorylation by interacting with TLR2 expressed on T cells

through histone, which promotes the differentiation and activity of

TH17 cells in the presence of Th17-cell-promoting cytokines (60),

while it is known that TH17 cells can promote the of recruitment

neutrophils through IL-17. Thus, histone exacerbates inflammation

in RA patients by increasing the recruitment of inflammatory cells

to the lesion site (Figure 2).
3.2 NETs stimulate inflammatory factors to
induce synovial inflammation in RA

In RA synovium, the activation of macrophage-like synoviocytes

(MLSs) underlies an important source of cytokines and proteases

(61). MLSs produce several pro-inflammatory factors, including IL-6,

IL-8, and tumor necrosis factor (TNF)-a, while the involvement of

TNF-a and IL-6 is the core of the pathogenesis of RA. Through a

series of studies in TNF-knockout mice, Kruglov et al. revealed that

membrane TNF (memTNF) possesses anti-arthritic protective

function and inhibits self-reactive T cells (62). TNF can also

regulate the progression of arthritis by promoting the activation of

Fibroblast-like synoviocytes (FLSs) and inducing autoantibodies. On

the other hand, T-cell-derived TNF has been shown to play a

defensive role by mobilizing the development of auto-reactive T

cells (63). NETs can also directly mobilize T-cell function, induce an
FIGURE 2

The key role of NETs in RA inflammation. NETs increase the secretion of immune cells and pro-inflammatory factors by promoting the citrullination
of RA autoantibodies (1) and histones (3), while ACPA continuously promotes the formation of pro-inflammatory factors to promote citrullination (2),
thus forming a vicious cycle and exacerbating the symptoms of RA. (1) Citrulline antigen in NETs is modified by PAD to form arginine, which
promotes the production of citrulline protein and development of ACPA in NETs, thereby secreting pro-inflammatory factors and worsening RA. (2)
The increase of pro-inflammatory factors leads to an increase in ACPA, and the reverse conversion of arginine into citrulline through PADIs leads to
a vicious cycle of autoantibody formation. (3) The histones produced by NETs, which are citrullinated by PDA4, produce immune cells and aggravate
RA. NETs, neutrophil extracellular trap; PADIs, arginine deaminase; IL-6, interleukin 6; IL-8, interleukin 8; B cell, B lymphocyte; T cell, T lymphocyte;
PAD, peptidyl arginine deiminase; PAD4, peptidyl arginine deiminase 4; RA, rheumatoid arthritis.
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increase in CD69 and CD25 expression, and lead to the activation of

CD4+T cells, which have the potential to form inflammation and

adaptive immune response (64). Studies have shown that in CD4+T

lymphocytes of RA patients, CD28-CD4+T cells overexpress BcI-2,

leading to atypical clonal expansion of autoimmune T cells (65). A

large number of T cells infiltrate the synovial membrane and interact

with dendritic cells (DC), monocytes and macrophages to jointly

mediate synovial inflammation. At the same time, the localization of

NETs by synovial macrophages is inseparable from the signaling of B

cells. Studies have shown that NE contained in NETs promotes the

secretion of inflammatory cytokines in macrophages by activating the

nuclear factor K light chain enhancer (NF-kB) signaling pathway of B

cells, and induces macrophage inflammation to aggravate RA

synovial inflammation in the same way as Rab5a (66). These

studies all indicate the important role of TNF-a, immune cells, and

related inflammatory factors in the progression of RA. The

production of NETs can promote the secretion of IL-6 (67) and

TNF-a in macrophages, thus aggravating RA synovitis. At the same

time, chemokines IL-8 and IL-17 contribute to the stimulation and

aggregation of neutrophils to inflammatory sites. Brinkmann et al.

found that IL-8 can stimulate neutrophils to produce NETs (8, 18).

Ritika Khandpur et al. compared RA neutrophils with control

neutrophils and found that RA neutrophils are more likely to

develop NETosis after exposure to IL-17A and TNF-a (43).

Interestingly, NETs have been observed to be internalized by

macrophages and promote the secretion of cytokines, and the

inhibition of NETs can alleviate inflammation by reducing the

secretion of cytokines from macrophages (66). The production of

NETs promotes the secretion of pro-inflammatory factors in MLSs,

while exacerbating the distribution of inherently existing

inflammatory factors in the diseased joints and exacerbating

synovial inflammation.
3.3 NETs aggravate articular cartilage
injury in RA

RA is characterized by persistent synovial inflammation, leading

to articular cartilage and bone injury. FLSs, as the main effectors in

cartilage injury (68), exhibit an aggressive phenotype and produce

pathogenic inflammatory mediators, such as cytokines. Additionally,

they produce mechanodegrading enzymes, especially matrix

metalloproteinases and histoproteinases (69), to promote local

inflammation and disease persistence (70). FLSs exhibit key

immunomodulatory effects through direct interactions between

secreted inflammatory cytokines and direct synovial-infiltrating

immune cells (71). Specifically, the lining layer of the synovium of

the joint is hyperplasic in RA, sometimes to a depth of 10–15 cells,

and at the joint boundary, the lining layer may become a “pannus”

tissue rich in FLSs and osteoclasts. Pannus is composed of

macrophages, FLSs, dendritic cells or plasma cells, and mast cells,

which mediate injury and erosion in the later stages of disease (61).

Moreover, it invades adjacent articular cartilage and subchondral

bone to produce inflammatory cytokines and chemokines, resulting

in clinical symptoms such as swelling and pain (72).
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Owing to the abundant infiltration of neutrophils in RA

synovium, NETs are prone to form. The circulating neutrophils

in RA patients are more likely to be stimulated by NETosis than

those in healthy subjects, resulting in excessive innate and adaptive

immune responses (73). NETs containing citrulline and arthrogenic

peptide are internalized by FLSs via the RAGE-TLR9 endocytosis

pathway, resulting in a pro-inflammatory phenotype in these cells.

Once internalized, NETs promote the upregulation of MHC class II

(MHCII) and load arthritogenic NET peptides into MHCII, which

NETs then transport to FLS membranes where they are presented to

antigen-specific T cells. This process promotes T-cell activation and

B-cell response, leading to the production of ACPA and spread of

inflammatory responses, eventually insulting cartilage injury (68).

In short, the secretion of pro-inflammatory cytokines by FLSs

exposed to extracellular traps may further increase NETosis,

amplify exposure to citrulline autoantibodies, and promote the

production of autoantibodies in patients, thus exacerbating

cartilage injury (43). Carmona-Rivera et al. pre-incubated RA-

FLSs with TLR antagonists, followed by exposure to RA-NETs,

and found that the ability to internalize MPO (a molecule present in

NETs) was impaired, demonstrating that FLSs internalize NETs via

the RAGE-TLR9 axis and the induced pro-inflammatory features of

FLSs are dependent on NETs internalization (68). Elastase in NETs

can disrupt the cartilage matrix (50), and MMP8 and MMP9 have

been found in RA-NETs to cause degradation of the cartilage matrix

(74, 75), exacerbating cartilage injury. In addition, the immune

complex formed by autoantibodies can activate macrophages to

release pro-inflammatory factors, which amplify cartilage injury by

releasing elastase from neutrophils (76) and trigger the occurrence

of RA. NETs promote the rapid formation of osteoclasts by

monocytes via the transduction of TLR4 and the NET-related

protein pathway, directly affecting RA-related bone erosion (77).

NETs stimulate the release of Rankl, inhibit the secretion of

osteophosphorin in osteoblasts, and facilitate the formation of

osteoclasts. Inhibition of NETs is a promising strategy for

reducing bone erosion in patients with RA (78) (Table 2; Figure 3).
4 NETs may be the key target for
controlling RA

The relevant mechanisms proposed in this study indicate that

inhibition of NETs can be a key entry point for the treatment of RA.

Quite a few reports have pointed out that the use of NET inhibitors

can markedly mitigate joint swelling and inflammation. Alleviating

the pathological process of RA by inhibiting the generation of NETs

is also a hot topic at present. However, owing to the diversity and

uncertainty of the pathways generating NETs in RA, there is still

much room for further research on NETs. The increased level of

NETs in synovial fluid may be attributed to the impaired or

inhibited activity of DNA-1, and DNase can effectively eliminate

NETs and inhibit the proteolytic enzyme activity of NE (79). Hence,

DNase I is considered for the treatment of RA (80). In addition, the

use of PAD4 inhibitors in K/B×N mouse models can effectively

inhibit the formation of NETs, alleviate the degree of joint swelling,
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and significantly reduce the fibrous structure of NETs (81). As

NETs are involved in the pathological process of RA, scholars have

described a monoclonal antibody (Cit-013) with a high affinity for

Cit-H2 and H4, which bears significant anti-inflammatory effects

and inhibits the metabolism of NETs in vivo. Epitope detection of
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RA synovium has proven the potential of Cit-013 in targeting excess

citrullination in RA and provided new insights into the

development of antagonists for NETs in the treatment of RA (82).

In addition, a large number of studies have demonstrated the

feasibility of natural extracts targeting NETs to improve RA.
FIGURE 3

NETosis promotes synovial inflammation and joint injury in RA. Neutrophils respond to various stimuli to develop NETosis, which begins with the
NADPH oxidase complex and promotes ROS production. ROS activates the hydrolytic activity of PAD4 and neutrophil elastase, causing excessive
citrullination of PAD4 to promote nuclear DNA fragmentation, thereby releasing NETs. NETs bind to FLSs through related pathways under the action
of citrulline and arthrogenic peptides (pink), release pro-inflammatory factors under the combined action of neutrophil elastase (brown), and
aggravate synovial and cartilage injuries under the bidirectional action of FLS and MLS. FCR, fragment crystallizable receptor; ER, endoplasmic
reticulum; NADPH, nicotinamide adenine dinucleotide phosphate oxidase; ROS, reactive oxygen species; PAD4, peptidylarginine deiminase 4; NE,
neutrophil elastase; MPO, myeloperoxidase; NETs, neutrophil extracellular traps; NADPH, nicotinamide adenine dinucleotide phosphate; IL,
interleukin; MHCII, MHC class II; ACPA, anti-citrullinated protein antibodies; FLSs, fibroblast-like synoviocytes; MLS, macrophage-like synovial cells;
RA, rheumatoid arthritis.
TABLE 2 Studies on the role of NETs in RA.

The role of NETs
in RA

Main findings

Citrullination of RA
was induced

Citrullination of
autoantibody (ACPA)

Increased NETs was observed in the peripheral blood and synovium of patients with RA, as were
externalizing citrulline autoantibodies, which play a pathogenic role in RA (43)
In CIA mouse models, the release of NETs was inhibited after tACPA treatment (54)

Histone citrullination Citrullination of histones via PAD4 promotes the production of ACPA and NETs (59)
In RA risk subjects compared with controls, the results showed that NETs of citrulline protein increased,
promoting ACPA production and supporting the underlying mechanism of ACPA production (58)

Stimulating inflammatory
factors induced synovial
inflammation of RA

IL-6 and other inflammatory factors are key factors in the pathogenesis of RA (62)
Neutrophils are stimulated by IL-8 to promote the production of NETs (8)
NETs are internalized by macrophages, which further produce inflammatory factors (66)

Aggravate synovial
inflammation of RA

FLSs internalize NETs containing arthrogenic peptides via the RAGE-TLR9 axis, promoting inflammatory
response and cartilage damage (68)
MMP plays an important role in cartilage degradation. There is a need to investigate the development of
Antibody (Ab)-induced arthritis in MMP-2/MMP-9 mice (75)
Elastase derived from NETs was found in the peripheral blood of RA patients to magnify cartilage injury
and aggravate RA inflammation (76)
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Quercetin inhibits neutrophil infiltration and diminishes plasma

inflammatory cytokines, promotes apoptosis of activated

neutrophils, and inhibits NETosis by regulating autophagy in RA

mice, making it an ideal candidate in the management of RA (83).

Emodin, a natural anthraquinone derivative, accelerates apoptosis but

inhibits autophagy and NET formation by reducing IL-6 and TNF-a
in mice with adjuvant arthritis (AA) (84). In CIA mice, polydatin

(PD) reduces NET formation in myeloid neutrophils and RA

patients, and treatment with PD reduces NET deposition in the

ankle (85). In addition, apocynin and paeonol (APPA) can

downregulate ROS levels, reduce NET formation, and inhibit TNF-

a-induced cell conduction, fulfilling an anti-inflammatory role and

exerting a potential therapeutic effect in RA (86). Tanshinone IIA

(TIIA), by virtue of its favorable antioxidant and anti-inflammatory

effects, can effectively diminish IL-6 and TNF-a levels in a mouse

model of AA, reduce the formation and infiltration of NETs, and

alleviate cartilage erosion of mouse ankle joint (87). Cayratia albifolia

C.L.Li (CAC), as a widely used herbal medicine in autoimmune

diseases, can increase anti-inflammatory activity by regulating the

PI3K-Akt-mTOR signaling pathway to target NETs and

macrophages, which effectively alleviates inflammatory damage in

the hind paws of CIA rats and represents another effective candidate

for the treatment of RA (88).

In addition, calprotectin released by NETs is identified as an

inflammatory marker of RA. Calprotectin is an antimicrobial

peptide mainly secreted by neutrophils, which can regulate

intracellular calcium ion concentration and play an important

role in immune response (89). The activation of neutrophils

elevates the intracellular calcium concentration. Neutrophils

release S100A8/A9 through NETosis, and the high level of

S100A8/A9 found in the serum of RA patients may be caused by

the disorder of NETosis (90). S100A8/A9 has been recognized as

another important inflammatory marker of RA (91, 92),

highlighting the exact contribution of NETosis. Calprotectin has

been previously reported to increase inflammatory responses by

inducing peripheral blood mononuclear cells to secrete cytokines

and activating b2 integrins of neutrophils (93). Therefore, in the

diagnosis of RA, calcarein protein can be tried as a related

inflammatory marker, and the development of NETs as potential

biomarkers for the diagnosis and disease monitoring of RA is still an

area that needs our continuous efforts. Although preclinical studies

have shown that the effective inhibition of NETs is an important

measure in the treatment of RA, most relevant studies remain in

preclinical studies, and approved drugs targeting NETs are very

scarce, such as drugs targeting PAD4 that have not been approved

for human use (94). We should strive to find drugs that can

specifically block NETs and explore different pathways to inhibit

NETs more deeply to better promote the development of clinical

therapies for RA.
5 Discussion

As the product of neutrophils, NETs exert anti-inflammatory

effects and resist inflammation by acting as microorganisms that

capture and kill pathogens. On the other hand, the production of
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NETs under improper activation leads to tissue damage and recruits

relevant pro-inflammatory factors or proteins to promote the release

of inflammation, thereby amplifying joint and synovial inflammation

and insulting cartilage injury in RA. Under this mechanism, the

targeting of NETs has been demonstrated as an important

therapeutic strategy in the management of RA. Repressing the

improper activation of NETs induced by neutrophils can alleviate

joint inflammation in RA. One of the anti-inflammatory mechanisms

of methotrexate (MTX), a common drug used in the treatment of RA,

is to reduce the production of cytokines by upregulating the level of

adenosine on neutrophils, especially the inhibition of TNF-a and IL-

1b, which reduces the accumulation of white blood cells in the

inflammatory site (51). Infliximab can also reduce the activation of

white blood cells in the synovium of RA patients to reduce the

inflammatory response (6). It is also possible to develop anti-

inflammatory targets for RA based on the key factors triggering

NETs. For example, the generation of ROS is an indispensable link in

NETosis. Although the generation mechanism of NETs in RA has not

been fully elucidated, the NOX-dependent pathway is considered the

key pathway (43). By reducing the activation of NOX and

maintaining the stability of mitochondrial membrane, the

generation of ROS can be reduced to block lipid peroxidation,

further repressing the formation of NETs and release of

inflammatory factors, thus slowing down the occurrence of RA

inflammation. Moreover, NE also promotes the formation of NETs.

Inhibition of NE can reduce NET-mediated tissue damage and

improve the efficacy of drugs to prevent the formation of NETs,

without the shock caused by endotoxin (95). Although the specific

mechanism and method mentioned above still need to be further

explored, they can provide new ideas that may contribute to solving

the global issue of RA.

From another perspective, we can also start from the

pathogeneses of RA, the most striking of which is the pro-

inflammatory effect generated by the interaction of cytokines

induced in several ways. In addition to the induction of cytokines

by NETs, the activation of other cells can also promote the release of

inflammatory factors and aggravate joint inflammation. For

example, macrophages can be activated by a variety of pathways,

including TLR ligands, soluble proteases, cholesterol derivatives,

and immune complexes. ACPA and RF act through FcgR1 and

FcgR3 expressed on synovial macrophages, inducing high levels of

cytokines to produce pro-inflammatory effects (96). Whether NETs

co-activate inflammatory factors with other cells and their

association with other cells need to be explored continuously.

Further studies on the mechanism of RA cytokines can also

provide a deeper understanding of the pathogenesis of RA and

contribute to the development of new therapeutic targets.

Currently, cell therapy based on mesenchymal stem cells (MSCs)

has become an effective treatment for autoimmune diseases, which

increases the severity of arthritis in RA mouse models by inhibiting

inflammatory factors and promoting the differentiation of regulatory

T cells (TREGs) (97). Human gingival-derived mesenchymal stem

cells (GMSCs) can inhibit the formation of NETs by inhibiting the

PGE2-KA-ERK signaling pathway to improve RA (98). This method

provides a new direction for NET targeting research in RA and is

worthy of further study.
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However, at present, the treatment of RA with NETs as the target

is mostly at the research stage of animal models, e.g., PAD4

inhibitors. Although such drugs have been applied in animal and

cell studies, there are still many shortcomings, and further studies are

needed in the aspects of body selectivity and adverse reactions.

Moreover, there is a large amount of evidence of citrullination in

human RA, but in the serum transfer model, mice lacking PAD4 still

show joint inflammation, indicating that citrullination of the NET

component is not required in this model, and there is a great

difference in the induction of NETs between mice and humans

(99). Therefore, how to reduce the difference between animal

models and human RA? And whether the targeted therapy of

NETs in animal models can be realized in humans is still a

question that we need to explore.

In this study, we mainly introduced the pathogenic role of NETs in

RA, and a number of studies have shown that inhibiting the production

of NETs has a good effect on alleviating the inflammatory symptoms of

RA. However, some studies have shown that the use of PAD4

inhibitors in the Neonates with necrotizing enterocolitis (NEC)

model characterized by bacteremia reduces the production of NETs

but aggravates the inflammatory response of mice. At the same time,

bacterial translocation and mortality were increased (100), and related

studies found that PAD4-dependent NETs were essential for the

intestinal clearance of Citrobacter rodentum intestinal infection,

suggesting the beneficial effect of NETs (101). These conflicting

results suggest that the effect of NETs on different diseases is not

static, and future studies are needed to further investigate the role of

NETs in RA and other diseases and explore the beneficial therapeutic

effects of NETs in various diseases, including RA.

RA is a global concern, and its exact pathogenesis needs further

exploration. This article briefly summarizes the production of NETs

and their influence on the pathogenesis of RA, and proposes the key

role of NETs in the pathogenesis of RA. To sum up, given the

critical implication of NETs in RA, the targeting of NETs is a

promising application in the treatment of RA. In-depth exploration

of the pathogenesis of NETs in RA is expected to lead to the

development of more effective treatment strategies for RA.
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Rheumatoid arthritis (RA) is a systemic autoimmune disease primarily

characterized by erosive and symmetric polyarthritis. As a pivotal axis in the

regulation of type I interferon (IFN-I) and innate immunity, the cyclic GMP-AMP

synthase-stimulator of interferon genes (cGAS-STING) signaling pathway has

been implicated in the pathogenesis of RA. This pathway mainly functions by

regulating cell survival, pyroptosis, migration, and invasion. Therefore,

understanding the sources of cell-free DNA and the mechanisms underlying

the activation and regulation of cGAS-STING signaling in RA offers a promising

avenue for targeted therapies. Early detection and interventions targeting the

cGAS-STING signaling are important for reducing the medical burden on

individuals and healthcare systems. Herein, we review the existing literature

pertaining to the role of cGAS-STING signaling in RA, and discuss current

applications and future directions for targeting the cGAS-STING signaling in

RA treatments.
KEYWORDS

rheumatoid arthritis, cGAS, STING, signaling pathway, treatments
1 Introduction

Rheumatoid arthritis (RA) is an autoimmune disease caused by the breakdown of

immune homeostasis, affecting women more frequently than men. Clinical features of RA

primarily include joint swelling, pain, stiffness, weakness, deformity, and fatigue (1).

Pathologically, RA is characterized by chronic inflammation of the joint synovium,

formation of pannus, and infiltration of lymphocytes, macrophages, and neutrophils (2).

Common treatments for RA include non-steroidal anti-inflammatory drugs (NSAIDs),

synthetic disease-modifying antirheumatic drugs (DMARDs), biological DMARDs,

traditional Chinese medicine, and surgical interventions (3, 4). Representative

therapeutic options available for patients include celecoxib, methotrexate (MTX),

glucocorticoids, tumor necrosis factor (TNF) inhibitors, IL-6R inhibitors, Janus kinases
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(JAKs) inhibitors, and anti-B cell antibodies, patients may require

multiple drugs with different modes of action to address the

heterogeneity of RA (5). Despite these therapies, the clinical

symptoms of certain patients remain unrelieved, underscoring the

need for a deeper understanding of RA’s pathogenic mechanisms to

explore novel treatment options.

Innate immunity plays a critical role in the pathogenesis of RA,

including various innate immune cells and components (6). For

example, increased expression of toll-like receptors (TLRs, TLR2/3/

4/7) has been reported in RA. Ligand-stimulated TLRs activate the

intracellular MyD88-dependent and MyD88-independent pathway,

resulting in the induction of various pro-inflammatory cytokines in

RA (7). An increased interferon gene signature was observed in

patients with early RA (eRA), which predicted a poor response to

the initial therapies in the first 6 months after diagnosis (8). Also,

there was a correlation between baseline interferon gene signature

and disease activity score 28 at 6 months. Further exploration

demonstrated that interferon-a played an important role in

therapeutic resistance by regulating site-specific DNA methylation

in B and T cells (9). Thus, dysregulated IFN-I potentially plays a role

in the pathogenesis and therapeutic resistance of RA (10).

The cyclic GMP-AMP synthase-stimulator of interferon genes

(cGAS-STING) signaling pathway is crucial for cells to recognize

and respond to cytosolic double-stranded DNA (dsDNA), serving

as a primary driver for the establishment of innate immunity

through the induction of IFN-I (11). TNF-a is a pathogenic

cytokine in RA, which has been demonstrated to increase DNA

damage and nuclear DNA release, accompanied by reduced STING

degradation (12). Thus, it is reasonable to speculate that TNF can

regulate RA progression through cGAS-STING signaling. Here, we

delve into the role of cGAS-STING signaling in RA from the origin

of cell-free DNA (cfDNA) to the final effects. Also, the potential

therapeutic applications of cGAS-STING signaling in RA treatment

will be discussed, aiming to provide new insights for the future

research on RA.
Abbreviations: RA, rheumatoid arthritis; IFN-I, type I interferon; cGAS, cyclic

GMP-AMP synthase; STING, stimulator of interferon gene; NSAIDs, non-

steroidal anti-inflammatory drugs; DMARDs, disease-modifying antirheumatic

drugs; MTX, methotrexate; TNF, tumor necrosis factor; JAKs, Janus kinases;

TLR, toll-like receptor; dsDNA, double-stranded DNA; cfDNA, cell free-DNA;

ISGs, interferon-stimulated genes; cGAMP, cyclic GMP-AMP; ER, endoplasmic

reticulum; ERGIC, ER-Golgi intermediate compartments; TBK1, TANK binding

kinase 1; IRF3, interferon regulatory factor 3; NF-kB, nuclear factor-kB; NETs,

neutrophil extracellular traps; FLSs, fibroblast-like synoviocytes; CIA, collagen-

induced arthritis; CFA, complete Freund’s adjuvant; CII, type II collagen; OA,

osteoarthritis; FTO, fat mass and obesity-associated protein; AIA, adjuvant-

induced arthritis; CMPK2, cytidine/uridine monophosphate kinase 2; MMP,

matrix metalloproteinase; Pol b, polymerase b; cNPs, cationic nanoparticles;

PEG, polyethylene glycol; NiH, nanomedicine-in-hydrogel; AMDs, antimalarial

drugs; HCQ, hydroxychloroquine; LEF, leflunomide; PEI-PDA, polyethyleimine-

polydopamine; TP, triptolide; ITA, itaconate.
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2 An overview of the cGAS-STING
signaling pathway

The cGAS-STING signaling pathway is widely distributed in

immune cells, non-immune cells, tumor cells, and other tissue-

derived cells (13–15). The primary function of cGAS-STING

signaling is to trigger the innate immune response by inducing

IFN-I production and subsequent interferon-stimulated gene (ISG)

expression (16, 17). This signaling also plays roles in other cellular

activities, including autophagy, pyroptosis, metabolism, and cellular

senescence (18–21). Moreover, the cGAS-STING signaling can be

modulated by cellular molecules, RNA virus-derived components,

and post-translational modifications to maintain homeostasis

under normal conditions, with its dysregulation potentially

contributing to disease development (22–24).

cGAS, acts as a cytosolic DNA sensor, recognizing DNA in the

cytoplasm that originates from pathogens, mitochondria,

micronuclei, and dead cells (25). The activation of cGAS is

triggered by its interactions with dsDNA, which is dependent on

the length of DNA (>45 nucleotides) rather than the sequence (26).

The availability of longer dsDNA fragments allows for the

attainment of a certain signaling threshold (27, 28). Upon cGAS

activation, cyclic GMP-AMP (cGAMP) is synthesized from GTP

and ATP, which is responsible for eliciting the downstream

signaling (29). In addition, the DNA-RNA hybrids can also

induce the activation of cGAS (30). It is also noteworthy that

cGAS can reside in the nucleus (31). Studies have shown that

nuclear cGAS binds to nucleosomes (mainly H2A-H2B), which

prevents the cGAS-DNA binding and cGAS dimerization, thereby

maintaining cGAS in an inactive conformation and consequently

limiting autoreactivity (32–34).

STING, initially identified before cGAS, is a 379 amino acid

protein located on the endoplasmic reticulum (ER) membrane (35,

36). cGAMP binds to STING, resulting in profound conformational

changes that trigger STING oligomerization. Subsequently,

tetramers of STING translocate to Golgi compartments through

the ER-Golgi intermediate compartments (ERGIC). STING then

facilitates the recruitment of TANK binding kinase 1 (TBK1), which

promotes TBK1 autophosphorylation and STING phosphorylation.

This process further triggers the recruitment and phosphorylation

of interferon regulatory factor 3 (IRF3). Phosphorylated IRF3

undergoes dimerization and translocates to the nucleus, initiating

the expression of IFN-I. Ultimately, IFN-I induces the expression of

ISGs through IFNAR. Additionally, STING also induces the

activation of IKK, leading to the nuclear entry of nuclear factor-

kB (NF-kB) and subsequent the expression of inflammatory factors

(Figure 1) (16, 17). Interestingly, a previous study revealed that

interferon production could be induced by membrane fusion in a

STING-dependent but cGAS-independent manner (37).

cGAS-STING signaling activation and IFN-I production are

involved in multiple pathological and physiological processes.

During viral infections, IFN-I promotes the clearance of the virus,

but it may also cause immunosuppression during chronic infections

(38). However, excessive expression of IFN-I enhances the

autoreactive T cell- and B cell-mediated responses, ultimately

resulting in the occurrence of autoimmunity (16, 39). Although
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other branch activations are also involved in RA, such as the cGAS-

PI3K-Akt signaling pathway, this review will primarily focus on the

cGAS-STING signaling pathway in the following sections (40, 41).
3 cGAS-STING signaling in the
progression of RA

3.1 Elevated levels of cfDNA, cGAS, and
STING in RA

There was a study that systematically reviewed the level and

origin of cfDNA in RA (42). As early as 1973, cfDNAwas confirmed

to be elevated in the serum of RA patients (43). Later, the increased

level of cfDNA was also detected in the synovial fluid. Moreover,

there was an association between cfDNA levels and disease activity
Frontiers in Immunology 0387
(44, 45). Potential sources of cfDNA include neutrophil

extracellular traps/neutrophil ETosis (NETs/NETosis), pyroptosis,

and micronuclei (46–48). In vitro, RA synovial fluid enhanced the

production of NETs by neutrophils, as evidenced by the increased

levels of DNA in culture supernatants and extracellular DNA on

NETs (48). A significant association between gasdermin E

(GSDME) and cfDNA has been observed in RA patients, further

experiments have demonstrated that NETs triggered NF-kB/
Caspase 3/GSDME-mediated pyroptosis in fibroblast-like

synoviocytes (FLSs), indicating that pyroptosis is a source of

cfDNA (46). Micronuclei, which also serve as a crucial source of

cfDNA, have been found to be elevated in RA patients (47). This

increase in micronuclei has been observed in both active and

inactive RA patients, accompanied by the reduced levels of

superoxide dismutase and glutathione peroxidase (49). Increased

micronucleus levels were also detected in collagen-induced arthritis
FIGURE 1

Depiction of cGAS-STING signaling. cGAS, a cytosolic DNA sensor, is able to detect cytoplasmic DNA from exogenous and endogenous sources,
including DNA viruses, retrovirus, bacteria, dead cells, extracellular vesicles, micronuclei, and mitochondria. When cGAS binds to double-stranded
DNA (dsDNA), it triggers the activation of its own catalytic activity, resulting in the synthesis of 2’,3’-cyclic GMP-AMP (cGAMP) from ATP and GTP.
cGAMP binds to STING at the endoplasmic reticulum (ER), then STING undergoes oligomerization and translocates from the ER to Golgi
compartments. Then, STING is palmitoylated and serves as a platform for the recruitment of TBK1 and IKK. TBK1 phosphorylates STING, which in
turn recruits IRF3 for TBK1-mediated phosphorylation. Phosphorylated IRF3 translocates to the nucleus and turns on the expression of type I
interferons. Meanwhile, STING also activates IKK to facilitate NF-kB-mediated transcription of pro-inflammatory cytokines, thereby activating
inflammatory responses. Moreover, secreted IFN-I can be recognized by IFNAR, which induces the activation of JAK-STAT signaling, resulting in the
expression of IFN-stimulated genes (ISGs).
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(CIA) mice, a mouse model established by immunization with an

emulsion of complete Freund’s adjuvant (CFA) and type II

collagen (CII). Notably, rituximab treatment suppressed

micronucleus formation, paralleled by a decline in serum 8-

hydroxydeoxyguanosine, indicating that enhanced oxidative stress

might contribute to DNA damage and micronucleus formation in

RA (50). Previous research found that MTX enhanced the

generation of micronuclei in rat bone marrow cells (51, 52). In

contrast, another study found no difference in micronucleus levels

between patients who received MTX treatment and those who did

not, suggesting that the generation of micronuclei was associated

with RA itself (47). Collectively, both the disease itself and the

pharmacological treatments have the potential to induce the

formation of micronuclei in RA, thereby providing a basis for the

generation of cfDNA. Consequently, the presence of cfDNA may

act as the initiator for the activation of cGAS-STING signaling

during RA progression.

Compared with the osteoarthritis (OA) patient-derived FLSs,

the levels of cGAS mRNA and cGAS protein were higher in RA-

FLSs. Moreover, overexpression of cGAS in RA-FLSs enhanced

both the proliferation of these cells and the expression of pro-

inflammatory factors (41). As for STING, RA patients exhibited the

highest concentrations of intracellular STING when compared to

those with OA, psoriatic arthritis, calcium pyrophosphate crystal-

induced arthritis, and OA with calcium pyrophosphate crystals

(53). Furthermore, intracellular STING positively correlated

with inflammatory parameters, such as white blood cells,

polymorphonuclear cells, IL-1b, IL-8, and IL-6 (53). Sting1+/−

mice, which have a reduced expression of phosphorylated TBK1,

showed a decreased severity of arthritis and improved histological

changes compared to control mice (54). These findings suggest that
Frontiers in Immunology 0488
cfDNA-triggered cGAS-STING signaling plays a significant role in

the pathogenesis of RA (Figure 2).
3.2 TNF triggers the release of mtDNA and
the activation of cGAS-STING signaling
in RA

TNF, a multifunctional cytokine for homeostasis and disease

pathogenesis, is highly expressed in rheumatoid joint tissues (55).

TNF is also the first cytokine validated as a therapeutic target for

RA, and several types of TNF inhibitors have been applied in the

clinical treatment (56). A previous study revealed that TNF could

enhance IFN responses by activating cGAS-STING signaling,

thereby supporting the joint inflammation (57). Specifically, TNF

inhibited PTEN-induced kinase 1 -mediated mitophagy, leading to

functional alterations in mitochondria and an increase in

cytoplasmic mitochondrial DNA (mtDNA) levels. Consequently,

mtDNA bound to cGAS and activated the downstream signaling

that mimicked the functions of macrophages from RA patients,

contributing to the pathogenesis of RA (57). Additionally, TNF-a
stimulation has been demonstrated to increase the expression of

cGAS in FLSs, further supporting the involvement of TNF in RA

progression through cGAS-STING signaling (41).

Growing evidence has indicated that obesity plays a pivotal role in

multiple aspects of RA (58–60). A trend toward increased risk of RA

was observed among overweight and obese women, particularly

women diagnosed with RA at earlier ages (≤55 years) (59).

Moreover, obesity has been revealed to reduce the effectiveness of

TNF inhibitors, resulting in lower chances of achieving remission or

low disease activity (58, 60). Increased fat mass and obesity-associated
FIGURE 2

Activation of cGAS-STING signaling promotes the pathogenesis of RA. (A) TNF inhibits mitophagy and then results in increased levels of mtDNA.
(B) TNF suppresses the expression of DNaseII in FLSs, leading to the accumulation of cytosolic dsDNA. (C) Pol b deficiency promotes DNA damage
and dsDNA leakage, resulting in the increased levels of cytosolic dsDNA. All these contribute to the activation of cGAS-STING signaling and
subsequent expression of pro-inflammatory factors, thereby supporting the joint inflammation in RA.
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protein (FTO) expression has been detected in FLSs from RA patients

and synovial cells from adjuvant-induced arthritis (AIA) mice (a

mouse model induced by intradermal injection of CFA). The elevated

expression of FTO was involved in mtDNA-mediated synovial

inflammation (61). In detail, TNF-a-induced mtDNA expression

was decreased when FTO was knocked down in RA-FLSs.

Furthermore, FTO knockdown suppressed the activation of TNF-a-
induced cGAS-STING signaling, accompanied by the decreased

expression of inflammatory cytokines such as IL-6 and IL-18,

subsequently alleviating AIA (61). Mechanistically, these effects

el ic i ted by FTO were dependent on cytidine/uridine

monophosphate kinase 2 (CMPK2). The inhibition of CMPK2

expression following FTO reduction led to decreased mtDNA

production and cGAS-STING signaling activation, thereby

suppressing inflammatory cytokine expression and ameliorating

arthritis (61). Therefore, TNF can contribute to the pathogenesis of

RA in a cGAS-STING signaling-dependent manner by disrupting

mitochondrial homeostasis, and this process can be regulated by FTO.
3.3 cGAS-STING signaling participates in
the abnormal activation of FLSs

FLSs exhibit abnormal activation and proliferation in the synovium

of RA patients, serving as primary effector cells responsible for

mediating joint destruction and synovitis (62). In vitro, transfection

of dsDNA upregulated the expression of IFN-a and IFN-b in RA-FLSs,
suggesting that cytosolic dsDNA accumulation enhanced the IFN-I

signature. Additionally, stimulation with dsDNA upregulated the

production of pro-inflammatory cytokines and matrix

metalloproteinase (MMP) 13 in FLSs. TNF-a-induced DNaseII

reduction might be responsible for the accumulation of dsDNA in

FLSs, as TNF-a stimulation decreased both the mRNA and protein

levels of DNaseII (63). Mechanistically, cGAS-STING signaling was

implicated in the cytosolic dsDNA-triggered responses in FLSs.

Knockdown of cGAS or STING significantly suppressed the dsDNA-

induced pro-inflammatory cytokines secretion (63). Additionally,

another study demonstrated that dsDNA-triggered cGAS-STING

signaling augmented the migratory and invasive capabilities of RA-

FLSs, which were suppressed by cGAS or STING short hairpin RNA

treatment (64). In this study, scientists found that activation of cGAS-

STING signaling increased the levels of mitochondrial reactive oxygen

species, which induced the phosphorylation of mammalian sterile 20-

like kinase 1 and then activated forkhead box1, subsequently

promoting FLS migration and invasion (64). Thus, cGAS-STING

signaling appears to be essential for the pathogenic activities of FLSs,

and this signaling represents a promising target to prevent the aberrant

activation of FLSs for RA treatments.
3.4 Other factors regulate cGAS-STING
signaling in RA

The cGAS-STING-NF-kB signaling, which represents another

arm of the STING signaling network, has been documented to

induce macrophage pyroptosis, a process that holds significant

importance in RA (65). In this study, they found that DNA
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polymerase b (Pol b) regulated RA pathogenesis through STING-

NF-kB signaling-induced macrophage pyroptosis (65). In both

active RA patients and CIA mice, the levels of Pol b underwent a

significant downregulation, and Pol b-deficient CIA mice exhibited

exacerbated disease severity. Further investigations revealed that

deficiency of Pol b promoted an augmented inflammatory response

and macrophage pyroptosis in CIA mice (65). This process was

mechanistically linked to enhanced DNA damage and the

accumulation of dsDNA, which triggered the activation of cGAS-

STING signaling. Then, NF-kB signaling was activated and NF-kB-
p65 nuclear translocation was enhanced, ultimately enhancing the

expression of NLRP3, IL-1b, and IL-18. These events contributed to
macrophage pyroptosis and the progression of arthritis (65).

The role of the tumor suppressor gene p53 in RA pathogenesis has

been explored in AIA rats (66). Overexpression of p53R211*
significantly alleviated arthritis symptoms and joint destruction in

AIA rats, which were similar to those observed in MTX-treated rats.

Beyond inhibiting T-cell activation and Th17 cell differentiation, the

interaction between p53R211* and TBK1 disrupted the formation of

the trimeric TBK1-IRF3-STING complex. Thus, the phosphorylation

and nuclear localization of IRF3 were inhibited, ultimately suppressing

the autoimmunity and ameliorating inflammatory arthritis (66).
3.5 cGAS-STING signaling: RA onset and
chronic inflammation

According to the existing literature, it seems that cGAS-STING

signaling predominantly contributes to the chronic inflammation in

RA. For example, there was no significant difference in the clinical

scores between CIA-modeled Sting1+/- mice and wild-type mice on

days 27, 30, and 33 after the first immunization, although the clinical

scores of both groups were increased. Notably, the clinical scores of

Sting1+/- mice were significantly lower than those of wild-type mice

from day 36, indicating the promoting effects of STING during

disease progression (54). Moreover, another study has revealed that

joint injection of DNA fragments increases the arthritic score and

hind paw volume in AIA rats, which may be due to the upregulation

of cGAS-STING signaling (67). For disease onset, it has been

demonstrated that TREX1 reduction and cfDNA accumulation can

be risk factors for the onset of RA in elderly through activating the

cGAS signaling cascade, and these characteristics have been observed

in elderly RA patients and AIA rats. On day 12, the first symptomwas

observed in AIA rats injected intravenously with DNA fragments,

indicating that intravenous injection of DNA promoted the disease

onset (67). Although the pathogenesis is complex, targeting cfDNA

and cGAS-STING signaling may open a new window for prevention

and treatment strategies for RA.
4 cGAS-STING signaling: be protective
in RA?

Contrary to the pathogenic effects previously mentioned,

one study suggested that STING might be a “negative” regulator
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in the CIA model by modulating B cell functions (68). STING-

deficient mice showed disease progression comparable to wild-

type mice, including incidence, arthritis scores, histopathological

changes, and other inflammatory parameters such as B220+ cells,

CD4+ cells, and IL-6 (68). However, STING-deficient mice

exhibited elevated levels of anti-CII IgG and IgG2c after three

weeks of the first immunization. Gene expression profiles

suggested that the disease progression in CIA mice might not

have a direct correlation with IFN. Instead, the B cell receptor

emerged as a significant factor, suggesting the involvement of B

cells (68). B cells from STING-deficient mice exhibited enhanced

survival capabilities compared to wild-type B cells, accompanied

by similar cell proliferation. Furthermore, STING activation

resulted in B cell death and increased Fas expression (68).

Therefore, STING played a regulatory role during the

development of arthritis by modulating B cell functions, and it

would be interesting to explore whether the function of B cell

subtypes (such as regulatory B cells) could be regulated by cGAS-

STING signaling in RA. Given the conflicting results, it is

reasonable to speculate that the balance of STING signaling

activation in different cells may influence the disease

progression, such as in B cells and FLSs. Collectively, the

role of the cGAS-STING pathway in RA suggests that

further investigation is needed to clarify the underlying

molecular mechanisms.
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5 cGAS-STING signaling: a target for
RA treatment

According to the above description, cGAS-STING signaling

primarily plays a pathogenic role in RA. Increasing studies have

reported the application of pharmacologic modulators targeting

cGAS-STING signaling (54, 69–71) (Figure 3). As the stimulator of

cGAS-STING signaling, clearance of cfDNA is promising in RA

therapies. Moreover, we mainly discuss representative cGAS-

STING inhibitors that have been studied in RA, and other

inhibitors of cGAS-STING pathway have also been summarized

in Table 1.
5.1 Scavengers of cfDNA

Cationic nanoparticles (cNPs) are composed of the diblock

copolymer of poly(lactic-co-glycolic acid) (PLGA) and poly(2-

(diethylamino)ethyl methacrylate) (PDMA), which have shown

high DNA binding efficiency and the ability to scavenge cfDNA

from RA patients (96). To decrease the risk of dissociation and

toxicity, a series of silica particles grafted with PDMA (SiNP@

PDMA) brush were developed. SiNP@PDMA was able to scavenge

cfDNA, accompanied by the prolonged retention time in joints (97).

Bioinspired nanogel composed of DNase I and a polylysine
FIGURE 3

Inhibitors and their targets in the cGAS-STING pathway. Cationic nanoparticles, bioinspired nanogels, and vesicle-based scavengers serve as efficient
tools to capture dsDNA, thereby preventing cGAS from activation. Representative inhibitors specifically targeting cGAS-STING pathway primarily
function through the following mechanisms:① by disrupting the interaction between cGAS and dsDNA. ② by impeding the association between
GRPase-activating protein-(SH3 domain)-binding protein 1 (G3BP1, a facilitator of cGAS oligomerization) and cGAS. ③ by binding to the active site of
cGAS. ④ by occupying the cyclic dinucleotide (CDN)-binding site of STING. ⑤ by suppressing the activation of cGAS-STING signaling via post-
translational modifications (PTMs).
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dendrimer (G3K) showed potent DNA trapping abilities while

retaining nearly 90% of the biological activity of DNase I, making

it effective in scavenging cfDNA (98). Recently, some novel

scavengers that may be used for joint injection have been

explored (99, 100). cNP-pp-PEG was designed to ensure the

release of cations when polyethylene glycol (PEG) was removed

by MMP2, an enzyme highly expressed in inflamed joints (99).

Similarly, exosomes from M2 macrophages were modified with

oligolysine and MMP-cleavable PEG, allowing the release of

positively charged oligolysine to effectively scavenge cfDNA
Frontiers in Immunology 0791
within inflamed joints (100). Although these studies have not

directly explored the effects of scavengers on cGAS-STING

signaling, it is possible to speculate that cGAS-STING signaling is

involved in the therapeutic effects of DNA scavengers in arthritis.
5.2 Modulators of cGAS

The exploration of engineering and delivery mechanisms for

modulators targeting cGAS, aimed at immunotherapy for RA, has
TABLE 1 Other inhibitors of cGAS-STING signaling pathway and their effects.

Modulators Targets Effects Cell lines/Animal models Applications in preclinical
or clinical RA

References

PF-06928215 cGAS binds to the active site
of cGAS

Sf9 cells – (72)

RU.521 cGAS binds to the active site
of cGAS

RAW cells and BMDMs from
AGS mice

attenuates tumor-like biologic
behaviors of FLSs

(40, 73)

Compound S3 cGAS binds to the active site
of cGAS

– – (74)

G chemotype
compounds (G150)

cGAS binds to the active site
of cGAS

THP-1 cells and primary
human macrophages

– (75)

Suramin cGAS displaces DNA from cGAS THP-1 cells reduces inflammation and repairs
joint destruction in CIA rats

(76, 77)

X6 cGAS displaces DNA from cGAS THP-1 cells and Trex-/- mice – (78, 79)

A151 cGAS interacts with the dsDNA-
binding domain of cGAS

THP-1 cells and Trex-/- cells – (80)

Cyclopeptide
inhibitors
(XQ2B)

cGAS binds to the DNA binding site
of cGAS

THP-1 cells and HSV-1 infected mice – (81)

Aspirin cGAS acetylates cGAS PBMCs from AGS patients, THP-1
cells, Trex-/- mice

has been used as NSAIDs (82, 83)

CU-32, CU-76 cGAS – THP-1 cells – (84)

Astin C STING binds to the CDN-binding site
of STING

Trex-/- BMDMs and Trex-/- mice – (85)

SN-011 STING binds to the CDN-binding
pocket of STING

HSV-1-infected HFFs, 293T cells,
Trex-/- BMDMs, Trex-/- mice

– (86)

Compound 18 STING binds to the CDN-binding site
of STING

– – (87)

C-178, C-176,
H-151

STING binds to STING
palmitoylation sites

293T cells, Trex-/- mice inhibits the formation and activation
of osteoclasts

(88, 89)

BPK-21/5 STING binds to STING
palmitoylation sites

PBMCs – (90)

NO2-FAs STING modifies STING by
nitro-alkylation

RAW264.7 cells, THP-1 cells – (91)

Gelsevirine STING promotes K48-linked poly-
ubiquitination of STING

Murine chondrocytes, OA mice – (92)

Nitisinone STING suppresses the cGAS-STING-
NF-kB pathway

Murine chondrocytes, OA mice – (93)

TGP STING attenuates STING-
IRF3 interaction

THP-1 cells and BMDMs improves disease severity and reduces
inflammation levels

(94, 95)
Sf9 cells, Spodoptera frugiperda cell line; BMDMs, bone marrow-derived macrophages; AGS, Aicardi-Goutières syndrome; THP-1 cells, Tohoku Hospital Pediatrics-1; Trex-/- mice, transcription
export-deficient mice; PBMCs, peripheral blood mononuclear cells; HSV-1, herpes simplex virus-1; CDN, cyclic dinucleotide; HFFs, human foreskin fibroblasts; OA, osteoarthritis; TGP, total
glucosides of paeony; -, not mentioned.
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been conducted in recent studies (71, 101). At first, they found

that cfDNA and cGAS expression in lymph nodes or spleen from

CIA mice and RA patients were upregulated. As described above,

cNPs could inhibit cGAS activation and pro-inflammatory

responses via scavenging cfDNA. A nanomedicine-in-hydrogel

(NiH) system was devised to concurrently deliver the cGAS

inhibitor (RU.521) and cNPs, which could prolong the release

and retention of cNPs and RU.521 in lymphoid tissues (71, 101).

Loading RU.521 to cNPs resulted in a profound reduction in ifnb,

Nos2, and Tnfa in macrophages, indicating the enhanced

inhibitory effects on cGAS activation and pro-inflammatory

responses (101). In CIA mice, NiH ameliorated arthritis

progression and reduced arthritis severity. Moreover, NiH

supported the immunosuppression in CIA mice, as indicated by

the reduced production of pro-inflammatory cytokines, along

with a decrease in the proportions of pro-inflammatory cells

and an expansion of immunomodulatory cells (71, 101).

Moreover, subcutaneous administration of NiH could also

achieve the above effects, not only in lymph nodes, but also in

peripheral blood (71).

Anti-malarial drugs (AMDs) are commonly applied in

malaria treatment and have also shown beneficial effects on

autoimmune diseases over the past decades (69, 102).

According to earlier research, the majority of RA patients

responded to hydroxychloroquine (HCQ) treatment, as

evidenced by improvements in joint score, pain, and grip

strength. Only a small part of patients experienced a flare after

the initial improvement (103, 104). HCQ could suppress

autoimmunity by blocking MHC II-mediated autoantigen

presentation and downregulating TLR signaling, and it was

observed that AMDs might also regulate the activity of cGAS

(102). In silico studies predicted that HCQ and other AMDs

interacted with cGAS-DNA complex at a site necessary for

binding to cGAS and its activation by DNA, and in vitro

experiments confirmed that quinacrine blocked the binding

between dsDNA and cGAS (78). Interestingly, the interaction

between quinoline- and acridine-based antimalarial drugs (QA-

AMDs) and dsDNA manifested in three modes: intercalation,

groove binding, and covalent binding (105). Thus, AMDs might

impair DNA-stimulated cGAS activation and subsequent pro-

inflammatory cytokine expression, thereby alleviating RA

progression. The combination of AMDs and other therapeutic

drugs for RA therapy has been explored (106, 107). Compared

with the methotrexate/leflunomide (MTX/LEF) group, MTX/

HCQ-treated patients had a higher level of remission rate,

accompanied by a rapid remission. Remarkably, more patients

treated with MTX/HCQ were able to withdraw glucocorticoid

exposure than those treated with MTX/LEF (107). A novel

Pluronic® F-127 nanomicelle co-loaded with HCQ and MTX

exhibited therapeutic effects against murine arthritis, which

efficiently suppressed the osteoclastogenesis (106). Now, there

are more potent anti-inflammatory drugs and biological agents,

which may limit the application of AMDs in RA treatments (3).
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5.3 Modulators of STING

Recent studies have delved into compounds that modulate

STING activity and their potential utilization in the treatment of

RA (54, 70). C-176, a covalent small-molecule inhibitor with the

ability to antagonize STING and suppress IFN-I production, has

been demonstrated to attenuate the disease development and

reduce the bone erosion in CIA mice. Mice treated with of C-176

displayed reduced disease scores, accompanied by the decreased

level of tartrate-resistant acid phosphatase-expressing osteoclasts

(88). There was a study that confirmed the efficacy of

polyethyleimine-polydopamine (PEI-PDA)@C-176 NPs in

adsorbing DNA and inhibiting STING, suggesting their potential

application in the treatment of RA (54). In vitro, PEI-PDA@C-176

NPs suppressed the phosphorylation and activation of TBK1 and

IRF3, leading to a notable reduction in IFN-b, TNF-a, and IL-6

expression in human primary FLSs (54). In dsDNA-induced

arthritis and CIA models, PEI-PDA@C-176 NPs effectively

alleviated inflammation, which was evidenced by improved ankle

swelling, reduced histological scores, and other disease indexes (54).

Mechanistically, these therapeutic effects were dependent on the

STING signaling pathway, because PEI-PDA@C-176 NPs only

slightly reduced the clinical score in CIA-modeled Sting1+/− mice

without improvements in synovitis (54).

Triptolide (TP), the pharmacological component of the herb

Tripterygium wilfordii Hook F (TWHF), has shown therapeutic

effects in RA. Previous studies revealed that TP exerted therapeutic

effects in RA by targeting RA-associated proteins (such as NF-kB,
MMP-9 and JNK), accompanied by reduced activity of FLSs and

Th17 differentiation (108–110). Interestingly, a recent study has

reported that TP can exerts immunomodulatory effects by

regulating cGAS-STING signaling (70). FDL@TP is formed by

encapsulating TP with an amphiphilic polymer (FDL) composed of

folic acid and lauric acid, which has been investigated in RA

treatment (70). FDL@TP exhibited the ability to specifically target

joints and efficiently promoted the uptake of TP by M1macrophages.

FDL@TP reduced the expression of cGAS and STING, which further

led to the reduction in TNF-a, IL-1b, and IL-6 production (70).

Importantly, FDL@TP was more effective than the same dose of TP

alone in controlling inflammatory responses, also with reduced side

effects (70). In recent years, nanodrugs based on TP have been

developed for RA therapy, including folate-modified TP liposomes,

TP nanoemulsion gel, and TP-carrying dendritic cell-derived

exosomes, which are promising for localized treatment with

reduced toxicity (111–113). However, their effects on cGAS-STING

signaling remain to be investigated.
5.4 Other modulators of cGAS-STING
signaling pathway

Additional modulators primarily target the downstream

signaling of cGAS-STING signaling pathway, and some of them
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have been studied in animal models. CS12192, a small molecule

inhibitor of JAKs, primarily targets JAK3/1 and has inhibitory

effects on TBK1. This leads to the reduced activation of IRF3 and

downregulation of IFN-I. In preclinical models of arthritis, CS12192

has been reported to ameliorate the disease severity and bone

destruction, along with immunomodulatory effects such as the

suppression of CD4+ T cell activation and reduction in pro-

inflammatory cytokine production (114). Itaconate (ITA) is an

endogenous metabolite from the tricarboxylic acid cycle, which

has been confirmed to suppress osteoarthritis by reducing the

activation of STING-dependent NF-kB pathway. In a preclinical

model of RA, ITA reduced arthritis severity and bone erosion by

suppressing the proliferation and migration of FLSs. In addition,

mice lacking immunoresponsive gene 1 (Irg1) failed to express

endogenous ITA and showed more severe arthritis, underscoring

the role of ITA in modulating inflammation (115, 116). Auranofin,

a gold compound approved by U.S. Food and Drug Administration

for RA treatment, has been demonstrated to act as a small-molecule

inhibitor of IRF3 (117). In this study, they demonstrated that

auranofin promoted the degradation of IRF3 by inducing cellular

autophagy, thereby suppressing the transcriptional activities of

IRF3 (117).

Although these modulators exhibit potential in inhibiting RA

progression, efficacy improvement remains an important task.

Moreover, considering the long course of RA, strategies to

prolong the release and consumption of these inhibitors (such as

the use of a hydrogel system) are important areas for future

clinical research.
6 Conclusions and prospects

Hitherto, it is clear that innate immunity holds a pivotal

position in the development of autoimmune diseases. In the past

few years, there has been a significant increase in interest and

understanding surrounding the cGAS-STING signaling, which is a

main danger-sensing mechanism of innate immunity. Although

there is still much to be learned in autoimmune diseases, it is

promising to target cGAS-STING signaling for treatments given the

abnormal activation of cGAS-STING signaling by cfDNA (16).

With the deepening of research, the significance of cGAS-

STING signaling in rheumatoid arthritis has been gradually

recognized. For instance, TNF has been shown to induce the

release of mitochondrial DNA (mtDNA), which then activates

cGAS-STING-mediated IFN responses, contributing to the

progression of arthritis. This effect can be suppressed by FTO

knockdown through a CMPK2-dependent manner (57, 61). In

addition, dsDNA-induced cGAS-STING signaling has been

shown to promote the development of arthritis through the

induction of inflammatory factors in FLSs, accompanied by

enhanced migration and invasion (63, 65). Notably, there was a

study pointed out that deficiency of STING promoted CIA

progression by enhancing B cell survival and autoantibody

production (68). However, fewer studies are available to further

confirm the roles of cGAS-STING signaling in the differentiation

and function of B cells during RA development.
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Considering the critical roles of TNF in DNaseII reduction,

mtDNA release, and cGAS expression, TNF inhibitors may also

inhibit the cGAS-STING signaling. For cfDNA clearance, several

scavengers (such as cNPs and cNP-pp-PEG) have been developed

and exhibit strong DNA-capturing abilities (96, 99). Current

pharmacological modulators targeting cGAS-STING signaling

mainly include NiH, PEI-PDA@C-176 NPs, and FDL@TP, and

these inhibitors have been confirmed to be effective in both in vitro

experiments and murine arthritis (54, 70, 71). Due to challenges in

medicinal chemistry, one antagonist (VENT-03, targeting cGAS)

has been advanced into phase I clinical trials, which aims to evaluate

the safety of VENT-03 in healthy volunteers, and subsequent trial

plans will target the treatment of autoimmune diseases (118). Thus,

there is still a lack of evidence in treating human RA. Collectively,

future explorations should pay more attention to the following

fields: 1) molecular mechanisms regulating the activation of cGAS-

STING signaling during RA; 2) the development of novel drugs

targeting the cGAS-STING signaling pathway, with emphasis on

clinical applications. These efforts may provide new insights into

the therapies for RA and other autoimmune diseases.
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Obesity is a prevalent metabolic disease that reduces bacterial diversity,

colonizes the epidermis with lipophilic bacteria, and increases intestinal pro-

inflammatory species, all of which lead to impaired epithelial barriers. Adipose

tissue secretes immunomodulatory molecules, such as adipokines, leptin, and

adiponectin, which alters the morphology of adipocytes and macrophages as

well as modulates T cell differentiation and peripheral Th2-dominated immune

responses. Atopic dermatitis (AD) and obesity have similar pathological

manifestations, including inflammation as well as insulin and leptin resistance.

This review examines the major mechanisms between obesity and AD, which

focus on the effect on skin and gut microbiota, immune responses mediated by

the toll like receptor (TLR) signaling pathway, and changes in cytokine levels

(TNF-a, IL-6, IL-4, and IL13). Moreover, we describe the potential effects of

adipokines on AD and finally mechanisms by which PPAR-g suppresses and

regulates type 2 immunity.
KEYWORDS

atopic dermatitis, obesity, immune, adipokines, cytokines
1 Introduction

Atopic dermatitis (AD) is a chronic, recurrent, inflammatory, pruritic dermatosis with

complex pathophysiology, involving disruption of the epidermal barrier, microbial

dysbiosis within affected lesions, and Th2 immune responses to skin allergens

(1).Impaired skin barrier function is thought to be both a cause and a consequence of

AD. Severe atopic dermatitis has been linked to deficiencies in the filaggrin (FLG) protein

or antimicrobial peptides (2). Increased inflammatory cell infiltration is observed in AD

lesions, including T cells, dendritic cells, macrophages, mast cells, and eosinophils (3).These

often precipitate increased cytokines including thymic stromal lymphopoietin (TSLP),

interleukin-1 (IL-1), IL-4, IL-5, IL-6, IL-25, IL-33, and transforming growth factor-b (TGF-

b), which promote inflammation and immune activation. Upregulated expression levels of

IL-12, interferon-g (IFN-g), and granulocyte-macrophage colony-stimulating factor (GM-

CSF) are detected during chronic phase (4). Additionally, Th17 and Th22 cell cytokines,

such as IL13, IL-17, CCL17, tumor necrosis factor-a (TNF-a), and IL-22, promote the
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formation of chronic skin lesions in AD (4). Atopic sensitization is

also associated with IL9, IL33, and IL33R expression during infancy.

In addition, AD could be aggravated by dysbiosis or imbalances in

microbial species diversity and environmental factors including

diet (5).

Obesity, a major health problem, is a result of metabolic

syndrome in adipose tissue and is linked to various chronic

immune disorders (6). Studies have shown that adipose expansion

in early and chronic obesity activates an inflammatory program,

altering the immune phenotype to a pro-inflammatory status (7).

Adipose depots usually release cytokines, chemokines, and

adipokines that coordinately regulate other immune cells,

including eosinophils, mast cells, and macrophages in an M2-

polarized or alternately activated state (7). Treatment that reduces

obesity symptoms could reduce epidermal thickness and

eosinophil/mast cell infiltration, along with a reduction in IgE, IL-

4, IL-6, TNF-a, and AD-like lesions (8).

Currently, the association of obesity/overweight with AD is not

conclusive. Studies addressing obesity in infancy or early childhood

(age < 2 years) and AD have found a positive association; from

childhood into adulthood; but this was not observed in other cross-

sectional studies (9). It has also been shown that obesity may have a

pathogenic function in AD. Obese adults are more likely to develop

moderate-to-severe AD (10). Investigations have revealed that

higher levels of serum IgE and cutaneous mRNA levels of TNF-a,
IL-13, and IL-31 are associated with more severe AD in rat models

with a higher body weight than those with lower body weight (11).

Moreover, IL-5 serum level correlated with both body mass index

(BMI) and waist circumference (12). Collectively, these findings

indicate that obesity may predispose individuals to or exacerbate

AD. The discrepancies observed here may be explained by

differences in study designs, the diagnostic criteria of AD,

regional differences, and by the varied definitions of overweight

and obesity used across studies. Although the potential mechanisms

by which obesity contributes to AD are not fully understood, several

potential mechanisms should be considered.

In obese or overweight individuals, low levels of adiponectin

and PPAR-g trigger a cascade of events. First, these low levels lead to

increased production of cytokines and chemokines. These signaling

molecules then activate macrophages and T cells, further promoting

inflammation. The resulting inflammatory state can further elevate

leptin levels, which can create a vicious cycle by further suppressing

adiponectin and PPARg (13). The leptin secreted in obese or

overweight individuals can upregulate the expression levels of

cytokines and chemokines, thereby increase the risk of AD. The

increase in AD-related cytokines and chemokines, along with the

decrease in PPAR-g, not only induces inflammation in adipose

tissue but also triggers insulin resistance and leptin resistance. This

results in adipocyte hypertrophy, adipose tissue hyperplasia, and

lipid accumulation, causing obesity (13). Imbalance in gut

microbiota can increase an individual’s susceptibility to AD by

disrupting mucosal immune tolerance. This disruption can affect

skin homeostasis through its influence on the signaling pathways

that maintain healthy skin barrier function. However, research

suggests that changes in gut microbiota alone are likely not

enough to trigger the development of AD. The interaction
Frontiers in Immunology 0298
between specific microbial communities and the immune system,

as well as other external factors such as diet, may explain the

pathogenesis of AD (14).
2 Correlation between atopic
dermatitis and obesity

Among the numerous research records, the results of various

studies are not consistent, and the specific role of obesity in atopic

dermatitis is not clear, and further exploration is needed. However,

more and more evidence shows a certain correlation between atopic

dermatitis and obesity. Obesity is one of the comorbidities of AD,

and it has been confirmed as one of the risk factors for AD, which

can also exacerbate the severity of AD. Compared to non-AD

patients, AD patients have a higher probability of developing

obesity, and the impact of obesity is more pronounced in the

pediatric population. This implies that early-onset obesity in the

childhood stage can increase the likelihood of developing AD (15).

In a study of datasets in children, it was found that the prevalence of

AD peaked early in the age group of 1 to 6 years, with a gradual

downward trend (16). In a cohort study, AD was found to be

associated with shorter stature, higher BMI, and lower weight in

children during childhood, There was a clear association between

AD and obesity in children before the age of 5,The association

gradually weakened around the age of 5,As children grew, the

association between AD and BMI was not consistent throughout

childhood, further studies are needed to measure the long-term

association and eliminate the impact of diet, sleep, etc. (17)

Similarly, one study found that obesity was also significantly

associated with the presence of AD in adults (18). Apart from

age, geographical variations and gender differences may also

influence the clinical presentation of AD and obesity. For

instance, in North America and Asia, there is a correlation

between increased prevalence of obesity and AD (19). In another

study, it was found that there is a positive correlation between

obesity and AD occurrence in the female population (20). The

interaction between obesity and AD is mediated by various

cytokines, immune mediators, and chemokines. Due to the

interconnection of these two conditions, alleviating one may

potentially prevent or mitigate the progression of the other

disease, thereby effectively managing the conditions and

enhancing individual health status (13).
3 The role of the microbiota in obesity
and AD

Studies have reported a cross-talk mechanism between the skin

and the gut. Dysbiosis in gut microbiota potentially disrupts

microbial metabolites and pro-inflammatory factors as well as

Th2 immune response, causing skin inflammation (21).

Furthermore, infants with AD exhibit reduced levels of

lactobacilli and bifidobacteria in their gut microbiota. There is

also an increased proportion of Escherichia coli, Clostridium
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difficile, and Staphylococcus aureus (22). Obesity reduces gut

microbial diversity and beneficial microbes in the gut, including

Lactobacillus, and Bifidobacterium. A high-fat and high-sugar

dietary habit decreases the abundance of beneficial bacteria

including bifidobacteria and lactobacilli. This dietary pattern can

also induce increased gut permeability and increased expression of

inflammatory markers including TNF-a (23). The abundance of

lactobacilli and bifidobacteria was decreased in obese mice models,

causing higher circulating levels of LPS, promoting NF-kB pathway

activation through TLR4 signaling pathway, thereby enhancing

inflammatory response (24). Additionally, Corynebacterium

colonization of the epidermis was associated with BMI. One study

revealed that a high-fat diet increased skin Corynebacterium species

and free fatty acids in mice (25). Gut microbiota analysis revealed

reduced abundance of Ruminococcaceae in fecal samples of atopic

eczema infants. Interestingly, the relative abundance of

Ruminococcus was inversely related to TLR2-induced IL-6 and

TNF-a in IgE-associated eczema (26). Ruminococcaceae was more

abundant in the gut microbes of mice with normal weight than in

obese mice (27). Moreover, the diversity of Bacteroidetes and

Actinobacteria was reduced in atopic eczema infants compared to

healthy controls (28). A new polysaccharide, ARS, has been shown

to reverse or resist high-fat-diet-induced obesity. It appears to

function by increasing the diversity of gut microbiota and

optimizing the ratio of Firmicutes to Bacteroidetes (29). Topical

treatments for AD, including corticosteroids, antibiotics, and

calcineurin inhibitors, increase species diversity of the epidermis,

including Streptococcus, Cutibacterium, and Corynebacterium spp

(30). Functional foods that prevent obesity increase intestinal

microbial diversity and beneficial bacteria (Bifidobacterium,

Alloprevotella, and Lactobacillus) and, at the same time decrease

harmful bacteria (Staphylococcus and Corynebacterium 1) (31).

Research has shown that “plant-based foods” intake suppresses

moderate-to-severe AD (32). L. plantarum LM1004 significantly

improves the restoration of AD-like symptoms accompanied by

decreased levels of Th2 and Th17 cell transcription factors,

increased transcription factors of Treg and Th1 cells, and

upregulated FLG expression (33). Gut inflammation and gut

barrier leakage activate skin epithelial cells and promote the

recruitment of T cells in patients with Omenn syndrome, thus

exacerbating skin inflammation (34). The above findings revealed

that BMI and diet influence the composition of skin microbiota and

susceptibility of an individual to AD.
4 The role of the signaling pathways
in obesity and AD

4.1 JAK-STAT pathway

The Janus kinase (JAK) - signal transducer and activator of

transcription (STAT) pathway plays a crucial role in the

immunological and physiological processes of AD and obesity. In

the context of immune responses related to AD in the Th2 immune

reaction, the binding of IL-4 and IL-4R stimulates the

phosphorylation of JAK1 and JAK3, leading to the activation and
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phosphorylation of IL-4Ra and STAT6 (35).Furthermore, IL-4 and

IL-13 can bind to the type II IL-4R, inducing the phosphorylation of

JAK1 and TYK2, subsequently activating and phosphorylating

STAT3 and STAT6. This results in the downregulation of FLG

expression and impairment of skin barrier function, as well as an

increase in the production of TSLP, IL-25, and IL-33 in keratinocytes

(36). TSLP is a Th2 cell cytokine that can activate dendritic cells to

drive Th2 cell differentiation and produce IL-4, IL-5, and IL-13 (37).

Binding of the TSLPR heterodimeric receptor results in the

interaction with JAK1 and JAK2, leading to phosphorylation and

activation of STAT5 (38). IL-5 can also trigger the phosphorylation of

JAK1 and JAK2 by binding to its corresponding receptor, resulting in

the activation of STAT1, STAT3, and STAT5 (39). For Th17

immunity, the JAK-STAT pathway does not appear to be directly

involved in Th17 signal transduction. However, research has shown

that STAT3 is crucial for the proliferation and survival of Th17 cells

(40). In Th1 immune responses, IL-12 signaling occurs through the

binding of IL-12 to a heterodimeric receptor composed of IL-12Rb1
and IL-12Rb2 subunits (41). Subsequently, this interaction triggers

the activation of JAK2 and TYK2, leading to the activation of STAT4-

mediated signaling, and to a lesser extent, signaling mediated by

STAT1, STAT3, and STAT5 (42). In skin function regulation,

excessive activation of JAK1 can lead to overexpression of serine

proteases in the skin, thereby impairing skin barrier function.

Additionally, the STAT3 signaling molecule is a key transcription

factor that regulates the differentiation of keratinocytes and maintains

skin integrity (43). Secretory factors produced by adipocytes can

participate in the JAK-STAT signaling pathway. In mice fed a high-

fat diet, leptin secretion is associated with increased expression of

STAT3 target genes. STAT3 can promote fat breakdown and inhibit

fat synthesis (44). In the low-grade systemic inflammation associated

with obesity, interferon-gamma (IFN-g) secreted by CD4+ and CD8+

lymphocytes can activate STAT1 in adipocytes, leading to

dysfunctional adipocyte function and insulin resistance (44).

Studies have also shown that mice lacking STAT4 under high-fat

diet feeding conditions can reduce adipose tissue inflammation,

prevent insulin resistance, and improve glucose homeostasis (45).

Additionally, STAT5 directly regulates the expression of key

transcription factor PPARg involved in adipocyte differentiation.

STAT6 in macrophages is also essential for the browning of white

adipose tissue (44). Inhibiting the JAK-STAT pathway

pharmacologically can lead to downregulation of interferon

response, resulting in the accumulation of UCP1 and browning of

adipocytes (46).
4.2 TLR pathway

TLRs recognize and bind to pathogen-associated molecular

patterns (PAMPs) including peptidoglycans, lipopolysaccharides,

and yeast polysaccharides, initiating a cascade of signaling events.

Research has found that the TLR2-mediated immune signaling

pathway is impaired in patients with AD. Blocking the TLR2

pathway inhibits pro-inflammatory cytokines (IL-6, IL-8, and IL-

1b) and promotes the expression of tight junction proteins, hence

restoring the epidermal barrier in AD (47). On the other hand,
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TLR4 modulates the immune balance in AD. Its activation can

impair Th1 immune response, exacerbate Th2 inflammatory

response, induce migration of skin dendritic cells (DCs), and

promote IL-22 expression in naive CD4 T cells, resulting in

incremental proliferation of keratinocytes and inflammatory

infiltration (48). TLR3 expression in primary sensory neurons

potentially induces itch (49). Clinical studies have shown that

TLR5 and TLR9 upregulation in umbilical cord blood may

significantly reduce the incidence of AD. TLR signaling pathway

influences AD development. A high level of LDL-C is also a risk

factor for AD. Adolescents with AD have significantly higher total

cholesterol and low-density lipoprotein cholesterol (LDL-C) levels

than those without AD (50). Saturated fatty acids (SFAs) and free

fatty acids (FFAs) increase upon high-fat intake. SFAs can promote

inflammatory signaling in macrophages via the plasma membrane

(51). Moreover, an increase in SFA levels promotes the synthesis of

endocannabinoids, which can cause NLRP3 inflammasome

activation in macrophages of diet-induced obese mice (52).

NLRP3 inflammasome activation promotes the cleavage of pro-

IL-1band pro-IL-18, which stimulates the release of various active

cytokines. IL-1b can stimulate the production of IL-6. A previous

study found that IL-6 was increased in lesion of moderate to severe

AD compared to normal skin (53). Obese patients often have

increased serum uric acid levels and uric acid crystals which can

act as NLRP3 activators, thereby releasing pro-inflammatory

cytokines (IL-1b). Uric acid crystals can also activate the immune

system by facilitating the production of reactive oxygen species

(ROS) and activating the NF-kB and MAPK pathways (54). When

deposited in adipose tissue and immune cells, cholesterol crystals

can also activate the NLRP3 inflammasome through similar

mechanisms mentioned above (55). NLRP3 inflammasome

activation promotes pro-IL-1b and pro-IL-18 cleavage, hence

releasing various active cytokines including IL-6. IL-6 is

significantly upregulated in lesions of moderate to severe AD

compared to normal skin (53).
5 The role of cytokines and adipokines
in obesity and AD

Analysis of bodies of obese individuals has revealed the presence

of metabolic abnormalities, oxidative stress, mitochondrial

dysfunction, impaired immune function, and chronic low-grade

inflammation (56). The infiltration of inflammatory cells into white

adipose tissue (WAT) causes dysfunction of adipocytes and

metabolic functions. White adipose tissue (WAT) comprises

immune-regulatory cells, including M2-like adipose tissue

macrophages, Tregs, Th2 cells, NK cells, and eosinophils. The

quantity and phenotype of these cells vary between obese and

lean individuals. Adipose secretes various cytokines, chemokines,

and adipokines, which play a key role in regulating immune

processes. Elevated lipid storage induce adipocyte hypertrophy,

hypoxia , and ce l l death tr igger ing the secre t ion of

proinflammatory cytokines by adipocytes, including TNF-a, IL-6,
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IL-8, and MCP-1 (57). For lean individuals, regulatory and

immunosuppressive cells promote the clearance of dead adipose

tissue, suppressing adipose tissue cell proliferation, and secreting

anti-inflammatory cytokines (IL-10, IL-4, IL-13, and IL-1Ra) (58).
5.1 TNF-a

TNF-a is a cytokine that plays a role in inflammation and

immune responses (59). It can activate inflammatory responses,

leading to the release of inflammatory cytokines and triggering

inflammation. In patients with AD, TNF-a levels are typically

elevated, and correlated with the severity of AD (60). High levels

of TNF-a are associated with the inflammation and itching

symptoms of AD. TNF-a can also promote the proliferation of

skin keratinocytes and the synthesis of keratin, thereby promoting

the onset of AD. The use of TNF-a inhibitors can help alleviate skin

barrier dysfunction in AD patients and improve skin barrier

function (61). Upregulated TNF-a in obesity activates the NF-kB
pathway via a c-Jun N-terminal kinase-dependent pathway,

resulting in downregulated expression of epidermal barrier

proteins, including FLG and loricrin (LOR) (62). Elevated levels

of TNF-a in obese individuals may disrupt the balance between Th1

and Th2 cells. TNF-a promotes Th1 immune response by

enhancing the production of pro-inflammatory cytokines such as

interferon-gamma (IFN-g) and interleukin-2 (IL-2) (63). Obesity

alters skin properties, increasing surface roughness, and decreasing

water content thus causing significant redness accompanied by an

increase in skin blood flow. Correlation analysis revealed a

significant correlation between water content and TNF-a levels in

the stratum corneum (64). Moreover, obesity changes the baseline

levels of serum cytokines/adipocytokines IL-6, TNF-a, and CRP/hs-
CRP (65). Research has shown higher serum TNF-a levels in obese

individuals than in individuals with normal weight (65).This

physiological activity may be associated with the action of leptin

produced during obesity (66). Leptin can augment the secretion of

inflammatory cytokines including TNF-a, resulting in an

inflammatory environment (67). Simultaneously, exposure to an

inflammatory environment can increase leptin expression in

adipose tissue, creating a feedback loop that promotes

inflammation (68). TNF-a secreted by M1 pro-inflammatory

adipose tissue macrophages initiates a cascade reaction by

activating the NF-kB and JNK pathways. TNF-a may stimulate

the production of pro-inflammatory cytokines including IL-6, but

reduce anti-inflammatory cytokine levels, including adiponectin in

the inflammatory response (69). Adiponectin inhibits the TNF-a
and IL-6 production in macrophages at the same time increasing

levels of anti-inflammatory mediators (IL-10 and IL-1 receptor

antagonist) (70, 71). Adiponectin-deficient mice exhibit an

increased number of M1 macrophages in their adipose tissue,

further improving cytokine production including TNF-a, IL-6,
and MCP-1 (72). Additionally, TNF-a can cause the generation

of reactive oxygen species (ROS) by binding to specific

receptors (73).
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5.2 IL-6

Research on the relationship between IL-6 levels in obesity and

AD is limited.IL-6 regulates autoimmune and chronic

inflammatory diseases. IL-6 signaling exerts pleiotropic effects via

two primary pathways, the classical signaling and trans-signaling

pathways. In the classical signaling pathway, IL-6 binds to IL-6R on

the cell membrane, followed by interaction with membrane-bound

gp130, hence activating JAK to initiate intracellular signaling (74).

In the trans-signaling pathway, the extracellular portion of IL-6R

can be proteolytically cleaved to form soluble sIL-6R. IL-6

subsequently binds to sIL-6R and continues to bind to gp130,

initiating intracellular signaling (74). Activation of the classic IL-6

signaling pathway promotes macrophages polarized to M2

phenotype via upregulated IL4 response despite causing

proinflammatory actions of T cells (75). Serum IL-6 levels in AD

patients are significantly higher than that in healthy volunteers (76).

The flg-/- mice exhibited severe clinical symptoms such as increased

ear thickness and elevated IL-6 level (77). IL-6 production in

adipose tissue is two to three times higher than that in

subcutaneous tissue among obese individuals. IL-6 may stimulate

JAK1 activation and phosphorylation, which in turn activates

STAT1, STAT3, and STAT6 signaling pathways (78). IL-6

activates the STAT3 pathway of local macrophage to promote

IL4Ra expression, sensitizing them to IL-4 signaling and

promoting an anti-inflammatory gene expression pattern (79).

Additionally, adipocytes release IL-6, promoting differentiation of

Th cells, either directly or indirectly, thereby stimulating antibody

production (80). IL-6/STAT3, together with TGF-b or IL-1b and

IL-23 causes the differentiation of Th17 cells, which play a pro-

inflammatory role. IL-6 promotes an HFD-induced increase in FFA

and leptin release from adipocytes (81). Research also reports that

leptin stimulates macrophages to generate IL-6 via synergistic

interaction with LPS (82).
5.3 IL-4 and IL-13

IL-4 and IL-13 negatively influence the skin barrier in AD. They

downregulate FLG expression, destroy the skin structure, reduce its

capacity to resist pathogens and allergens as well as weaken the

capacity to maintain adequate moisture (83). IL-4 and IL-13

increase the proliferation of keratinocytes, reduce their

differentiation, and prevent their full maturation (84). IL-13 also

downregulates the expression of skin barrier proteins and lipids of

keratinocytes by mediating MMP-9 expression. Recent studies have

shown that IL-4 and IL-13 weaken skin resistance to pathogens by

reducing antimicrobial peptides, hence rendering skin more

susceptible to infectious organisms (85). IL-13 is also implicated

in the upregulation of collagen degradation and fibrosis mediated

by MMP-13, causing fibrosis, dermis thickening, and the typical

lichenified lesions in AD (86). IL-4 and IL-13 also promote

neurogenic itch by directly acting on pruriceptive sensory

neurons (87). Th2 pathway activation mediates type 2

inflammation in AD. Th2 cells may release vital inflammatory

cytokines including IL-4, IL-13, IL-5, and IL-9, recruit eosinophils
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and mast cells, as well as stimulate B cell activity (82). Through their

interactions with Th2 cells, M2 macrophages in white adipose tissue

activate the release of Th2 cytokines, including IL-4 and IL-13 (88).

A few studies have shown that obesity exerts IL-4/IL-13-associated

inflammatory responses. Elsewhere, the typical Th2-dominant

inflammation of AD progressed to more severe Th17-driven

inflammation in obese mice. Biologic treatments inhibiting

cytokines IL-4 and IL-13 treatment protects lean mice from

developing AD but not obese mice (89). IL-6 secreted by

inflammatory-stimulated adipocytes activates macrophages

STAT3 and upregulates IL4ra expression, and increases the

sens i t iv i ty o f macrophages to IL-4 ac t iva t ion (79) .

Hypercholesterolemia induces strong Th2 responses to an

exogenous antigen characterized by an increased induction of IL-

4 and IL-10 (90).
5.4 Adipokines

Expanded fat cells themselves produce various signaling

molecules through a process called autocrine signaling. These

mediators have both immune system regulatory functions as well

as metabolic functions, and are collectively called adipokines. For

example, chemokines promote the infiltration of macrophages into

white adipose tissue (WAT), while calcium-binding proteins

enhance the adhesion of circulating monocytes and their

recruitment as macrophages. Adipokines include pro-

inflammatory ones like leptin, as well as anti-inflammatory

cytokines like adiponectin. However, adiponectin levels are

suppressed in both acute and chronic obesity.
5.5 Leptin

Leptin is a 16-kDa monomeric non-glycosylated protein

primarily secreted by adipocytes. Circulating leptin levels are

directly proportional to body fat mass (91). Leptin activates CD4

+T lymphocytes toward Th1 phenotype and inhibits infiltration of

Tregs into adipose tissue, altered immune tolerance, and

inflammatory effects (92). Leptin promotes the release of IL-2 and

INF-g. IL-2 acts on IL-2R, stimulating JAK1 and JAK3

phosphorylation, further activating as well as phosphorylating

STAT1, STAT3, STAT5, and STAT6. The INF-g signaling

pathway involves JAK1 and JAK2 phosphorylation, hence

activating and phosphorylating STAT1 (93). The binding of leptin

to LEP-R also activates the phosphoinositide 3-kinase (PI3K) and

mitogen-activated protein kinase/extracellular signal-regulated

kinase (MAPK/ERK) signaling cascades, as well as the JAK2-

STAT signaling cascade (57). Additionally, chronic treatment of

obesity with leptin promotes preadipocyte differentiation and

secretion of pro-inflammatory cytokine TNF-a (94). Leptin

increases TNF and IL-6 production by monocytes as well as

stimulates CCL3, CCL4, and CCL5 production by macrophages

via JAK2–sTAT3 pathway activation (95). Leptin also induces TNF-

a expression via the JNK pathway in macrophages (96). A positive

feedback mechanism is established when leptin stimulates
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inflammatory mediator production, including IL-6 and TNF-a
from the adipose tissue. TNF-a and IL-6 promote the expression

and release of leptin.
5.6 Adiponectin

One study observation revealed a potential relationship between

adiponectin and AD, i.e., obese children with asthma had higher

leptin levels and lower adiponectin levels in serum than non-obese

children with asthma (97). In BMDC cells, adiponectin induces DC

maturation and activation, accelerating naive T cells polarized into

Th1 and Th17 cells. High-fat diet-fed upregulates IFN-g expression
in adipocytes and IL-17 in CD4 T cells (98). Additional experiments

have shown that adiponectin derived from adipocytes reduces T

lymphocytes, thus producing IFN-g and IL-17 (99). Adiponectin-

deficient mice had higher TNFa levels in the blood. Adiponectin

abrogated LPS-stimulated production of TNF-a in macrophages

and suppressed TLR-mediated NF-kB activation in mouse

macrophages (100). In this context, adiponectin may exert anti-

inflammatory mechanisms in AD. However, additional studies are

necessary to comprehensively understand this mechanism.
5.7 Resistin

Resistin, named as a result of inducing insulin resistance, is a

12.5-kDa cysteine-rich peptide, produced by macrophages and

peripheral monocytes. Nevertheless, the potential role of

resistance in AD is unclear. Studies revealed that blood content of

resistin increases in AD boys unlike in healthy children (101).

Besides, resistin upregulates pro-inflammatory cytokines including

TNF-a, IL-1b, IL-6, and IL-12 via NF-kB signaling pathway

activation (102). However, other findings contradict previous

results. Studies also discovered a decrease of resistin in AD

patients, with an inverse correlation between blood resistin

quantity and SCORAD score (103, 104). Notably, resistin

weakens the atopic immune response by suppressing dendritic

cell function (92). Thus, lower levels of resistin are thought to be

associated with increased severity of AD symptoms in adults.

Nonetheless, additional studies are necessary to define and

validate the role of resistin in AD.
5.8 Fatty acid binding protein

Fatty acid binding protein (FABP) regulates fatty acid uptake,

transport, and metabolism. Epidermal-FABP (FABP5), an

extensively studied member of the FABP family, was has been

reported to be positively correlated with adiposity, glucose

metabolism, and lipolysis parameters and linked to the

development of AD (105, 106). Mass spectrometry of AD skin

revealed that FABP5 is highly expressed in both acute and chronic

AD lesions (107). Elsewhere, it was demonstrated that FABP5

promoted TNF-a-induced NF-kB signaling by forming a complex

with valosin-containing protein (VCP) in keratinocytes (108).
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Another study provided evidence supporting a Th17-related

mechanism in AD, involving FABP5. Knockdown of FABP5 in

HaCaT cells resulted in a significant reduction of the expression of

Th17-inducing cytokines, including IL-6 and TGF-b (109). In

HFD-induced obese mice models, FABP5 expression in skin

macrophages promoted saturated FA-induced IL-1b production

and instigated chronic inflammatory skin lesions (110). Indeed,

adipose-FABP (FABP4) and FABP5 regulate different signaling

pathways in macrophages. Although FABP5 expression activates

the STAT1/2/IFNb, LTA4/LTB4, RAR/CD11c, or NLRP3/IL-1b
pathways, FABP4 mainly stimulates NFkB/IL-6, COX2/PGE2,

CER/cell death, or LXR/SCD1 in macrophages (111).
5.9 Zinc-a2-glycoprotein

Zinc-a2-glycoprotein (ZAG), a 43-kDa protein produced by

adipocytes and keratinocytes in the skin plays a role in lipolysis in

adipocytes (112). In sera and skin of AD patients, it was reported

that the expression of ZAG was consistently reduced. ZAG

regulated FLG and TSLP expression in normal human epidermal

keratinocytes (NHEKs) and repaired abnormalities in the skin

barrier under AD conditions (113). Furthermore, topical ZAG

treatment decreased levels of Il-4, Il-17a, Ifng and levels of serum

total IgE, and restored ADAM17 and Notch1 signaling in AD-

induced mice (113).
5.10 Visfatin

Visfatin, a novel adipocytokine, has been linked to chronic

inflammatory diseases. A study suggested a connection between

visfatin and both adult-onset AD and classical AD in adults during

the chronic phase of the disease. The study also found a significant

correlation between visfatin levels and eosinophil counts in AD

patients (114). Visfatin induced pro-inflammatory effects by dose-

dependently up-regulating IL-1b, IL-1Ra, IL-6, IL-10, and TNF-m in

human monocytes (115). Moreover, it stimulated the production of

chemokines such as CXCL8, CXCL10, and CCL20 in human

keratinocytes (116). However, the serum concentration of visfatin

in AD children was significantly reduced compared to that of

healthy subjects (101), which differs from finding of other studies.

This is likely due to differences in the underlying mechanism of

child AD and adult AD. Some studies have shown that patients with

adult-onset AD have significantly higher serum visfatin levels than

those who had developed the skin lesions in childhood (113).
5.11 Lipocalin-2

Lipocalin-2 (LCN2) is associated with various obesity-related

disorders, such as Type 2 diabetes and non-alcoholic fatty liver

disease (117). It circulates in the body in two main forms: a single

molecule (25 kDa monomer) and a double molecule (46 kDa

homodimer). Notably, LCN2 can block the breakdown of MMP-9,

an enzyme involved in tissue remodeling (118). Interestingly,
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research suggests LCN2 may also play a role in AD. A study using a

mouse model of AD found upregulated levels of LCN2 in spinal

astrocytes, which are cells that support nerve function in the spinal

cord. This finding suggests a potential link between LCN2 and itch

sensation at the spinal level in AD (119). Furthermore, the LCN2

gene has binding sites for several inflammatory signaling molecules,

including NF-kB, STAT1, STAT3, and C/EBP (120).
6 PPAR-g and AD

Peroxisome proliferator-activated receptor-gamma (PPAR-g) is
a critical transcription factor involved in adipogenesis. PPAR-g
plays an important in regulating adipocyte differentiation and lipid

metabolism, hence providing positive feedback regulation of

adipogenesis. Accumulating evidence indicates that PPAR-g
regulates type 2 immune response (121).

PPAR-g agonists reduce neutrophil MPO activity in response to

LPS and induce neutrophil apoptosis in a dose-dependent manner

(122). PPAR-g activation also impairs the functional capacity of

eosinophils, hence reducing antibody-dependent cellular

cytotoxicity (ADCC), CD69 expression induced by IL-5, and

release of eosinophil-derived neurotoxin (EDN) (123). Mast cell

activation mediated by IgE plays a significant role in AD, which is
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also suppressed by activated PPAR-g (124). PPAR-g is a key factor

mediating M2 phenotype associated with type 2 cytokine activation

(such as IL-4 and IL-13). PPAR-g prevents the uptake of lipids of
ILC2s, IL-33 signaling activation, and reduces the severity of airway

inflammation (125). Mice treated with PPAR-g agonists showed

reduced levels of cytokines IL-4, IL-5, and IL-13 (126), whereas

mice without PPAR-g mice revealed enhanced release of epithelial-

derived alarm proteins including IL-25, IL-33, and TSLP as well as

NF-kB activation (127). However, the effect of PPAR-g deletion on

IL-4 expression was unclear (128). Activated PPAR-g reduces the

expression of pro-inflammatory cytokines including TNF-a, IFN-g,
and IL-2 as well as promotes the activity of suppressive Treg

cells (129).

Experimental evidence indicates that PPAR-g in epithelial cell

Treg cells is activated by TCR signaling in an IRF4-dependent

manner. PPAR-g binds to IRF4 and modulates IL-33 receptor (IL-

33R) expression on Treg cells (130). The role of PPAR-g in other

TH cell subsets has also been proposed. IL-9 expression in the skin

positively correlates with the severity of chronic atopic dermatitis

(cAD) and acute contact dermatitis reactions (aACD) (131). TH9

cells can be perceived as a highly differentiated subset of TH2 cells

that can simultaneously promote the levels of IL-5, IL-13, and IL-9

(128). IL-9 is preferentially downregulated among the TH2

cytokines upon inhibition of PPAR-g expression (132). The
FIGURE 1

The molecular mechanisms of obesity predisposes to AD.
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relationship between TH9 immune response and AD is poorly

understood. However, cytokine secretion including IL-5 and IL-13

by TH9 cells implies a potential relationship with AD.
7 Conclusion

Current clinical research and scientific studies suggest that

overweight or obesity are considered primary factors leading to

the pathogenesis of inflammatory skin diseases. Our review covers

multiple important aspects. Under the influence of initial

inflammatory factors, obese individuals experience a complex

interplay of various pro-inflammatory and anti-inflammatory

signals within their bodies. Inflamed adipocytes locally and

systemically secrete pro-inflammatory cytokines, a process that

damages both adipose tissue itself and skin functions. Another

key factor in obesity involves the gut microbiota, which plays a role

in energy homeostasis, circulatory system, and immune response.

The increase in skin lipids following obesity can lead to dysbiosis of

the microbial ecosystem, resulting in colonization by lipophilic

bacteria. Concurrently, obesity also alters the pathological changes

of inflammatory diseases, shifting the classical Th2-type immune

response to a more severe Th17-type immune response through the

action of adipokines, thereby affecting keratinocyte differentiation,

epithelial barrier permeability, and antimicrobial peptide

production. Simultaneously, maintaining balance in the gut

microbiota and probiotics play a complex role in preventing

atopic dermatitis (AD), including inhibition of inflammation,

alteration of microbial diversity, and enhancement of skin barrier

function. These contents provide more thinking and inspiration

about AD, and will have a positive impact on the field of

AD (Figure 1).

More data is needed to understand how weight and BMI affect

the effectiveness of AD therapy. Reducing weight and managing

obesity might decrease inflammatory mediators and cytokines from
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adipose tissue, thereby improving the inflammatory state and

alleviating AD symptoms. As such, besides targeting skin lesions

in the treatment of AD, the management and intervention of

obesity should also be emphasized to comprehensively contain

disease progression.
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Inflammasomes and idiopathic
inflammatory myopathies
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Idiopathic inflammatory myopathies (IIM) are a group of systemic autoimmune

diseases characterized by muscle weakness and elevated serum creatine kinase

levels. Recent research has highlighted the role of the innate immune system,

particularly inflammasomes, in the pathogenesis of IIM. This review focuses on the

role of inflammasomes, specifically NLRP3 and AIM2, and their associated proteins

in the development of IIM. We discuss the molecular mechanisms of pyroptosis, a

programmed cell death pathway that triggers inflammation, and its association with

IIM. The NLRP3 inflammasome, in particular, has been implicated in muscle fiber

necrosis and the subsequent release of damage-associated molecular patterns

(DAMPs), leading to inflammation. We also explore the potential therapeutic

implications of targeting the NLRP3 inflammasome with inhibitors such as

glyburide and MCC950, which have shown promise in reducing inflammation

and improving muscle function in preclinical models. Additionally, we discuss the

role of caspases, particularly caspase-1, in the canonical pyroptotic pathway

associated with IIM. The understanding of these mechanisms offers new avenues

for therapeutic intervention and a better comprehension of IIM pathophysiology.
KEYWORDS

idiopathic inflammatorymyopathy, inflammasome, pyroptosis, NLR family pyrin domain
containing 3 (NLRP3), absent in melanoma 2 (AIM2), caspase, gasdermin D (GSDMD)
Background

Idiopathic inflammatory myopathies (IIMs) are a rare and diverse group of systemic

autoimmune diseases, with an incidence ranging from 1 to 11 cases per million individuals

(1, 2). The disease primarily presents with muscle weakness and pain in the proximal limbs,

often accompanied by elevated serum creatine kinase levels. It can also affect various other

organs, including the heart, lungs, skin, and digestive tract. The most common subtypes of

IIM include dermatomyositis (DM), polymyositis (PM), inclusion body myositis (IBM),

immune-mediated necrotizing myopathy (IMNM), and overlap myositis (3). In recent

years, the identification of myositis-specific antibodies (MSAs) and myositis-associated

antibodies (MAAs) has significantly improved the diagnosis and treatment of IIM (4, 5). At

the same time, research suggests that abnormal activation of the innate immune system

strongly influences the onset and progression of IIM (6, 7).
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Pyroptosis is a lytic form of programmed cell death distinct

from apoptosis and increasingly recognized for its critical role in the

host’s innate immune response. Pyroptosis can occur in various cell

types, including immune cells like macrophages, monocytes, and

dendritic cells, as well as non-immune cells such as intestinal

epithelial cells, stromal cells, hepatocytes, and myocytes (8–10).

While controlled pyroptotic activity is crucial for maintaining

cellular homeostasis and exerting protective functions, excessive

cell death and delayed clearance of dead cells and their fragments

may lead to the release of self-antigens, damage-associated

molecular patterns (DAMPs), and pro-inflammatory cytokines,

exaggerating immune and inflammatory responses and promoting

disease development (11–14).
Pyroptosis at glance

Our understanding of pyroptosis began in 1986 when

Friedlander first observed cell death and cell content leakage in

murine macrophages induced by anthrax lethal toxin (15), and this

pivotal moment laid the foundation for the discovery of a new type

of cell death pathway. In 1992, an enzyme initially known as ICE

(interleukin-1b converting enzyme) and later identified as

inflammatory caspase was found to process pro-interleukin-1b
(IL-1b) into its mature form, highlighting the role of caspases in

inflammation (16, 17). That same year, Zychlinsky and colleagues

erroneously identified pyroptosis as apoptosis in human

macrophages infected by Shigella flexneri (18). However, the true

nature of this cell death process began to emerge in 1996, with

reports indicating that the invasion plasmid antigen B (ipaB) of

Shigella flexneri activated caspase-1, suggesting a distinct

mechanism of cell death from apoptosis (19). In 2001, Cookson

and Brennan first proposed the term “pyroptosis.” The term is

derived from Greek, where “pyro” means fire or fever, and “ptosis”

means falling. Pyroptosis is a pro-inflammatory programmed cell

death characterized by pore formation, membrane rupture, and

leakage of cellular contents (7, 11, 20). The introduction of this term

was a crucial step in distinguishing pyroptosis from non-

inflammatory apoptosis.

In 2002, the inflammasome was identified as a multiprotein

complex capable of activating pro-inflammatory caspases and pro-

IL-1b (21). This groundbreaking discovery linked the molecular

mechanism of inflammation with cell death pathways. For a long

time, pyroptosis was considered to be mediated by caspase-1. In

2011, Kayagaki and colleagues discovered that caspase-11 could

induce death in mouse macrophages. This process is similar to

caspase-1-mediated pyroptosis and is therefore termed “non-

canonical pyroptotic pathway” (22). In 2014, Shi J and colleagues

revealed that human caspase-4 and caspase-5 have the same

function (23).

In 2015, gasdermin D (GSDMD) was identified as the crucial

executor of pyroptosis, a milestone discovery after being cleaved by

caspase-1 or caspase-4/5/11 (24). This, along with the subsequent

definition of pyroptosis as gasdermin-mediated programmed cell

death (25, 26), has fundamentally changed our understanding of

cell death mechanisms (Table 1). In 2017, Shao’s research group
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found that chemotherapeutic drugs can induce pyroptosis by

triggering caspase-3-mediated cleavage of GSDME (29). The

following year, it was discovered that caspase-8 also cleaves

GSDMD, thereby initiating pyroptosis during Yersinia infection

(30, 31). In 2020, it was found that pyroptosis can also be induced

independently of caspase, significantly changing our understanding

of this process. Granzyme A (GZMA) secreted by cytotoxic T

lymphocytes and natural killer (NK) cells cross-domain cleaves

GSDMB specifically, activating GSDMB-dependent pyroptosis in

malignant cells (32). Similarly, granzyme B (GZMB) from these

immune cells can also initiate GSDME-dependent apoptotic cell

death in tumor cells through caspase-3-mediated cleavage of

GSDME (33).

The journey through the history of pyroptosis has been marked

by significant discoveries that have deepened our understanding of

cell death and its role in immune responses (Figure 1). As research

continues, the intricate mechanisms and regulatory pathways of

pyroptosis will likely reveal further insights into the complex

interplay between cell death and inflammation. In particular,

recent studies have identified the contribution of inflammasomes

to the pathogenesis of immune-related myopathies (IIM), and this

article aims to summarize the research findings on this topic.
Inflammasomes

The inflammasome is a complex composed of multiple proteins,

formed in response to immune signals from pathogen-associated

molecular patterns (PAMPs) and damage-associated molecular

patterns (DAMPs), playing a key role in coordinating host

immune responses (27). The inflammasome sensor complex is

composed of two receptor families: the nucleotide-binding

oligomerization domain-like receptors (NLRs), including NLRP1,

NLRP3,NLRP6,NLRP7,NLRC4, NLRP10 and NLRP12, and the

PYHIN family containing the HIN domain, including AIM2 and

pyrin (28) (Table 1).

Currently, most research on inflammasomes converged on

infection and cancer fields. Due to the rare nature of the disease,

research on idiopathic inflammatory myopathies(IIMs) is relatively

limited, mainly converged on NLRP3 and AIM2. Exploring

pyroptosis mechanisms in IIMs remains an underdeveloped area,

with many knowledge gaps needing to be filled. Here, we review the

latest progress of inflammasomes in patients with IIMs.
The role of NLRP3 inflammasome
in IIMs

NLRP3 inflammasome is a multiprotein complex that plays

a crucial role in the innate immune response. Due to its

involvement in various inflammatory diseases, including

idiopathic inflammatory myopathies (IIM), this inflammasome

has been extensively studied (34). NLRP3 is expressed in

monocytes, neutrophils, dendritic cells, lymphocytes, epithelial

cells, and muscle cells. It consists of the NLRP3 protein, the

adaptor protein ASC, and pro-caspase-1. The NLRP3 protein is a
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115 kDa cytosolic protein, containing three domains: the C-

terminal leucine-rich repeat (LRR) domain that senses danger

signals, the nucleotide-binding and oligomerization domain

(NACHT) with ATPase activity, and the N-terminal PYD domain

that interacts with ASC (34). The structure of the NLRP3

inflammasome has been described as ring-shaped, with a curved

LRR and a globular NACHT domain. Under normal physiological

conditions, the interaction between the NACHT and LRR domains

keeps NLRP3 in a self-inhibited state. However, cellular stress

factors, whether pathogen-associated molecular patterns (PAMPs)

or damage-associated molecular patterns (DAMPs), can disrupt this

balance (34, 35). Upon activation, NLRP3 undergoes

conformational changes, leading to self-cleavage to form P20 and

P10 subunits. The NACHT domain plays a critical role in ATP

binding and hydrolysis. The P20 subunit contains the LRR domain,

while the P10 subunit contains the NACHT and PYD domains.

This cleavage and subsequent interaction between the PYD domain

of NLRP3 and ASC are key steps in assembling the inflammasome

complex, resulting in the recruitment and activation of pro-caspase-

1. Once activated, caspase-1 processes the pro-forms of IL-1b and

IL-18, leading to their maturation and secretion, thereby

propagating the inflammatory response.

NLRP3 inflammasome is associated with various diseases,

including metabolic syndrome such as obesity, type 2 diabetes
Frontiers in Immunology 03110
(T2D) (36), and gout (37), neurodegenerative diseases such as

Alzheimer’s disease (AD) (38) and multiple sclerosis (MS) (39),

inflammatory bowel diseases (IBD) such as Crohn’s disease and

ulcerative colitis (40, 41), cardiovascular diseases (42), autoimmune

conditions like systemic lupus erythematosus (SLE) (43–45) and

rheumatoid arthritis (RA) (46), various cancers (47), and infections

including viral, bacterial, and fungal pathogens (11). The role of

NLRP3 inflammasome in these diseases highlights its importance in

immune responses and inflammation. NLRP3 inflammasome is

also involved in the pathogenesis of idiopathic inflammatory

myopathy through multiple mechanisms.
Canonical pathway

Canonical activation involves two steps. The initial priming step

is promoted by pattern recognition receptors such as Toll-like

receptors and cytokine receptors (e.g., IL-1R, TNFR) on the

membrane, triggering NF-kB nuclear translocation, thereby

enhancing the expression of NLRP3 and pro-IL-1b at the

transcription and translation levels (48). Recently, many studies

have provided strong evidence indicating that the priming step is

not limited to transcriptional upregulation, post-translational

modifications (PTMs) of NLRP3 protein, such as ubiquitination
TABLE 1 Classification, domains, and common activators of inflammasome component protein (27, 28).

Classification Sensor protein Effector domain Common activators

NLRs family NLRP1 anthracis lethal toxin, DPP8/9 inhibitors
tegument protein ORF45

NLRP3 ATP, ion flux ( K+ efflux), particulate
matter, ROS, pathogen-associated RNA,
bacterial and fungal toxins, and component

NLRC4 Gram-negative bacteria and flagellin, the
type III or IV secretion system proteins

NLRP6 Gram-positive, bacteria-derived lipoteichoic
acid、LPS、viral infections

NLRP7 mycoplasma and Gram-positive
bacterial infections

NLRP10 phospholipase C activator 3m3-FBS

NLRP12 Yersinia pestis infection

PYHIN family AIM2 cytosolic dsDNA of viral, bacterial,
or host origin

Pyrin RhoA inhibiting microbial toxins

ASC protein

Pro-caspase
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and phosphorylation, also play a critical role in the activation of the

NLRP3 inflammasome (49–51). The next step is the activation step,

where secondary signals can be induced by various stimuli,

including microbial invasion, exotoxins, extracellular ATP,

crystals, and double-stranded DNA, leading to oligomerization of

the NLRP3 inflammasome and activation of caspase-1 (52–63).

Once activated, caspase-1 is responsible for the proteolytic cleavage

of pro-inflammatory cytokines IL-1b and IL-18, converting them

into their mature biologically active forms. Increasing evidence

emphasizes the importance of NLRP3 inflammasome activation,

caspase-1 activation, and IL-1b release in the development of

autoimmune diseases such as systemic lupus erythematosus,

multiple sclerosis, and ulcerative colitis (39–41, 43–45).

Recent research has revealed the significance of NLRP3

inflammasome signaling cascade in idiopathic inflammatory

myopathies. Yin Xi’s research group reported that compared to

healthy controls, patients with polymyositis (PM) and

dermatomyositis (DM) showed elevated levels of NLRP3, IL-1b,
and IL-18 mRNA in muscle fiber tissues, as well as increased

expression of NLRP3 and caspase-1 p20 protein subunit (64). The
Frontiers in Immunology 04111
study indicates that in DM/PM patients, the high expression of

NLRP3 inflammasomes in muscle tissues activates caspase-1

expression, leading to upregulation of IL-1b and IL-18 levels,

enhancing cellular immunity. There was no significant difference

in the expression levels of NLRP3 and caspase-1 between DM and

PM patients, possibly due to NLRP3 inflammasomes being involved

in local muscle inflammation in DM/PM, with the released IL-1b/
IL-18 possibly exacerbating disease progression (64). The activation

of NLRP3 inflammasomes in DM/PM is attributed to muscle fiber

necrosis, releasing high mobility group box-1, ATP, and hyaluronic

acid as damage-associated molecular patterns, which may serve as

activators of NLRP3 inflammasomes (63, 65). Additionally, Xia P

and colleagues assessed the role of NLRP3 inflammasomes in PM

using an experimental rat model and C2C12 myoblast cells (66).

They observed a significant upregulation of NLRP3, caspase-1, and

IL-1b in affected muscles, and treatment with NLRP3

inflammasome inhibitor MCC950 or NLRP3-specific siRNA

reduced inflammation and improved muscle function,

highlighting the importance of the NLRP3/caspase-1/IL-1b
Canonicalal pathway in PM.
FIGURE 1

This image depicts the activation of the inflammasome, which follows a biphasic signaling pattern. The process begins with a priming signal initiated
by pattern recognition receptors. There are four recognized pathways in signal activation. The canonical pathway depends on Caspase-1, while the
noncanonical signaling cascade relies on Caspase-4/5/11. Caspase-1, -4, -5, and -11 selectively cleave GSDMD, releasing its N-terminal fragments to
form transmembrane pores in the cytoplasmic lipid bilayer, leading to pyroptosis. Additionally, Caspase-3 can induce pyroptosis in incomplete
pathways by cleaving GSDME when cells highly express GSDME in response to tumor necrosis factor-alpha (TNF-a). Conversely, in cells with
negative or low GSDME expression, Caspase-3 triggers apoptosis. In the caspase-8-mediated pathway, inhibiting TAK1 induces the activation of
caspase-8, which cleaves GSDMD, resulting in pyroptosis. In the granzyme-mediated pathway, CAR T cells rapidly activate caspase-3 in target cells
by releasing GZMB, which then activates GSDME, causing extensive pyroptosis. Additionally, GZMA and GZMB in cytotoxic lymphocytes enter target
cells through perforin and induce pyroptosis. GZMA hydrolyzes GSDMB, and GZMB directly activates GSDME.
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Non-canonical pathway

The non-Canonical activation of NLRP3 inflammasome occurs

in one step, bypassing the induction phase. In a mouse model of

experimental autoimmune myositis (EAM), researchers observed

elevated levels of NLRP3, caspase-4, caspase-5, caspase-11,

pannexin-1, ATP-activated P2X7 receptor (P2X7R), and GSDMD

mRNA and protein in muscle tissue, accompanied by increased

serum concentrations of IL-1b and IL-18 (67). Lipopolysaccharide

(LPS) from gram-negative bacteria activates caspase-4/5/11,

promoting the release of ATP through the pannexin-1 channel.

This ATP subsequently activates the P2X7R channel, leading to

potassium (K+) efflux. These signals trigger NLRP3 inflammasome,

resulting in the secretion of IL-1b and IL-18 and the induction of

pyroptosis (23). This process disrupts the ion balance of the cell

membrane, leading to membrane rupture, release of intracellular

inflammatory contents, and initiation of an inflammatory response.

ATP and K+ also act as secondary messengers to activate NLRP3

inflammasome, enhancing the production of inflammatory factors,

and potentially exacerbating pyroptosis, inflammation, and

muscle damage.

Glyburide is a sulfonylurea antidiabetic drug known to block

ATP-sensitive potassium channels on pancreatic b cells (68).

Previous studies have shown that in conditions such as renal

impairment (69), sepsis-induced myocardial injury (70), and

asthma (71), glyburide reduces inflammation by inhibiting NLRP3

activation and decreasing levels of inflammatory mediators such as

IL-1b and IL-18 (72). Following glyburide intervention, expression of

NLRP3, IL-1b, and IL-18 in skeletal muscle tissues of experimental

autoimmune myocarditis (EAM) mice is reduced, muscle strength is

improved, and scabs form at sites of muscle rupture and abscess (67).

These results suggest that the NLRP3 inflammasome-mediated IL-

1b/IL-18 pathway plays a role in the pathogenesis of idiopathic

inflammatory myopathy, and glyburide inhibiting this pathway

leads to reduced secretion of inflammatory factors, alleviation of

inflammation, and improvement in muscle strength. Glyburide may

become a novel targeted therapeutic drug for controlling or treating

IIMs (67).

Bright blue G (BBG), also referred to as Coomassie blue, is a

potent antagonist of P2X7R (67). Studies have shown that

intravenous injection of BBG can improve recovery in mice with

spinal cord injury and reduce local inflammation (73). BBG can also

significantly reduce cardiac fibrosis by lowering the expression

levels of NLRP3, IL-1b, and caspase-1 (74). Following BBG

intervention, the levels of P2X7R, NLRP3, and IL-1b proteins, as

well as P2X7R mRNA in the muscles of EAMmice, decreased, while

IL-18 levels remained unchanged. In addition, new hair growth

appeared in the alopecia area compared to before the intervention,

and muscle strength increased. Previously ruptured and

suppurative ulcers began to scab over, and new granulation tissue

appeared (67). This indicates that P2X7R may play a role in the

development of IIM through the NLRP3 inflammasome/IL-1b
pathway. BBG inhibits the P2X7R-mediated NLRP3/IL-1b
pathway, reduces inflammation, and gradually restores function.
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In summary, glyburide and BBG are promising therapeutic

agents for the treatment of IIMs. However, these findings are based

solely on experiments in animals, further research is needed to

confirm their efficacy and safety in clinical settings.
Interactions of NLRP3 inflammasome
with other pathways

Metabolic pathway

The rapidly developing field of immunometabolism delves deep

into the intricate interplay between metabolic reprogramming and

immune system function, providing new insights into immune

responses in health and disease (75). Cellular metabolism involves

six major pathways: glycolysis, tricarboxylic acid (TCA) cycle, fatty

acid oxidation, fatty acid synthesis, amino acid metabolism, and

pentose phosphate pathway (76). Glycolysis converts glucose to

pyruvate and generates adenosine triphosphate (ATP). Under

normal oxygen conditions, pyruvate enters the TCA cycle and

undergoes oxidative phosphorylation, while under low oxygen

conditions, it is converted to lactate (77).

Skeletal muscle is a key component in glucose uptake, containing

numerous energy-sensing molecules that respond to changes in

energy homeostasis in pathological conditions (78). Intrinsic

immune receptors on muscle cells and immune cells, such as Toll-

like receptors and nucleotide-binding oligomerization domain-like

receptors, can influence muscle metabolism through intercellular

communication (79–81). Mass spectrometry and bioinformatics

studies have shown disturbances in various glycolytic processes,

NLRP3 inflammasomes, and programmed cell death pathways in

muscle tissues of patients with DM/PM (82). Upregulation of

pyruvate kinase M2 (PKM2) was observed in muscle fibers of DM/

PM patients and was positively correlated with the expression levels

of NLRP3 inflammasomes (82).

In addition, a protein related to pyroptosis is elevated in DM/

PM muscle tissues, with a more pronounced effect in PM. In

myositis patients expressing anti-signal recognition particle

autoantibodies, levels of PKM2 in muscle tissue and interleukin-

1b (IL-1b) in plasma are high, indicating a link between metabolic

imbalance and immune activation. The PKM2 inhibitor shikonin

has been found to reduce the activation of NLRP3 inflammasomes

in muscle fibers stimulated by IFNg, reducing pyroptotic cell death,
underscoring the role of NLRP3 inflammasomes in the

pathogenesis of IIM (82).
Neutrophil extracellular traps pathway

In recent years, research has revealed that neutrophil

dysregulation is a driving factor behind IIMs (83, 84). NETs serve

as biomarkers for disease activity and are crucial in the pathogenesis

of IIMs (85, 86). When stimulated, neutrophils form a DNA-based

protein network, including histones, myeloperoxidase (MPO),
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neutrophil elastase, antimicrobial peptide LL-37, matrix

metalloproteinase 9 (MMP9), and other granular proteins, which

eliminate pathogens (87, 88). This process is known as NETosis (89–

92). NETs undeniably enhance host defenses by capturing pathogens.

However, excessive activation and insufficient degradation of NETs

can worsen inflammation, and tissue damage, and cause autoimmune

diseases like IIMs (86, 93, 94). NETosis releases nuclear contents into

the extracellular space, akin to damage-associated molecular patterns

(DAMPs). In autoimmune diseases such as IIM, excessive NET

formation leads to tissue damage and disease progression. In IIM-

ILD, NETs can harm pulmonary vascular endothelial cells, increasing

vascular permeability and causing edema (95). By promoting lung

fibroblast proliferation and differentiation into myofibroblasts, NETs

contribute to pulmonary fibrosis via the TLR9-miR-7-Smad2

pathway (96). NETs can activate the NLRP3 inflammasome,

resulting in the release of IL-1b and other pro-inflammatory

cytokines, amplifying the inflammatory response in IIM (97).

Experimental autoimmune myositis (EAM) mouse models have

provided insights into NETs’ role in IIM-ILD (98). These models

show increased NET formation following immunization with skeletal

muscle homogenate and pertussis toxin (PTX) (98), with NET

presence in the lungs correlating with ILD severity, indicating a

pathogenic role for NETs.

Given NETs’ role in IIM-ILD, targeting their formation or

degradation could offer new therapeutic strategies. Small

molecules or biologics that inhibit NET release by neutrophils

might reduce tissue damage and inflammation in IIM (99, 100).

Enhancing DNase I activity or other enzymes degrading NETs

could mitigate excessive NET formation effects (101). Targeting the

NLRP3 inflammasome or other downstream pathways activated by

NETs might provide additional therapeutic benefits (102–104).

Further research is required to fully understand NETs’

contribution to IIM pathogenesis and develop targeted therapies

for managing IIM-ILD. Future studies should investigate specific

NET components, genetic factors influencing NET formation, and

novel therapeutic agents that modulate NET-associated pathways.
Autophagy and endoplasmic reticulum
stress pathways

NLRP3 inflammasome can interact with other cellular

pathways, such as autophagy and endoplasmic reticulum (ER)

stress, which can be particularly relevant in muscle cells under

metabolic stress (105–107). The dysregulation of these pathways

can lead to the accumulation of damaged organelles and protein

aggregates, which can activate the NLRP3 inflammasome (107).

Inclusion body myositis (IBM) is a complex muscle disease

characterized by progressive muscle weakness and atrophy,

significantly impacting the quality of life of affected individuals.

The pathogenesis of IBM is not fully understood, but it has been

recognized that both inflammatory and degenerative mechanisms

play a role in the onset and progression of the disease. In IBM,

NLRP3 inflammasome is upregulated, and its activation is

associated with the accumulation of characteristic protein
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aggregates (107). These aggregates include b-amyloid proteins,

tau proteins, and others found in neurodegenerative diseases,

suggesting a potential common pathological mechanism (108).

Autophagy is the cellular process responsible for degrading and

recycling damaged proteins and organelles. Dysfunction of autophagy

is associated with IBM as it may lead to the accumulation of protein

aggregates and promote muscle fiber degeneration. The NLRP3

inflammasome can be activated by dysfunctional autophagy activity

and reactive oxygen species (ROS) that play a significant role in IBM

pathophysiology. Therefore, there is a reciprocal relationship between

autophagy and activation of the NLRP3 inflammasome, and they can

mutually influence each other (109).

Endoplasmic reticulum(ER) stress is another key factor in the

pathogenesis of IBM. The ER is responsible for protein folding and

modifications. When its function is impaired, it may lead to the

accumulation of misfolded proteins, which can aggregate. NLRP3

inflammasome can be activated by ER stress. Conversely, activation

of NLRP3 inflammasome may further impair ER function, forming

a vicious cycle, and exacerbating muscle fiber damage and

inflammation (108).

The upregulation of NLRP3 in IBM is associated with

inflammatory cytokines and ubiquitin (a marker of protein

degradation) levels (109). This indicates that the complex

interactions between NLRP3 inflammasome, autophagy, and ER

stress may be key driving factors in the pathogenesis of IBM.

However, further studies are needed to elucidate the exact roles of

these pathways in the pathogenesis of IBM. Understanding the

complex interactions between NLRP3 inflammasome, autophagy,

and ER stress may provide new insights for therapies for IBM and

other muscle diseases characterized by protein aggregation

and inflammation.
NLRP3 inhibitors

In DM, PM, IBM, and anti-synthetase syndrome, the NLRP3

inflammasome has been shown to play a central role. Targeting the

NLRP3 inflammasome may bring new hope for the treatment of IIM.

Several types of NLRP3 inhibitors have been identified, including

Glyburide, synthetic small molecules such as MCC950, JC124, BHB,

CY-09, and OLT1177, natural products such as Shikonin,

Parthenolide, Tranilast, and Oridonin (Table 2). These inhibitors

have shown high efficiency and specificity in inhibiting NLRP3

activation, providing valuable tools for studying the pathogenesis of

diseases (123–125). Pharmacological modulation of NLRP3

inflammasomes has been explored in preclinical models of diseases

such as atherosclerosis (126), gout (127), and inflammatory bowel

disease (128), providing promising evidence of the potential of

NLRP3 inhibitors in the treatment of inflammatory diseases.

Glyburide is a sulfonylurea antidiabetic drug that can block the ATP-

sensitive K+ channels on pancreatic b-cells (129). Recent studies have
reported its potential anti-inflammatory effects, which can inhibit the

expression of NLRP3 inflammasome (129). Following glyburide

intervention, the expression levels of NLRP3, IL-1b, and IL-18 in mice

decreased, muscle strength improved, and ulcers and purulent sites
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began to scab (68). These findings suggest that the NLRP3

inflammasome-mediated IL-1b/IL-18 pathway is related to the

pathogenesis of IIMs. The hypoglycemic side effects of glyburide limit

its widespread use, therefore, the development of glyburide analogs is

expected to become a new targeted drug for controlling or treating IIM.
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MCC950 is a sulfonylurea derivative and a selective inhibitor of

NLRP3, specifically inhibiting the activation of NLRP3 without

affecting AIM2, NLRC4, or NLRP1 inflammasomes, with no risk of

hypoglycemia (123, 130). Previous reports have indicated that

MCC950 can block the processing of IL-1b by caspase-1 (123, 130),
TABLE 2 Structure, target, and mechanism of potential inhibitors of NLRP3 inflammasome.

Agent Structure Target Potential mechanism References

Gyburide NLRP3
(indirectly)

Inhibits ATP-sensitive K+channels;
Downstream of P2X7 resulting in inhibition of ASO aggregation.

(110)

MCC950 NLRP3 Alkylates the cysteines in the ATPase domain of NLRP3,
inhibitsNLRP3 ATPase activity.

(111, 112)

JC124 NLRP3? Blocks the expression of NLRP3,
ASC, caspase-1, pro-1L-1b, TNFa and iNOS.

(113, 114)

b-
hydroxybutyrate
(BHB)

NLRP3
(indirecty)

Covalent modification of the catalytic cysteine residue in the active
site caspase-1 resulting in caspase-1 blocking and resulting of pro-IL-
1b/18.

(115)

CY-09 NLRP3 Blocks the ATPase domain of NLRP3 resulting in inhibition of
canonical and non-canonical NLRP3 inflammasome activation.

(116)

OLT1177 NLRP3 Inhibits NLRP3 ATPase activity, and blocks NLRP3
inflammasome activation.

(117)

Shikonin NLRP3
(indirectly)

inhibiting the activation of PKM2 (118)

Parthenolide NLRP1,
NLRP3

Suppresses IL-1b/18 release. (119, 120)

Tranilast NLRP3
(indirecty)

Inhibits NLRP3 ATPase activity by cysteine modification, blocks
NLRP3inflammasome activation.

(121)

Oridonin NLRP3 Inhibits NLRP3 ATPase activity, blocks NLRP3 inflammasome
activation.
Binds to cysteine of NLRP3 to abolish NLRP3-NEK7 interaction,
blocks NLRP3 inflammasome activation.

(122)
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and subsequent studies have suggested its potential to simultaneously

inhibit both canonical and non-canonical NLRP3 inflammasome

activation and IL-1b production by blocking ASC aggregation (123,

130). In the context of IIM, MCC950 has been shown to reduce the

overexpression of MHC-I in C2C12 cells co-cultured under LPS/ATP

challenge (67). In vitro experiments, pretreatment with MCC950

effectively inhibited NLRP3 inflammasome and pyroptosis activation

in human pulmonary microvascular endothelial cells (HPMECs)

stimulated by NETs (110). In vivo, inhibition of NLRP3

inflammasome by MCC950 reduced the expression of NLRP3, IL-

1b, and MHC-I in muscle tissues of PM model rats, alleviating the

severity of muscle inflammation and the levels of CRP, CK, and LDH

in serum (65). MCC950 effectively inhibited the activation of NLRP3

inflammasomes in lung microvascular endothelial cells (PMECs) in a

mouse model of experimental autoimmune myositis (110). The anti-

inflammatory and anti-pyroptotic effects of MCC950 have also been

confirmed in Duchenne muscular dystrophy muscle specimens.

Shikonin is a traditional Chinese medicine isolated from

Lithospermum erythrorhizon, a plant of the Lithospermum

genus, and has anti-cancer and anti-inflammatory properties

(111). As a PKM2 inhibitor, Shikonin can prevent muscle cell

pyroptosis by indirectly inhibiting the activation of the NLRP3

inflammasome (82, 111), potentially providing therapeutic benefits

in idiopathic inflammatory myopathies.

Some other NLRP3 inhibitors have been studied for other

metabolic and autoimmune diseases, but have not been tested in the

context of IIM. JC124 is an innovative sulfonamide analogue that has

been shown to provide significant anti-inflammatory benefits in the

context of traumatic brain injury (112), acute myocardial infarction,

and Alzheimer’s disease (131). The compound demonstrates its efficacy

by significantly downregulating the expression of key inflammatory

mediators [including NLRP3, ASC, caspase-1, pro-IL-1b, TNFa, and
inducible nitric oxide synthase (iNOS)], all of which are critical steps in

the inflammatory cascade. Beta-hydroxybutyrate (BHB) is a ketone

body that supports mammalian cell metabolism during energy

deficiency, serving as an alternative source of ATP and exerting its

antioxidant effects, with neuroprotective properties (118). In 2015,

Youm et al. reported that BHB can inhibit the activation of the NLRP3

inflammasome without affecting the activation of NLRC4, AIM2, or

the non-Canonicalal caspase-11 inflammasome, and inhibits NLRP3

inflammasome by preventing K+ efflux, reducing ASC aggregation,

and speck formation (118). CY-09 is a small molecule compound

specifically developed to inhibit the assembly and activation of the

NLRP3 inflammasome by binding to the ATP binding site of the

NLRP3 NACHT domain, suppressing NLRP3 ATPase activity (113). It

has shown excellent therapeutic effects in vivo in CAPS and T2D

mouse models. OLT1177 is a b-sulfonyl nitrile identified as a drug

candidate for the treatment of osteoarthritis and acute gouty arthritis

(114). It inhibits the activity of NLRP3 ATPase, blocking the activation

of the NLRP3 inflammasome, with no effect on the NLRC4 and AIM2

inflammasomes (114). It has potential in the treatment of NLRP3-

related diseases. Parthenolide is a sesquiterpene lactone derived from

the plant Tanacetum parthenium. It reduces NLRP3 ATPase and

caspase-1 activity by inhibiting NF-kB (115, 116). Tranilast, a

tryptophan metabolite analogue, inhibits NLRP3 ATPase activity
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through cysteine modification and blocks the activation of NLRP3

inflammasome (117). Oridonin, a bioactive diterpenoid, mainly

derived from the herbal plant Rabdosia rubescens, eliminates the

interaction between NLRP3 and NEK7 by binding to the cysteine of

NLRP3, thus blocking the activation of NLRP3 inflammasome (119).

It is looking forward to more research to elucidate the

therapeutic potential of these inhibitors in IIM.
AIM2 inflammasome in IIM

The absence of melanoma 2 (AIM2), a member of the AIM-like

receptor (ALR) family, plays a critical role in the intracellular DNA

innate immune response. It is a 39 kDa protein composed of 344

amino acids, and the encoding gene AIM2 is located in the q22

region of human chromosome 1 (120, 121). Cloned in 1997 as a

tumor suppressor, AIM2 gained attention only in 2009. It is

characterized by an N-terminal pyrin domain (PYD) and a C-

terminal HIN-200 domain, also known as the PYHIN domain,

which is crucial for recognizing double-stranded DNA (dsDNA)

(122, 132). Upon dsDNA recognition, AIM2 initiates the assembly

of ASC, leading to the proteolytic activation of pro-caspase-1. This

activation is essential for the AIM2 inflammasome complex, with

significant implications for regulating inflammatory responses

(133–136). AIM2’s sensitivity to dsDNA is highly dependent on

the length and sequence of DNA, with the optimal response

occurring between 80 and 200 base pairs (137).

In addition to tissue damage caused by various infections,

radiation, systemic lupus erythematosus, and rheumatoid arthritis

(138–140), AIM2 also plays an important role in the progression of

myositis (141). Loell et al. demonstrated through transcriptome

microarray technology and immunoblotting that immunosuppressive

therapy can downregulate the expression of AIM2 and caspase-1 in

skeletal muscle samples from patients with DM and PM, suggesting

that this may be a potential therapeutic strategy to reduce inflammation

in IIM patients. The balance between the anti-inflammatory effects and

the negative impact on muscle remodeling must be considered (141).
Interactions of AIM2 inflammasome
with other pathways

cGAS-STING pathway

The activity of AIM2 is regulated by its interaction with other

innate immune sensors and cellular homeostasis. It interacts with

the cGAS-STING pathway, which triggers type I interferon

responses in response to cytoplasmic dsDNA. While the cGAS-

STING signaling pathway can promote the initial activation of

AIM2 inflammasomes, the AIM2 inflammasomes can also inhibit

the cGAS-STING signaling pathway through the disruption of

intracellular potassium levels caused by caspase-1-mediated

cleavage of cGAS and GSDMD pore formation (142). Baatarjav

et al. found that AIM2 deficiency leads to macrophage

accumulation and impaired renal function recovery, and further
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studies revealed that AIM2 deficiency exacerbates inflammation

through the STING-TBK1-IRF3/NF-kB signaling pathway, even in

the absence of IL-1b mobilization (143).
AIM2 interaction with NLRP3

Multiple reports indicate that these two inflammasomes

are essential in many inflammatory responses, including

bacterial infections, malaria parasite infections, and STING

agonist stimulation (144–146). AIM2 is also involved in a
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form of mixed cell death pathway called PANoptosis, which

simultaneously activates pyroptosis, programmed cell death, and

necrotic cell death, where AIM2 has been reported to form a

complex with pyrin and ZBP1 to execute this form of

inflammatory cell death (147). Furthermore, changes in cellular

metabolism also affect AIM2 responses. For example, excess

cholesterol can trigger the release of mitochondrial DNA

(mtDNA) and the activation of AIM2 (148). There are reports

indicating that upregulation of the glycolytic enzyme pyruvate

kinase M2 subtype in macrophages initiates the response of AIM2

and NLRP3 inflammasomes (149).
TABLE 3 Structure, target, and mechanism of potential inhibitors of AIM2 inflammasome.

Agent Structure Target(s) Potential mechanism References

andrographolide AIM2
inflammasome
activation

preventing AIM2 translocation to the nucleus (144, 150)

EFLA 945
(resveratrol )

AIM2
inflammasome

restrict the AIM2 inflammasome activation through preventing DNA entry (151)

Quercetin NLRP3
inflammasomes,
AIM2
inflammasomes
direct inhibitor

Phosphorylate ASC and inhibit pro-
caspase-1 recruitment

(152, 153)

RGFP966 AIM2
inflammasomes

selectively inhibit histone deacetylase 3, modulates the acetylation and
phosphorylation of STAT1 to suppress AIM2,

(154)

Cornus
officinalis
Seed Extract

AIM2
inflammasomes

inhibited the cleavage of caspase-1, the translocation and speck formation
of ASC,inhibit AIM2 speck formation

(155)

Ginsenoside NLRP3
inflammasome
AIM2
inflammasome
(predominant)

Attenuate IL-1b secretion as well as pathogen clearance ,inhibit AIM2
inflammasome activation.

(156)

4-sulfonic
Calixarenes

cGAS,TLR9, AIM2
inflammasomes
(direct inhibitor)

Bind completelyto the DNA binding inflammasomes site through exposed
sulfonic acid group to suppress AIM2 inflammasomes formation

(157)
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AIM2 inhibitors

In the process of searching for AIM2 inflammasome inhibitors,

various natural products have shown potential (Table 3). The

diterpene lactone andrographolide from Andrographis paniculata

has been suggested to inhibit the activation of the AIM2

inflammasome by preventing AIM2 translocation to the nucleus

(158), significantly improving radiation-induced lung injury and

alleviating the progression of radiation pneumonitis and lung

fibrosis (141). Extracts from Cornus officinalis and Panax ginseng,

known as ginsenosides, have been shown to inhibit the secretion of

IL-1b and IL-18 induced by AIM2 inflammasome activation, as well

as the aggregation of ASC and cleavage of Gasdermin D (159, 160).

EFLA945 is a water-soluble extract from Vitis amurensis leaves

containing resveratrol and paeoniflorin 3-O-glucoside, which may

inhibit AIM2-dependent IL-1b secretion associated with the

pathogenesis of psoriasis (150). Quercetin, a flavonoid with anti-

inflammatory properties, has been shown to downregulate the

expression of AIM2 and pro-caspase-1 in keratinocytes

stimulated by IFN-g and poly(dA:dT), thereby inhibiting the

JAK2/STAT1 pathway and reducing inflammation caused by

inflammatory skin diseases (155, 156).

A group of compounds also showed inhibitory effects on the

AIM2 inflammasome, demonstrating their therapeutic potential

(Table 3). RGFP966 is a selective inhibitor of histone deacetylase

3 that inhibits AIM2 by regulating the acetylation and

phosphorylation of STAT1, thereby alleviating ischemic brain

injury (151). 4-sulfonated macrocyclic compounds bind to the
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DNA-binding inflammasome site, inhibiting the formation of the

AIM2 inflammasome through exposed sulfonate groups (152).

Synthetic oligonucleotides, super ODNs containing the TTAGGG

sequence, can compete with dsDNA to bind to the HIN200 domain

of AIM2, thereby inhibiting the activation of the AIM2

inflammasome (153). POP3 can directly bind to the PYD domain

of AIM2, prevent interaction with ASC, and inhibit the secretion of

IL-1b (154).

Inhibitors targeting AIM2 have shown great potential in

treating autoimmune diseases. Future research is expected to

explore the role of AIM2 in the pathogenesis of IIMs, and the

mechanism of action, efficacy, and safety of AIM2 inhibitors.
Caspases

Caspases are a family of endopeptidases that specifically cleave

their substrates at aspartic or glutamic acid residues, playing a

pivotal role in the regulation of cellular processes (157). In

mammalian cells, this family encompasses at least 14 distinct

members (161–163). They are broadly classified into two

functional groups: apoptotic caspases and inflammatory caspases,

as detailed in Table 4.

Apoptotic caspases are instrumental in initiating and executing

apoptosis, a tightly regulated process that typically does not trigger

an immune response (164). These caspases can be further divided

into initiator and effector caspases based on their roles in the

apoptotic pathway (164–166). Initiator caspases, such as caspase-
TABLE 4 Classification, Structure and Function of Caspases (164–166).

Classification Caspase Structure Function

inflammatory
caspase

initiator caspase caspase-1 It can cleave a variety of
substrates, including pro-IL-1b,
pro-IL-18, and GSDMD.

caspase-4h/5h/11m They can cleave GSDMD into
N-GSDMD, but can not cleave
pro-IL-1b/pro-IL-18.
Nevertheless, they can facilitate
the maturation and secretion of
IL-1b/IL-18 through the
NLRP3/caspase-1 pathway.

caspase-12 undefined.

caspase-13(bovine) unknown

Apoptotic
Caspase

initiator caspase caspase-2 Its function is described to be
cell-cycle related.

caspase-8\10 To initiate apoptosis via
activating the executioner
caspases-3, -6, and -7.

caspase-9

effector caspases caspase-3 They are responsible for the
characteristic morphological
changes of apoptosis.caspase-6\7

undefined caspase-14 It is linked to
cell differentiation.
m, murine and h, human.
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2, -8, -9, and -10, act as proteolytic signal amplifiers, responsible for

activating the downstream effector caspases. Effector caspases,

including caspase-3, -6, and -7, are tasked with cleaving a variety

of cellular proteins at specific sites, thereby facilitating the

progression of apoptosis.

In contrast, inflammatory caspases, which include caspase-1, -4,

-5, and-11. Research has indicated that Caspase-1 plays a critical

role in orchestrating the canonical pyroptotic cascade, while

Caspase-4 and -5 in humans, along with Caspase-11 in murine

models, govern the noncanonical pyroptotic pathway (163, 165).

The roles of caspase-12, -13, and -14 are less defined and are

subjects of ongoing research (161, 163). Interestingly, Caspase-3 is

primarily associated with apoptosis, but recent studies have

suggested that influenced by TNF or various chemotherapeutic

agents, GSDME may induce a transition from apoptotic to

pyroptotic cellular death through Caspase-3 modulation (29).
Caspase-1 in IIM

In IIM, the caspase-1-mediated canonical pathway has been

identified as a crucial element in the pathogenesis. Caspase-1 is a

key enzyme responsible for protein hydrolysis in the pyroptosis

pathway. In the cytoplasm, pro-caspase-1 exists initially in an

inactive state. Upon stimulation by various factors, it is activated

from its inactive pro-form pro-caspase-1 to an active state by the

inflammasome complex, leading to its self-cleavage into p20 and

p10 subunits, forming an active p20/p10 heterodimeric enzyme.

Activated caspase-1 converts pro-interleukins, such as pro-IL-1b
and pro-IL-18, into their active forms IL-1b and IL-18, enhancing

the inflammatory response, cleaving GSDM D into N-terminal and

C-terminal fragments, thus leading to pyroptosis (166). This

activation is crucial for regulating cell death and inflammatory

responses, emphasizing its role in IIM (167).

In DM/PM patients, studies have shown that caspase-1 is

mainly located in the muscle fiber sarcolemma and is associated

with sites of tissue regeneration (167). The distribution of active
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caspase-1 is similar to IL-1b, with increased levels of caspase-1

mRNA and caspase-1 p20 protein (64, 82). Experimental

autoimmune myositis (EAM) mouse models also show a

significant increase in the expression of caspase-1 mRNA and

proteins, including pro-caspase-1 and its cleaved form caspase-1

p20, compared to control groups (64). These findings suggest that

caspase-1 is involved in the activation of proIL-1b and plays a role

in cell proliferation.

Death cells may serve as a repository of self-antigens, triggering

systemic autoimmunity in susceptible individuals. Anti-PM/Scl

autoantibodies are common in patients with overlap myositis and

scleroderma, targeting the exosome subunit PM/Scl-75. Schilders

demonstrated that cleavage of PM/Scl-75 was inhibited by caspase

inhibitors, with caspase-1 being the most effective, followed by

caspase-8, while inhibition by caspase-3 and -7 was weaker (168).

Cleavage occurs at Asp369 at the C-terminal, with the N-terminal

fragment still attached to the exosome (168). Follicular T helper

(TFH) cells participate in B cell differentiation and autoantibody

production. In anti-MDA5 positive IIM patients, there is a

significant increase in active caspase-1 on TFH cells, suggesting a

role for caspase-1 on TFH cells in the pathogenesis of anti-MDA5

positive IIM and potentially serving as a disease biomarker for this

patient subgroup (169).
Caspase-1 inhibitors

Comprehensive research has highlighted the key role of caspase-1

in the pathophysiology of IIM (64, 66, 82, 108, 141, 167–169),

indicating its potential as a biomarker of disease activity and

therapeutic target (Table 5). The discovery of small PYD or

CARD-only proteins (POPs and COPs) has introduced new

regulatory mechanisms. Devi S et al. demonstrated that COPs can

regulate the activation of inflammasomes by altering CARD-CARD

interactions, thereby reducing the activation of NLRP3

inflammasomes and disease progression (173). Zhou Y et al.

showed the therapeutic potential of extracellular vesicles containing
TABLE 5 Structure, target, and mechanism of potential inhibitors of caspase-1.

Agent Structure Target Potential mechanism References

VX-765 Caspase-1 Suppresses interleukin-1b levels and inhibits Th17 responses and
germinal center reactions.

(170)

CZL80 Caspase-1 It is a structure‐matching compound with a strong affinity to the
active sites of caspase‐1.

(171)

AC-
YVAD-
CMK

selective
caspase-
1 inhibitor

decrease the expression of NLRP1 inflammasome, and relieve the
release of IL-1b and IL-18 induced by NLRP1 inflammasome.

(172)
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1449969
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2024.1449969
a caspase-1 inhibitor (EVs-VX-765) derived from dendritic cells,

which significantly suppressed levels of interleukin-1b and inhibited

Th17 responses and follicular reactions. This approach holds promise

in the treatment of myasthenia gravis and other autoimmune

diseases, including IIM (174). CZL80 is a compound with a strong

affinity for the active site of caspase-1 (175). AC-YVAD-CMK is a

selective caspase-1 inhibitor that reduces the expression of NLRP1

inflammasomes and alleviates the release of IL-1b and IL-18 induced

by NLRP1 inflammasomes (176) (Table 6).
Human caspase-4, -5, or mouse caspase-
11 in IIM

Human caspase-4 and -5, as well as their murine homolog caspase-

11, are critical cysteine proteases in immune responses, particularly in

inflammasome complexes activation (170–172, 181). These enzymes

are crucial for sensing cytoplasmic lipopolysaccharide (LPS) from

Gram-negative bacteria, which is a major trigger of inflammation.

Caspase-4/5/11 is activated by binding to LPS through its

caspase recruitment domain (CARD), leading to its aggregation

and self-cleavage, forming noncanonical inflammasomes. This

process operates without additional adapter proteins or cofactors,

making caspase-4/5/11 sensors and effectors in immune responses

(23). Once activated, these caspases initiate proteolytic processing of

the ubiquitin-1 transmembrane channel, promoting ATP release

and subsequent activation of the P2X7 receptor channel. They also

cleave GSDMD to form membrane pores, triggering pyroptosis, a

programmed cell death that facilitates the release of inflammatory

cytokines such as interleukin-1b (IL-1b) and IL-18, crucial for
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defending against bacterial infections. Notably, caspase-4/5/11

does not process pro-IL-1b into its mature form (22, 182);

instead, it induces cell death through GSDMD cleavage, and the

release of IL-1b depends on subsequent caspase-1 activation

(183, 184).

Elevated caspase-4, caspase-5, GSDMD, NLRP3, ubiquitin-1,

and purinergic receptor P2X7 were observed in the muscles of DM

and PM patients. The positive correlation between muscular tissue

pathology scores and these protein markers suggests a direct link

between muscle pathology and their expression (185).

In mice, the activation of caspase-11 is driven by type I

interferons (IFNs), and its activation is weakened in the absence

of type I IFN signaling during bacterial infection (186–188). This

response is crucial for caspase-11 to interact with its ligands, as IFN-

induced GTPases disrupt pathogen-containing vacuoles, allowing

caspase-11 to detect cytosolic LPS (120). Human guanylate-binding

protein-1 (hGBP1) assists caspase-4 in detecting LPS through a

“detergent-like” mechanism, exposing lipid A in the outer

membrane of Gram-negative bacteria (189–191). Another

pathway for cytosolic LPS entry involves host proteins, with

HMGB1-bound LPS mediating caspase-11 activation (189).

Caspase-11 promotes potassium efflux through GSDMD cleavage

and pore formation, leading to the activation of NLRP3 and the

release of IL-1b.
Apart from detecting LPS, noncanonical caspases also possess

pattern recognition receptor (PRR) activity; for instance, caspase-11

can bind oxidized phospholipids (oxPAPC) derived from dying

cells as damage-associated molecular patterns (DAMPs) to trigger

IL-1b release and pyroptosis (192). However, other studies have

shown that oxPAPC binds caspase-4 and caspase-11 to inhibit the
TABLE 6 Characteristics of gasdermin family members (177–180).

Protein Chromosome Normal human
tissue expression

Activation
mechanism

Biological function

sGSDMA 17q21.1 (H),
11D (M)

Gut epithelium, skin,
mammary gland, and kidney

Streptococcus pyogenes
(SpeB virulence factor)

It is associated with mitochondrial homeostasis. Gasdermin A gene
mutation can cause alopecia, asthma, local cutaneous sclerosis, and
inflammatory bowel disease.

GSDMB 17q21 (H) Esophagus and
gastrointestinal epithelium,
respiratory system, liver,
colon, and lymphocytes

Caspase 1; granzyme A;
caspase-3, -6 and -7
in vitro

It is associated with pyroptosis and anti-tumor immunity.
Gasdermin B mutation can cause breast cancer and asthma

GSDMC 8q24.21 (H),
15D1 (M)

Stomach, small intestine,
cecum and colon epithelium,
airway epithelium, skin,
spleen, vagina, and bladder

Caspase 8 GSDMC/caspase-8 mediates a non-canonical pyroptosis pathway in
cancer cells, causing tumor necrosis.

GSDMD 8q24.3 (H),
15D3 (M)

Immune cells, liver, gut
epithelium, kidney

Caspases 1, 4 and 5 (h);
caspases 1 and 11 (m);
caspase 8; cathepsin G;
neutrophil elastase

It is associated with pyroptosis which is crucial for maintaining
immune homeostasis, host defense against infections and various
inflammation, such T2DM, cryopyrin-associated periodic
syndromes, sepsis and autoinflammatory (25, 41–43).

GSDME
(DFNA5)

7p15.3 (H),
6B2.3 (M)

Placenta, heart, brain
and kidney

Caspases 3, 7, and 8;
granzyme B

It is associated with hearing impairment, cancer, and
autoimmune disease.

PJVK
(DFNB59)

2q31.2 (H), 2C3 (M) Auditory system, including
neurons, hair cells, supporting
cells, and spiral ganglion cells
in the inner ear

Unknown It is associated with hearing impairment in humans and mice.
m, murine and h, human.
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activation of noncanonical inflammasomes (193). These conflicting

results may stem from differences in specific oxPAPC moieties,

which require further investigation (194).

Understanding the roles of caspase-4, caspase-5, and caspase-11

in myositis and other inflammatory conditions is crucial for the

development of targeted therapies. Modulating their activities may

help reduce inflammation and muscle damage, or enhance

pathogen clearance, providing potential therapeutic options for

inflammatory muscle diseases.
Gasdermins

Gasdermin (GSDM) is the executor of pyroptosis. GSDM was

initially discovered in the gastrointestinal tract and skin, hence the

name (“gas-dermin”). GSDMs are a functionally diverse family of

proteins, including GSDMA, GSDMB, GSDMC, GSDMD, GSDME

(or DFNA5), and PJVK (DFNB59), which are expressed in multiple

cell types and tissues (195) (Table 5). GSDM is the core of pyroptotic

execution, mediating the formation of membrane pores and leading

to cell lysis (196). Except for PJVK (DFNB59), whose function

remains unclear, these proteins all contain an N-terminal domain

with the intrinsic ability to form necrotic pores and a C-terminal

domain that regulates cell death inhibition through interactions

within the molecule (23, 177, 197). Protein proteolytic cleavage

occurs at the junction between the N-terminal and C-terminal

domains of GSDM, releasing the C-terminal domain, thereby

promoting translocation of the N-terminal domain of GSDM to
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the cell membrane, where it aggregates to form pores (23, 177, 197).

The N-terminal fragments of GSDMs have a high affinity for

phosphatidylinositol phosphates located in the inner leaflet of the

plasma membrane and a lower affinity for phosphatidylserine (178).

Additionally, GSDMs can also target cardiolipin primarily found in

mitochondrial and bacterial membranes (196).
GSDMD and GSDME in IIM

GSDMD is the most extensively studied member of the GSDM

family, located in the 8q24 region of chromosome 8. This protein is

widely distributed in various tissues and immune cells. Both human

and mouse GSDMD consist of a 31kDa NT pore-forming domain

and a 22kDa CT inhibitory domain, connected by a domain

containing a cleavage site. This connector is cleaved by Canonicalal

caspase-1 or non-Canonicalal caspase-4/5/11 upon activation of

various inflammasomes, leading to the separation of GSDMD-NT

and GSDMD-CT. GSDMD-NT is inserted into membranes and

polymerizes to form pores, releasing cytokines (179, 180, 198).

GSDMD, as a key executor of pyroptosis, plays a crucial role in the

development and progression of various inflammatory diseases,

autoimmune diseases, and many other systemic diseases (199).

Recent studies have found that the expression levels of Caspase-

4, Caspase-5, Caspase-11, and GSDMD proteins in the skeletal

muscle tissue of the EAM group were higher than those in the

control group. Additionally, the mRNA expression levels of

Caspase-11 and GSDMD in the EAM group were higher than
TABLE 7 Structure and mechanism of potential inhibitors of GSDMD inflammasome.

Agent Structure Potential mechanism References

Disulfiram
(DSF)

Modifying Cys191 of GSDMD and inhibiting the oligomerization of GSDMD-NT (204)

Necrosulfonamide
(NSA)

Binding directly to Cys191 of GSDMD and inhibiting the oligomerization of GSDMD-NT (205)

Dimethyl fumarate
(DMF)

Succinating Cys191 of GSDMD,blocking caspase-GSDMD interactions and inhibiting the
oligomerization of GSDMD-NT

(206)

C202-2729 Binding directly to GSDMD-NT and inhibiting the oligomerization of GSDMD-NT (207)

GI-Y1 Target Arg7 residue of GSDMD-N, inhibit GSDMD-mediated lipid-binding, pore formation and
mitochondrial binding

(208)

LDC7559 Inhibit the cleavage of GSDMD in neutrophil cell death pathway (NETosis) (209)
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those in the control group. Furthermore, the levels of serum IL-18

and IL-1b detected in mice in the EAM group were higher than

those in the control group, suggesting that the non-Canonicalal

mediated activation of the GSDMD inflammatory necrosis pathway

may be related to the pathogenesis of IIM (67).

Interstitial lung involvement is a prominent feature of IIM-ILD,

and endothelial injury may play a key role in the leakage. In the

experimental autoimmune myositis (EAM) model in mice, the

expression of downstream joint protein ASC, activated Caspase-1

fragment, pyroptosis protein GSDMD, and the related inflammation

factor IL-1b significantly increased in pulmonary microvascular

endothelial cells (PMECs), and this was also observed after in vitro

stimulation with NETs, suggesting that NETs-induced pyroptosis

occurs through the canonical pyroptosis pathway (110).

GSDME, historically known as DFNA5, is associated with

hereditary hearing loss (198). It is activated by cleavage of

Caspase-3, promoting the transition from apoptotic pathway to

pyroptosis. The activation of GSDME is related to the

mitochondrial apoptotic pathway, and when cells with high

GSDME expression undergo chemotherapy, apoptosis may

transition to pyroptosis (29, 200). Liu et al. found GSDME and

Caspase-3 in the muscle tissue immunohistochemical staining of

DM patients, providing preliminary evidence for the association

between GSDME-dependent pyroptosis and muscle bundle

atrophy (201).
GSDMD inhibitors

Given that GSDMD is a crucial protein in executing pyroptosis

and is associated with inflammation signaling, activation of various

inflammatory bodies, and the release of downstream inflammatory

cytokines, inhibiting its activation is thought to be an effective

approach to managing related inflammatory conditions. In recent

years, several small synthetic molecular inhibitors have been found

to inhibit GSDMD-mediated pyroptosis through different

mechanisms (202, 203) (Table 7).

Disulfiram(DSF), a drug for treating alcohol addiction, covalently

modifies human/mouse Cys191/Cys192 in GSDMD and inhibits the

oligomerization of GSDMD-NT (204). Necrosulfonamide (NSA) is a

small molecule that directly binds to Cys191 of GSDMD, preventing

the aggregation of GSDMD-NT, especially blocking MLKL, to inhibit

plasma membrane rupture and reduce cell death (205). Dimethyl

fumarate (DMF) is known for its anti-inflammatory and immune-

modulating properties, and studies have found its effectiveness in

treating diseases such as multiple sclerosis (MS) and psoriasis.

Although the exact mechanism is unclear, research has shown that

DMF modifies Cys191 of GSDMD and inhibits the polymerization of

GSDMD-NT (206). Furthermore, DMF is marketed under the brand

name Tecfidera for psoriasis management. NSA exhibits significant

therapeutic benefits in various diseases. C202-2729 is a small molecule

known for its strong anti-inflammatory effects. Its efficacy has been

demonstrated in mouse models of endotoxin shock and experimental

autoimmune encephalomyelitis (EAE), indicating its potential in

treating inflammatory diseases (207). The mechanism of action of

C202-2729 involves the direct binding of the N-terminus of GSDMD
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to inhibit GSDMD activation, thereby preventing the translocation of

the N-terminal GSDMD fragment to the cell membrane, inhibiting

pore formation, and the release of mature IL-1b, which is a key pro-

inflammatory cytokine (207). In 2023, a new GSDMD inhibitor, GI-

Y1, was discovered through virtual and pharmacological screening. GI-

Y1 inhibits GSDMD-mediated lipid binding, pore formation, and

mitochondrial binding by targeting the Arg7 residue of GSDMD-N

in cardiac muscle cells, suggesting its potential cardioprotective effects

against myocardial ischemia/reperfusion injury (208). LDC7559 is an

inhibitor of neutrophil extracellular traps, which binds to GSDMD and

inhibits NETosis. Mechanistically, LDC7559 can neutralize the toxicity

of GSDMD-N in humans and mice, showing a direct inhibitory effect

on GSDMD activity (209).

In conclusion, these findings underscore the key roles of

GSDMD and GSDME in the pathogenesis of pyroptosis, closely

associated with the occurrence and progression of DM and PM.

Inhibitors of GSDMD may present novel therapeutic opportunities

for the management of IIM. The potential to modulate GSDM

proteins offers a hopeful avenue for the development of treatment

strategies aimed at alleviating the burden of IIM by interrupting the

pyroptosis cascade reaction.
Conclusion and prospects

The pathogenesis of IIM is complex, involving the interplay of

immune dysregulation, inflammation, and cellular stress. Pyroptosis

has emerged as a key pathological process in IIM, with NLRP3 and

AIM2 inflammasomes, caspases, and gasdermin proteins playing

central roles, which may offer new therapeutic strategies for IIM.

Future directions in IIM research should include detailed

explorations into the molecular mechanisms underlying pyroptosis,

the development of targeted therapies towards the pyroptotic pathway,

and evaluation of the efficacy and safety of these interventions in

clinical trials. Understanding the interactions between inflammasome-

mediated pyroptosis and other pathways, such as NETs, autophagy,

and endoplasmic reticulum stress, may reveal additional therapeutic

targets. The potential of immune metabolic pathways in regulating

pyroptosis also warrants exploration. Ultimately, a deeper

understanding of inflammasomes in IIM may lead to more effective

treatment approaches and improved patient outcomes.
Author contributions

RS: Funding acquisition, Writing – original draft ,

Conceptualization. JC: Writing – original draft. PL: Supervision,

Writing – review & editing, Conceptualization, Visualization.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by Natural Science Foundation of Liaoning Province
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1449969
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2024.1449969
(2019-MS-350); General Hospital of Northern Theater Command

Applied Basic Project (2021-HL-059).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Immunology 15122
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Tan JA, Roberts-Thomson PJ, Blumbergs P, Hakendorf P, Cox SR, Limaye V.
Incidence and prevalence of idiopathic inflammatory myopathies in South Australia: a
30-year epidemiologic study of histology-proven cases. Int J Rheum Dis. (2013) 16:331–
38. doi: 10.1111/j.1756-185X.2011.01669.x

2. Dobloug C, Garen T, Bitter H, Stjärne J, Stenseth G, Grøvle L, et al. Prevalence and
clinical characteristics of adult polymyositis and dermatomyositis; data from a large
and unselected Norwegian cohort. Ann Rheum. (2015) 74:1551–56. doi: 10.1136/
annrheumdis-2013-205127

3. Lundberg IE, de Visser M, Werth VP. Classification of myositis. Nat Rev
Rheumatol. (2018) . 14:269–78. doi: 10.1038/nrrheum.2018.41

4. McHugh NJ, Tansley SL. Autoantibodies in myositis. Nat Rev Rheumatol. (2018)
14:290–302. doi: 10.1038/nrrheum.2018.56

5. Pestronk A, Choksi R. Pathology features of immune and inflammatory
myopathies, including a polymyositis pattern, relate strongly to serum
autoantibodies. J Neuropathol Exp Neurol. (2021) 80:812–20. doi: 10.1093/jnen/nlab071

6. Shi J, Tang M, Zhou S, Xu D, Zhao J, Wu C, et al. Programmed cell death
pathways in the pathogenesis of idiopathic inflammatory myopathies. Front Immunol.
(2021) 12:783616. doi: 10.3389/fimmu.2021.783616

7. Hornung T, Wenzel J. Innate immune-response mechanisms in dermatomyositis:
an update on pathogenesis, diagnosis and treatment. Drugs. (2014) 74:981–98.
doi: 10.1007/s40265-014-0240-6

8. Taabazuing CY, Okondo MC, Bachovchin DA. Pyroptosis and apoptosis
pathways engage in bidirectional crosstalk in monocytes and macrophages. Cell
Chem Biol. (2017) 24:507–14.e4. doi: 10.1016/j.chembiol.2017.03.009

9. Jia C, Zhang J, Chen H, Zhuge Y, Chen H, Qian F, et al. Endothelial cell pyroptosis
plays an important role in Kawasaki disease via HMGB1/RAGE/cathespin B signaling
pathway and NLRP3 inflammasome activation. Cell Death Dis. (2019) 10:778.
doi: 10.1038/s41419-019-2021-3

10. Shi H, Gao Y, Dong Z, Yang J, Gao R, Li X, et al. GSDMD-mediated
cardiomyocyte pyroptosis promotes myocardial I/R injury. Circ Res. (2021) 129:383–
96. doi: 10.1161/CIRCRESAHA.120.318629

11. Man SM, Karki R, Kanneganti TD. Molecular mechanisms and functions of
pyroptosis, inflammatory caspases, and inflammasomes in infectious diseases.
Immunol Rev. (2017) 277:61–75. doi: 10.1111/imr.12534

12. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The pore-forming protein
gasdermin D regulates interleukin-1 secretion from living macrophages. Immunity.
(2018) 48:35–44.e6. doi: 10.1016/j.immuni.2017.11.013

13. Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele
P. Regulated necrosis: the expanding network of non-apoptotic cell death pathways.
Nat Rev Mol Cell Biol. (2014) 15:135–47. doi: 10.1038/nrm3737

14. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. Themolecular machinery
of regulated cell death. Cell Res. (2019) 29:347–64. doi: 10.1038/s41422-019-0164-5

15. Friedlander AM. Macrophages are sensitive to anthrax lethal toxin through an acid-
dependent process. J Biol Chem. (1986) 261:7123–6. doi: 10.1016/S0021-9258(17)38364-3

16. Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA,
et al. Molecular cloning of the interleukin-1 beta converting enzyme. Science. (1992)
256:97-100. doi: 10.1126/science.1373520

17. Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ,
et al. A novel heterodimeric cysteine protease is required for interleukin-1 beta
processing in monocytes. Nature. (1992) 356:768–74. doi: 10.1038/356768a0

18. Zychlinsky A, Prevost MC, Sansonetti PJ. Shigella flexneri induces apoptosis in
infected macrophages. Nature. (1992) 358:167–9. doi: 10.1038/358167a0

19. Chen Y, Smith MR, Thirumalai K, Zychlinsky A. A bacterial invasin induces
macrophage apoptosis by binding directly to ICE. EMBO J. (1996) 15:3853–60.
doi: 10.1002/j.1460-2075.1996.tb00759.x

20. Cookson BT, Brennan MA. Pro-inflammatory programmed cell death. Trends
Microbiol. (2001) 9:113–14. doi: 10.1016/s0966-842x(00)01936-3
21. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of proIL-beta. Mol Cell.
(2002) 10:417–26. doi: 10.1016/s1097-2765(02)00599-3

22. Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, et al.
Non-canonical inflammasome activation targets caspase-11. Nature. (2011) 479:117–
21. doi: 10.1038/nature10558

23. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases are
innate immune receptors for intracellular LPS. Nature. (2014) 514:187–92.
doi: 10.1038/nature13683

24. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660e5.
doi: 10.1038/nature15514

25. Broz P, Pelegrin P, Shao F. The gasdermins, a protein family executing cell death
and inflammation. Nat Rev Immunol. (2020) 20:143–57. doi: 10.1038/s41577-019-
0228-2

26. Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell
death. Trends Biochem Sci. (2017) 42:245–54. doi: 10.1016/j.tibs.2016.10.004

27. Liu Z, Wang C, Lin C. Pyroptosis as a double-edged sword: The pathogenic and
therapeutic roles in inflammatory diseases and cancers. Life Sci. (2023) 318:121498.
doi: 10.1016/j.lfs.2023.121498

28. Evavold C, Kagan J. How inflammasomes inform adaptive immunity. J Mol Biol.
(2018) 430:217–37. doi: 10.1016/j.jmb.2017.09.019

29. Wang Y, Gao W, Shi X, Ding J, Liu W, He H, et al. Chemotherapy drugs induce
pyroptosis through caspase-3 cleavage of a gasdermin. Nature. (2017) 547:99–103.
doi: 10.1038/nature22393

30. Sarhan J, Liu BC, Muendlein HI, Li P, Nilson R, Tang AY, et al. Caspase-8
induces cleavage of gasdermin D to elicit pyroptosis during yersinia infection. Proc Natl
Acad Sci USA. (2018) 115:E10888–97. doi: 10.1073/pnas.1809548115

31. Orning P, Weng D, Starheim K, Ratner D, Best Z, Lee B, et al. Pathogen blockade
of TAK1 triggers caspase-8-dependent cleavage of gasdermin D and cell death. Science.
(2018) 362:1064–9. doi: 10.1126/science.aau2818

32. Zhou Z, He H, Wang K, Shi X, Wang Y, Su Y, et al. Granzyme A from cytotoxic
lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. Science. (2020) 368:
eaaz7548. doi: 10.1126/science.aaz7548

33. Zhang Z, Zhang Y, Xia S, Kong Q, Li S, Liu X, et al. Gasdermin E suppresses
tumour growth by activating anti-tumour immunity. Nature. (2020) 579:415–20.
doi: 10.1038/s41586-020-2071-9

34. Fu J, Wu H. Structural mechanisms of NLRP3 inflammasome assembly and
activation. Annu Rev Immunol. (2023) 41:301–16. doi: 10.1146/annurev-immunol-
081022-021207

35. Dick MS, Sborgi L, Rühl S, Hiller S, Broz P. ASC filament formation serves as a
signal amplification mechanism for inflammasomes. Nat Commun. (2016) 7:11929.
doi: 10.1038/ncomms11929

36. Sharma BR, Kanneganti TD. NLRP3 inflammasome in cancer and metabolic
diseases. Nat Immunol. (2021) 22:550–9. doi: 10.1038/s41590-021-00886-5

37. Liu YR, Wang JQ, Li J. Role of NLRP3 in the pathogenesis and treatment of gout
arthritis. Front Immunol. (2023) 14:1137822. doi: 10.3389/fimmu.2023.1137822

38. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker A,
et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/
PS1 mice. Nature. (2013) 493:674–8. doi: 10.1038/nature11729

39. Cui Y, Yu H, Bu Z, Wen L, Yan L, Feng J. Focus on the role of the NLRP3
inflammasome in multiple sclerosis: pathogenesis, diagnosis, and therapeutics. Front
Mol Neurosci. (2022) 15:894298. doi: 10.3389/fnmol.2022.894298

40. Zhen Y, Zhang H. NLRP3 inflammasome and inflammatory bowel disease. Front
Immunol. (2019) 10:276. doi: 10.3389/fimmu.2019.00276

41. Guo W, Liu W, Jin B, Geng J, Li J, Ding H, et al. Asiatic acid ameliorates dextran
sulfate sodium-induced murine experimental colitis via suppressing mitochondria-
frontiersin.org

https://doi.org/10.1111/j.1756-185X.2011.01669.x
https://doi.org/10.1136/annrheumdis-2013-205127
https://doi.org/10.1136/annrheumdis-2013-205127
https://doi.org/10.1038/nrrheum.2018.41
https://doi.org/10.1038/nrrheum.2018.56
https://doi.org/10.1093/jnen/nlab071
https://doi.org/10.3389/fimmu.2021.783616
https://doi.org/10.1007/s40265-014-0240-6
https://doi.org/10.1016/j.chembiol.2017.03.009
https://doi.org/10.1038/s41419-019-2021-3
https://doi.org/10.1161/CIRCRESAHA.120.318629
https://doi.org/10.1111/imr.12534
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1038/nrm3737
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1016/S0021-9258(17)38364-3
https://doi.org/10.1126/science.1373520
https://doi.org/10.1038/356768a0
https://doi.org/10.1038/358167a0
https://doi.org/10.1002/j.1460-2075.1996.tb00759.x
https://doi.org/10.1016/s0966-842x(00)01936-3
https://doi.org/10.1016/s1097-2765(02)00599-3
https://doi.org/10.1038/nature10558
https://doi.org/10.1038/nature13683
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/j.lfs.2023.121498
https://doi.org/10.1016/j.jmb.2017.09.019
https://doi.org/10.1038/nature22393
https://doi.org/10.1073/pnas.1809548115
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1126/science.aaz7548
https://doi.org/10.1038/s41586-020-2071-9
https://doi.org/10.1146/annurev-immunol-081022-021207
https://doi.org/10.1146/annurev-immunol-081022-021207
https://doi.org/10.1038/ncomms11929
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.3389/fimmu.2023.1137822
https://doi.org/10.1038/nature11729
https://doi.org/10.3389/fnmol.2022.894298
https://doi.org/10.3389/fimmu.2019.00276
https://doi.org/10.3389/fimmu.2024.1449969
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sun et al. 10.3389/fimmu.2024.1449969
mediated NLRP3 inflammasome activation. Int Immunopharmacol. (2015) 24:232–8.
doi: 10.1016/j.intimp.2014.12.009

42. Zheng Y, Xu L, Dong N, Li F. NLRP3 inflammasome: The rising star in
cardiovascular diseases. Front Cardiovasc Med. (2022) 9:927061. doi: 10.3389/
fcvm.2022.927061

43. Yang Q, Yu C, Yang Z, Wei Q, Mu K, Zhang Y, et al. Deregulated NLRP3 and
NLRP1 inflammasomes and their correlations with disease activity in systemic lupus
erythematosus. J Rheumatol. (2014) 41:444–52. doi: 10.3899/jrheum.130310

44. Ehtesham N, Zare Rafie M, Esmaeilzadeh E, Dehani M, Davar S, Mosallaei M,
et al. Three functional variants in the NLRP3 gene are associated with susceptibility and
clinical characteristics of systemic lupus erythematosus. Lupus. (2021) 30:1273–82.
doi: 10.1177/09612033211014273

45. Ummarino D. Lupus nephritis: NLRP3 inflammasome ignites podocyte
dysfunction. Nat Rev Rheumatol. (2017) 13:451. doi: 10.1038/nrrheum.2017.97

46. Yin H, Liu N, Sigdel KR, Duan L. Role of NLRP3 inflammasome in rheumatoid
arthritis. Front Immunol. (2022) 13:931690. doi: 10.3389/fimmu.2022.931690

47. Tengesdal IW, Dinarello CA, Marchetti C. NLRP3 and cancer: Pathogenesis and
therapeutic opportunities. Pharmacol Ther. (2023) 251:108545. doi: 10.1016/
j.pharmthera.2023.108545

48. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al.
Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license
NLRP3 inflammasome activation by regulating NLRP3 expression. Immunol J. (2009)
183:787–91. doi: 10.4049/jimmunol.0901363

49. Yang J, Liu Z, Xiao TS. Post-translational regulation of inflammasomes. Cell Mol
Immunol. (2017) 14:65–79. doi: 10.1038/cmi.2016.29

50. Shim DW, Lee KH. Posttranslational regulation of the NLR family pyrin
domain-containing 3 inflammasome. Front Immunol. (2018) 9:1054. doi: 10.3389/
fimmu.2018.01054

51. O’Keefe ME, Dubyak GR, Abbott DW. Post-translational control of NLRP3
inflammasome signaling. J Biol Chem. (2024) 300:107386. doi: 10.1016/
j.jbc.2024.107386

52. Chui AJ, Okondo MC, Rao SD, Gai K, Griswold AR, Johnson DC, et al. N-
terminal degradation activates the NLRP1B inflammasome. Science. (2019) 364:82–5.
doi: 10.1126/science.aau1208

53. Sandstrom A, Mitchell PS, Goers L, Mu EW, Lesser CF, Vance RE. Functional
degradation: A mechanism of NLRP1 inflammasome activation by diverse pathogen
enzymes. Science. (2019) 364:eaau1330. doi: 10.1126/science.aau1330

54. Xu H, Shi J, Gao H, Liu Y, Yang Z, Shao F, et al. The N-end rule ubiquitin ligase
UBR2 mediates NLRP1B inflammasome activation by anthrax lethal toxin. EMBO J.
(2019) 38:e101996. doi: 10.15252/embj.2019101996

55. Hollingsworth LR, Sharif H, Griswold AR, Fontana P, Mintseris J, Dagbay KB,
et al. DPP9 sequesters the C terminus of NLRP1 to repress inflammasome activation.
Nature. (2021) 592:778–83. doi: 10.1038/s41586-021-03350-4

56. Zhong FL, Robinson K, Teo DET, Tan KY, Lim C, Harapas CR, et al. Human
DPP9 Represses NLRP1 Inflammasome and Protects against Autoinflammatory
Diseases via Both Peptidase Activity and FIIND Domain Binding. J Biol Chem.
(2018) 293:18864–78. doi: 10.1074/jbc.RA118.004350

57. Huang M, Zhang X, Toh GA, Gong Q, Wang J, Han Z, et al. Structural and
biochemical mechanisms of NLRP1 inhibition by DPP9. Nature. (2021) 592:773–7.
doi: 10.1038/s41586-021-03320-w
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phenotypic heterogeneity
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Neutrophils are rapidly recruited to sites of infection, injury, or to immune

complexes. Upon arrival, they initiate degranulation, release reactive oxygen

species (ROS), and/or nuclear extracellular traps (NETs) to eliminate invading

microorganisms, clear debris, or remove abnormal immunoglobulins. While

these processes ideally trigger healing and a return to balance, overshooting

neutrophil function can lead to life-threatening infections such as sepsis or

persistent inflammation observed in various autoimmune diseases. However,

recent evidence highlights a phenotypic and functional heterogeneity of

neutrophils that extends well beyond their traditional - potentially harmful-

role as first responders. For example, neutrophils regulate ongoing

inflammation by modulating macrophage function through efferocytosis, T cell

responses by antigen presentation and the release of cytokines. The factors that

induce neutrophil differentiation into activating or regulatory phenotypes remain

poorly defined. Here, we hypothesize that intracellular components that have

been released into the extracellular space could contribute to the phenotypic

heterogeneity of neutrophils. To find out, we used nanoparticles composed of

intracellular proteins (cell-derived nanoparticles, CDNPs) and analyzed their

effects on cultured murine bone marrow neutrophils (BMN). We observed that

CDNPs activate BMN transiently with an increase in the expression of CD11b

without triggering classical effector functions. Additionally, CDNPs induce the

secretion of IL-10, shift PMA-induced cell death toward apoptosis, and increase

the expression of CD80. Mechanistically, our findings indicate that 26% of BMNs

ingest CDNPs. These BMNs preferentially express CD54+, fail to migrate toward

CXCL12, exhibit diminished responses to LPS, and undergo apoptosis. These data

identify CDNPs as biomaterials that modulate neutrophil behavior by fine-tuning

the expression of CD11b and CD80.
KEYWORDS

neutrophils, heterogeneity, intracellular content, cell-derived nanoparticles, damage-
associated molecular pattern, resolution
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Introduction

Neutrophils are among the first cells to infiltrate sites of

infection or injury, as well as locations where immune complexes

are deposited in autoimmune diseases. They are capable of inducing

robust responses, which can potentially cause collateral tissue

damage (1). Conventionally, neutrophils have been described as

short-lived cells with a defined set of effector functions such as

phagocytosis, degranulation, ROS release, formation of NETs, and

the secretion of specific cytokines. However, recent studies have

uncovered unexpected phenotypic heterogeneity and functional

plasticity in neutrophils, suggesting that these cells can

significantly influence the duration, severity, and outcome of

subsequent immune responses (2). Thus, neutrophils may either

exacerbate ongoing tissue-damaging inflammation or promote

regulatory, resolving, and tissue-repairing processes (3, 4). The

factors that regulate this neutrophilic heterogeneity are poorly

defined. Their identification will be important to develop new

therapeutic approaches.

This study explores the hypothesis that the differentiation of

neutrophils into either activating or regulatory phenotypes may be

influenced by proteins that are typically localized intracellularly but

are released during accidental cell injury. The presence of such

intracellular proteins in the extracellular space has traditionally

been associated with the initiation of inflammation, even in the

absence of pathogens. These intracellular components are termed

“Danger-” or “Damage-Associated Molecular Patterns” (DAMPs)

because they are recognized by Pattern Recognition Receptors,

thereby activating innate immune cells and inducing

inflammation (5, 6). Typical examples include HMGB1, histones,

S100 proteins, and heat shock proteins, which have been studied

extensively in vitro and in vivo, where each protein was introduced

individually for investigation (7, 8). However, the complexity of in

vivo scenarios is far greater, involving a diverse array of intracellular

proteins, such as cytoskeletal elements, chaperones, and enzymes, as

well as combinations of these proteins with nucleic acids and lipids,

released either individually or as complexes. Currently, there is no

data available on the impact of these protein mixtures on

neutrophils. To address this, we employed CDNPs, which

predominantly consist of intracellular proteins and are structured

as nanoparticles ranging from 100 to 200 nm in size. The primary

proteins present in CDNPs include Annexins (ANXA1-5), HSP60,

actin, galectin, and vimentin, among others, as well as small

amounts of nucleic acids (9, 10).

According to our current understanding of how intracellular

contents influence innate immune cells, CDNPs would be

categorized as DAMPs. However, previous studies have shown

that CDNPs exert regulating capacities. Thus, CDNPs accelerate

and improve the healing of antibody-induced skin wounds in the
Abbreviations: ARDS, acute respiratory distress syndrome; BMC, bone marrow

cells; BMN, bone marrow neutrophils; CDNPs, Cell-derived Nanoparticles;

CFSE, Carboxyfluorescein succinimidyl ester; DAMPs, Damage-Associated

Molecular Patterns; FVS, Fixable Viability Stain; MFI, Mean Fluorescence

Intensity; NETs, nuclear extracellular traps; PMA, Phorbol 12-myristate 13-

acetate; ROS, reactive oxygen species.
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mouse model for the skin blistering disease epidermolysis bullosa

acquisita (9). CDNPs also showed promise in critical medical

situations such as sepsis, as observed in the murine cecal ligation

and puncture model, where they positively influenced the host

response (10).

In this study, we assessed the effects of CDNPs on various

neutrophil functions, including phagocytosis, ROS release,

NETosis, cytokine secretion, apoptosis, migration, and the

expression of phenotypic markers such as CD11b, CD80, CD86,

MHCII, and CD54 in cultures of murine bone marrow cells (BMC).

We found that CDNPs did not activate traditional effector

functions; however, a transient increase in CD11b, upregulation

of CD80 expression and apoptosis were observed, indicating that

intracellular content indeed seems to regulate inflammatory

processes by modulating the phenotype of neutrophils. Further

research is needed to decipher and better understand the effects of

intracellular content on the heterogeneity of neutrophil subsets.
Materials and methods

Mice/bone marrow cells

For all experiments, BMC were isolated from inbred C57BL/6J

mice aged 8-12 weeks. Mice were anesthetized with CO2 and killed

by cervical dislocation. Tibiae and femora were flushed with HBSS

(Thermo Fisher Scientific, USA). For each experiment, the bone

marrow of two mice was combined. The BMC were flushed through

a cell strainer, pelleted, and red blood cells were lysed with

Ammonium-Chloride-Potassium buffer. Then, the BMC were

resuspended in RPMI 1640 (Lonza, Switzerland), supplemented

with 5% FBS, 1 x Non-essential amino acids, 1 mM Sodium

Pyruvate, 100 U/ml Penicillin/100 μg/ml Streptomycin, 7.5 mg/L

Gentamycin, 5.25 μg/L 2-mercaptoethanol, 2 mM L-Glutamine (all

Thermo Fisher Scientific, USA), 20 mM Hepes Sodium Salt (Sigma

Aldrich (Germany). Cells were counted and adjusted to 2 x 106

cells/mL. 106 BMC in 0.5 mL medium were used per sample unless

indicated otherwise. All murine experiments were approved by the

Institutional Animal Care and Use Committee of the University of

Cincinnati (protocol no. 10-05-10-01). The approval date was June

26, 2018. Detailed materials are provided in the STAR*Method

format in the supplement.
CDNP isolation and preparation

CDNPs were isolated from the murine fibroblast cell line

MC3T3E1 (Deutsche Sammlung von Mikroorganismen und

Zellkulturen, Braunschweig, Germany). The fibroblasts were

disrupted by ultrasound, and the fragments were pelleted at 5000 g

for 30 min. The supernatant was ultracentrifuged at 50000 g for 150

min to pellet the particles. To dissolve the remaining membranes,

chloroform (C. Roth GmbH & Co. KG, Germany) was added at a

final concentration of 5% for 15 seconds. Phase separation was

achieved by centrifugation at 9000 g for 15 min. In the supernatant

remained the CDNPs. To ensure a consistent quality of the protein
frontiersin.org
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pattern, each CDNP preparation was analyzed by SDS Page Gels

(pre-cast 4-12% Bis-Tris Midi Protein Gels, Thermofisher Scientific,

USA). To compensate for batch variations, several CDNP

preparations were combined into pools. Endotoxin was removed by

treatment with 1% Triton X-114 (Sigma Aldrich, Germany) as

described in (11). PBS that was used for control samples was also

treated with Triton X-114. Endotoxin levels were measured with a

Limulus Amebocyte assay using the commercially available Pierce™

Chromogenic Endotoxin Quant Kit (Thermo Fisher Scientific, USA)

according to the manufacturer’s instructions. 0.1 EU/mL was used as

a lower limit for endotoxin contamination.
CFSE-labeling of CDNPs

The CDNPs were labeled with Carboxyfluorescein succinimidyl

ester (CFSE) as previously described (10). The CDNP suspension

was incubated with 10 μM CFSE (Becton Dickinson, USA) per 100

μg/mL CDNPs at 37°C for 20 min. Excessive CFSE was captured by

adding a medium containing 10% fetal bovine serum (Thermo

Fisher Scientific, USA) and incubation for 10 min. The PBS control

sample was treated the same way.
Intracellular and surface labeling of cells
using flow cytometry

For intracellular and surface labeling of cells, the samples were

centrifuged and treated with Fc-receptor blocking buffer

(containing anti-mouse CD16/32 antibody and 5% rat serum

(Thermo Fisher Scientific, USA)) for 10 min, followed by

incubation with antibodies for 20 min. BMC were washed and

analyzed with the Attune® NxT™ Acoustic Focusing Cytometer

(Thermo Fisher Scientific, USA) or the LSR II Flow Cytometer

(Becton Dickinson, USA). The following fluorescent-labeled

antibodies were used: Anti-Histone H3 (citrulline R2 + R8 + R17)

Primary Antibody (Polyclonal), FITC Anti-Myeloperoxidase

antibody (clone: 2D4) (both from Abcam, UK); APC anti-mouse

CD86 Antibody (clone: GL-1), APC-Cy7 anti-mouse CD86

Antibody (clone: GL-1), Brilliant Violet 605™ antimouse/human

CD11b Antibody (clone: M1/70), Pacific Blue™ anti-mouse I-Ab

Antibody (MHC II) (clone: AF6-120.1), Pacific Blue™ anti-mouse

Ly-6G Antibody (clone: 1A8), PE anti-mouse CD80 Antibody

(clone: 16-10A1), PerCP/Cy5.5 anti-mouse Ly-6G Antibody

(clone: 1A8), APC anti-mouse Ly-6G Antibody (clone: 1A8),

Brilliant Violet 421™ antimouse/human CD11b Antibody (clone:

M1/70) (all from BioLegend, USA); Anti-mouse CD16/32 Antibody

(clone: 93) (from BioLegend, USA or Thermo Fisher Scientific,

USA); APC Hamster Anti-Mouse CD54 (clone: 3E2), APC Rat

Anti-CD11b (clone: M1/70), APC-Cy7 Rat Anti-CD11b (clone:

M1/70), FITC Hamster Anti-Mouse CD54 (clone: 3E2), Fixable

Viability Stain 570, PE Hamster Anti-Mouse CD54 (clone: 3E2), PE

Rat Anti-Mouse Ly-6G (clone: 1A8) (all from Becton Dickinson,

USA), PE CD11b Monoclonal Antibody (clone: M1/70), Fixable
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Viability Dye eFluor 780; Alexa Fluor 700 Goat anti-Rabbit IgG (H

+L) Cross-Adsorbed Secondary Antibody [all from Thermo Fisher

Scientific (USA)].
Functional assays

Unless indicated otherwise, the cells were always pretreated

with 10 μg/mL CDNPs for 45 min before further stimulation or

direct analysis. For some experiments, the cells were stimulated with

100 ng/mL LPS (Lipopolysaccharides from Escherichia coli O111:

B4, Sigma Aldrich, Germany) for 24 hours at 37°C between

preincubation and further stimulation or direct analysis.
Chemotaxis

BMC were isolated and pretreated as described above,

transferred to 5 mL tubes and counted; 106 cells were added to

the top well insert of a Transwell® plate (Corning, USA). The

bottom well contained 100 ng/mL Recombinant Mouse CXCL12

(SDF-1a) (BioLegend, USA). After 3 hours of incubation at 37°C,

non-migrated cells from the top well insert and migrated cells from

the bottom well were transferred to 5 mL tubes, respectively,

pelleted, and counted before flow cytometry analysis. The

percentage of neutrophils in the top and bottom wells,

respectively, was determined, and the percentage of migrated

neutrophils was calculated.
Phagocytosis

E. coli (K-12 strain, BioParticles™, Alexa Fluor™ 488

conjugate, Thermo Fisher Scientific, USA) were prepared

according to the manufacturer’s instructions. The particles

conjugated to a fluorescent dye and opsonized with E. coli-

specific polyclonal IgG antibodies (E.coli Opsonizing Reagent,

Thermo Fisher Scientific, USA) were incubated with pretreated

BMC for 15 min at 37°C in a water bath. The cells were fixed by

adding 500 mL of 1% paraformaldehyde (Thermo Fisher Scientific,

USA) washed and stained for flow cytometry. Ly6G+/CD11b+

granulocytes emitting a fluorescence around 520 nm were

considered as neutrophils that had phagocytosed E. coli

particles. To discriminate internalized E. coli BioParticles™

from those bound to the cell surface, the samples were

reanalyzed after quenching extracellular fluorescence with

trypan blue (Sigma Aldrich, Germany) (final concentration 0.43

mg/mL; Supplementary Figure 1). Additionally, a second

phagocytosis assay was performed using pHrodo™ dye, which

emits fluorescence only in the acidic milieu inside the

phagolysosome. The E. coli particles (pHrodo™ Red E. coli

Bioparticles™ conjugate, Thermo Fisher Scientific, USA) were

prepared according to the manufacturer’s instructions. The

opsonized and conjugated particles were incubated with
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pretreated BMC (for 60 min at 37°C). Then, the cells were fixed

with 1% PFA for 5 min, washed, and stained with antibodies as

described above. Ly6G+/CD11b+ granulocytes emitting a

fluorescence around 585 nm were considered as neutrophils that

had phagocytosed particles.
ROS release

BMC were isolated and pretreated as described above. The cells

were loaded with 2 μM Dihydrorhodamine 123 (DHR 123) (Sigma

Aldrich, Germany) for 10 min. The cells were put on ice to stop the

reaction and washed twice before antibody staining. The cells were

kept on ice during the whole staining procedure. Ly6G+/CD11b+

granulocytes were analyzed for their green fluorescence (Mean

Fluorescence Intensity, MFI of DHR 123).
NETosis assay

BMC were isolated and pretreated as described. They were

then exposed to 100 ng/mL Phorbol 12-myristate 13-acetate

(PMA, Sigma Aldrich, Germany) for 3 hours at 37°C. After

washing and fixing in 1% PFA for 5 min, the cells were

resuspended in blocking buffer and stained with a primary H3

antibody for 30 min at room temperature. Following another

wash, cells were incubated with Alexa Fluor 700-conjugated

antibodies against H3, FITC-conjugated anti-MPO antibodies,

surface markers Ly6G, and CD11b for 30 min, then analyzed by

flow cytometry. Ly6G+/CD11b+/H3+/MPO+ cells were identified

as NETosing cells.
Apoptosis assay

BMC were isolated and pretreated as described above. The cells

were stimulated with 100 ng/mL PMA (Sigma Aldrich, Germany)

for 3 hours at 37°C. The cells were pelleted, washed, and first stained

with anti-Ly6G and anti-CD11b antibodies. Then, the cells were

stained with a Fixable Viability Stain (FVS) according to the

manufacturer’s instructions. Then, active caspase 3 was stained

according to the manufacturer’s instructions (FITC Active Caspase-

3 Apoptosis Kit, Becton Dickinson, USA). Cells were identified as

follows: viable (FVS-/casp3-), apoptotic (FVS+/casp3+), necrotic

(FVS+/casp3-) cells.
IL-10 and TNF-a release

BMC were isolated and pretreated as described above and

stimulated with 100 ng/mL LPS for 24 hours at 37°C. The

supernatants were analyzed for IL-10 and TNF-a levels using a

Cytometric Bead Array Kit (Mouse Inflammation Kit, Becton

Dickinson) according to the manufacturer’s instructions.
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Statistical analysis

Data were analyzed using GraphPad Prism Version 5.03

(GraphPad Software Inc., USA). Linear regressions for standard

curves were fit with Microsoft Excel 365 (Microsoft, USA). Data in

scatter or bar plots are expressed as mean ± standard deviation (SD).

Non-parametric tests (Mann-Whitney and Kruskal-Wallis test) were

used for experiments with one factor. Experiments with two factors

were compared with one- or two-way ANOVA with Dunn’s or

Bonferroni posttests. To account for multiple comparisons, as is the

case in chemotaxis and phagocytosis assays, we report the adjusted

significance level when one dataset was compared to multiple others

(12). We considered test results with a p-value < 0.05 statistically

significant. Statistical analysis focused on the differences between

PBS- and CDNP-treated BMN. Figure 5 compares CDNP- and

CDNP+ BMN. All significant and nonsignificant changes are

shown in the figure’s graphs. We used OpenAI’s ChatGPT (version

as of December 2024) for its assistance in language editing.
Results

Bone marrow neutrophils recognize
CDNPs but exhibit only transient activation

CD11b, an established early activation marker for neutrophils, has

been shown to have increased expression in response to CDNPs

during ongoing inflammation in sepsis (10). To find out whether

CDNPs would impact CD11b expression under steady-state

conditions, we cultured BMC from naïve C57BL/6 mice and

exposed them to CDNPs for 45 min, 3 hours, and 24 hours.

Neutrophils were identified by their expression of CD11b and Ly6G

(referred to as BMN, Figure 1A). The results depicted in Figure 1B

reveal that even though CD11b is constitutively expressed on BMN,

CDNPs increase its expression rapidly 45 min after starting the

culture. This augmented CD11b expression persisted for 3 hours

but ceased after 24 hours. Notably, both groups exhibited a transient

decrease in CD11b expression after 3 hours of culturing. This

phenomenon resolved after 24 hours of culture and might be

attributed to the adaptation process to the culture flasks. To mimic

inflammatory conditions LPS was added to the cultures for 24 hours

after a 45 min preincubation period with either CDNPs or vehicle. A

3.5-fold increased expression of CD11b was found in the control

group, which was lowered significantly by the presence of CDNPs

(Figure 1C). Finally, we determined whether CDNPs would affect the

viability of BMN during the 3 hours and 24 hours culture period.

BMN were stained with Fixable Viability Stain (FVS) and caspase 3 to

assess the percentage of viable and apoptotic cells. The percentage of

apoptotic cells increased by 8.5% in the PBS group and slightly higher

(9%) in the CDNP group within 24 hours but was not significantly

different between the two groups (Figures 1D, E). In summary, the

initial upregulation of CD11b expression indicates that BMN

recognize CDNPs. This recognition leads to a transient activation

and is followed by a diminished responsiveness to LPS at later time

points without compromising the cell viability.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1494400
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Raudszus et al. 10.3389/fimmu.2024.1494400
CDNPs do not induce classical effector
functions in BMN but stimulate the
secretion of IL-10

The biphasic behavior of CD11b expression on BMN upon

exposure to CDNPs raises the question of whether CDNPs

promote further inflammatory responses in neutrophils.
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Considering the particulate structure and intracellular content

of CDNPs, one would anticipate that CDNPs act as DAMPs and

trigger antimicrobial effector functions. To explore this further,

phagocytosis, ROS release, and cytokine expression were assessed

in BMN subjected to a 45-minute preincubation with CDNPs. The

impact of CDNPs on phagocytosis was evaluated using two

complementary assays. The first method assessed the direct
FIGURE 1

CDNPs activate Ly6G+CD11b+ BMN rapidly and transiently without affecting cell viability. BMC from C57BL6 mice were incubated with 10 µg/mL
CDNPs and analyzed at indicated time points. (A) BMN were identified as Ly6G+CD11b+ cells by flow cytometry as depicted. (B) The MFI of CD11b
in BMN was measured 45 min, 3 hours, or 24 hours after incubation with CDNPs. Representative histograms are shown for 45 min and 24 hours
(right). (C) The MFI of CD11b was measured in BMN after preincubation with 10 µg/mL CDNPs for 45 min following addition of 100 ng/mL LPS and
culture for 24 hours. (D) The percentage of viable and apoptotic Ly6G+CD11b+ BMN was determined by staining with Fixable Viability Stain (FVS)
and an anti-active caspase-3 antibody, 3 hours and 24 hours after incubation. A representative dot plot is shown (viable: FVS⁻Casp3⁻; apoptotic:
FVS+Casp3+). (E) Data obtained in (D) are expressed as mean ± SD. Data from 2 independent experiments with n = 8-12 (2 x 4-6 pseudo-replicates)
are expressed as mean ± SD. Significance was determined with two-way ANOVA and Bonferroni post-tests. * p < 0.05, *** p < 0.001. Bars: PBS (pale
gray), CDNP (dark gray)). The incubation periods are illustrated below the graphs.
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uptake of fluorescently labeled E. coli (Alexa 488) by neutrophils,

providing a straightforward measure of phagocytic activity. In this

assay, approximately 24% of BMN internalized E. coli within 15

minutes. In CDNP-treated cells, this uptake slightly decreased to

22%, though the difference was not statistically significant

(Figure 2A; Supplementary Figure 1). To confirm that the
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observed uptake reflected true internalization rather than

surface binding, the second assay used pHrodo™-labeled E. coli.

This dye fluoresces only upon entry into the endosomal

compartment, allowing a more specific assessment of bacterial

ingestion. In this method, LPS was added. Over extended

incubation periods (45 min and 24 hours), the percentage of
FIGURE 2

CDNPs do not induce antimicrobial effector functions; instead, they support the secretion of IL-10. (A–E) BMC from C57BL6 mice were
preincubated with 10 µg/mL CDNPs for 45 min and subsequently treated as described. (A) Opsonized, Alexa Fluor 488-positive E. coli particles were
added to CDNP-preincubated BMC and incubated for an additional 15 min. The percentage of Ly6G+CD11b+Alexa Flour 488+ BMN (checked bar)
was determined using flow cytometry before and after treatment with trypan blue (Supplementary Figure 1). (B) To exclude surface-bound E. coli
from analysis, CDNP-preincubated BMC were exposed directly to pHrodoTM Red E. coli BioparticlesTM conjugates for 60 min without LPS (left bars)
or cultured for an additional 24 hours with addition of 100 ng/mL LPS before exposure to pHrodoTM Red E. coli BioparticlesTM conjugates for 60 min
(right). The percentage of Ly6G+CD11b+pHrodo+ (587 nm) BMN was determined by flow cytometry. (C) A representative plot for incubation at 37°C
and 4°C is shown. (D) Intracellular ROS release in Ly6G+CD11b+BMN was measured by staining CDNP-preincubated cells with DRH 123 for 10 min
at 37°C. The MFI of DHR 123 was measured using flow cytometry. (E) BMC were incubated with 10 mg/mL CDNPs for 45 min and cultured without
further stimulation or with 100 ng/mL LPS for 24 hours. IL-10 and TNF-a were analyzed in the supernatant using a Cytometric Bead Array. Data are
expressed as mean ± SD, pooled data from 2 independent experiments with n = 8 (2 x 4 pseudo-replicates) per group. Data in (D) were pooled from
3 independent experiments with n=14 (2 x 4 and 1 x 6). Significance was determined with a two-way-ANOVA. ** p < 0.01 *** p < 0.001, adjusted
significance level a(k=2) = 0.025. Bars: PBS (pale gray), CDNP (dark gray)). The incubation periods are illustrated below the graphs. ns means
not significant.
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BMN that internalized pHrodo™-labeled E. coli increased from

roughly 50% to 80%. Notably, no differences were observed

between CDNP-treated and control cells, even after 24 hours of

LPS exposure (Figures 2B, C). To assess whether CDNPs induce

the production of reactive oxygen species, we compared the levels

of oxidized Dihydrorhodamine by measuring the intracellular

Mean Fluorescence Intensity (MFI). Interestingly, no effect on

ROS release was found in CDNPs-treated BMN (Figure 2D). Next,

we assessed the secretion of the anti-inflammatory cytokine IL-10

and the pro-inflammatory cytokine TNF-a. As shown in

Figure 2E, CDNP treatment alone stimulated the secretion of

IL-10 while not affecting TNF-a levels. This pattern became more

pronounced upon stimulation with LPS. A marked elevation of IL-

10 secretion was found in the CDNP-treated BMC, whereas TNF-

a levels remained unchanged when compared to the control

group. These findings, together with the data on phagocytosis

and ROS release, suggest that CDNPs do not activate BMN.

Instead, CDNPs rather enhance the regulatory activities of BMN.
CDNPs shift the PMA-induced cell death
toward apoptosis

Next, we investigated whether CDNPs would impact the mode

of cell death in BMN and introduced PMA to the cultures. PMA is

known to induce the release of NETs while simultaneously initiating

the process of neutrophil death (13, 14). BMN were preincubated

for 45 min with CDNPs and cultured for an additional 3 hours with

or without the addition of PMA. As shown in Figure 3, PMA

induced the release of NETs in approximately 60% of the BMN, as

judged by Histone 3 (H3) and Myeloperoxidase (MPO) positivity.

CDNPs alone did not induce NETs and did not influence the PMA-

induced NET release (Figure 3A). To differentiate between necrotic

and apoptotic BMN, a live-dead staining (FVS) and caspase 3

staining for the detection of necrotic cells and apoptotic cells,

respectively, were used (Figure 3B). As depicted in Figure 3C,

PMA activation induced cell death in approximately 37% of the

cells. Significantly more dead BMN (51%) were found in the CDNP-

treated group. However, upon comparing the incidence of apoptotic

and necrotic BMN, it becomes obvious that the presence of CDNPs

shifted the cell death toward apoptosis (Figure 3C).
CDNPs enhance the antigen-presenting
capacity of BMN by increasing the
expression of CD80

After having established that the CDNP-induced early increase

in CD11b expression on BMN is not followed by a full-scale

activation but rather by a transition to a less responsive

phenotype, the question arises whether other surface molecules,

especially those involved in more regulatory functions, would be

modulated by exposure to CDNPs. We chose CD80, CD86, and

MHCII as markers for antigen presentation and the adhesion

molecule CD54 (ICAM-1), primarily expressed on activated and

aged neutrophils, and monitored their expression for 45 min,
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3 hours, and 24 hours (4, 15–17). As shown in Figure 4, CD80,

constitutively expressed on all BMN (18, 19), exhibited a 2.5-fold

increase in expression after 45 min of culture with CDNPs

compared to the control group. Exposure to CDNPs not only

accelerated but also augmented CD80 expression during the

complete culture period (Figure 4A). In contrast, CDNPs did not

markedly affect MHC II, CD86, or CD54 expression at any time

point. All three markers increased over time in the control and

CDNP-treated groups from approximately 5% after 45 min to 20%

after 24 hours (Figures 4B–D; Supplementary Figure 2). A slight yet

significant reduction of CD54 expressing BMN was observed in the

CDNP-treated group (Figure 4D). CD54 is known for its role in

mediating adhesion during the transmigration of endothelial cells

(17, 20). To investigate whether the emergence of these 20% aged

CD54+ BMN would affect the migratory behavior, we conducted

transmigration assays. Because CD54 expression correlates with the

chemokine receptor CXCR4 we exposed BMN to CXCL12, a ligand

for CXCR4 (21, 22). Following a 45-min incubation with CDNPs or

vehicle, BMNwere either directly exposed to CXCL12 for 3 hours or

cultured for an additional 24 hours with or without LPS, then

exposed to CXCL12 for 3 hours (Figure 4E). No significant changes

could be observed. Regardless of the culture duration, 40-67% of the

BMN migrated towards CXCL12, with LPS addition showing no

impact. Notably, although not statistically significant, the number

of migrating BMN increased slightly and CDNP-treated groups

tended to migrate to a lesser extent than the controls after 24 hours

of culture, irrespective of the presence of LPS. In summary, CDNPs

selectively upregulated CD80 in synergy with aging while leaving

other antigen presenting markers unaffected.
CDNPs are specifically ingested by CD54+
neutrophils that do not migrate
towards CXCL12

Previous reports have indicated that CD54 expression on

neutrophils correlates not only with aging but also with increased

phagocytic activity (16, 17). To investigate whether this also applies

to the ingestion of CDNPs, we labeled CDNPs with CFSE prior to

preincubation with BMC for 45 min. The cells were then cultured

for an additional 24 hours, with or without LPS stimulation, and

CD54 expression was assessed on CDNP+ and CDNP- BMN.

Overall, approximately 26% of BMN ingested CDNPs, indicated

by CFSE positivity (CDNP+ BMN), a situation that did not increase

with the addition of LPS (Figure 5A). Interestingly, 60% of this

CDNP+ BMN population expressed CD54, while none of the

CDNP- BMN did. Upon LPS addition, the CD54+ phenotype was

induced in almost 90% of the CDNP- BMN, increasing to nearly

100% in the CDNP+ BMN population (Figure 5B). CDNPs were

apparently preferentially ingested by CD54+ BMN. We also

investigated whether CDNP+ BMN and CDNP- BMN differed in

their migratory capacity. Remarkably, CDNP+ BMN completely

failed to migrate in response to CXCL12 (Figure 5C). Further

phenotypical analysis revealed that 50-60% of the CDNP+ BMN

expressed CD86 and MHCII, respectively, which were not found in
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the CDNP- BMN population. Unlike the effect on CD54 expression,

LPS did not affect CD86 and MHCII expression (Figure 5D). This

situation was different for CD80, which was significantly higher

(4.6-fold) expressed in the CDNP+ BMN without activation. LPS

stimulation increased CD80 expression levels in both CDNP+ and

CDNP- BMN (Figure 5E). Next, we assessed the expression levels of

the activation marker CD11b in CDNP+ and CDNP- BMN. In

contrast to the increased expression of CD54, as well as CD80,

CD86, and MHCII, there was no difference in CD11b expression

between CDNP+ and CDNP- BMN (Figure 5F). Moreover, the
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expression of CD11b decreased in the CDNP+ BMN upon LPS

stimulation. These data demonstrate that CDNPs are selectively

ingested by a distinct subset of BMN that exhibits an aged

phenotype (CD54+), possesses antigen-presenting features

(MHCII+, CD86+), and lacks the ability to migrate in response to

CXCL12. Additionally, the expression of CD80 was increased in

CDNP+ BMN without further stimulation, while the LPS-induced

upregulation of CD11b was impaired in CDNP+ BMN. Finally,

considering the shift towards apoptosis observed in PMA-induced

cell death and the complete lack of migration towards CXCL12, we
FIGURE 3

CDNPs shift PMA induced cell death in Ly6G+CD11b+BMN towards apoptosis. (A–C) BMC from C57BL6 mice were preincubated with 10 µg/mL
CDNPs for 45 min and subsequently stimulated with 100ng/ml PMA for 3 hours. (A) NET formation was identified by staining with fluorescently
labeled antibodies against H3 and MPO (H3+/MPO+) in Ly6G+CD11b+ BMN. (B) A representative dot plot of vehicle-treated BMN is shown. Cell
death rates within the Ly6G+CD11b+ cell population were determined by flow cytometry using FVS and active caspase 3 (casp3) (viable: FVS-casp3-;
apoptotic: FVS+casp3+; necrotic: FVS+casp3-). (C) Data obtained in (B) are expressed as mean ± SD, pooled data from 2 independent experiments
with n = 10 (2 x 5 pseudo-replicates) per group. Significance was determined with a two-way ANOVA with Bonferroni posttests. *** p < 0.001. In
(A) for the PMA treated group n = 7-8 (2 x 3-4 pseudo-replicates) are shown. One pair of values was excluded In the PMA treated group because
the CDNP-treated sample had apparently not been stimulated with PMA. Bars: PBS (pale gray), CDNP (dark gray). The incubation periods are
illustrated below the graphs. ns means not significant.
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hypothesized that CDNP+ BMN might exhibit a higher rate of

apoptosis compared to their CDNP- BMN counterparts. Indeed,

analysis of active caspase 3 reveals that 76% of the CDNP+ BMN

undergo apoptosis within 24 hours in culture, which is not found in

the CDNP- BMN (Figures 6A, B).

In summary, contrary to the current view that intracellular

contents act as DAMPs that trigger sterile inflammation, our data

indicate that when intracellular content in the form of CDNPs are

released into the extracellular space and recognized by innate

immune cells, they can induce also anti-inflammatory effects. The

recognition of CDNPs by BMN induces a rapid but transient
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activation, followed by the development of a regulatory and/or

apoptotic phenotype. Importantly, this CDNP-induced modulation

of BMN reduces further activation by LPS.
Discussion

Based on previous findings that CDNPs play a regulatory role in

inflammation, notably in an autoimmune mouse model for local

wound healing and in the systemic CLP model, a condition of severe

systemic immune dysregulation, we hypothesized they would have a
FIGURE 4

20% of BMN mature to a CD86+/MHCII+/CD54+ subset during culture. (A–D) BMC from C57BL6 mice were incubated with 10 µg/mL CDNPs for
45 min, 3 hours or 24 hours. (A) The MFI of CD80 expression and (B–D) The percentage of MHCII, CD86 and CD54 expressing BMN was
determined by flow cytometric analysis. Representative histograms for CD80, CD86, MHCII, and CD54 are shown in Supplementary Figure 2.
(E) Following exposure to CDNPs for 45 min and subsequent culture for 24 hours with or without 100 ng/mL LPS, BMC were stimulated with 100
ng/mL of CXCL12 for 3 h in transwell plates. The percentage of migrated BMN was calculated by flow cytometry. Data are expressed as mean ± SD,
pooled data from 2 independent experiments with n = 8-12 (2 x 4-6 pseudo-replicates) per group. Significance was determined with a two-way
ANOVA with Bonferroni post-tests. * p < 0.05, **** p < 0.0001, adjusted significance level a (k=2) = 0.025. Bars: PBS (pale gray), CDNP (dark gray).
The incubation periods are illustrated below the graphs. ns means not significant.
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FIGURE 5

CDNPs are internalized by 26% of BMN and modulate their expression of CD80 and CD11b. BMC from C57BL6 mice were preincubated with 10 µg/mL
CFSE-labeled CDNPs for 45 min and subsequently cultured with or without LPS for 24 hours (A) The percentage of the CFSE-labeled subset among the
Ly6G+CD11b+ BMN was determined by flow cytometry. To establish that CFSE-labeled CDNPs were internalized rather than surface-bound, samples were
analyzed before and after treatment with trypan blue in initial experiments (Supplementary Figure 3). (B) The percentage of CD54 expressing cells in CFSE-
(CDNP-) and CFSE+ (CDNP+) BMN is shown. (C) Following exposure to CDNPs for 45 min and subsequent culture for 24 h with or without 100ng/mL LPS,
BMC were stimulated with 100 ng/mL of CXCL12 for 3 h in transwell plates. The percentage of migrated CDNP- and CDNP+ BMN was calculated by flow
cytometry. (D) The percentage of CD86 and MHCII expressing cells in CDNP- and CDNP+ BMN is shown. Representative histograms for CD80, CD86,
MHCII and CD54 are shown in Supplementary Figure 4. (E, F) The MFI of CD11b (E) and CD80 (F) was assessed in CDNP- and CDNP+ BMN. Data are
presented as mean ± SD, pooled data from 2 independent experiments with n = 8-12 (2 x 4-6 pseudo-replicates) per group. Significance was determined
with a two-way with Bonferroni posttests. *** p < 0.001; **** p < 0.0001. Bars: CDNP- BMN (pale gray), CDNP+ BMN (patterned). The incubation periods are
illustrated below the graphs. Supplementary Figure 3 provides additional information on the quenching of surface-bound CFSE. The incubation periods are
illustrated below the graphs or in (A) on the right side. ns means not significant.
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similar regulatory impact on the function of neutrophils (9, 10).

Neutrophils are the main driver cells in both clinical settings (23–25),

but the impact of CDNPs on neutrophils under steady state

conditions has not been investigated in detail. To find out, we used

freshly isolated BMC from healthy mice and cultured them directly

without further purification to prevent any kind of pre-activation

(26). The exposure of these cultured BMC to CDNPs revealed three

major findings: CDNPs (i) induce a transient upregulation and

downregulation of CD11b without triggering effector functions; (ii)

promote regulatory functions such as secretion of IL-10, a shift

toward apoptosis, and upregulation of the antigen-presenting
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molecule CD80; and (iii) are predominantly ingested by CD54+

non-migrating BMN cells, which undergo apoptosis within 24 hours.

Our first results reveal that CDNPs are readily recognized by

resting BMN in culture, as evidenced by the upregulation of CD11b

within 45 min, which persisted for 3 hours before ceasing after 24

hours (Figure 1B). CD11b, the a-chain of the b2-integrin Mac-1, on

the surface of neutrophils, is primarily associated with neutrophil

adhesion and migration into tissues. It is also linked with

degranulation of secretory vesicles, phagocytosis, and superoxide

production (27–29). Despite a slight but statistically insignificant

decrease in migration, no significant impact on these classical
FIGURE 6

80% of the CDNP+BMN become apoptotic. BMC from C57BL6 mice were preincubated with 10 µg/mL CFSE-labeled CDNPs for 45 min and
subsequently cultured for 24 hours. The percentage of the CFSE-labeled subset among the Ly6G+CD11b+ BMN was determined by flow cytometry.
To establish that CFSE-labeled CDNPs were internalized rather than surface-bound, samples were analyzed before and after treatment with trypan
blue in initial experiments (Supplementary Figure 3). (A) Dot plot and histograms show a representative example of the percentage of the CFSE-
labeled BMN subset within the Ly6G+CD11b+ BMNs (upper panel), as well as the distribution of viable, apoptotic, and necrotic BMNs within the
CDNP- and CDNP+ Ly6G+CD11b+ cell population, identified by staining with FVS and an active caspase-3 antibody. Viable cells were defined as
FVS⁻Casp3⁻, apoptotic cells as FVS+Casp3+, and necrotic cells as FVS+Casp3⁻ (lower panel). (B) The percentage of viable apoptotic and necrotic cells
in CFSE- (CDNP-) and CFSE+ (CDNP+) BMN is shown. Data are presented as mean ± SD, pooled data from 2 independent experiments with n = 8-
12 (2 x 4-6 pseudo-replicates) per group. Significance was determined with a Kruskal-Wallis test. *** p < 0.001; **** p < 0.0001. Bars: CDNP- BMN
(pale gray), CDNP+ BMN (patterned).
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effector functions was observed in the CDNP-treated groups

(Figures 2A–D, 3A, 4E). It is plausible that the transient increase

in CD11b expression results from the activation of danger-sensing

receptors that recognize CDNPs as DAMPs. However, this signaling

seems insufficient to induce full activation. Interestingly, the

addition of LPS to the culture medium suppressed CD11b

expression, suggesting that additional stimulation is not the key

to triggering effector functions via CDNPs. Instead, CDNPs may

shift BMN from an activated state to a hyporesponsive state of

tolerance (Figure 1C). This indicates that it is not the absence of

supplementary signals needed for full activation, but rather that

CDNPs potentially induce a state of tolerance in BMN. Another

explanation could be the shedding of surface markers due to

CDNP-induced apoptosis. However, this seems unlikely, as

CDNP+ BMN undergoing apoptosis express specific surface

markers that are not found on the CDNP- BMN population

(Figures 5B, D, E).

Secondly, corresponding with the lack of effector functions in

the CDNP-treated groups, we observed a significant increase in IL-

10 secretion in the BMC (Figure 2E) and a proapoptotic effect

during the PMA-induced cell death (Figure 3C). The secretion of

both cytokines was elevated upon exposure to LPS. This increase of

IL10 expression following LPS exposure might be explained by the

involvement of type I interferons (30). The elevated expression of

IL10 in response to CDNP supports the notion that CDNPs induce

not only a hyporesponsive but rather a regulatory phenotype of

neutrophils that contributes to the resolution of ongoing

inflammation. The concept that extracellularly appearing

endogenous proteins can have resolving capacities has been

previously reported. For instance, it has been reported that

HSP27, S100 proteins, or vimentin (31–34) induce IL-10, and

annexin A1 has proapoptotic effects (35). MALDI-TOF analysis

revealed that CDNPs contain plentiful proteins, including those

mentioned above as potential initiators of resolution. These

proteins include annexins, S100 proteins, heat shock proteins,

calreticulin, and HMGB1 (10) (Data not shown). The question

arises whether these individual intracellular proteins would have

similar effects when compared to multicomponent particles such as

CDNPs. Notably, the most abundant proteins in CDNPs are the

members of the Annexin family. Therefore, we specifically

investigated whether Annexin A1 and Annexin A5 could

individually induce some of the observed CDNP-induced effects

on BMN. Culturing BMN with recombinantly produced Annexin

A1 and Annexin A5 showed no effect on CD11b expression

(Supplementary Figure 5), or ROS release (Data not shown).

Thus, despite their previously reported anti-inflammatory

activities (35–37), Annexin A1 and A5 do not mimic the role of

CDNPs in cultured BMN. These data support our hypothesis that

intracellular content released upon inflammation or injury will

exert its activity rather as multicomponent particles instead of

individually soluble molecules. Furthermore, we found that

CDNPs affected the antigen-presenting markers CD80, CD86,

and MHC II unexpectedly: they selectively upregulated CD80

(Figure 4A). Specifically, CDNP-treated neutrophils expressed

higher levels of CD80 at early and late time points (Figure 4A).

In contrast, CD86 and MHC II showed a different expression
Frontiers in Immunology 12138
pattern: the initially low percentages of positive BMN increased

after 24 hours of incubation, regardless of CDNP treatment

(Figures 4B–D). The differing time points of CD80 and CD86

expression are particularly surprising because both molecules are

typically upregulated on mature antigen-presenting cells to

promote the T cell priming (38). However, distinct expression

patterns of CD80 and CD86 have been reported, with CD80

notably associated with immunosuppressive effects (18, 19, 39).

Consistent with this sequential expression, one study suggests that

CD80 is the initial ligand responsible for maintaining aspects of

immune tolerance through interactions with CTLA-4. The

subsequent upregulation of CD86 follows as a result of

inflammatory stimuli and can override this inhibition, leading to

the T cell activation (40). Further research should explore the

potential of CDNPs to modulate the interaction between

neutrophils and T cells.

Our third finding reveals that CDNPs are selectively ingested by

CD54+ BMN (Figure 5B) and that these CDNP+ BMN, in

particular, are more prone to undergo apoptosis while

simultaneously expressing antigen-presenting markers (Figures 5,

6). The expression of the adhesion molecule CD54 on neutrophils is

primarily associated with their ability to perform reverse

transendothelial migration from tissues into the circulation and

potentially back to the bone marrow. Our data indicates that

CDNP+ BMN do not respond to the chemotactic stimulus

CXCL12, even though 60% of CDNP+ BMN express CD54 under

normal conditions, and 90-100% express CD54 following LPS

stimulation (Figures 5B, C). This lack of migration might be due

to the apoptotic phenotype of CDNP+ BMN. Furthermore, recent

studies have demonstrated that CD54 is associated with phagocytic

activity in human and murine neutrophils (17). This raises the

question of whether phagocytosis of CDNPs upregulates CD54 or if

CD54+ BMN preferentially ingest CDNPs. Resolving this question

is challenging. On one hand, CD54 expression increases in 20% of

BMN over time, with significantly lower expression observed in the

CDNP-treated group (Figure 4D). On the other hand, CD54

expression is restricted to CDNP+ BMN and is strongly

upregulated upon LPS stimulation (Figure 5B). To further

investigate the effect of phagocytosis on CD54 expression, we

compared the MFI of CD54 on BMN after ingestion of pHrodo-

labeled E. coli particles and incubation with CDNPs, LPS, or both

(see experimental setup in Figure 2B). Interestingly, uptake of E. coli

particles alone did not affect CD54 expression (Supplementary

Figure 6). However, LPS stimulation independently increased

CD54 expression on BMN, irrespective of E. coli particle

exposure. These findings indicate that phagocytosis alone does

not enhance CD54 expression, suggesting that BMN may already

express CD54 prior to CDNP ingestion (Figure 5B). Further studies

are needed to explore this hypothesis in greater depth. Regarding

the effect of CDNPs on CD54 expression, we observed notable

variability and no significant changes. Pre-incubation with CDNPs

for 45 minutes prior to LPS exposure tended to reduce CD54

expression in both pHrodo− (E. coli−) and pHrodo+ (E. coli+)

BMN, though the reduction was not statistically significant.

However, it eliminated the significance between unstimulated and

LPS-stimulated pHrodo− (E. coli−) and pHrodo+ (E. coli+) BMN.
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These findings suggest that CDNPs might contribute to the

modulation of CD54 expression in a context-dependent manner,

primarily in BMN that have internalized CDNPs. In addition to its

role in phagocytosis, CD54 may also facilitate interactions with T

cells during priming by promoting binding to T cells (41, 42).

Consistent with the enhanced CD54 expression observed in

approximately 20% of BMN after 24 h of culturing, similar trends

were noted for CD86 and MHCII (Figures 4B–D). The acquisition

of antigen-presenting markers and the loss of chemotactic

responses in a fraction of neutrophils over time have been

previously reported (43). Given the apoptotic phenotype of most

of the CDNP+ BMN, the question arises: What occurs within a

natural microenvironment? Do CDNP+ BMN interact directly with

T cells before undergoing apoptosis, or are they first phagocytosed

by tissue macrophages, which then go on to interact with T cells?

Both possibilities are feasible. For example, it has been reported that

neutrophils and T cells may encounter each other at sites of

inflammation, where they might actively interact (42). One may

speculate that upon ingestion, CDNPs are processed, and their

proteins are presented as peptides in MHC II to T cells. Another

possibility is that neutrophils that ingest intracellular proteins in

form of CNDPs become apoptotic and are subsequently

phagocytosed by tissue macrophages, which then develop a

regulatory phenotype (3, 44). The effects of CDNPs on CD4 T

cell differentiation have been demonstrated in murine wound

healing and Leishmania major infection models, showing a

systemic shift from Th1 to Th2 responses (9). However, while it

is unlikely, it cannot be ruled out that neutrophils may play a role in

antigen presentation. To investigate this further in vitro,

macrophages, T cells and an inflammatory environment will be

required, as the activation of CD4 T cells necessitates co-stimulation

or the presence of an adjuvant (41, 42, 45). In vitro assays may be

limited by the challenge of aligning the optimal timing and

microenvironment for all cell types involved. Further, in vivo

experiments will be needed to investigate whether and how

CDNP+ neutrophils affect antigen presentation to CD4 T cells.

Therefore, the activation and differentiation of CD4 T cells should

be assessed by examining the expression of PD-1, Tox, IRF4, and

CD44 (46), as well as the emergence of regulatory T cells.

Additionally, it would be interesting to analyze the expression of

MHC I on CDNP+ neutrophils and its potential effects on CD8 T

cells. One of the most suitable in vivo models for studying

neutrophil function and potential interactions with T cells is the

acute respiratory distress syndrome (ARDS), in which a high

number of neutrophils accumulate locally in the pulmonary

microcirculation (46). In contrast to the CLP sepsis model, which

affects the entire peritoneum, the LPS-induced ARDS mouse model

allows for a focus on specific tissue niches, such as areas beneath

and above the airway epithelium (47). LPS and CDNPs could be

injected intratracheally. Additionally, B cell responses might also be

influenced by CDNP exposure, given their role as antigen-

presenting cells, with or without T cell help. Our lab previously

demonstrated that the injection of CDNPs in the Leishmania major

model shifted Leishmania major-specific IgG subclasses from IgG2

to IgG1 (9).
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In summary, our data indicate that neutrophil stimulation does not

necessarily lead to their complete activation. Instead, it progresses

through a multistep process that can be modulated at specific stages.

Recent evidence suggests that the tissuemicroenvironment, particularly

specific tissue niches, drives neutrophil heterogeneity and functionality

(2). It is plausible that during insults such as infection, immune

complex deposition, or tissue injury that provoke neutrophil

immigration, each neutrophil is exposed to a distinct tissue

microenvironment. Some neutrophils may bind directly to

pathogens, immune complexes, or freshly released cell debris via

their pattern recognition receptors or Fc gamma receptors, leading to

full-scale activation. Other neutrophils might ingest released

intracellular content or cell debris that have been modified by

exposure to ROS or derive from the release of NETs and develop

into a regulatory phenotype. Our data show that CDNPs modulate the

expression of surface markers and induce apoptosis in neutrophils. As

the response progresses, these modified neutrophils may become

predominant, contributing to the resolution of inflammation,

potentially by undergoing apoptosis and regulating tissue

macrophages through efferocytosis (44, 46). This scenario aligns with

prior findings suggesting that extracellular appearing intracellular

proteins can serve as both DAMPs and SAMPs (solution-associated

molecular patterns), initially triggering an injury-induced response

followed by the restoration of homeostasis (48). It has been

suggested that neutrophils have the capacity to de-prime back to a

basal state after initial priming andmay even undergo cycles of priming

and de-priming (46). One could speculate that CDNPs might be one of

the potential factors supporting this de-priming process before they

undergo apoptosis. Given that neutrophils undergo significant changes

in cell shape during priming, it will be interesting to investigate the role

of CDNPs in the early priming process. One possible approach would

be to study the expression of aquaporins (AQP), specifically of AQP9, a

molecule typically involved in the regulation of cell size. Assessing the

expression of AQP9 could provide new insights (49). Moreover, future

studies should aim to precisely define the components within CDNPs

that mediate the effects during inflammation and determine whether

individual proteins or combinations of several proteins are more

effective. Several reports indicate that the therapeutic effects of

individual DAMPs, such as HSP10 and HMGB1, were not

confirmed in preclinical and early clinical trials (48, 50, 51). This

outcome might differ for CDNPs, as they more accurately reflect the in

vivo situation by consisting of multiple components.

One of the main limitations of this study is that BMN might be

immature and not fully functional because they have not yet been

released into the bloodstream. To determine whether mature

neutrophils recognize CDNPs, we injected CDNPs nine times

into the peritoneum of healthy mice. Two hours before harvesting

the peritoneal cells, labeled CDNPs were injected. Despite high

variability in the percentage of neutrophils migrating into the

peritoneum (Supplementary Figure 7), we observed that

approximately 22% of the neutrophils took up CDNPs and

increased CD11b expression in vivo (Supplementary Figures 7A–

D), consistent with the in vitro data. These results demonstrate that

CDNPs interact with mature neutrophils in vivo under steady-state

conditions, just as they do with the BMN cultures. Additionally, we
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previously showed that CDNPs are taken up by neutrophils in the

CLP model of sepsis, which improved the disease course by

lowering IL-6 levels (10). Furthermore, under inflammatory

conditions, such as sepsis, the involvement of immature

neutrophils, rather than mature ones, is often observed (52).

Another limitation of this study is that we did not investigate the

potential underlying mechanisms. For example, to better

understand how CDNPs affect apoptosis during the PMA-

induced cell death (Figure 3), PMA could be replaced by

Ionomycin. Ionomycin, a Ca²+ ionophore, induces NETosis and

cell death more directly and rapidly compared to PMA, which

activates protein kinase C in a slower and more sustained process.

Furthermore, unraveling the steps of CDNP-induced apoptosis

following ingestion will be crucial to understand to understand their

role in potential therapeutic application. It can be speculated that

CDNPs, particularly after uptake, interact with the autophagy

process. In this context, the specific nature of the proteins present

in CDNPs may not play a significant role (53, 54). However, these

experiments were designed as a pilot study to provide preliminary

insights into the modulatory effects of CDNPs on neutrophils,

highlighting the need for further investigation in future studies.

Recently, it has been proposed that dying cells do not release

intracellular content randomly but in a concerted manner to fine-

tune the immune response (55). Based on this hypothesis, CDNPs

could be one of these factors, specifically composed to initiate the

resolution of inflammation. The structural organization of

intracellular molecules in these particles could target multiple

signaling pathways in neutrophils (and potentially other immune

cells) simultaneously, thereby eliciting a balanced immune response

that favors resolution. Further studies will be needed to define how

the release of CDNPs shapes local interactions within tissue niches

and coordinates neutrophil fate.
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ARHGAP25: a novel player in the
Pathomechanism of allergic
contact hypersensitivity
Domonkos Czárán1, Péter Sasvári 1, Kende Lőrincz2,
Krisztina Ella1, Virág Gellén1 and Roland Csépányi-Kömi1*

1Semmelweis University, Department of Physiology, Budapest, Hungary, 2Semmelweis University,
Department of Dermatology, Venereology and Dermatooncology, Budapest, Hungary
Objective: Contact hypersensitivity (CHS), or allergic contact dermatitis (ACD), is

an inflammatory skin disorder characterized by an exaggerated allergic reaction

to specific haptens. During this delayed-type allergic reaction, the first contact

with the allergen initiates the sensitization phase, forming memory T cells. Upon

repeated contact with the hapten, the elicitation phase develops, activating

mostly macrophages, cytotoxic T cells, and neutrophilic granulocytes. Our

group previously demonstrated that the leukocyte-specific GTPase-activating

protein ARHGAP25 regulates phagocyte effector functions and is crucial in the

pathomechanism of autoantibody-induced arthritis. Here, we investigate its role

in the pathogenesis of the more complex inflammatory process of

contact hypersensitivity.

Methods: For sensitization, the abdomens of wild-type and ARHGAP25 deficient

(KO) mice on a C57BL/6 background, as well as bone marrow chimeric mice,

were coated with 3% TNCB (2-chloro-1,3,5-trinitrobenzene) or acetone in the

control group. After five days, ears were treated with 1% TNCB for elicitation.

Swelling of the ears caused by edema formation was evaluated by measuring the

ear thickness. Afterward, ears were harvested, and histological analysis,

investigation of leukocyte infiltration, cytokine production, and changes in

relevant signaling pathways were carried out. ARHGAP25 expression at the

mRNA and protein levels was measured using murine ear and human

skin samples.

Results: ARHGAP25 expression increased in human patients suffering from

contact dermatitis and in contact hypersensitivity induced in mice. Our data

suggest that ARHGAP25 expression is infinitesimal in keratinocytes. In the CHS

mouse model, the absence of ARHGAP25 mitigated the severity of inflammation

in a leukocyte-dependent manner by reducing the infiltration of phagocytes and

cytotoxic T cells. ARHGAP25 altered cytokine composition in the sensitization

and elicitation phase of the disease. However, this protein did not affect T cell

homing and activation in the sensitization phase.
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Conclusion: Our findings suggest that ARHGAP25 is essential in developing

contact hypersensitivity by modulating the cytokine environment and leukocyte

infiltration. Based on these findings, we propose ARHGAP25 as a promising

candidate for future therapeutic approaches and a potential ACD biomarker.
KEYWORDS

ARHGAP25, contact hypersensitivity, allergic contact dermatitis, TNCB, GTPase
activating protein (GAP)
1 Introduction

Allergic contact dermatitis (ACD) is a common skin disease that

affects approximately 15% of the population worldwide, thus having a

substantial socio-economic impact (1). The pathomechanism of ACD

is associated with inflammation and is classified as a type IV delayed-

type hypersensitivity reaction. Its development can be divided into

two distinct phases: In the sensitization phase, the first contact with

the allergens, the so-called haptens, results in a pro-inflammatory

environment in the skin, in which activation of the innate and

adaptive immune cells occurs. Langerhans cells in the epidermis or

langerin-dermal dendritic cells in the dermis take up the allergen and

present them to naive T cells, creating a memory T cell population

(2–4). Although it was demonstrated that neutrophils are also

required for the sensitization phase, the underlying mechanism is

not yet fully understood (5). The second contact with the allergen

initiates the elicitation phase, causing the proliferation and infiltration

of these memory T cells (especially CD8+ cells), which in turn

produce different cytokines (e.g., IFNg and IL-1b) recruiting and

activating other leukocyte types such as macrophages and

neutrophilic granulocytes into the dermis and the epidermis. Even

though mainly these leukocytes are responsible for the tissue damage,

mast cells, NK cells, and gd T cells are also recruited to the lesion sites

(6, 7). Keratinocytes, crucial non-hematopoietic players in the

sensitization and elicitation phase, produce different types of

cytokines, taking part in the activation of T cells (8). They

contribute to creating a pro-inflammatory milieu but are also

targeted by cytotoxic T cells (9).

Recently, we reported that ARHGAP25 is an essential regulatory

component of developing autoantibody-induced arthritis (10). This

GTPase-activating protein turns off RAC monomeric GTPase-

mediated signaling by accelerating its GTPase activity (11, 12). This

way, ARHGAP25 regulates phagocyte effector functions such as

migration, phagocytosis, and superoxide production (13–15).

Although this protein was initially considered leukocyte-specific, its

importance has also been described in many tumor cell types even

though the expression level of ARHGAP25 in non-hematopoietic cells

is usually very low (13, 16–20). Surprisingly, ARHGAP25 expression

in fibroblast-like synoviocytes was detected in amounts similar to what

is expected in neutrophils (10). In the absence of ARHGAP25, the

joint operation of fibroblast-like synoviocytes, macrophages, and

neutrophils alters the cytokine environment in the synovium,
02144
leading to the reduced infiltration of phagocytes, which results in

mitigated inflammation and tissue damage (10).

These findings lead us to investigate ARHGAP25’s role in an

immunological model with a complex interplay between leukocytes

and non-hematopoietic cells to challenge our current views on

ARHGAP25’s leukocyte-selective roles in immune responses.

Contact hypersensitivity (CHS) involves orchestrated interactions

between T cells, leukocytes of the innate immune system, and

keratinocytes (6, 7). It was reported that keratinocyte-specific

deletion of RAC resulted in normal epidermis development and

hair follicle loss. Furthermore, RAC1-null keratinocytes are

sensitized to leukocyte-derived IFN-g, which causes their altered

differentiation (44). RAC1 was also shown to regulate tight junction

barrier function, motility, and cell cycle progression in these cells (45,

46). Furthermore, we observed that ACD or CHS increased

ARHGAP25 gene expression in humans and mice, supporting the

importance of ARHGAP25 in the pathomechanism of these diseases.

Thus, we investigated the role of ARHGAP25 in the well-

characterized contact hypersensitivity mouse model induced by 2-

chloro-1,3,5-trinitrobenzene (TNCB) (21–23). The first

administration of TNCB on the abdominal skin sensitizes the

mice via a T cell-dependent manner, while the second challenge

on the ear skin elicits contact hypersensitivity (24).

In the present study, we show that total or leukocyte-specific

absence of ARHGAP25 reduces ear swelling upon TNCB challenge

and suppresses the infiltration of phagocytes and T cells into the

inflamed ear tissue. The lack of ARHGAP25 alters the cytokinemilieu

formed by the sensitization and the elicitation with the allergen.

Our data suggest that ARHGAP25 is involved in developing

and causing allergic contact dermatitis by regulating leukocytes,

mainly cytotoxic T cells and macrophages. The elevated gene

expression observed in human patients confirms the protein’s

importance in the disease and even raises the possibility that it

could be used as a biomarker for ACD.
2 Methods

2.1 Human skin tissue sample collection

For research purposes, skin samples were taken from patients

diagnosed with dermatitis after informed consent (Table 1).
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Symptomatic and asymptomatic sampling areas were selected and

biopsied by a dermatologist. Prior to sampling, the selected skin

area was properly disinfected and anesthetized with lidocaine

infiltration. A biopsy punch (diameter of the circlular blade: 5

mm) was used to excise the skin samples. After hemostasis, the

defect was primarily closed with a simple knotted suture.

Immediately after excision, the tissue sample was placed on dry

ice in sterile Eppendorf tubes for further processing. The studies

involving humans were approved by the Committee of Science and

Research Ethics of the Medical Research Council (ETT TUKEB)

and approved by the Department of Health Administration of the

National Public Health Center of Hungary (Ethical approval

number: IV/1707-6/2020/EKU).
2.2 Experimental animals

Age-matched male, wild-type, and Arhgap25 knock-out mice

on a C57BL/6 background were used for the experiments. Animals

were bred in a conventional animal facility at Semmelweis

University in individually sterile ventilated cages (Tecniplast,

Buguggiate, Italy) and moved to the conventional (MD) room

two weeks before experiments. All measurements conducted

using experimental mice followed the EU Directive 2010/63/EU

for animal experiments and were approved by the Animal

Experimentation Review Board of Semmelweis University and the

Government Office for Pest County, Hungary (Ethical approval

numbers: PE/EA/1967-7/2017, PE/EA/00284-7/2021, BA/73/

00070-2/2020).

To generate Arhgap25-/- bone marrow chimeric mice, WT

recipient animals carrying the CD45.1 allele on C57BL/6 genetic

background were lethally irradiated with 11 Gy from a 137Cs source

using a GSM D1 irradiator as described previously (25). Afterward,

unfractionated bone marrow cells from femurs and tibias of

ARHGAP25-/- donor mice (carrying the CD45.2 allele) were

injected into the retro-orbital plexus of recipient animals. The

repopulation of the hematopoietic compartment by donor cells

was confirmed four weeks after the transplantation. To this end,

peripheral blood was drawn and labeled for Ly6G and CD45.1 or
Frontiers in Immunology 03145
CD45.2, and samples were analyzed using a flow cytometer

(CytoFLEX, BeckmanCoulter). The ratio of donor-derived cells

among neutrophils was calculated, and only mice with over 95%

of the cells of donor origin were used in our experiments.
2.3 Induction of allergic
contact hypersensitivity

The shaved skin on the abdomen of animals was coated with 3%

(m/v) 2-chloro-1,3,5-trinitrobenzene (TNCB, Sigma Aldrich)

dissolved in acetone (Molar Chemicals), this initiates the

sensitization phase of the allergic reaction. Control mice received

vehicle (acetone) treatment only at this point, therefore, no

sensitization was initiated. After five days, the animals were

anesthetized with isoflurane (Baxter), and ear thickness was

measured using a microcaliper (Kroeplin) by an observer blinded

to the experimental setup. Then, both the previously TNCB-treated

and control animals were treated topically on the ears with 1% (m/v)

TNCB. Since in the case of control animals, this was the first

encounter with the allergen, the sensitization phase begins in them

at this point. In the case of the other treatment group, this is the

second encounter with TNCB, therefore, the elicitation phase of the

allergic reaction is initiated in them. After 24 hours, ear thickness was

measured again, animals were sacrificed, and the ears were harvested

for further experiments.
2.4 Epidermis isolation of mouse ears

One day after the TNCB challenge, mice were sacrificed, the ears

were coated with betadine for 5 minutes, washed with distilled water,

removed, rewashed, and incubated for 5 minutes in 70% ethanol.

Afterward, the ears were washed with distilled water three times and

incubated in a 5 mg/ml Dispase II (Sigma Aldrich) enzyme cocktail

dissolved in DMEM culture medium (Lonza) for 24 hours at 4°C.

Subsequently, the ears’ epidermis was peeled off with two forceps,

cleaned off the remaining connective tissue in distilled water, and

snap-frozen in liquid nitrogen for further analysis.
TABLE 1 Clinical information of patients included in the study.

Patient 1. Patient 2. Patient 3.

Age (years) 76 52 71

Sex Female Female Male

Medical history Symptoms of necrobiosis lipoiodica, topical
neomycin treatment and subsequent
disseminated contact dermatitis development

Atopic dermatitis treated with a fragrance
containing cream and subsequent symptoms
of disseminated contact dermatitis

Treatment of suspected scabies with a benzyl
benzoate preparation and due to this,
disseminated contact dermatitis development

Biopsy site Right lower extremity Right retroauricular region Right scapular region

Histology Spongiotic dermatitis, lymphocyte exocytosis,
mixed infiltrate with lymphocytes
and eosinophils

Spongiotic dermatitis, lymphocyte
exocytosis, mixed infiltrate with lymphocytes
and eosinophils

Spongiotic dermatitis, lymphocyte exocytosis,
mixed infiltrate with lymphocytes
and eosinophils

Serology Normal IgE level (<100 NE/L) Elevated IgE level 572 NE/L (<100 NE/L),
specific IgE against Birch, Mountain, Hazel
pollens, and aspergillus

Elevated IgE level 1688 NE/L (<100 NE/L), no
specific IgE
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2.5 Gene expression analysis

Human tissue samples and mouse ear samples were isolated,

immediately frozen in liquid nitrogen, and then ground. Samples

were lysed using TRI Reagent™ (Invitrogen) and stored at -80°C

until RNA preparation. Total RNA was extracted according to the

manufacturer’s protocol. cDNA was synthesized using iScript™

gDNA Clear cDNA Synthesis Kit (Bio-Rad) following the

manufacturer’s instructions. Relative expression levels of mouse

Arhgap25 and human ARHGAP25 were measured using a

LightCycler® 480 system (Roche) with TaqMan hydrolysis probes

(see Table 2). mouse Rplp0 and human RPLP0 were used as the

reference genes. The second derivative maximum method was

applied for data analysis using LightCycler® Relative Quantification

Software (version 1.5.0.39, Roche).
2.6 Histology

Excised ears were fixed using 4% paraformaldehyde (Sigma-

Aldrich), treated with xylol (Lach:ner), dehydrated in ethanol, and

embedded in paraffin using a Leica EG1150H embedding station.

Sections were prepared (8 µm) and stained with hematoxylin and

eosin (Leica). Representative images were captured on a Nikon

fluorescent microscope with a 20x objective.
2.7 Measurement of different leukocyte
types in the blood and ears of mice

Twenty-four hours after TNCB treatment of the ears of the animals,

20 ml of blood was collected from the tail of each mouse in phosphate-

buffered saline (PBS) containing 5% FBS (Capricorn Scientific) and

0,5% heparin (Teva). These blood samples were divided into two parts

of equal volumes: in one whole leukocyte number (with CD45-FITC),

myeloid cells (with CD11b-eFluor450), neutrophil granulocytes (with
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Ly6G-PerCP-Cy5.5) and macrophages (with F4/80-PE), in the other

part, leukocytes (CD45-FITC), T cells (CD3-eFluor450) helper T cells

(CD4-PerCP-Cy5.5) and cytotoxic T cells (CD8-PE) were labeled (all

antibodies were purchased from ThermoFisher Scientific). After

washing with PBS, samples were measured with a Cytoflex cytometer

(Beckman Coulter), and the number of different leukocytes in 1 µl blood

was determined using a multi-step gating strategy (Supplementary

Figure S1). Parallelly, the removed ears were cut into small pieces,

and the connective tissue was digested with 200 µg/mL Liberase enzyme

cocktail (Roche) in Hank’s Balanced Salt Solution (HBSS, Cytia)

supplemented with 200 mM HEPES (Sigma-Aldrich), leaving the cells

intact. Afterward, the samples were filtered with a cell strainer (70 µm

pore size, Sigma-Aldrich), centrifuged, and supernatants were saved for

cytokine measurements. The sedimented fraction was resuspended in

PBS containing 5% FBS, divided into two equal volumes, stained for

different leukocyte subtypes, and measured by flow cytometry as

described above.
2.8 Cytokine measurements

The amount of IL-1b and MIP-2 in the ears was determined by

sandwich ELISA kits (R&D systems) from the supernatants of the

digested ear samples (see above), according to the instructions provided

by the manufacturer. A broad picture of the cytokine profile in the

different experimental groups was assessed from pooled samples (from

9 mice per group) using a Mouse Cytokine Array kit (R&D systems)

following the protocol provided by the company.
2.9 In vitro migration assay

Untreated WT and ARHGAP25-deficient mice were sacrificed,

their femur and tibia were excised, and bone marrow was washed

out. Afterward, polymorphonuclear neutrophils (PMN) were

isolated using percoll gradient centrifugation as described
TABLE 2 Primer and probe sequences for gene expression analysis.

gene sequence

mouse Rplp0 forward 5’-CTCGCTTTCTGGAGGGTGTC-3’

reverse 5’-AGTCTCCACAGACAATGCCA-3’

probe 5’FAM-TGCCTCGGTGCCACACTCCA-TAMRA3’

mouse Arhgap25 forward 5’-CCTCCTTTGACAGGGACACA-3’

reverse 5’-CTTTGCCTCATCTGCGTTCA-3’

probe 5’FAM- ACCTCCGAGACCTGCCAGAGCC -TAMRA3’

human RPLP0 forward 5’-TCGTCTTTAAACCCTGCGTG-3’

reverse 5’-TGTCTGCTCCCACAATGAAAC-3’

probe 5’FAM- CCCTGTCTTCCCTGGGCATCAC-TAMRA3’

human ARHGAP25 forward 5’-TGGCTACTGTGATTGGTGTG-3’

reverse 5’-GGGTATATCCTTGGACTTGGG-3’

probe 5’FAM-CGAAGACCCTGCCGTGATCATGAG-TAMRA3’
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previously (26). Transwell inserts (3 µm pore size polycarbonate

membrane; Corning) and wells of 24-well tissue culture plates were

precoated with 10% FBS and washed with HBSS. For stimulus,

saved supernatants of the ear lysate of the different treatment

groups of WT and KO animals were used. Supernatants were

centrifuged at 12000 RPM for 10 minutes to remove cellular

debris, pooled (9 samples per experimental group), and diluted 2-

fold with HBSS. Wells were filled with 1 ml of these supernatants,

then inserts were placed inside, and were filled with 2x105

neutrophils in 200 µl HBSS. After one-hour incubation at 37°C,

plates were spun, inserts were removed, and the number of

neutrophils that transmigrated into the wells was determined

using an acid phosphatase assay (27, 28).
2.10 Measurements of T cell numbers and
activation from lymph nodes

Five days after treatment of the shaved abdominal skin of animals

with either TNCB or acetone, mice were sacrificed, and the inguinal

and axillary lymph nodes were harvested. The lymph nodes were

mechanically fragmented in PBS and filtered through cell strainers

with 70 µm pore size. Total cell numbers for each mouse were

counted in a Bürker chamber, then 200 µl of the samples were stained

for 1 hour at 4̊ C with the following specific fluorophore-conjugated

antibodies: CD3-eF450, CD4-PerCP-Cy5.5, CD8-PE, CD69-APC,

CD25-FITC (ThermoFisher Scientific). Single-stained and

unstained samples were also prepared for compensation.

Afterward, samples were centrifuged, washed 3 times with PBS,

and measured with flow cytometry. During evaluation, the number

of different T cell types (helper and cytotoxic) in all four lymph nodes

and the ratios of activated T cells (CD25 and CD69 positive cells)

within the T cell subtypes were determined.
2.11 Retroorbital transfer of lymph node-
derived cells

Using the remaining lymph node-derived cell samples (see

above), 5 million cells were taken out, centrifuged, resuspended in
Frontiers in Immunology 05147
alpha-MEM medium (Capricorn Scientific), and injected into the

retroorbital plexus of recipient mice. Our three experimental groups

were WT recipient mice receiving cells derived from WT lymph

nodes (WT→; WT), Arhgap25-/- recipient mice receiving cells from

WT lymph nodes (WT→; Arhgap25-/-), and WT recipient mice

receiving cells derived from Arhgap25-/- lymph nodes (Arhgap25-/-

→; WT). In each group, we used lymph nodes from mice sensitized

with TNCB on the abdomen. After one hour of the cell transfer, the

ear thickness of the recipient animals was measured with a micro

caliper, and ears were painted with TNCB as described previously.

Twenty-four hours later, ear thickness was measured again, and in

each case, ear thickness increase was calculated.
2.12 Western blot analysis

Harvested mouse ears, epidermis of ears, or human skin samples

were snap-frozen and ground up in liquid nitrogen. They were then

lysed in the following solution: 30 mM Na-HEPES, 100 mM NaCl,

1% [w/v] Triton-X-100, 20 mM NaF, 1 mM Na-EGTA, 1 mM Na-

EDTA, 100 mM benzamidine, 1% [w/v] aprotinin, 1% [w/v] protease

inhibitor cocktail, 1% [w/v] phosphatase inhibitor cocktail, and 1%

[w/v] phenylmethylsulfonyl fluoride (pH 7.5), on ice for 10 minutes.

The protein concentration of the samples was determined according

to Bradford. Subsequently, they were incubated for 5 minutes at 95°C

with 4x reducing buffer, and 40 µg of each sample was separated on 4-

15% polyacrylamide gradient gels (Bio-Rad). Following separation,

the proteins were blotted onto nitrocellulose membranes (Bio-Rad),

blocked with EveryBlot Blocking Buffer (Bio-Rad), and incubated

with the specified primary antibodies (Table 3) overnight at 4°C.

After this, the bound primary antibodies were labeled with a

horseradish peroxidase-conjugated secondary antibody specific to

rabbit IgG (GE Healthcare). After the development of X-ray films

(Fujifilm), the membranes were stripped (if necessary) with 2%

Sodium dodecyl sulfate (SDS, Sigma-Aldrich) and 0.7% 2-

mercaptoethanol (Serva) in PBS at 55°C for 20 minutes, and

GAPDH was identified as a loading control (Cell Signaling, 1:5000

dilution). Densitometry was conducted using ImageJ software (ver.

1.53o), and the data was normalized to GAPDH for total protein and

to total-MAPK for phospho-MAPK signals.
TABLE 3 Antibodies used for Western blot analysis.

Specificity Dilution Manufacturer Catalog number RRID

Total-p38 MAPK 1:1000 Cell Signaling 9212S AB_330713

Total-NF-kB p65 1:1000 Cell Signaling 8242S AB_10859369

Total-E-cadherin 1:1000 Cell Signaling #3195 AB_2291471

Total-I-kB 1:1000 Cell Signaling 4812S AB_10694416

Total-b-catenin 1:500 Cell Signaling #8480 AB_11127855

Phospho-p38 MAPK 1:1000 Cell Signaling 4511S AB_2139682

GAPDH 1:5000 Cell Signaling 14C10 AB_561053

ARHGAP25 1:5000 ImmunoGenes – –

rabbit IgG (secondary) 1:5000 GE Healthcare RPN4301 AB_2650489
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1509713
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Czárán et al. 10.3389/fimmu.2025.1509713
2.13 Statistical analysis

All data were analyzed and plotted using GraphPad Prism

10.0.1 Software. Comparison of experimental groups was carried

out by two-way ANOVA with Tukey’s multiple comparison tests or

when there were only two groups (in the case of ARHGAP25

expression experiments) unpaired t-test. All p values <0.05 were

considered statistically significant.
3 Results

3.1 ARHGAP25 is overexpressed in human
allergic contact dermatitis and in TNCB-
induced contact hypersensitivity in mice

It was reported that gene expression of ARHGAP25 can be altered

in different types of tumor cells (16–18, 29). We also demonstrated

that in terminally differentiated neutrophilic granulocytes, stimulation

decreases ARHGAP25 expression (12). However, it is unknown

whether complex inflammatory conditions affect ARHGAP25’s

expression. Thus, we decided to compare ARHGAP25 expression in

skin samples affected by ACD to that of healthy skin areas in self-

controlled RT-qPCR andWB experiments. We observed a remarkable

elevation of ARHGAP25 mRNA and protein levels in skin areas

showing symptoms of ACD compared to the healthy control skin

samples collected from the same patients (Figures 1A, C, D). The

clinical information of patients is indicated in Table 1. Next, we

decided to use the TNCB-induced contact hypersensitivity model to

mimic human ACD in mice. For this, WT animals were treated with

either 3% TNCB or, in the case of controls, only the solvent on the

abdomen. Five days later, ears were painted with 1% TNCB in both

groups, as detailed in the Methods section. RT-qPCR measurements

revealed that the Arhgap25 mRNA and protein levels were increased

significantly upon the second exposure to TNCB in the total ear lysates

(Figures 1B, C, E). According to this, we decided that this murine

model is suitable for our experiments, which aim to investigate the role

of ARHGAP25 in contact hypersensitivity. Since ARHGAP25 is

highly expressed in leukocytes, but lately it was discovered, that

certain other cell types express it as well (10, 16, 17, 30), we decided

to also measure the expression of this protein in the epidermis of

murine ear samples. RT-qPCR and WB experiments revealed no

detectable ARHGAP25 in the mouse ear epidermis, neither in the

RNA, nor in the protein level, and even the second treatment with the

allergen did not increase its expression (Figures 1B, C, E). This

suggests that keratinocytes do not express ARHGAP25, and the

detected signals in human skin, and murine total ear samples is due

to the infiltrated leukocytes.
3.2 Lacking ARHGAP25 results in
decreased ear swelling after repeated
TNCB treatment

To investigate the role of ARHGAP25 in the complex

inflammatory process of contact hypersensitivity, allergic reaction
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was induced in WT, and ARHGAP25 knock-out mice as described

previously. One day after the elicitation with TNCB on the ears,

histological analysis revealed substantial leukocyte accumulation in

WT ears, which was reduced in the case of ARHGAP25 KO animals

(Figure 2A). Prior to ear treatment, there was no difference in

ear thickness between the two genotypes (Figures 2A, B). Even

after sensitization, measuring and calculating ear thickening

revealed no significant difference between WT and KO animals

(Figures 2A, C, D). However, the second administration of TNCB

resulted in a remarkable increase in ear thickening in WT animals,

which was significantly lower in KO animals (Figures 2A, C, D). We

also generated bone marrow chimeric mice to investigate whether

only cells with hematopoietic origin are responsible for the observed

difference. These animals carry ARHGAP25 knock-out leukocytes

on a WT background (Arhgap25-/-→WT) or, in the case of the

control chimeric mice, WT leukocytes on a WT background

(WT→WT). Interestingly, similar results were obtained as in the

case of regular KO and WT mice. Before the treatment of the ears

with the allergen, no difference in ear thickness was detected

(Figure 2E), and sensitization did not cause any difference

between WT and KO chimeras either. After elicitation, however,

ear thickening increased in both groups but to a significantly lesser

degree in KO chimeric mice (Figures 2F, G).

Our results indicate that ARHGAP25 plays a significant role in

developing the disease and acts through mostly the hematopoietic cells.
3.3 After the second exposure to the
contact allergen, the infiltration of
phagocytes and T cells is reduced in the
ears of Arhgap25-/- mice

Next, we measured leucocyte counts from ear tissue and blood

to determine whether the observed reduction in inflammatory ear

swelling in the case of ARHGAP25-deficient animals is associated

with altered leukocyte recruitment. To this end, blood was collected

24 hours after treating the ears with TNCB. Mice were sacrificed,

ears were removed, connective tissue was lysed, and cells were

labeled with specific antibodies. Flow cytometry analysis revealed

that repeated treatment of the WT mice with the allergen caused a

significant increase in the number of CD45+ leukocytes, CD45

+CD11b+ double-positive myeloid phagocytes, CD45+CD11b

+Ly6G+ neutrophils, and CD45+CD11b+F4/80+ macrophages

compared to only sensitized animals (Figures 3A–D). In the case

of the Arhgap25-/- mice, the cell counts did not differ fromWT after

sensitization; however, the second TNCB treatment failed to induce

a significant increase in the number of any of these leukocyte types

(Figures 3A–D).

Moreover, the number of CD45+ leukocytes, myeloid cells,

and macrophages was significantly reduced in the ear tissue of

Arhgap25-/- mice after elicitation, compared to elicited WT animals

(Figures 3A, B, D). Analysis of the peripheral blood revealed that the

number of WT myeloid cells and neutrophils decreased significantly

upon the second TNCB challenge compared to those WT mice,

which encountered the allergen only once. This reduction was not

present in KO animals (Figures 3E–G). Interestingly, the absence of
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ARHGAP25 decreased the number of leukocytes, myeloid cells, and

neutrophils in sensitized animals compared to sensitized WT mice

(Figures 3E–G), which might be the result of ARHGAP25’s intrinsic

effect on leukocyte distribution or its potential role in the sensitization

phase too.
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At the same time, the number of monocytes did not differ

between the WT and KO, either after sensitization or

elicitation (Figure 3H).

Helper and cytotoxic T cells are critical players of ACD; thus, we

also investigated the number of these cells in the ears and blood. Our
FIGURE 1

The expression level of ARHGAP25 is elevated in contact hypersensitivity. ARHGAP25 mRNA and protein expression was measured from snap-frozen
and lysed human skin samples, mouse ears, and the epidermis of mouse ears. In the qRT-PCR experiments, Rplp0 mRNA was used as a reference
gene for normalization. GAPDH proteins was used as a loading control for Western blot experiments. In the case of human samples, skin with
allergic contact dermatitis (ACD) had significantly elevated mRNA (A) and protein expression of ARHGAP25, compared to healthy skin tissues (C, D).
Similarly, in the total ear lysates of mice, allergen treatment resulted in remarkable overexpression both on the mRNA (B) and the protein level (C, E).
On the other hand, neither the mRNA of ARHGAP25 nor the protein itself could be detected in the epidermis of control or allergic mouse ears,
suggesting that keratinocytes are not expressing this gene (B, C, D). Mean ± SEM of 7 mice and 3 human samples per group are plotted, *p<0.05,
***p<0.001. PMN, Polymorphonuclear neutrophils; ACD, Allergic contact dermatitis.
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measurements revealed that ARHGAP25 deficiency did not alter the

number of T cells (CD45+CD3+), helper T cells (CD45+CD3+CD4

+), or cytotoxic T cells (CD45+CD3+CD8+) after sensitization.

However, the second exposure to the allergen significantly
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increased these cell counts in the WT but not in Arhgap25-/- mice.

As a result, the difference between elicited WT and KO animals’ T

cells and cytotoxic T cell numbers was significant (Figures 4A–C).

Similarly, the CD45+CD3+ T cell count was decreased in the blood of
FIGURE 2

Ear swelling upon contact allergen challenge is mitigated in the absence of ARHGAP25. TNCB treatment resulted in strong leukocyte infiltration,
which was reduced in ARHGAP25-deficient animals compared to WT (HE staining, representative picture) (A). Before treatment of the ears with
TNCB, there was no difference in ear thickness between KO and WT neither in the sensitized nor in the untreated groups (B) Sensitization of the ears
with the allergen alone (in the control groups) did not cause a difference in ear thickness between wild-type and ARHGAP25 knockout mice. After
elicitation, however, the lack of ARHGAP25 significantly reduced the ear thickening of KO animals (A, C, D). Similarly, in the case of bone marrow
chimeric mice carrying ARHGAP25-deficient hematopoietic cells, no ear thickness difference was detected before ear treatment (E), however upon
TNCB challenge, reduced ear thickening was measured in KO compared to WT chimeras (F, G). Mean ± SEM of 15-23 animals is plotted in four
independent experiments in the case of full WT and KO or 7-10 in two independent experiments in the case of chimeras. ***p<0.001.
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FIGURE 3

Lacking ARHGAP25 decreased phagocyte recruitment into the inflamed ears. After the TNCB treatment of ears, blood was collected from the tails of
wild type and ARHGAP25 knockout mice, ears were digested with Liberase enzyme cocktail, and the numbers of different leukocyte types were
determined by flow cytometry, using a multi-step gating strategy. According to our results, in the inflamed ears, leukocytes (A) and, in particular,
phagocytes of the myeloid lineage (B), mostly macrophages (D), were significantly lower in KO mice compared to WT after second antigen
exposure, while neutrophil numbers only slightly decreased (C). In the blood of control animals, the absence of ARHGAP25 resulted in reduced
numbers of leukocytes (E), myeloid phagocytes (F), and, most notably, neutrophils compared to WT (G). In contrast, monocyte numbers were not
affected (H). Mean ± SEM of 6-11 mice per group in three independent experiments are plotted. *p<0.05, **p<0.01, ***p<0.001.
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the Arhgap25-/- mice after elicitation compared to WT (Figure 4D).

On the other hand, the number of T cells did not differ in the

sensitized animals, just as the number of helper or cytotoxic T cells

did not differ, neither in the sensitized nor the elicited animals
Frontiers in Immunology 10152
(Figures 4D–F). These data suggest that ARHGAP25 primarily

affects the infiltration of effector leukocytes in the elicitation phase

of the disease, and the protein is less involved in leukocyte

recruitment during sensitization.
FIGURE 4

Cytotoxic T-cell infiltration was reduced in ARHGAP25 deficient animals after allergen challenge. Similarly, as in the case of myeloid phagocytes,
numbers of different subpopulations of T cells were measured in the blood and the ears of animals after TNCB treatment. In the elicited ears, total T
cell recruitment was reduced, cytotoxic T cell numbers decreased (A, C), while helper T cell numbers were unaffected (B). On the other hand, total T
cell numbers were reduced in the blood of animals treated with TNCB twice (D), but helper and cytotoxic T cells did not show any alterations
between the two genotypes (E, F). Mean ± SEM of 6-11 mice per group in three independent experiments are plotted. *p<0.05,
**p<0.01, ***p<0.001.
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3.4 In the absence of ARHGAP25, cytokine
composition in the allergen-treated ears
is altered

Since the difference in leukocyte infiltration in the case of KO

animals could be either the reason or the consequence of an altered

cytokine profile, cytokine array and ELISA measurements were

conducted. Supernatants of digested ear samples were pooled (9 per

experimental group) and used on a mouse cytokine array

(Figures 5A, B). Densitometric analysis of the array revealed that

sICAM-1, C5/C5a, IL-1a, and TIMP-1 were present at a high level

in both the sensitized and elicited mice, independently from the

genotype. IL-1ra and CCL2 also showed high expression in

sensitized animals, but their signal was further increased upon the

second exposure to the allergen (Figures 5A–C). Expression of most

CC and CXC chemokines was low in the sensitized mice, and the

second treatment with the allergen increased their level, but to a

much higher degree in the WT than in the KO animals. KC

(CXCL1) level was in the intermediate range in WT after

sensitization, whereas Arhgap25-/- mice showed lower signals.

However, the second allergen challenge increased expression to a

similar level in both genotypes. In contrast, the SDF-1 (CXCL12)

level decreased in the WT upon the second treatment with the

allergen, while it increased slightly in the knock-out. M-CSF

expression was in the medium range in the WT before and also

after the second treatment with TNCB, whereas it showed lower

expression in the KO, in both treatment groups. Interestingly, IFN-

g, IL-17, IL-7, IL-27, and IL-4 signals were decreased in the WT

upon elicitation but remained at low levels in the KO in both

groups, suggesting an altered cytokine milieu not only in the

elicitation, but also in the sensitization phase (Figures 5A–C).

Next, we measured the exact concentrations of IL-1b and MIP-

2 (CXCL2), which were proven to be influenced by ARHGAP25 in

inflammatory conditions (10). The second encounter with the

allergen significantly increased the concentration of IL-1b both in

WT and KO. However, its amount in the KO mice was considerably

lower than in the WT (Figure 5D). MIP-2 showed a similar picture;

however, we did not observe a significant decrease in the KO

compared to the WT after the second encounter with the

allergen. It also should be noted that the elicitation did not cause

a substantial increase in MIP-2 concentration in the case of

KO (Figure 5E).

A transwell migration assay was conducted to connect the

difference observed in leukocyte infiltration to the altered

cytokine composition in the absence of ARHGAP25. With this

assay, we could test whether altered cytokine milieu affects

neutrophil migration in vitro. Bone marrow-derived neutrophils

were isolated, and their transmigrating capability toward the

cytokine containing pooled, cell-free supernatants obtained from

digested ear samples of sensitized or elicited WT and KO mice was

measured (9 per experimental group). When we compared the

individual effects of each supernatant, we did not observe any

difference in the migration of WT and KO neutrophils. However,

the supernatant collected from elicited WT animals significantly
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increased the migration of both WT and KO cells compared to the

supernatant of only sensitized WT mice.

Interestingly, the supernatant obtained from the ears of elicited

KO mice could not enhance the migration of either WT or KO

neutrophils compared to the supernatant of sensitized KO mice.

Moreover, transmigration of both WT and ARHGAP25 deficient

neutrophils was significantly decreased towards the supernatant of

elicited KO, compared to that of elicited WT (Figure 5F).
3.5 T cell counts and activation are not
affected by ARHGAP25 in the draining
lymph nodes after sensitization

Since T lymphocytes, especially helper T cells, play a key role in

the development of CHS, and the expression of specific cytokines is

already altered during sensitization, it is crucial to clarify whether

these results could be caused by altered activation or infiltration of

ARHGA25-deficient T cells. Thus, we harvested the inguinal and

axillary lymph nodes of sensitized WT and Arhgap25-/- mice. Flow

cytometric analysis of the lymph node-derived cells revealed that

sensitization with TNCB on the abdominal skin significantly

increased the total cell number. The helper (CD3+CD4+) and

cytotoxic (CD3+CD8+) T cell counts in the lymph nodes were

also increased in both genotypes; however, the differences were

statistically insignificant (Figures 6A, B, Supplementary Figure S2).

We were also curious whether the activation state of T cells

could be altered in ARHGAP25-deficient animals after

sensitization. Using flow cytometry, we measured the expression

of CD25, as the alpha subunit of the IL-2 receptor is a late activation

marker of lymphocytes and regulatory T cells, and the expression of

the transmembrane C-type lectin protein CD69, an early activation

marker of T cells (31). We found that the ratio of CD25 expressing

CD4+ helper T cells was significantly increased upon sensitization,

while the ratio of CD69 expressing cells was considerably higher

within both sensitized CD4+ helper and CD8+ cytotoxic T cells than

the unsensitized control. However, we could not detect significant

differences between WT and KO cells (Figures 6C–F).

These data suggest that, in the absence of ARHGAP25, neither

the number of T cells nor the activation state differs from WT after

sensitization in the draining lymph nodes.

Next, we investigated whether the activated, lymph node-derived

cells deficient in ARHGAP25 could reduce the severity of CHS on a

WT background. Thus, we obtained cells from the inguinal and

axillary lymph nodes of sensitized WT and Arhgap25-/- mice and

transferred them into resting recipient WT and KO animals (as a

sensitization step). After the cell transfer, the ears of the recipient

mice were treated with TNCB as elicitation with the allergen, and ear

thickness was measured as previously. Surprisingly, we found that ear

thickening was reduced significantly only in KO-recipient animals

receiving WT lymph node cells (WT→ Arhgap25-/-). Ear thickening

after transferring KO lymph node cells into WTmice (Arhgap25-/-→

WT) did not differ from the wt cell recieving wt recipient (WT→

WT) (Figure 6G).
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These data suggest that ARHGAP25 is rather involved in the

elicitation phase of CHS than in the sensitization phase.

Furthermore, it is likely that altered T cell functions, such as

reduced activation, are not responsible for the milder

inflammation observed in the absence of ARHGAP25 but rather

the altered cytokine environment is. Of course, it cannot be ruled

out that KO T cells also participate in forming the altered cytokine

environment. However, a detailed investigation of the role of

ARHGAP25 in T cells is beyond the scope of this project and will

be the subject of another publication.
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3.6 ARHGAP25 affects b-catenin-signaling
in the sensitization phase of
contact hypersensitivity

Next, we set out to investigate the possibly altered signaling

pathways by ARHGAP25, which could result in the previously

described changes in allergic inflammation. Western blot

experiments targeting b-catenin, E-cadherin, p38 MAPK, NF-kB,
and I-kB were conducted from whole ear tissue lysates (Figure 7A).

Densitometric analysis revealed that the second challenge with the
FIGURE 5

In the absence of ARHGAP25, allergen treatment reduced cytokine production and altered cytokine profile. Pooled samples of the digested ears’
supernatant were used on a cytokine array to detect possible alterations of cytokine profile in the case of ARHGAP25 deficient mice. The map of
cytokines immobilized on the membranes in duplicates is shown (A). Representative picture of an x-ray film developed from the array (B). Heat map
of integrated pixel density in Logarithmic scale of different cytokines of the array in the experimental groups (C). The concentration of IL-1b and
MIP-2 was determined from the supernatants with sandwich ELISA. After TNCB treatment significantly lower IL-1b amount was measured in KO ears
compared to WT (D), but only a decreased tendency of MIP-2 amount was measured in the ARHGAP25 deficient ears (E). Transwell assay was
conducted using bone marrow-derived neutrophils and pooled, cell-free supernatants of digested ear samples. Both WT and ARHGAP25 KO
neutrophils transmigrated to a significantly higher degree when the supernatant of WT elicited ears was added as a stimulus, compared to when the
supernatant of WT sensitized ears. Similarly, higher transmigration of both genotypes was measured in the direction of WT elicited supernatant
samples compared to KO elicited ones (F). Cytokine array and transwell was measured using pooled samples of 9 animals per experimental group.
Mean ± SEM of 6-13 mice per group are plotted in case of the ELISA measurements, and 3 mice per genotype in the case of transwell assay
*p<0.05, **p<0.01, ***p<0.001. PMN, Polymorphonuclear neutrophils.
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FIGURE 6

The absence of ARHGAP25 did not affect T cell count and activation in the lymph nodes during sensitization. Inguinal and axillary lymph nodes of
mice were excised five days after abdominal allergen or vehicle treatment. After homogenization, the obtained cells were labeled for different T cell-
specific (CD3, CD4, and CD8) and T cell activation markers (CD25 and CD69). Flow cytometry revealed that allergen treatment increased the
number of T helper cells (A) and cytotoxic T cells in the lymph nodes (B) independently of the genotype. The ratio of activated, CD25-positive T
helper cells significantly increased in the allergen-treated animals compared to vehicle-treated ones, but there was no difference between KO and
WT in this regard either (C). In the case of cytotoxic T cells, a similar increase was detectable, although it was not significant (D). Activation was
measured through CD69 positivity as well, which significantly increased in both helper (E) and cytotoxic T cells (F) and was also independent of the
genotype. Five million cells derived from lymph nodes of TNCB-treated mice were injected retroorbitally into recipient animals, and the increase in
ear thickness was measured after 24 hours. In the case of ARHGAP25 deficient mice receiving WT lymph node-derived cells, ear thickening was
significantly lower than WT cells receiving WT and KO cells receiving WT animals (G). Mean ± SEM of 3-7 mice per group in two independent
experiments are plotted. *p<0.05, **p<0.01, ***p<0.001.
Frontiers in Immunology frontiersin.org13155

https://doi.org/10.3389/fimmu.2025.1509713
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Czárán et al. 10.3389/fimmu.2025.1509713
allergen significantly reduced b-catenin expression in WT and KO.

We found that sensitization alone also resulted in a significant

decrease of b-catenin level in the KO compared to WT (Figure 7B).

However, neither the second challenge with TNCB nor the

genotype affected the expression of E-cadherin, total p38MAPK,

phospho/total p38MAPK, or I-kB (Figure 7B). Although, based on

our previous results, we expected that ARHGAP25 would influence

NF-kB signaling, we only managed to observe small, non-

significant changes: After the second exposure to the allergen,

NF-kB expression is reduced slightly in KO mice compared to

WT (Figure 7B).
4 Discussion

An in silico analysis in 2004 discovered ARHGAP25 as a new

member of the ARHGAP gene family (32). These proteins encoded
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by ARHGAP genes regulate the monomeric (or so-called “small”) G

proteins of the Rho family. Our research group was the first to clone

the full-length ARHGAP25 protein and proved that its GTPase

activating effect is specific to RAC, a prominent member of the Rho

family (13). In silico data mining, Northern blot, and Western blot

experiments revealed that ARHGAP25 is present in all the major

leukocyte types. As a phagocyte physiology research group, we

investigated its role only in neutrophilic granulocytes. Later, a

publication described the regulatory effect of ARHGAP25 on B

cells (33), but there is still no data about its role in other immune

cells, such as dendritic cells or T lymphocytes.

Meanwhile, more and more publications report ARHGAP25 as

an essential regulator of migration and metastasis of tumor cells

with non-hematopoietic origin (16–20, 29, 30, 34, 35). Surprisingly,

our recent study revealed that, besides leukocytes, ARHGAP25 is

highly expressed in fibroblast-like synoviocytes and may be

involved in their regulation during the development of serum-
FIGURE 7

Investigation of the signaling pathways likely affected by ARHGAP25 in allergic dermatitis. Twenty-four hours after treating ears with TNCB, ears
were removed, snap-frozen in liquid nitrogen, lysed, and western blot analysis of different signaling proteins was conducted. Representative western
blots for the b-catenin, E-cadherin, p38MAPK, NF-kB, and Ik-B are shown (A). Densitometric evaluation of the Western blots (B). Mean ± SEM of 5-
16 mice per group are plotted. *p<0.05; ***p < 0.001.
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transfer arthritis (10). Interestingly, examining skin samples of

human patients suffering from allergic contact dermatitis also

showed significantly increased expression of ARHGAP25 at the

mRNA and protein levels.

These results prompted us to investigate the role of ARHGAP25

in a more complex inflammatory disease model in which

neutrophils and macrophages participate together with dendritic

cells, mast cells, T cells, and with non-hematopoietic keratinocytes.

For this purpose, we chose the 2-chloro-1,3,5-trinitrobenzene

(TNCB)-induced contact hypersensitivity mouse model, a well-

known and widely used model of human allergic contact

dermatitis. The first TNCB treatment sensitizes the animals, and

the second encounter with the allergen triggers the inflammatory

disease. Consistent with the human results, we observed increased

ARHGAP25 expression in the ear tissue samples of TNCB-treated

mice (21–23).

Investigating the severity of inflammation, the first TNCB

treatment did not result in any significant difference in the

thickening of the ears between WT and ARHGAP25-deficient

mice. However, the second encounter with the allergen markedly

enhanced the ear thickening, a characteristic disease symptom

resulting from intense leukocyte infiltration and edema

formation. However, this was significantly less pronounced in

KO. Repeating the experiments with bone-marrow chimeric mice,

in which only the cells with hematopoietic origin are ARHGAP25

knock-out (or WT in the control), and the non-hematopoietic cells

are WT, we found similar differences as in the case of the complete

knock-out vs WT. This strongly suggests that ARHGAP25

participates in the development of CHS by regulating leukocyte

functions and does not directly affect the non-hematopoietic cells,

such as keratinocytes. This was further confirmed by our

investigations, where we ruled out the presence of ARHGAP25 in

the ear epidermis, even after the elicitation phase.

As we described earlier, lacking ARHGAP25 enhances the

migration capability, especially the extravasation of leukocytes

(10, 14). Based on this, we would expect an increased leukocyte

infiltration in the inflamed ears of KO mice. However, similarly to

the serum-transfer arthritis model (10), the absence of ARHGAP25

suppressed immune cell infiltration upon the second exposure of

TNCB. This difference was especially obvious in the case of

macrophages and cytotoxic T cells, perhaps the most important

cell types in the elicitation phase of the disease. These results

prompted us to investigate the cytokine milieu in the inflamed

ears. With the limitations of the cytokine array in mind (being a

semi-quantitative method measured from pooled samples), we

observed that most of the CC and CXC chemokines’ levels

increased as a response to the second contact with the allergen,

and this increase was less pronounced in KO.

In contrast, most interleukins showed a different profile. While

they decreased after the second encounter with TNCB in the WT

groups, the initial elevation after the sensitization was absent in the

case of the KO. These data, supplemented with the quantitative

analysis of IL-1b and MIP-2 expression providing similar results,

suggest that ARHGAP25 regulates the cytokine environment in

inflammatory conditions both in the sensitization and the

elicitation phase of CHS. In vitro transwell assay supported these
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findings since supernatants obtained from the ear lysate of elicited

KO mice could not increase the migration of either WT or KO

neutrophils, whereas supernatants collected from digested ears of

elicited WT mice resulted in a similar increase in the migration of

both WT and KO cells. These data suggest that not the cell-

autonomous migration but the cytokine milieu is affected by the

lack of ARHGAP25; therefore, this is the likely reason behind the

observed difference in the leukocyte recruitment to the

inflamed tissue.

Helper T cells are the key players in the sensitization phase of

CHS, while cytotoxic T cells are essential effectors of the elicitation

phase. The first contact with TNCB resulted in elevated cell counts

and increased T cell activation in the inguinal and axillary lymph

nodes, proving a successful sensitization. However, lacking

ARHGAP25 did not cause any alteration compared to WT. We

successfully initiated sensitization in resting recipient animals by

transferring lymph node-derived cells from sensitized mice.

However, the second encounter with TNCB decreased ear

thickening only if KO recipients received WT lymph node-

derived cells, compared to when WT animals received WT lymph

node cells. Conversely, in WT recipients which received KO cells,

no difference was observed. These results confirmed our hypothesis

that ARHGAP25 plays a more significant role in elicitation than

sensitization and suggest that the T cell homing and activation in

the draining lymph nodes after sensitization is not affected

by ARHGAP25.

To reveal the molecular mechanisms behind the altered

cytokine composition in the absence of ARHGAP25, b-catenin,
E-cadherin, MAPK, NF-kB, and IkB were investigated at the

protein level in the allergen-treated ears. KEGG analysis suggested

that these candidates are likely involved in processes characteristic

of CHS (data not shown). In addition, it was reported that

overexpression of a dominant negative RAC mutant in HeLa cells

ultimately inhibits TNF-induced NF-kB activation (36). Ximei Wu

et al. described that RAC1 activation is necessary for the nuclear

accumulation of b-catenin (37). RAC is also involved in the b1
integrin-mediated activation of p38 MAPK (38). Finally, Braga et al.

showed that in keratinocytes, RAC is necessary to redistribute E-

cadherin to cell borders (39). Based on these findings, the possible

role of ARHGAP25 through RAC also arises. Interestingly, we

found significant differences only in the case of the b-catenin. Its
level was significantly decreased after the second exposure to the

allergen, both in WT and KO. However, the absence of ARHGAP25

significantly decreased its level after the first encounter with TNCB.

These findings are consistent with the results of Jaewoong et al.,

who described that b-catenin is involved in regulating inflammatory

cytokine release upon house dust allergen and showed that its

silencing reduces NF-kB activity (40). Our study could not detect

any significant differences in the NF-kB protein level; only a

downward trend was observed in favor of the KO after the

second challenge with TNCB. In our recent paper we identified

two new candidates as molecular interactors of ARHGAP25: Syk

and 14-3-3 (41) which have been reported to regulate b-catenin (42,

43). Although ARHGAP25 seems to participate predominantly in

the elicitation phase, our data indicates that ARHGAP25 regulates

the expression of certain cytokines even during sensitization which
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1509713
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Czárán et al. 10.3389/fimmu.2025.1509713
suggest that ARHGAP25 may take part in the establishment of an

initial pro-inflammatory environment as well, probably through the

b-catenin pathway. This may further enhance the inflammatory

response during elicitation.

Our study has several limitations that should be considered.

While the TNCB-induced mouse model is a well-established tool

for studying allergic contact dermatitis (ACD), it does not fully

replicate human disease. Additionally, using TNCB as an allergen

may not represent the diversity of allergens encountered in human

ACD. Our focus on ARHGAP25 provides valuable insights, but it

needs to capture the broader complexity of ACD pathogenesis,

including interactions with other genes, signaling pathways, and

immune cells . The molecular mechanisms underlying

ARHGAP25’s role also require further clarification. In human

studies, the sample size and potential variability related to, e.g.,

environmental factors could influence the results. Despite this, we

can conclude that ARHGAP25 is necessary to develop contact

hypersensitivity. This GTPase-activating protein regulates allergic

skin inflammation by modulating the cytokine milieu and, through

this, leukocyte infiltration. In addition to being a significant player

in inflammatory processes and thus may be a therapeutic target, the

increase in its expression observed in human patients suffering from

ACD suggests that ARHGAP25 might even be used as a biomarker.

However, the clinical relevance of ARHGAP25 in human ACD

remains to be validated, requiring further translational research.
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Current perspectives and trends
of neutrophil extracellular traps
in organ fibrosis: a bibliometric
and visualization study
Yanbo Li1†, Zhengmin Cao1†, Jing Liu1†, Rui Qiang2*,
Jiuchong Wang1* and Wenliang Lyu1*

1Department of Infectious Diseases, Guang’anmen Hospital, China Academy of Traditional Chinese
Medicine, Beijing, China, 2Department of Oncology, Beijing Hospital of Traditional Chinese Medicine
Shunyi Hospital, Beijing, China
New insights into the role of immune responses in the fibrosis process provide

valuable considerations for the treatment of organ fibrotic diseases. Neutrophil

extracellular traps (NETs) represent a novel understanding of neutrophil

functions, and their involvement in organ fibrotic diseases has garnered

widespread attention in recent years. This study aims to conduct a bibliometric

analysis and literature review focusing on the mechanisms by which NETs

participate in fibrotic diseases. Specifically, we utilized a bibliometric dataset

that includes 220 papers published in 139 journals, originating from 425

organizations across 39 countries, with a total citation count of 12,301.

Keyword co-occurrence analysis indicates that the research focus on the

mechanisms of NETs in organ fibrosis is likely to center on NETosis, immune

responses, immune thrombosis, inflammation, and tissue damage associated

with NET formation. In conclusion, our findings underscore the current status

and emerging trends in NET research related to organ fibrosis, offering novel

insights into the mechanisms by which NETs contribute to the pathogenesis of

fibrotic diseases, as well as potential therapeutic strategies.
KEYWORDS

bibliometrics, visualization, neutrophil extracellular traps, organ fibrosis, neutrophil,
immune response
1 Introduction

Fibrosis is a disease characterized by the excessive deposition of extracellular matrix and

the destruction of normal parenchymal structures, leading to organ dysfunction (1). Fibrosis

can affect various organs and systems throughout the body, including the lungs, liver, heart,

kidneys, and skin, resulting in a significant disease burden. Epidemiological data indicate that

the annual incidence of major fibrosis-related diseases is approximately 4,968 cases per

100,000 population (2). The pathological process of fibrosis involves dynamic interactions

among various cell types. When tissue damage occurs, locally released chemokines attract
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immune cell populations from the circulation to the site of injury,

including neutrophils, monocytes, and macrophages. These immune

cells produce and release a multitude of pro-inflammatory and pro-

fibrotic factors, stimulating the activation and abnormal proliferation

of fibroblast (3, 4).

Neutrophils are the most abundant type of effector cells and

granulocytes within the immune system (5). Once activated,

neutrophils can release NETs through a special way of

programmed cell death, which is called NETosis (6). Recent

studies have elucidated the intricate mechanisms underlying

NETosis (7). The primary structural component of NETs is

nuclear DNA, and chromatin condensation is an essential

prerequisite for its extrusion into the extracellular space. A key

event in NETosis is the condensation of chromatin, a process

mediated by PAD4-induced histone citrullination (8). The nuclear

membrane serves as the initial physical barrier to chromatin release.

The rupture of this membrane is facilitated by phosphorylation

events, including PKCa-mediated phosphorylation of lamin B (9)

and CDK4/6-mediated phosphorylation of lamin A/C (10). The

plasma membrane represents the second physical barrier to NET

release. Its rupture is primarily associated with the disintegration of

the cortical cytoskeleton, including the degradation of actin

filaments, microtubules, and peripheral vimentin cytoskeleton

(11). Additionally, the actin cytoskeleton is regulated by Rho

kinase, which plays a role in the early nuclear translocation of

PKCa and CDK4/ (12).

Recent studies have highlighted a significant link between NETs

and various organ fibroses, including pulmonary and myocardial

fibrosis. NETs contribute to tissue damage through mechanisms

such as immune thrombosis, sterile inflammation, and immune

dysregulation, driving the progression of fibrotic diseases (13, 14).

However, a comprehensive, evidence-based analysis focusing on the

current state of research and future directions in the context of

NETs and fibrosis remains lacking. This study aims to fill this gap

by providing an overview of the latest research trends. Using

bibliometric and visual analysis of Web of Science (WOS)

publications from 2010 to 2023, we identify key research areas,

including NETosis, NET-mediated immune cell crosstalk, NET-

induced fibroblast activation and cytotoxicity, and NET-driven

immune thrombosis. By synthesizing existing knowledge, this

study offers a comprehensive, evidence-based resource for

advancing research in the field of NETs and fibrotic diseases.
2 Method

2.1 Data search and retrieval strategy

Literature from Web of Science Core Collection database

between January 1, 2010 to September 31, 2023 was downloaded

for this study. See search strategy in the Supplementary

Information. To ensure accurate interpretation of the results, only

article and review in English were included.
Frontiers in Immunology 02161
2.2 Data process and visualization

To visualize collaborations between countries, institutions, and

authors, as well as to analyze co-citations and keyword co-

occurrences, VOSviewer version 1.6.16 was used. A burst

detection analysis of keywords was conducted using CiteSpace

version 6.2.R6. In addition, Scimago Graphica provided

visualization support for the analysis. To eliminate redundant

entries, synonymous expressions were manually standardized. For

instance, “liver fibrosis” and “hepatic fibrosis” were merged.
3 Result

3.1 Annual publications and citation

The study contains 220 papers from 39 countries, 425

organizations, published in 139 journals, and 12301 quotes.

Figure 1 shows the annual number of publications and citation

frequency for the period 2010 to 2024. In general, the number of

annual publications has increased steadily and quickly. The

involvement of NETs in the etiology of fibrotic disorders was not

studied before 2010. The number of articles increased slowly

between 2010 and 2018, and the research was still in its infancy.

The rate of publications started to pick up speed after 2018. In

addition, omitting data for 2024 due to incomplete data, there is

significant increase in annual postings to over 30 in 2021, 2022,

2023. We hypothesize that this may be related to the increased heat

in the NETs research field (15).
3.2 Distribution of countries/regions

Currently, a total of 39 different countries/regions have

published studies on NETs in relation to fibrotic diseases, as

shown in Figure 2. Papers in related fields have been published

mainly in North American, Asian, and European countries.

Figure 2B shows the number of publications in these countries/

regions. The United States had the most publications (31.81%, 70),

followed by China (20.90%, 46) and Germany (11.82%, 26). Table 1

shows the top 10 countries/regions. Figure 2C shows that in our

analysis of global collaborations using the VOS observer, we found

that the main links between countries/regions were concentrated

between North America and Europe and America, and between

North America and East Asia.
3.3 Contributions of institutions

CiteSpace generates a network visualization map of institutional

collaboration. The paper on NETs in the study of fibrotic diseases

includes contributions from 425 institutions. The United States and

China have a large number of institutions engaged in scientific
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research. Most of the articles were published by the University of

Lisbon, Harvard University, University of Georgia and Democritus

University of Thrace from the United States, Sweden and Greece.

The VOS viewer presents inter-agency collaboration, as shown in

Figure 3. It is found that the University of Lisbon has the highest

total connection, but its cooperation with other institutions is

limited; Chinese scientific research institutions, represented by

Nanjing Medical University and Chinese Academy of Science,

and Harvard Medical School formed a green group, suggesting

wider cooperation and exchanges.
3.4 Journals and co-cited journals

A total of 139 journals have published articles in the field of

NETs and fibrotic diseases. Table 2 lists the 10 journals with the

largest number of publications. The journal with the most published

papers is Frontiers in Immunology (N=17), followed by

International Journal of Molecular Sciences (N=10) and Plos One

(N=6). The top three cited journals are Frontiers in Immunology

(N=569), Journal of Immunology (N=480) and Plos One (N=427).

Among the top 10 magazines, there are 3 journals in JCR Q1 and 7

journals in JCR Q2, and the IF value of 8 journals exceeds 5 points,

among which the journal with the highest IF value is Autoimmunity

Reviews (IF=8. 3).

Table 3. Top 10 journals in terms of citations. Frontiers in

Immunology (569 co-citations) was the most cited magazine,

followed by Journal of Immunology (480 co-citations) and Plos

One (427 co-citations). Among the top 10 journals, the journal with

the highest impact factor is Nature Medicine (IF=89. 8), followed by

Science (IF=83. 4) and Blood (IF=22. 8).

Figure 4 shows dual-map overlay of journals in which research

was published. The cited journals were displayed on the right side of
Frontiers in Immunology 03162
the map, and the citing journals were on the left. Reference paths are

shown in different colors. The width of the pathway is related to the

frequency of being cited. Currently there are 2 main citation

pathways, which means that articles published in Biology/

Molecular/Genetics journals are usually cited by studies published

in Molecular/Biology/Immunology and Medicine/Medical/

Clinical journals.
3.5 Authors

A total of 1574 authors were identified as contributors to the

field during the literature search. Table 4 summarizes the top 10

authors by the number of publications. Rebordao Maria Rosa and

Ferreira-dias Graca have the most publications, with 13 and 12

papers respectfully, indicating their leading achievements in the

field. The author cooperation network diagram constructed by

VOSviewer shows that there is a strong cooperation relationship

between high-yield authors and research teams in the field

(Figure 5). The thicker the line between the authors, the more

they have published together. Rebordao Maria Rosa and Ferreira-

dias Graca are leading researchers in this field, and their

cooperation network is the most extensive and influential.
3.6 References with citation bursts

Figure 6 shows the 25 most frequently cited documents. The

earliest citation burst occurred in 2007, and the latest in 2021.

Among these references, “ Cystic Fibrosis SputumDNAHas NETosis

Characteristics andNeutrophil ExtracellularTrapRelease IsRegulated

by Macrophage Migration-Inhibitory Factor” by Markryan Dwyer

et al. had the highest burst strength (strength 6.74).
FIGURE 1

Global publication output on NETs in fibrosis diseases from 2010 to 2024.
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3.7 Keywords analysis of research hotspots

Using CiteSpace and VOSviewer for keyword co-occurrence,

timeline, clustering, and burst analysis helps understand the

research hotspots, frontiers, and trends in this field. According to

VOSviewer statistics, there are 1250 keywords across 220 articles. If

these keywords had similar means, they were merged. Through the
Frontiers in Immunology 04163
analysis of keywords, we can understand the current situation of

NETs in the field of fibrotic diseases.

We employed CiteSpace and VOSviewer to analyze keyword

co-occurrence in NETs-related fibrosis research (Figure 7A). The

identified research hotspots can be broadly categorized into three

main areas. The first group, represented in red, focuses on the

pathological mechanisms of NETs in immune thrombosis,

including thrombosis, deep vein thrombosis, contributing factors,

COVID-19, and rheumatoid arthritis. The second group, denoted

in green, emphasizes the immune response and fibrosis promoted

by NETs, covering terms such as apoptosis, collagen, inflammation,

and macrophages. The third group, shown in blue, highlights

fibrotic diseases associated with NETs, including airway

inflammation, cystic fibrosis, Pseudomonas aeruginosa, and lung

disease. Furthermore, our co-occurrence analysis revealed keywords

such as “chromatin decompaction,” “NET formation,” and “nuclear

membrane rupture,” which are critical to the key steps of nuclear

DNA extrusion, extracellular release, and NET formation. Although

these terms do not form an independent cluster, they represent

important findings that deepen our understanding of NETosis,

which is also a prominent research focus within the NETs field.

Figure 7B shows the visualization of keyword time overlap. The

earliest key is displayed in purple and blue; The latest keywords are

displayed in orange and red. The results showed that the early

research on NETs and fibrotic diseases mainly focused on airway

inflammation, pseudomonas-aeruginosa, disease, release, etc. At

this stage, the research mainly focused on proving the

accumulation of NETs in tissues in cystic fibrosis, pulmonary

fibrosis and other disease models. The latest research mainly

focuses on net formation, apoptosis, collagen, injection, etc.,

suggesting that the recent research focuses on the mechanism that

the accumulation of noose NETs aggravates or promotes the fibrosis

process. The above analysis results are helpful for researchers to

speculate on the future development direction of this field.
FIGURE 2

(A) Geographic distribution map based on the total volume of
publications for different countries/areas. (B) The top ten countries/
regions in total number of publications. (C) Visualization map of
country/region citation networks generated using the VOS browser.
The thickness of the lines reflects the strength of the citations.
TABLE 1 Top 10 countries / regions with the highest number
of publications.

rank country documents citations
total
link
strength

1 USA 70 3033 42

2 CHINA 46 898 9

3 GERMANY 26 1572 30

4 POLAND 20 380 17

5 ITALY 14 260 3

6 PORTUGAL 14 165 15

7
UNITED
KINGDOM

12 474 12

8 CANADA 11 860 7

9 GREECE 10 712 10

10 AUSTRALIA 8 239 4
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Figure 7C presents a keyword time overlap visualization.

Keywords from earlier studies are depicted in purple and blue,

while those from more recent research are shown in orange and

red. The results indicate that early studies on NETs and fibrotic

diseases predominantly focused on airway inflammation,

Pseudomonas aeruginosa, and the pathogenesis and release of

NETs. During this period, research primarily concentrated on

the accumulation of NETs in tissue in disease models, such as

cystic fibrosis and pulmonary fibrosis. In contrast, more

recent studies have shifted toward topics like chromatin
Frontiers in Immunology 05164
decompaction, NET formation, macrophages, and apoptosis,

suggesting a focus on uncovering novel mechanisms of NETosis

and its role in promoting fibrosis. These findings provide

valuable insights for researchers in predicting future trends in

this field.

Figure 7C shows the top 25 keywords of the strongest reference

burst. It is worth noting that the citation outbreak of some

keywords, such as pulmonary fibrosis (2020–2024), dam (2022-

2024) and immunity (2022-2024), lasted until 2024, which means

that related research fields are still widely concerned today.
TABLE 2 Top 10 journals with the highest number of publications.

Rank Journal Count IF JCR

1 Frontiers in Immunology 17 5.7 Q1

2
International Journal of
Molecular Sciences

10
5.6 Q2

3 Plos One 6 3.7 Q2

4 Journal of Clinical Medicine 5 4.6 Q2

5
American Journal of Respiratory Cell and
Molecular Biology

4
5.8 Q2

6 Autoimmunity Reviews 4 8.3 Q1

7 Biomedicines 4 5.2 Q2

8 Biomolecules 4 5.2 Q2

9 Frontiers in Pharmacology 4 5.4 Q2

10 JCI Insight 4 8.6 Q1
TABLE 3 Top 10 most cited journals.

Rank Co-cited journal Citations IF JCR

1 Frontiers in Immunology 569 5.7 Q1

2 Journal of Immunology 480 4.9 Q2

3 Plos One 427 3.9 Q2

4 Blood 418 22.8 Q1

5 Nature Medicine 328 89.8 Q1

6 Science 295 83.4 Q1

7
American Journal Of Respiratory
And Critical Care Medicine

284
20 Q1

8 PNAS 280 11.2 Q1

9 Journal of Clinical Investigation 258 13.3 Q1

10 Journal of Experimental Medicine 225 13.9 Q1
frontie
FIGURE 3

Visualization of institutional collaboration networks.
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4 Discussion

4.1 Global trends on NETs in
fibrosis diseases

As far as we know, this is the first bibliometrics study on NETs

and fibrotic diseases. Our results reveal significant findings, research

interests and frontiers in this particular area. Figure 1 shows the

global growth trend of NETs publications in the field of fibrotic

diseases from 2010 to 2024. In the last five years, the literature on

NETs and fibrotic diseases has increased rapidly. The exponential

growth of literature on neutrophil extracellular traps (NETs) and

organ fibrosis since 2010 can be attributed to three interconnected

factors: 1) seminal studies have established NETs as pivotal mediators

of fibrotic progression across multiple organ systems, including the

lung, liver, and kidney. Key discoveries have catalyzed

interdisciplinary investigations into their pathophysiological roles;

2) cutting-edge methodologies have revolutionized NETs research.

Innovations in single-cell sequencing, multiplex immunofluorescence

imaging, and mouse models of fibrosis have made the spatiotemporal
Frontiers in Immunology 06165
dynamics of NETs precise characterization of NETs; 3) strategic

initiatives by major funding bodies have prioritized fibrotic disease

mechanisms. Therefore, we assume that although the research on

NETs and fibrotic diseases is still in its infancy, this field will continue

to grow in the next few years.

According to the distribution of countries/regions (Figure 2),

the United States is the countries with the largest proportion of

published documents in this field. Correspondingly, Harvard

University and University of Georgia in the United States are also

in an important position in the institutional cooperation network.

Despite the increasing volume of Chinese publications, the limited

frequency of international collaborations in Chinese-led research

may hinder its visibility and reduce editorial confidence, thereby

restricting the ability of Chinese institutions to publish in high-

impact international journals. Furthermore, many studies from

China have primarily focused on validating established NET-

fibrosis pathways in disease models, rather than introducing novel

mechanisms, which may diminish their appeal to top-tier journals.

Additionally, Chinese researchers often face language and

presentation challenges as non-native English speakers, which can

further impede the dissemination of their work. We argue that

addressing these barriers will significantly enhance the global

influence of Chinese institutions in this field.

Among the journals shown in Table 2, Frontiers in

Immunology, International Journal of Molecular Sciences and

Plos One may be the leading journals in the field of fibrotic

diseases in NETs, especially the molecular, biological and genetic

related sections. In addition, among the top ten authors, Rebordao

Maria Rosa and her team have published the most papers and

played a major role in this field.
4.2 Hotspots and emerging frontiers in
NETs in fibrosis diseases

The reference of citation explosion (Figure 6) shows the widely

cited literature in this field, shows the work that scientists are

interested in at different stages, and may partially highlight the
FIGURE 4

Dual-map overlay illustrating the journals where the research was published (left) and those that cited it (right).
TABLE 4 Authors in the top 10 publications.

Rank Authors Count

1 Rebordao Maria Rosa 13

2 Ferreira-dias Graca 12

3 Amaral Ana 10

4 Szostek-mioduchowska Anna 10

5 Lukasik Karolina 8

6 Rada Balazs 8

7 Fernandes Carina 7

8 Skarzynski Dariusz J. 7

9 Chrysanthopoulou Akrivi 6

10 Pinto-bravo Pedro 6
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FIGURE 5

Authors’ collaboration network of research on NETs in fibrotic diseases.
FIGURE 6

Visualization map of top 25 references with the strongest citation bursts from 2007 to 2020.
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changes and trends of research in this field. Most of the early

references on outbreak are related to the mechanism of NETs

formation and release (16, 17). In 2010, Veronica Marcos et al.

first reported that NETs are rich in the airway fluid of cystic fiber

patients and mouse models (18). Although the manuscript was

withdrawn one year after its publication, this article still attracted

the attention of the industry in a short time and was cited 159 times.

The role of NETs in the pathological process of cystic fibrosis has

been continuously focused on in the subsequent citation outbreak

literature (19–21). With the deepening of research, the effects of

NETs-derived components such as Neutrophil elastase and

Histones have been discovered (22). The review published by

Samir Rahman et al. in Front Immunol in 2014 summarized the

new understanding of NETs in cystic fibrosis (23). After that, the

direction of citing outbreak literature gradually diversified, and

diseases such as aging-related organ fibrosis (24), COVID-19-

related pulmonary fibrosis (25), hepatic fibrosis and systemic

sclerosis are gradually gaining attention, and research is

progressively deepening to explore the pathological mechanism.

The strongest citation trends associated with specific keywords

can serve as predictors for the future trajectory of network research

in the field of fibrotic diseases. The results of the keyword co-

occurrence analysis highlighted key terms such as “NETosis

mechanism,” “immune response,” “fibrosis,” “tissue damage,” and

“immune thrombosis.” In the subsequent sections, we will provide a
Frontiers in Immunology 08167
detailed overview of the latest research findings related to

these topics.

4.2.1 The key mechanism of NETosis
Chromatin decondensation or dissolution is considered a

prerequisite for NET formation. PAD4-mediated histone

citrullination has been identified as a key driver of this process

(8). PAD4 facilitates chromatin decondensation by disrupting the

tight interaction of histone H1, which is involved in chromatin

compaction (26). Recent studies have expanded the role of

citrullination beyond histones, including its impact on proteins

associated with nuclear and chromatin structures, such as LMNB1,

LBR, VIM, and actin filament-related proteins. These findings add a

layer of complexity to our understanding of PAD4’s role in NETosis

(27). Additionally, histone acetylation contributes to chromatin

decondensation by neutralizing positive charges, weakening

chromatin’s overall structure and enabling the binding of various

proteins that trigger transcriptional programs. These genome-wide

transcriptional events are essential for chromatin depolymerization

(28). Furthermore, neutrophil elastase (NE) has been recognized as

a critical factor in chromatin depolymerization (29). NE

translocates from cytoplasmic granules to the nucleus via yet-to-

be-identified mechanisms, where it promotes chromatin

decondensation by cleaving histones (30). Under the synergistic

effect of the above mechanisms, the thick chromatin is decondensed
FIGURE 7

(A) keyword co-occurrence diagram; (B) Timeline diagrams of keywords; (C) Top 25 keywords with the strong citation bursts.
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and dissolved, making it possible for it to be released into

the extracellular.

It is widely believed that the nuclear envelope represents the

first physical barrier that must be breached for NETs release. The

nuclear envelope consists of the outer and inner nuclear membranes

and the nuclear lamina, which provides structural support. The

nuclear lamina is composed of A-type and B-type lamins (31).

Recent studies have reported new findings regarding lamin

degradation and nuclear envelope rupture. During NETosis,

PKCa, which is localized in the cytoplasm of resting neutrophils,

translocates to the nucleus. Activated PKCa phosphorylates lamin

B, facilitating nuclear envelope rupture. Pharmacological inhibition

of PKCa has been shown to suppress NET formation in vitro (9).

CDK4/6 has also been found to phosphorylate lamin A/C,

contributing to nuclear envelope rupture. The use of CDK4/6

inhibitors (abemaciclib/LY2835219) effectively inhibits NET

formation in human neutrophils (10). In addition to kinases,

calpain-mediated proteolysis also plays a role in nuclear envelope

rupture. Recent evidence suggests that Ca2+ influx leads to sustained

elevation of cytosolic and nuclear Ca2+ levels, which activate

calpain, causing degradation of the actin cytoskeleton and nuclear

nesprin-1. The structural disruption of nesprin-1 leads to the

disappearance of nuclear envelope morphology. Calpain

inhibitors have been shown to suppress NET formation through

this mechanism (32).

The second physical barrier released by NETs is the plasma

membrane. The cortical actin cytoskeleton beneath the plasma

membrane plays a crucial role in maintaining cell membrane
Frontiers in Immunology 09168
stability. The rapid disintegration of the cortical actin

cytoskeleton is a key event in the extrusion of NETs during the

later stages of NET formation. Following stimulation, neutrophils

from both mice and humans exhibit rapid breakdown of the actin

cytoskeleton, leading to the shedding of membrane microbubbles,

disintegration and remodeling of microtubules and intermediate

filaments, and blistering of the plasma membrane (11).

Additionally, NET formation can directly induce plasma

membrane rupture through pyroptosis-related inflammatory

factors. Gasdermin E (GSDMD), a pore-forming protein

implicated in apoptosis and plasma membrane rupture,

translocates to the plasma membrane where it forms pores (33).

Recent studies have highlighted the role of GSDMD in NET

formation. During NET formation, GSDMD is hydrolyzed and

activated, which enhances membrane permeability and facilitates

NET extrusion (34). Pharmacological inhibition of GSDMD has

been shown to suppress NET release, and interestingly, neutrophil

elastase (NE) may also participate in GSDMD activation (35). These

findings provide new insights into the mechanisms by which NE

contributes to NET formation. The above NETosis mechanism is

shown in Figure 8.
4.2.2 NETs-immune cell crosstalk
The inflammatory response characterized by the infiltration of

immune cells such as neutrophils, macrophages, and monocytes is

considered a key culprit in the development of organ fibrosis. The

intricate relationships among these cells have been a focal point of
FIGURE 8

The key mechanism of NETosis.
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interest and challenge. NETs, as products of neutrophils, contain

various pro-inflammatory mediators such as cytokines and

chemokines, providing a pathway for crosstalk between

neutrophils and other immune cells, including macrophages and

monocytes, thereby exerting a broad impact on the immune

mechanisms underlying fibrotic diseases.

Current understanding of the crosstalk between NETs and

macrophages is the most advanced. On one hand, NETs are involved

in the phenotypic transformation of macrophages. NETs were found to

promote the conversion of macrophages to myofibroblast-like

phenotypes via the TGF-b1/Smad3 signaling pathway in a renal

fibrosis model (36). Myofibroblasts are the primary cell type

responsible for collagen deposition during the fibrotic disease process

and play a significant role in tissue repair and pathological fibrosis. In a

model of myocardial infarction, free DNA from NETs can enhance the

proliferation ofMer tyrosine kinase/MajorHistocompatibility Complex

II macrophages (Mertk-MHC-IIlo-int) through the Toll-like receptor 9

pathway (37). Mertk-MHC-IIlo-int is a pro-inflammatory macrophage

type that promotes extracellularmatrix degradation and phagocytosis of

cellulardebris. Thisfinding suggests thatNETsmayplay abeneficial role

in ventricular remodeling by inducing specific immune responses in

macrophages. The contradictory evidence may relate to the high

plasticity and functional diversity of macrophages in chronic

inflammation and tissue injury.

On theotherhand,NETs facilitatemacrophage infiltration and the

subsequent release of pro-inflammatory cytokines frommacrophages.

In a heart failure with preserved ejection fraction (HFpEF) model,

NETswere associated withmacrophage infiltration and inflammatory

responses; the breakdown of NETs by DNase 1 significantly reduced

macrophage numbers in cardiac tissue and decreased IL-10 expression

in macrophage (38). Additionally, NETs can elevate a-SMA levels in

macrophage (39), a mechanism that plays an important role in renal

fibrosis induced by hyperuricemia. In a mouse model of pulmonary

fibrosis, NETs were found to antagonize the production of the anti-

fibrotic cytokine IL-27 in macrophages, exacerbating tissue

remodeling and fibrosis (40).

Recent findings also shed light on the crosstalk between NETs

and monocytes. In a mouse model of MASH disease, NETs induced

the production of pro-inflammatory factors such as IL-1b and TNF-
a in monocytes, triggering the recruitment of monocyte-derived

macrophages and the activation of senescent cells, with the NLRP3

signaling pathway potentially involved in this process (41).

4.2.3 Fibrosis and tissue damage
Fibroblasts arekey effector cells in theprocessoforganfibrosis, and

NETs can influence their activation and proliferation through various

mechanisms. NETs have been shown to target classical signaling

pathways, such as TGF-b (42) and NLRP3 (41), promoting

fibroblast activation, as evidenced by increased expression levels of

biomarkers such as vimentin, a-SMA, and COL1A1. Additionally,

NETs selectively impact the metabolic reprogramming of fibroblasts

during the activation of hepatic stellate cells (HSCs) in liver fibrosis.

HSCs co-cultured with NETs exhibit elevated oxygen consumption

rates (OCR) and extracellular acidification rates (ECAR), indicating

increased mitochondrial respiration and aerobic glycolysis. Further

studies have demonstrated that the metabolic regulatory effects of
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NETs on HSCs are dependent on the arachidonic acid pathway,

particularly involving cyclooxygenase-2 (COX-2) and Prostaglandin

E2 (PGE2) (43).

Moreover, NETs can promote the epithelial-mesenchymal

transition (EMT) in lung epithelial cells, inducing the expression of a-
SMA, Snail, and Twist, while simultaneously decreasing E-cadherin

expression, thereby facilitating lung fibrosis (44). The role of NETs in

driving EMT in lung epithelial cells has also been demonstrated in

critically ill patients with COVID-19. Studies have shown that lung

tissues from critically ill COVID-19 patients exhibit high expression of

both epithelial and mesenchymal markers. In an in vitromodel, it was

confirmed that the EMT expression pattern induced by SARS-CoV-2

correlates with NETosis (25). These findings suggest that NETs play a

crucial role in the pathogenesis of COVID-19-associated

pulmonary fibrosis.

The cytotoxic effects of NETs can also impact parenchymal cells,

leading to a series of pathological changes. NETs can reduce the

resistance of bronchial and airway epithelial cells, increasing the

paracellular flux of macromolecules, which induces apoptosis in

airway cells. Furthermore, exposure to NETs has been found to

cleave E-cadherin protein (45), processes that collectively contribute

to the disruption of epithelial barrier function. Emerging evidence

suggests that neutrophil extracellular trap formation (NETosis) is

implicated in the pathogenesis of advanced heart failure.

Histopathological analyses have demonstrated significant NETosis

deposition accompanied by substantial neutrophil infiltration within

myocardial tissue from end-stage heart failure patient (46).

Mechanistically, this neutrophil-derived inflammatory response may

drive the pathological progression from compensated to

decompensated cardiac hypertrophy through dual mechanisms: 1)

Sustained release of pro-inflammatory mediators that potentiate

myocardial fibrogenesis, and 2) Direct cytotoxic effects causing

cardiomyocyte death and extracellular matrix remodeling (47).

Research on the components of NETs further elucidates its

profibrotic and tissue-damaging effects. Studies indicate that NETs

contain antimicrobial proteins and histones, which exhibit high

biological toxicity and are involved in inflammatory responses,

epithelial-mesenchymal transition (EMT), and epithelial injury.

Several reviews have summarized the pathological processes of NET

components inpulmonaryfibrosis (48–50).Among these,NEhasbeen

the subject of considerable research. NE is implicated in neutrophil-

mediated airway inflammation and can also stimulate excessivemucus

secretion in models of cystic fibrosis (51), damaging the defensive

functions of epithelial cells (52). Furthermore, NETs contain bioactive

inflammatory cytokines such as IL-17, which promote fibroblast

differentiation. Co-culturing lung fibroblasts with IL-17-rich NETs

in vitro results in a fibrotic phenotype characterized by increased

CCN2 expression, enhanced migration and healing abilities, and

elevated collagen release (53).

4.2.4 Immune thrombus
NETs have been found to play a significant role in promoting a

hypercoagulable state and thrombosis in patients with fibrosis, with

coagulation imbalance considered one of the important reasons for the

progression of fibrotic diseases, often associated with severe clinical

manifestations (54, 55). The pro-thrombotic effects of NETs are
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complex; on one hand, they serve as activators of thrombosis, while on

the other hand, they act as scaffolds that influence the stability of

thrombi. The mechanisms by which NETs stimulate thrombus

formation may be related to the expression of tissue factor (TF) and

IL-17A by NETs. Studies have shown that NETs extracted from the

peripheral blood of patients with active systemic lupus erythematosus

can express active TF and IL-17A, inducing thrombin production that

activates the coagulation mechanism and promotes HSC activation

(14). NETosis and the immunothrombosis induced by NETs play

critical roles in COVID-19-related conditions such as pulmonary

fibrosis and nonalcoholic steatohepatitis (NASH) (56). SARS-CoV-2

infection triggers complement activation accompanied by both

neutrophil TF expression and NETs carrying active TF production,

increasing its procoagulant activity (57). SARS-CoV-2 has been

implicated in a range of lung diseases, including pulmonary nodules.

Activated neutrophils have been detected in the lung tissues of patients

withpulmonarynodules, accompanied by the formationofNETs (58).

These findings suggest that NETs may play a role in the sequelae of

COVID-19, however, further studies are required to substantiate

this association.

Additionally, key components of NETs, such as free DNA, also

exhibit pro-coagulant properties.Uponentering the plasma, freeDNA

binds to factor XII (FXII), triggering the production of thrombin.

Furthermore, NETs serve as direct mediators of thrombosis (59). As

complex extracellular structures, NETs provide a scaffold for the

aggregation of platelets and fibrin. Pathological examination of

alveolar tissues from patients who succumbed to severe COVID-19

revealed that NETs are important constituents of microvascular and

macrovascular thrombi (60).Whenmicrovascular thrombosis occurs,

it triggers a cascadeof inflammatory responses, involving immune cells

and fibroblasts. This amplifies the inflammatory response, further

exacerbatingECMdeposition,whichmaybeoneof themechanismsby

which NETs promote the formation of immune thrombus and

contribute to fibrosis (61). These findings collectively suggest that

NETsrepresent reliableandpromising therapeutic targets forCOVID-

19-related lungdiseases. Current research on therapeutic strategies has

primarily focused on the direct degradationofNETs and the inhibition

of key pathways involved in NETosis, with DNase I and PAD4

inhibitors serving as key examples. The pharmacological effects of

these strategies are mainly centered on anti-inflammatory and

antithrombotic therapies. Among these, recombinant human DNase

(rhDNase) is anFDA-approved drug that promotes the degradation of

NETs by catalyzing the hydrolysis of extracellular DNA.

Administration of rhDNase has been shown to reduce the

inflammatory response, decrease platelet activation, and improve

local blood flow in mouse models of acute respiratory distress

syndrome (ARDS) (62).
5 Summary and outlook

This study combines bibliometric analysis with a review of the

research hotspots related to the pathological mechanisms by which

NETs participate in fibrotic diseases, offering certain advantages

over previous studies that relied solely on bibliometric analysis or

narrative reviews. To our knowledge, this is the first bibliometric
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study focusing on the relationship between NETs and fibrotic

diseases. It is important to note that the bibliometric analysis is

limited to literature retrieved from the WoS, which may result in an

incomplete collection of relevant studies. Consequently, the

discussions presented in this paper have certain limitations.

Although our findings indicate a rapid increase in the

literature concerning NETs in the context of fibrosis, several

significant challenges and unresolved issues remain. First, the

intricate mechanisms underlying NETosis are still not fully

elucidated. For instance, the initial triggers of NETosis remain

unclear, as does the sequence of events, such as whether

chromatin condensation occurs prior to or simultaneously with

the rupture of the nuclear membrane. Addressing these questions

will provide a more comprehensive understanding of this complex

process and potentially inform the development of targeted

therapeutic strategies aimed at NETs to prevent fibrotic diseases.

Second, the crosstalk between neural networks and immune cells

represents a highly complex process with numerous unresolved

questions. Specifically, it remains uncertain whether NETs interact

with lymphocytes, and the precise mechanisms by which immune

cell crosstalk promotes fibrosis are yet to be determined.

Furthermore, the role of NET components in the promotion of

fibrosis is still unclear, with most studies focusing on pulmonary

fibrosis models. The involvement of enzymes such as neutrophil

elastase (NE) and myeloperoxidase (MPO) in myocardial and liver

fibrosis remains poorly understood. Future research should aim to

clarify the specific mechanisms by which NETs contribute to fibrotic

diseases, including their interactions with a broader spectrum of

immune cells, the pathways through which NETs activate

fibroblasts, and the potential cytotoxic effects of NETs themselves.

Based on our findings, these areas represent critical directions for

future investigation.
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IRAK3 is upregulated in
rheumatoid arthritis synovium
and delays the onset of
experimental arthritis
Federica Borghese1, Richard O. Williams1

and Felix I. L. Clanchy1,2*

1Kennedy Institute of Rheumatology, University of Oxford, Oxford, United Kingdom, 2Botnar Institute
for Musculoskeletal Sciences, Nuffield Department of Orthopaedics, Rheumatology and
Musculoskeletal Sciences, University of Oxford, Oxford, United Kingdom
Tumour necrosis factor (TNF) is a potent inducer of endotoxin tolerance-associated

molecules, such as interleukin-1 receptor-associated kinase 3 (IRAK3), and also a

therapeutic target in inflammatory autoimmune diseases, as it upregulates the

production of inflammatory mediators. The role of IRAK3 was assessed in

rheumatoid arthritis (RA), a disease which is amenable to TNF blockade. As a

variant of IRAK3 lacks the death domain required for its canonical role, isoform

expression was determined in different inflammatory milieu by immunoblotting. RA

synovial explant expression of IRAK3 was measured by qPCR. The expression of the

larger, “classical” IRAK3 isoform predominated in macrophages treated with various

stimuli. The expression of IRAK3 was higher in RA synovium compared to

osteoarthritis synovium. Using collagen-induced arthritis, a murine model of RA,

the immunomodulatory role of IRAK3 was investigated with wild-type (WT) and

IRAK3-deficient mice expressing the MHC-II Aq allele. Disease progression was

significantly accelerated in IRAK3−/− mice. In addition, the circulating levels of IL-1b
were greater, and there were fewer Tregs both before and after the onset of disease.

Inflammatory gene expression was higher in the arthritic paws of IRAK3−/−mice. This

study demonstrates that IRAK3 deficiency accelerates the progression of arthritis and

increases molecular markers of disease severity.”
KEYWORDS

arthritis, inflammation, IRAK3, macrophages, cytokines
Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease that primarily affects the

joints and, without adequate treatment, results in progressive destruction. It is more

frequent in women than men, and its prevalence is 0.5%–1% in developed countries (1).

Although the cause of RA is not fully elucidated, genetic and environmental factors are

associated with susceptibility to the disease.
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The efficacy of tumour necrosis factor (TNF) blockade in

combination with methotrexate for the treatment of RA indicates a

central role for TNF in disease progression. However, TNF has both

pro-inflammatory and immunomodulatory actions, and several

studies have demonstrated that TNF blockade can prevent

endotoxin tolerance (ET), due in part to a reduction in interleukin-

1 receptor-associated kinase 3 (IRAK3) expression (2). IRAK3 (also

known as IRAK-M) is a member of the IRAK family, together with

IRAK1, 2 and 4, and is expressed predominantly in macrophage

(Mj)-lineage cells (3). By preventing signaling via MyD88, IRAK3 is

a pivotal inhibitor of the Toll-like receptor (TLR) and IL-1b/IL-18
signaling pathways. The IRAK proteins have several structural

similarities such as a death domain, kinase/pseudo-kinase domain,

and, excepting IRAK4, a TRAF6 binding domain (4, 5). As a

common denominator of the IRAK proteins, the death domain

facilitates intermolecular binding between IRAKs (6). Lacking

kinase activity, IRAK3 inhibits the MyD88 pathway by associating

with IRAK4 via their respective death domains, thereby altering the

normal assembly of the MyD88–IRAK4–IRAK1 signaling complex

(4). Finer mapping of the functional structures of IRAK3 has revealed

putative key amino acids necessary for its activity (7, 8). An isoform

of IRAK3 lacks most of the death domain, and its function is largely

unknown, but mutations and deletions in this region can reduce the

inhibition of inflammatory mediator secretion in Mj-lineage cells,

suggesting that it is unable to perform the canonical inhibitory

function of the classical variant (6).

Several studies have indicated a role for IRAK3 in reducing or

delaying inflammatory disease. For example, the accelerated

development of asthma is associated with variants of IRAK3 in

multiple studies, the first of which identified several potentially

pathogenic mutations in the protein-coding region (9–11); IRAK3 is

also a key gene biomarker in the peripheral blood of childhood

asthma patients with exacerbation of disease activity (12). IRAK3

suppresses a murine model of systemic lupus erythematosus (SLE)

(13), but a trend towards the association of genetic variants of

IRAK3 was not statistically significant in a study of a European SLE

population (14). A deficiency of IRAK3 in an atherosclerosis

murine model led to an exacerbation of disease activity (15).

IRAK3 is one of eight core genes associated with osteoarthritis

(OA) in patients with metabolic syndrome (16). In circulating

monocytes, the expression of IRAK3 was higher in RA patients

with low/moderate disease activity compared to high disease

activity (17). In RA fibroblast-like synoviocytes, the expression of

IRAK3 (and other IRAK family members) is increased by TLR

ligands (18). IRAK3 can also contribute to the development of

disease. IRAK3 is upregulated in IgG4-related disease manifesting

in salivary gland inflammation with M2 Mj-associated fibrosis

(19); fibrosis was also promoted by IRAK3 in a bleomycin-induced

lung injury model (20). IRAK3 has been demonstrated to promote

some forms of cancer (21–23).

The cytokines IL-1b and TNF are highly expressed within the

inflamed RA joint and, by binding to their respective receptors,

cause inflammatory signaling, including the NF-kB signaling

pathway (24, 25). Inflammation-driven tissue remodeling also

releases Damage-associated molecular patterns (DAMPs), which
Frontiers in Immunology 02174
triggers TLR signaling (26). In the OA joint, inflammation is driven

by the IL-1b and mechano-sensitive signaling pathways rather than

the significant leucocyte infiltrate and synovial hyperplasia observed

in RA (27). TNF induces the expression of regulatory signaling

proteins such as IRAK3; in time, IRAK3 attenuates signaling via

TLR/IL-1b, including the NF-kB pathway.

This study’s purpose was to investigate IRAK3-associated

mechanisms in the context of a chronic inflammatory disease for

which anti-TNF is efficacious (28), as its expression has been shown to

be dependent on TNF in vitro (2). The expression of IRAK3 was

determined in human Mj given a range of stimuli and in human RA

synovial explants. IRAK3 has twomain isoforms, and it was established

that Mj predominantly express the longer, classical isoform of IRAK3

in Mj given a range of stimuli; IRAK3 expression was higher in RA

synovium compared to OA synovium. To investigate the systemic

effects of IRAK3, collagen-induced arthritis (CIA) was induced in mice

lacking this gene. The development of arthritis was accelerated and

characterized by increased circulating levels of IL-1b and reduced IL-5.

While regulatory T cells (Tregs) were reduced in the lymph nodes

(LNs) of IRAK3−/− during CIA, there was an increased T-cell gene

expression profile in IRAK3−/− arthritic joints, compared to wild-type

(WT) joints.
Materials and methods

Irak3 KO mice

Mice lacking IRAK3 (B6.129S1-IRAK3tmlFlv/J) with a C57BL/6

background, were kindly provided by Hans-Joachim Anders courtesy

of Koichi Kobayashi and Richard Flavell; the genetic modification

introduces a stopmutation resulting in a significantly truncatedmutant

transcript (29). Knockout (KO) status was screened using the following

primers: forward primer 5′-CGTTCCATAACACACCTCTCTGC-3′;
reverse primer 5′-TTCTATCGCCTTCTTGACGAGTTC-3′. WT

status was determined using the following primers: forward primer

5′-GCCAGAAGAATACATCAGACAGGG-3′; reverse primer 5′-
TGTTTCGGGTCATCCAGCAC-3′. C57BL/6 IRAK3−/− mice (which

express the MHC-II allele Ab) were crossed with the congenic C57BL/

6NQ mice (expressing the MHC-II allele Aq) to increase susceptibility

to arthritis (30); C57BL/6NQ mice were generously provided by Johan

Bäcklund (Karolinska Institute). Mice were crossed to create

heterogeneous breeding pairs, which were further crossed and their

progeny screened for H2q homozygoticmice that were homozygous for

a lack of Irak3; see Supplementary Table 1 for primers. All mice were

housed in pathogen-free conditions with ad libitum food and water at

the Kennedy Institute of Rheumatology (KIR). All procedures were

conducted in accordance with UK Home Office regulations

and guidelines.
Collagen-induced arthritis

Male C57BL/6NQ IRAK3−/− and C57BL/6NQ WT mice were

immunized with bovine type II collagen in complete Freud’s
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adjuvant as previously described (31). After mice developed clinical

arthritis, the disease severity in the paws was scored as follows: 0,

normal; 1, slight swelling and/or erythema; 2, clear swelling; and 3,

pronounced edematous swelling/ankylosis. Clinical parameters

were measured for 10 days after disease onset in each animal, and

then animals were euthanized; blood plasma, spleens, inguinal

lymph nodes, and paws were harvested. For pre-onset studies,

tissue harvests took place 14 days after immunization.
Phenotyping cell subsets by flow
cytometry

To analyze Th lymphocyte subsets, cells from the spleen and LN

were isolated as previously described (28). Leucocytes were directly

stained with viability dye (Zombie NIR Fixable Viability dye,

BioLegend, San Diego, CA, USA), and antibodies for CD4 (RM4-

5, BioLegend) and CD25 (PC61, BioLegend); then fix/permeabilized

and stained intra-cellularly for FoxP3 (236A/E7, eBioscience, San

Diego, CA, USA), Gata3 (TWAJ, eBioscience), RORgt (Q31-378,
BD Biosciences, San Jose, CA, USA), Tbet (4BD10, BioLegend), and

Helios (22F6, BioLegend); and analyzed using the FACSDIVA

software (BD Biosciences) and FlowJo (TreeStar). To quantify T-

cell subsets, live cells were gated into Tregs (CD4+CD25+FoxP3+),

natural Tregs (CD4+CD25+FoxP3+Helios+), Th2 (CD4+Gata+), Th1

(CD4+Tbet+), and Th17 (CD4+RORgt+) cells.
Murine plasma biomarkers

Blood was collected via cardiac puncture into microcentrifuge

tubes containing heparin. Samples were then centrifuged at 13,000

rpm for 10 minutes at 4°C. Plasma was then stored at −80°C until

the measurement of anti-collagen responses as previously described

(32). Inflammatory mediators in murine plasma were measured

using the Mouse TH1/TH2 9-Plex Ultra-Sensitive Kit (MesoScale

Discovery, Rockville, MD, USA; catalogue number K15013C-1)

according to the manufacturer’s instructions.
Gene expression in murine tissue

Paws were snap-frozen in liquid nitrogen and processed as

previously described (31). Briefly, tissue was pulverized with the

BioPulverizer™ (BioSpec, Bartlesville, OK, USA). Paw powder was

then homogenized in 500 mL of TRIzol reagent (Invitrogen,

Carlsbad, CA, USA) using the Sample Grinding Kit (GE

Healthcare, Chicago, IL, USA). Chloroform (100 mL) was added

to the tube, and the lysate was mixed and then centrifuged to

separate the mixture into a lower phenol phase and upper aqueous

separated by an interphase. The aqueous phase of the phenol/

chloroform extraction was mixed with an equal volume of ethanol

and then added to an RNA extraction column (miRNeasy Mini Kit,

Qiagen, Valencia, CA, USA), and mRNA extraction was completed

according to the manufacturer’s instructions.
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cDNA was reverse transcribed from 500 ng of RNA using a

High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, Foster City, CA, USA), according to the

manufacturer’s protocol. The expression of target genes was

determined using TaqMan assays (Thermo Fisher Scientific,

Waltham, MA, USA) and qPCR master mix (Takyon Low ROX

Probe 2x dTTP blue, Eurogentec, Seraing, Belgium) and was

expressed relative to Gapdh gene expression using the DDCT
approximation method; see Supplementary Table 2 for TaqMan

assays. Murine Mj from mice lacking either Tnfrsf1a or Tnfrsf1b

were derived from bone marrow as previously described (33) and

stimulated for up to 12 hours with Lipopolysaccharide (LPS) (10 ng/

mL) before being processed for RNA extraction, reverse

transcription, and qPCR.
Human IRAK3 isoforms

“Classical” full-length IRAK3 (producing NP_009130.2) and

“alternative” death domain-truncated IRAK3 (producing

NP_001135995.1) were cloned by traditional molecular biology

techniques and transfected into HEK293 cel ls us ing

Lipofectamine 2000 (Thermo Fisher Scientific). After 24 hours,

cells were lysed for extraction using the Proteome Profiler Human

NFkB Pathway Array kit (R&D Systems, Minneapolis, MN, USA).

Human monocyte-derived Mj (MDM) were derived from

monocytes and stimulated as previously described (33). Briefly,

MDM were differentiated from monocytes for 5 days in 10% foetal

bovine serum supplemented Roswell Park Memorial Institute 1640

medium (FBS RPMI) (107 cells/10 mL/10-cm dish) supplemented

with 50 ng/mL macrophage-colony stimulating factor (M-CSF)

(PeproTech, Cranbury, NJ, USA); MDM were re-plated into 12-

well plates, rested overnight, and then stimulated with medium

alone, LPS (10 ng/mL, Merck, Darmstadt, Germany), LPS + IFNg
(10 ng/mL + 10 ng/mL, Merck/PeproTech), TNF (50 ng/mL,

PeproTech), granulocyte macrophage-colony stimulating factor

(GM-CSF) (50 ng/mL, PeproTech), IL-4 (50 ng/mL, PeproTech),

or TGF-b1 (100 ng/mL, PeproTech) for 20 hours; protein and RNA

were extracted using an Isolate II RNA/DNA/Protein kit (Bioline,

Luckenwalde, Germany). Protein concentration was determined

(Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific), and

4 µg of protein was boiled in Laemmli buffer (Alfa Aesar), run on a

polyacrylamide gel (NuPAGE™ 4%–12% Bis-Tris Mini Protein

Gels, Thermo Fisher Scientific), and then transferred to a

nitrocellulose membrane for immunoblotting. IRAK3 was

detected using the antibody clone SAB3500193 (Merck) or

AF6264 (R&D Systems) according to the manufacturer’s

instructions; b-actin was detected using AC-74 (Merck).

Synovial explants from RA and OA patients were processed as

previously described (34). Briefly, synovial membrane tissue was

obtained from RA and OA patients’ joints, dissected from the

surrounding tissues, and digested in vitro with Liberase TL

(Merck) and DNAseI (Merck) diluted in RPMI. After incubation

at 37°C for 1–2 hours, the digestion was halted by the addition of

RPMI containing 10% FBS, and the digestion passed through a cell
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1468341
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Borghese et al. 10.3389/fimmu.2025.1468341
strainer and washed, and erythrocyte lysis was performed. The cells

were then washed and pelleted for RNA extraction and reverse

transcription. Gene expression was measured by standard curve

qPCR using a linearized plasmid containing the “classical” IRAK3

isoform and housekeeping gene (HPRT1); tissues were collected in

compliance with approval from the Riverside Research Ethics

Committee. The gene expression of IRAK3 in MDM was

determined by DDCT approximation.
Statistical analyses

Data were analyzed using Excel (Microsoft Ltd.), Prism

(GraphPad Software Ltd.), and MultiExperiment Viewer (TM4

software). Student’s t-test or one-way ANOVA with post-hoc

analysis was used to test statistical significance. A p-value <0.05

was considered statistically significant.
Results

The larger, “classical” IRAK3 isoform
predominates in Mj

We and others have demonstrated the differential expression of

splice variants with different functional properties in inflammatory

conditions (33, 35). Although most research has focused on the

larger variant of IRAK3, which has the full-length death domain

necessary for associating with the Myddosome complex (6), we

demonstrated that two commercially available antibodies were able

to detect both isoforms (Figures 1A–C) before determining whether

mature Mj primed with different inflammatory stimuli (including

TNF) expressed different proportions of each isoform. Only the

larger isoform was observed in human MDM primed with different

stimuli (Figure 1D, see Supplementary Figure 1 for quantification).

As previously observed (2), the expression of IRAK3 is induced by

TNF (Figures 1E, F); however, murine Mj from Tnfrsf1−/− mice

had significantly reduced the expression of IRAK3 compared toWT

or Tnfrsf2−/− mice (Figure 1G). In synovial explants from OA and

RA patients, the expression of IRAK3 was measured by standard

curve qPCR; IRAK3 was found to be higher in RA patient

samples (Figure 1H).
Creation of an IRAK3−/− mouse susceptible
to CIA

As IRAK3 variants have an association with accelerated and

exacerbated disease activity in humans, we bred a transgenic Irak3−/−

mouse onto a background suitable for CIA in order to determine how

the lack of this gene altered experimental disease. The murine MHC-

II Aq molecule has a high degree of similarity to HLA-DRB1*0101

and *0401, which confer susceptibility to human RA (30). Most
Frontiers in Immunology 04176
genetically modified mouse strains have a C57BL/6 (H2b)

background, which is resistant to the development of autoreactive

T-cell responses to type II collagen in CIA. Hence, it has been

proposed that C57BL/6NQ mice (expressing Aq) serve as an

international standard in studies of T cell-driven immunopathology

(30). We crossed IRAK3−/− mice onto C57BL/6NQ mice after

developing a PCR method for genotyping H2b and H2q mice; this

necessitated the sequencing of relevant genomic regions of each strain

(Supplementary Figure 2A) and a comparison of genotyping by flow

cytometry and PCR (Supplementary Figures 2B–D, 3). The IRAK3−/−

NQ mice were used for CIA, with disease induction being performed

as previously described (33). As shown in Figure 2A, the progression

of the disease in IRAK3−/− NQ mice was significantly more rapid,

with the average time to arthritis onset being 26 versus 38 days in the

WT group (Figures 2A, B). Disease activity was similar, although

there was a trend towards increased severity in IRAK3−/− mice, as

indicated by greater paw swelling at later time-points (Figures 2C–E);

this was consistent with significantly higher levels of IL-1b and lower

levels of IL-5 detected in the plasma of IRAK3−/− NQ

mice (Figure 3A).
Accelerated arthritis in IRAK3−/− mice is
associated with reduced peripheral Tregs

To further investigate the differences in kinetics and severity of

disease between WT and KO mice, an analysis of auto-antibodies

and Th lymphocyte subsets was performed to assess systemic

changes between strains. Anti-collagen auto-antibodies were

measured in the plasma of arthritic animals to determine

humoral responses and infer cytokines present in proximity to

auto-reactive B cells; IgG1 and IgG2a anti-collagen antibodies were

measured to determine class switching. Surprisingly, while the level

of IgG1 antibodies was virtually the same in both strains, the EC50

for a serial dilution analysis was higher for IgG2a antibodies in the

IRAK3−/− group, indicating lower titers for this Ig class (Figure 3B).

In spleens and lymph nodes, no difference between the two strains

was found for Th1 and Th17 cell activity; however, the proportion of

Tregs was reduced in IRAK3−/− spleens and lymph nodes; Th2 cells

were reduced in spleens (Figures 3C, D). The ratio of Treg:Th17 cells

was also significantly reduced in spleens (Figure 3D) and nominally

lower in LN (Figure 3C). These data were consistent with mean

fluorescence intensity of FoxP3 staining in FoxP3+ cells that was

almost threefold higher in WT versus KO lymph nodes (2,914.50 ±

298.9 vs. 1,159.9 ± 114.9, p = 1.6 × 10−6) and spleens (3,015.4 ± 332.3

vs. 1,081.9 ± 96.9, p = 7.4 × 10−7) (data not shown). As disease

progression was accelerated in IRAK3−/− mice, we measured the

proportions of T-cell subsets (Supplementary Figures 4A, B) and

anti-collagen antibody titers in the pre-onset period (Supplementary

Figure 4C); a similar reduction in Tregs was observed in IRAK3−/−

mice, but anti-collagen antibody titers were lower and not dissimilar

between strains at this time. In the spleens of naïve IRAK3−/− mice,

there were minor increases in CD4+ cells co-expressing Tbet, Gata3, or
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IRAK3 isoform expression in primed macrophages. IRAK3 N-terminal to death domain (DD) (a.a. 1–14) is shaded grey, DD (15–104) is shaded blue,
and pseudokinase domain (a.a. 171–446) is shaded green. (A) “Classical” full-length (CLS; NP_009130.2 a.a. 1–596). (B) “Alternative” IRAK-3 (ALT;
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overexpressing classical or alternative IRAK3 blotted with two antibodies for IRAK3. (D) IRAK3 expression in monocyte-derived Mj, unstimulated (NIL)
or stimulated for 20 h with LPS, LPS/IFNg (M1), TNF, GM-CSF (GM), IL-4, or TGF-b1 (TGF); representative blots of two donors stained for IRAK3
(SAB3500193) and b-actin (AC-74). Gene expression of (E) both IRAK3 isoforms and (F) the classical IRAK3 isoform in TNF-stimulated human Mj.
(G) Gene expression of Irak3 in LPS-stimulated (10 ng/mL) murine bone marrow-derived Mj from wild-type or transgenic mice lacking either
Tnfrsf1a or Tnfrsf1b; ANOVA for each respective knockout (KO) vs. wild type (WT), † p < 0.01, ‡ p < 0.001, n = 3–5 experiments. (H) Total IRAK3 gene
expression in osteoarthritis (OA) and rheumatoid arthritis (RA) synovial explants and normal healthy monocytes (Mo), n = 12 OA, 19 RA, and 3 Mo.
For (E, F, H) * p < 0.05, Student’s t-test.
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RORgt (Supplementary Figures 4D, E). These data indicate significant

systemic differences, particularly in regard to T helper subsets, between

the strains in the course of experimental arthritis.
IRAK3−/− joints have higher T cell-
associated gene expression

As there were systemic differences between strains, we then

compared gene expression localized to the affected joints to

determine in finer detail the differences beyond the nominal

differences in paw swelling.

Despite IRAK3−/− and WT mouse joints showing relatively minor

clinical differences in CIA, a clear difference between the groups was

observed when a panel of genes specific for the Th17 and Treg sub-

populations was measured (Figure 3E, Supplementary Figure 5).

IRAK3−/− CIA paws expressed higher levels of Cd3e and Cd4,

suggesting increased numbers of CD4+ lymphocytes in the paws of

IRAK3−/− mice compared with WT mice. Concomitantly, IRAK3−/−

paws expressed higher levels of Stat3 and Ahr, two markers associated

with the differentiation of Th17 cells, and significantly higher levels of

FoxP3, Il2ra, Ctla4, and Tnfrsf1b, which are expressed by Tregs; higher

levels of Il12b, Ilb, Il6, and Il17 were also measured, although the

difference did not reach statistical significance. Tnf and Tgfb1 gene

expression levels were also significantly higher in the IRAK3−/− group.
Discussion

IRAK3 expression and disease status

The influence of IRAK3 on the response to therapy has been

observed in RA, in which an IRAK3 polymorphism has been shown

to be predictive of response to anti-TNF (36). IRAK3 dysregulation

is also associated with accelerated and exacerbated asthma (9) and

infectious diseases (37), and increased IRAK3 expression in

peripheral blood leucocytes is associated with reduced disease

activity in RA (17). Animal models using IRAK3 knockout mice

have confirmed its role in inhibiting inflammatory responses, but

few studies have compared IRAK3 isoforms (6, 38); the disruption

of the death domain has been demonstrated to prevent the

immunomodulatory activity of IRAK3 (6). We and others have

previously demonstrated relatively high levels of inflammatory gene

expression (including TNF, which induces IRAK3) in affected joints

in arthritis (31). As blocking TNF in vitro has been shown to

prevent the induction of IRAK3 (2), this study investigated the role

of IRAK3 in an animal model of RA, a disease which is amenable to

TNF blockade. We began by determining the isoforms of IRAK3

present in mature Mj exposed to different inflammatory stimuli. As

it lacks most of the death domain, the capacity of the alternative

isoform to attenuate TLR/IL-1b signaling is likely to be reduced;

however other putative actions, such as guanylate cyclase activity,

may still be intact (7). We observed that only the longer classical

form of IRAK3 was expressed at the protein level.
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Experimental arthritis onset is accelerated and more efficient in
IRAK3−/− mice. (A) IRAK3−/− mice [Knockout (KO)] develop arthritis
significantly earlier than wild type (WT) (Mantel–Cox test), taking on
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IRAK3 and disease activity

A deficit of Tregs or Treg activity is a feature of the failure of

tolerance in autoimmune disease in multiple disease models (39–41).

Changes to cell composition in spleens and lymph nodes of IRAK3−/−

animals, as has been observed previously (22), may have contributed to

reduced antibody class switching.While FoxP3 is a phenotype-defining

transcription factor for Tregs, the two main sub-types, natural and

inducible, were reduced. Most relevant to the current study is the

observation that IRAK3 reduces the severity of disease in experimental

autoimmune encephalomyelitis (EAE) by Lui B et al. (38); in that study,

IRAK3 deficiency accelerated disease progression and increased the

ratio of Th17 to Tregs, which we also observed during arthritis.
Frontiers in Immunology 07179
Reduced CD3+FoxP3+ T cells were also observed in the spleens of

IRAK3-deficient mice in a colorectal cancer model (22). An increase of

CD4+GATA+ lymphocytes was measured in the spleens of WT mice,

which also had increased plasma levels of IL-5, which is secreted by

GATA3+ Th2 lymphocytes (42).

A panel of inflammatory genes was assessed for the IRAK3−/− and

WT CIA paws. There was a significant difference in the production of

pro-inflammatory mediators in the paws of the IRAK3−/− group. In

particular, pro-inflammatory cytokine genes such as Tnf, Il12b, Il1b, Il6,

and Il17 were all expressed at higher levels in the IRAK3−/− mice,

although the difference was not always statistically significant; the

expression of Tgfb1 and Il10 was also increased. When genes specific

for different T-cell subsets were assessed in arthritic paws, an increased
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expression of both Th17 and Treg markers was observed. IRAK3−/−

arthritic paws expressed higher levels of pan-lymphocytic markers Cd3

and Cd4. Smad3 and Foxp3, which are Treg-associated transcription

factors, were higher in IRAK3−/− paws as were Stat3 and Il23r, which

are more specific for the Th17 subset. Interestingly, Ctla4 appeared to

be expressed in the IRAK3−/− joints at higher levels. CTLA-4 binding to

the B7 family members blocks the co-stimulatory signal represented by

CD28-B7; this mechanism is used by nTregs to control T-cell activity

and as such is suggested to represent a marker for nTregs. Based on

these data, we could hypothesize that Th17 and Tregs are increased in

the IRAK3−/− paws. The perturbation of T helper subsets in LN and

spleen, and increased T cell-associated gene expression in paws, is

suggestive of differences in the mobilization and trafficking of T-cell

subsets in the absence of IRAK3.

Fewer significant differences were measured in pre-onset lymph

nodes and spleens; however, there were a reduced number of

FoxP3+Helios+ cells in IRAK3−/− LN and spleens, and a lower ratio

of Tregs to RORgt+ lymphocytes in spleens. This indicates a cellular

re-distribution of Th sub-populations between different

compartments during the pre- and post-onset periods, although an

indirect effect of prolonged and exacerbated inflammation on T-cell

FoxP3 expression cannot be discounted. The paws as the primary site

of the inflammation would contain more pathological cells, such as

Th17, and this phenotype may have been stabilized by the higher

levels of IL-6 and TGF-b1.

Conclusions

A limitation of this study is the moderately different expression

profile of IRAK3 between humans and mice. While humans tend to

express IRAK3 mainly in Mj-lineage cells, murine expression is

somewhat broader and includes other myeloid cells and epithelial

cells. Regardless, the association of accelerated development in

some forms of human disease and IRAK3 variants is supportive of

the immunosuppressive role of IRAK3. Replicating the effect of

IRAK3 by therapeutically targeting IRAK4 has been pursued via

the development of IRAK4 inhibitors (43) for the treatment of

inflammatory disease. In conclusion, we measured dampened and

delayed inflammation in a murine model of arthritis in IRAK3-

replete mice, as evidenced by reduced IL-1b and higher IL-5 levels in

the plasma and more Tregs in draining lymph nodes and spleens;

higher immune cell infiltration was suggested by the gene expression

profiles in the affected joints of IRAK3−/− mice. This observation is

consistent with the known immunomodulatory role of IRAK3 and

is similar to the associated changes to disease progression observed

in other contexts. The reduced prevalence of Tregs is likely to be a

causative factor as part of a wider perturbation in lymphocyte

mobilization and phenotypic distribution.
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SUPPLEMENTARY TABLE 1

Genotyping primers Primers 1-8 were used for genotyping Aq and Ab mice.
Primers 9 and 10were used to clone the sequence in Supplementary Figure 2A.

SUPPLEMENTARY TABLE 2

Taqman qPCR assays Taqman qPCR assays and associated genes used for the

measurement of gene expression in murine arthritic paws.

SUPPLEMENTARY FIGURE 1

Quantification of IRAK3 protein expression in human Mj Relative band

intensity for IRAK3 and b-actin was measured using ImageJ and expressed
relative to the unstimulated control. Values are mean+SEM, n=2.

SUPPLEMENTARY FIGURE 2

Determination of I-Ab and I-Aq alleles by PCR. (A)Genomic sequence comparing

Aq and Ab alleles of H2-Ab1 (NM_207105.3), exon 3 to 5. Yellow highlighting
Frontiers in Immunology 09181
indicates exons. Asterisks indicate identical sequence between alleles. Underlined

text indicates primer binding sites for PCRs in (C). (B) Phenotyping of Aq and Ab

alleles by flow cytometry by gating on (i) peripheral blood monocytes in
erythrocyte-lysed leucocytes from (ii) Aq mice, (iii) heterozygous Aqb mice or

(iv) Abmice. (C)Genotyping PCRs for (i, ii) Aqmice, (iii, iv) heterozygous Aqbmice or
(v, vi) Ab mice. (D) Samples from (C) were tested using two primer pairs per

reaction. Primer combinations (and PCR product length in bp) for (C(i-vi)): L-R 1&5
(561), 1&7(617), 3&5(457), 3&7(513), 2&6(551), 2&8(608), 4&6(454), 4&8(511).

Primers for (D): 1, 4, 6 & 7. See Supplementary Table 1 for primer details.

Thermocycler conditions were as follows: 96°C 120 sec, (96°C 30 sec, 63°C 30
sec, 72°C 20 sec) × 35 cycles, 72°C 120 sec. PCR reactions were run on a 1.5%

agarose gel alongside Hyperladder 1kb Plus (Bioline, BIO-33068).

SUPPLEMENTARY FIGURE 3

Generation and genotyping of IRAK3–/–H2qmice. Representative genotyping
of (A) WT and heterogeneous (IRAK3–/+) mice and (B, C) IRAK3–/– mice

bearing H2q, H2b/q and H2b haplotypes.

SUPPLEMENTARY FIGURE 4

IRAK3 deficiency reduces CD4+RORgt+ and CD4+Foxp3+ cells prior to
disease onset The percentages of subsets of CD4+ lymphocytes, defined by

the expression of the transcription factors Tbet, Gata3, FoxP3, Rorgt, and
Helios in (A) the lymph nodes (LN) and (B) spleens (SPL) of pre-onset IRAK3-/-

and WT mice (n=5 and 8, respectively). (C) Plasma from pre-onset mice was

assayed for anti-collagen IgG1 and IgG2a antibodies; values are mean ± SEM
n=6-7/group. Percentages of subsets of CD4+ lymphocytes in (D) LN and

(E) SPL from unimmunized, naïve mice; * p<0.05, ** p<0.01, **** p<0.0001,
Student’s t-test.

SUPPLEMENTARY FIGURE 5

Inflammatory gene expression is increased in affected paws of IRAK3-/- mice.

Gene expression of immune-related genes in the affected paws of mice
10 days post disease onset relative to Gapdh using the DDCT method;

* p<0.05, ** p<0.01, *** p<0.001, Student’s t-test, n=8/group.
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Fbxo16 mediates degradation of
NF-kB p65 subunit and inhibits
inflammatory response in
dendritic cells
Akiko Sugimoto-Ishige †, Aya Jodo † and Takashi Tanaka*†

Laboratory for Inflammatory Regulation, RIKEN Center for Integrative Medical Sciences, Yokohama,
Kanagawa, Japan
Activation of transcription factor NF-kB is tightly regulated by negative regulatory

systems that prevent excessive inflammation leading to autoimmune diseases.

We previously demonstrated that PDLIM2, a PDZ-LIM domain-containing

nuclear protein, functions as a ubiquitin E3 ligase that targets the p65 subunit

of NF-kB and STAT3/STAT4 transcription factors for proteasomal degradation,

thus terminating immune responses in dendritic cells and CD4+T cells,

respectively. In this study, we have demonstrated that PDLIM2 forms a

ubiquitin ligase complex with Cullin 1, a scaffold protein, providing a platform

consisting of complex and Skp1, an adaptor protein. Moreover, by screening

using siRNA for F-box-containing proteins, we have identified Fbxo16 as a

substrate-recognition receptor for p65 in this complex. Fbxo16 bound to p65

and promoted its polyubiquitination and degradation, thereby suppressing NF-

kB transactivation. Consistently, Fbxo16 deficiency in dendritic cells resulted in a

larger amount of nuclear p65 and thus enhanced production of proinflammatory

cytokines. On the other hand, Fbxo16 could not promote the degradation of

STAT3 or STAT4, and Fbxo16 deficiency did not affect STAT3- and STAT4-

mediated immune responses of CD4+T cells. These results delineate a role of

Fbxo16, as a substrate receptor for p65 in a PDLIM2-containing ubiquitin ligase

complex, in negatively regulating NF-kB-mediated inflammatory responses in

dendritic cells.
KEYWORDS

F-box protein, NF-kB, ubiquitin E3 ligase, inflammation, PDLIM2
1 Introduction

Dendritic cells detect invading pathogens by their sensors, such as Toll-like receptors

(TLR). TLR stimulation activates dendritic cells to induce inflammatory responses through

the activation of the nuclear factor kB (NF-kB) transcription factor. In unstimulated cells,

the p65/p50 heterodimer of NF-kB is associated with IkBa and sequestrated in the

cytoplasm. TLR signaling results in proteasomal degradation of IkBa. NF-kB p65/p50

then enters the nucleus and induces the expressions of various inflammation-related genes,
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such as interleukin-6 (IL-6) and IL-12 (1). IL-6 and IL-12 then

activate signal transducer and activator of transcription 4 (STAT4)

and STAT3 in naïve T-helper (Th) cells and direct the

differentiation of these cells into distinct Th subsets, Th1 and

Th17 cells, respectively. Th1 and Th17 cells produce effector

cytokines, such as IFN-g and IL-17 respectively and fight against

different types of microbial pathogens (2). On the other hand, these

immune responses should be tightly regulated by negative

regulatory systems to prevent excessive inflammation leading to

the onset of autoimmune diseases or allergic diseases (3, 4).

Notably, genome-wide association studies (GWAS) have

demonstrated that variants of negative regulators of these

signaling pathways, including A20, CYLD and IRAK-M, are

associated with human immune disorders , including

inflammatory bowel diseases, rheumatoid arthritis, and asthma

(5–7).

PDLIM2 (also designated as SLIM or mystique), that belongs to

a LIM protein family, is a nuclear protein containing both PDZ

(designated after the first-identified three proteins; PSD-95, Dig and

ZO-1) and LIM (designated after the first-identified three proteins;

Lin-11,Isl-1 and Mec-3) domains (8–10). We have previously

demonstrated that the LIM domain possesses ubiquitin E3 ligase

activity (9) and PDLIM2 functions as a nuclear ubiquitin E3 ligase

for the p65 subunit of NF-kB in dendritic cells (11). PDLIM2 not

only promotes polyubiquitination of p65 through its LIM domain,

but also shuttles p65 to the intranuclear compartments, PML

(promyelocytic leukemia protein) nuclear bodies, where p65 is

finally degraded by the proteasome, thereby negatively regulating

NF-kB activity. Consistently, PDLIM2 deficiency resulted in

enhanced production of proinflammatory cytokines in dendritic

cells. In addition, PDLIM2 also promotes polyubiquitination and

degradation of STAT4 and STAT3 transcription factors in CD4+T

cells and inhibits the differentiation of naïve T cells into Th1 and

Th17 cells (9, 12). Thus, PDLIM2 negatively regulates immune

responses in both innate and acquired immunity, preventing

autoimmune diseases (13).

We have recently focused on the analysis of how PDLIM2-

mediated NF-kB p65 degradation in the nucleus is controlled in

dendritic cells. We have previously demonstrated that the

chaperone protein HSP70 binds to PDLIM2 in the nucleus and

promotes the shuttling of NF-kB to the proteasome together with

the proteasome-associated protein BAG-1 (14). We have further

shown that PDLIM7, another LIM protein, forms heterodimer with

PDLIM2 and promotes its K63-linked ubiquitination and then

facilitate the transport of the NF-kB-PDLIM2 complex to the

proteasome together with the ubiquitin-recognizing protein p62/

Sqstm1 (15). However, the detailed molecular mechanisms of how

PDLIM2 recognizes and polyubiquitinates target proteins

remain unclear.

LIM domain is structurally related to the RING (really

interesting new gene) finger domain, that has ubiquitin E3 ligase

activity (16). Both LIM domain and RING finger domains consist of

eight conserved cysteines (Cys) or histidine (His) residues, so the

LIM domain might be a subtype of RING finger domain (17). To

date, over 600 RING finger proteins are identified as ubiquitin E3
Frontiers in Immunology 02184
ligases. RING-type ubiquitin ligases are mainly classified into two

types, which are monomer-type and multi-subunit complex-type

(18). The multi-subunit complex-type ubiquitin E3 ligase is

composed of one core scaffold protein Cullin, providing a

platform of the complex, thus this complex is called the Cullin-

Ring ubiquitin ligase complex (CRL) (19, 20). Cullin has seven

family members, including Cullin 1, 2, 3, 4A, 4B, 5 and 7. One end

of each Cullin protein binds to a substrate-recognizing receptor

directly or through an adaptor protein. For example, Cullin 3

directly binds to BTB domain-containing substrate receptors,

whereas Cullin 1 associates with various substrate receptor F-box

proteins through an adaptor Skp1. The other end of Cullin binds to

RING finger protein, an E2 enzyme-recruiting subunit, which

facilitates ubiquitin transfer onto the substrate bound to the

substrate receptor (21, 22). In this study, we have demonstrated

that PDLIM2 forms a functional ubiquitin E3 ligase complex CRL1

with Cullin 1 and Skp1 together with Fbxo16 as a substrate-

recognition component. Fbxo16 recognizes p65 and promotes its

polyubiquitination and degradation cooperatively with PDLIM2,

thereby suppressing p65-mediated NF-kB transactivation. In

contrast, Fbxo16 did not polyubiquitinate and promote the

degradation of STAT4 or STAT3, other substrates of PDLIM2 for

ubiquitin-dependent degradation (9, 12). Consistently, Fbxo16

deficiency in dendritic cells resulted in augmented production of

p65-mediated proinflammatory cytokines, whereas STAT4 and

STAT3-mediated Th1 and Th17 differentiation of CD4+T cells

were not affected by Fbxo16 deficiency. These results demonstrated

that Fbxo16 is a p65-recognizing component in the PDLIM2-

containing ubiquitin E3 ligase complex and inhibits NF-kB-
dependent inflammatory responses in dendritic cells.
2 Materials and methods

2.1 Expression plasmids

For the c-Myc-tagged Fbxo16, the complementary DNA

(cDNA) of mouse Fbxo16 (GeneBank accession: NM_001114088)

was amplified by KOD-Plus-Neo DNA polymerase (TOYOBO) and

subcloned into pCMV-Myc (Clontech). For the c-Myc-tagged DF-
box mutant of Fbxo16 (DF), the coding region between amino acids

92–129 was deleted from the full-length c-Myc-Fbxo16 plasmid by

mutagenesis with In-Fusion cloning using primers; 5 ’-

CTACCAAGATGCTCAAGTGCCTGCGC-3 ’ and 5 ’ -

TGAGCATCTTGGTAGTAAAATCCAG-3’. The c-Myc-tagged

PDLIM2, Flag-tagged p65 and Flag-p65-IRES-Venus were

previously described (9, 11). For the HA-tagged PDLIM2, a HA-

tag plus the coding sequence of murine Pdlim2 (GeneBank

accession: NM_145978) was inserted into pCMV- Myc

(Clontech), as a result, the c-Myc-tag was replaced with the HA-

tag. For the Flag-tagged PDLIM2, mouse Pdlim2 was subcloned into

pCMV-DYKDDDDK (Clontech). Expression plasmids for Flag-

tagged murine p50 (#20018), murine TRAF6 (#21624), murine

MyD88 (#13093) and human IKKb (#23298) were purchased from

Addgene. The pRL-Null renilla construct (#E2271) was purchased
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from Promega. The ELAM-1 luciferase reporter construct was

provided by D. Golenbock (23).
2.2 Reagents and antibodies

Lipopolysaccharide (LPS; from Salmonella typhimurium; L-

2262) was purchased from Sigma-Aldrich/Merck. CpG

oligonucleotides (ODN 1668, #tlrl-1668) were purchased from

InvivoGen. MG132 (#474791) was purchased from Calbiochem/

Merck. Murine GM-CSF (#415-ML) was purchased from R&D

Systems. Human ligand for the receptor tyrosine kinase Flt3 (Flt3L)

(#300-19) was purchased from Peprotech. Anti-DYKDDDDK

(NU01102) antibody, that corresponds to an anti-Flag antibody,

was purchased from Nacalai USA. Anti-p65 (sc-372), p50 (sc-7178),

IkBa (sc-371) and PKC (sc-10800) antibodies were from Santa

Cruz Biotechnology. Anti-LSD1 (#2184), cdc37 (#3604), Histone

H3 (#4499) Lamin B1 (#12586) and Skp1 (#12248) antibodies were

from Cell Signaling Technology. Anti-HSP90 (#13171-1-AP) and

Cullin 7 (#13738-1-AP) antibodies were from Proteintech. Anti-

Cullin 1 (ab75817), Cullin 2 (ab166917) and Cullin 3 (ab75851)

antibodies were from Abcam. Anti-g1-actin (#016-27821) antibody

were purchased from FUJIFILM Wako Pure Chemicals. HRP-

conjugated anti-c-Myc antibody (M047-7), anti-c-Myc antibody-

conjugated agarose (M047-8), anti-HA antibody (M180-3), and

DDDDK-tagged Protein PURIFICATION GEL (#3328R) (used for

immunoprecipitation of Flag-tagged proteins) were purchased from

MBL. Anti-ubiquitin antibody (clone FK-2; BML-PW8810) was

from Enzo Life Sciences. As a secondary antibody, HRP-goat anti-

rabbit IgG (#111-035-003) was purchased from Jackson

ImmunoResearch and HRP-conjugated sheep anti-mouse IgG

(NA931) was purchased from GE Healthcare.
2.3 Cell culture, transfection, and reporter
assay

Mouse embryonic fibroblasts (MEFs) were prepared as

previously described (15). GM-CSF-differentiated bone marrow

cells (GM-CSF-BMCs), Flt3L-differentiated bone marrow-derived

dendritic cells (BMDC), macrophages, CD4+T, CD8+T and

CD19+B cells were prepared as previously described (15). Human

embryonic kidney (HEK) 293T cells, MEFs, GM-CSF-BMCs and

BMDC were cultured in DMEM supplemented with 10% FCS.

CD4+T cells were cultured in RPMI1640 supplemented with

10% FCS.

Effectene transfection reagents (QIAGEN) was used for

transient transfection. For the reporter assay with the Dual

Luciferase Reporter System (Promega), MEFs and HEK293T cells

were transfected with the ELAM−1 luciferase and pRL-Null renilla

reporter constructs and analyzed as previously described (15).

Luciferase activity of the ELAM−1 luciferase reporter was

normalized to the renilla luciferase activity and represented as

fold-change to the control.
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2.4 Subcellular fractionation,
immunoprecipitation, and ubiquitination
assay

All lysis buffers contained a protease inhibitor (Roche).

Cytoplasmic, nuclear soluble and insoluble fractions were

extracted as previously described (11). Anti-cdc37 (cytoplasm),

anti-LSD1 (nuclear soluble fraction), and anti-Lamin B or

Histone H3 (nuclear insoluble fraction) were used for checking

the purity of the fractionation. For co-immunoprecipitation

between Skp1 and PDLIM2 or Fbxo16, cells were lysed in 50 mM

Tris pH 8.0, 0.5% NP-40, 5 mM EDTA, 50 mM NaCl, 50 mM

sodium fluoride. For other co-immunoprecipitation experiments,

cells were lysed in RIPA buffer (25 mM Tris pH 8.0, 150 mM NaCl,

1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Whole cell extracts

were then incubated with anti-c-Myc agarose or DDDDK-tagged

Protein PURIFICATION GEL (MBL) overnight and washed four

times with lysis buffer and analyzed by immunoblot analysis as

previously described (15). For ubiquitination assay, His-tagged

proteins were purified from whole cell lysates with His60 Nickel

Superflow Resin (TAKARA BIO INC.) as previously described (24)

and analyzed by immunoblot analysis.
2.5 Immunofluorescence staining

HEK293T cells, cultured on poly-L-lysine-coated slides, were

transfected with Flag-p65-IRES-Venus without or with wild-type or

DF mutant of Fbxo16, and analyzed by immunofluorescence

staining as previously described (11).
2.6 Knockdown experiments with siRNA

HEK293T cells were first transfected with siRNA by Lipofectamine

RNAiMAX (Thermo Fisher Scientific Inc.), then transfected with

indicated plasmids and lysed with RIPA buffer and subjected to

immunoprecipitation or immunoblot analysis. GM-CSF-BMCs were

transfected with siRNA by the Neon Transfection System (Invitrogen)

and analyzed as previously described (15). The siRNAs for 39 human

Fbxo proteins (Supplementary Table 1), 10 murine Fbxo proteins

(Supplementary Table 3) and control siRNA (12935–300) were selected

from Stealth Select RNAi predesigned siRNAs (Thermo Fisher

Scientific Inc.) and purchased.
2.7 Real-time PCR analysis

The synthesis of cDNA and the quantitative real-time PCR

analyses were performed as previously described (15). To analyze

the expression of proinflammatory cytokines in GM-CSF-BMCs,

we used Taqman Fast Advanced Master Mix and probes for mouse

Il-6 (Mm00446190), Il-12b (Mm00434174), Il-1b(Mm00434228),

Cxc l 2 (Mm00436450 ) , Cxc l 10 (Mm00445235 ) , Cs f3
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(Mm00438334) and 18S rRNA (4319413E) from the TaqMan Gene

Expression Assay (Applied Biosystems/Thermo Fisher Scientific).

To analyze the expression of human and murine FBXO proteins, we

used Fast SYBR Green Master Mix (Applied Biosystems/Thermo

Fisher Scientific), and the primer pairs shown in Supplementary

Tables 2 ; Supplementary Table 4 (Thermo Fisher Scientific Inc.).

The cycle threshold (Ct) value of each gene expression was

normalized to that of 18S rRNA and the fold-change to the

control was calculated by the DDCt method.
2.8 Generation of Fbxo16-deficient mice

The murine genomic Fbxo16 allele was knocked out using the Alt-R

CRISPR-Cas9 system (IDT) with the target sequence,

TTTTACTACCAAGCTTCCAA(GGG). The crRNA containing this

target sequence and tracrRNA were synthesized by IDT, mixed with

Cas9 protein forming an RNP complex, andmicroinjected into pronuclei

of C57BL/6J embryos. Mice were screened by PCR and sequencing

analysis to determine the mutated region. The mutant line, in which

deletion of a part of exon IV and intron IV in genomic DNA introduces

a premature termination codon at the beginning of exon V, was selected

for further study. This mutation deleted almost the entire region of the F-

box domain, which is essential for Fbxo16 activity (Supplementary

Figure 1). The mice with this deletion were crossed with wild-type

C57BL/6J mice, that were purchased from CREA Japan, Inc, to generate

heterozygous mice, and homozygotes were obtained by crossing of

heterozygotes. The sequences of primer sets used for genotyping were

as follows. Forward: 5’-GACTCTCTTGTTCCCTGTTTCCTC-3’ and

Reverse: 5’-AGGTGGCAATGCTGTCCTACTGAG-3’. Mice were kept

under specific pathogen free conditions and used for the experiments

between 4 and 5 weeks of age. All experiments were approved by the

Institutional Animal Care and Use Committee (IACUC) of RIKEN

Yokohama Branch and performed in accordance with the

committee’s guidelines.
2.9 T-helper cell differentiation
experiments

CD4+ T cells were purified from spleen by MACS and cultured

with plate-bound anti-CD3 (0.1 µg/ml) plus soluble anti-CD28 (1

µg/ml) for 3 days under Th1 and Th17 subset skewing conditions as

follows; IL-12 (1 ng/ml) for Th1; TGF-b (0.5 ng/ml) plus IL-6 (10

ng/ml) for Th17, and then restimulated with plate-bound anti-CD3

(1 µg/ml) for 20 h and the production of IFN-g and IL-17A in the

supernatants was measured by ELISA (BD Biosciences).
2.10 Statistical Analyses

The student’s t test was used for all the statistical analysis. Data

are represented as the mean values ± the standard deviation of the

mean (SD).
Frontiers in Immunology 04186
3 Results

3.1 PDLIM2 bound to Cullin 1 and Skp1
forming a ubiquitin E3 ligase complex

During our initial study using mass-spectrometry-based

proteomic screening for proteins coimmunoprecipitated with

PDLIM2, we found that Skp1 is one of the PDLIM2-interacting

proteins. Since Skp1 is an adaptor protein in the Cullin 1 and Cullin

7-containing Cullin-RING-ligase complexes (CRL1 and CRL7,

respectively) (19), we predicted that PDLIM2 could form a

complex with Cullin 1 and/or Cullin 7 plus Skp1 to function as a

ubiquitin E3 ligase. We first clarified the subcellular localization of

Cullin 1 and Cullin 7 in dendritic cells (BMDC) and mouse

embryonic fibroblasts (MEFs) by immunoblot analysis

(Figure 1A). The ratios of nuclear/cytoplasmic expression of

Cullin 1 or Cullin 7 in each blot were calculated using

densitometric analysis (Supplementary Figure 2). Cullin 1 was

found in both the cytoplasm and nucleus in dendritic cells and

MEFs. On the other hand, Cullin 7 expression was detected only in

the cytoplasm in MEFs and was not detected in dendritic cells. The

purity of the cytoplasmic and nuclear fractions was demonstrated

by anti-PKC and LSD1 antibodies, respectively. These data suggest

that Cullin 1, but not Cullin 7, could contribute to the PDLIM2-

dependent degradation of nuclear p65 in dendritic cells. We

therefore focused on Cullin 1 for the following studies.

We then determined if PDLIM2 can bind to Cullin 1. HEK293T

ce l l s , t r an s f e c t ed w i th F l ag - t agged PDLIM2 , we r e

immunoprecipitated with an anti-Flag antibody and then

immunoblotted with anti-Cullin 1 and also anti-Cullin 2 and

Cullin 3 as controls. Although PDLIM2 could bind to all the

Cullin proteins we tested (Figure 1B), we demonstrated that

PDLIM2 more strongly associated with Cullin 1 compared to

Cullin 2 and Cullin 3 by densitometric analysis of the

coimmunoprecipitated amount of each Cullin relative to the total

amount of input (Figure 1C). Moreover, consistent with our

previous study described above, PDLIM2 could also bind to Skp1

in this assay (Figure 1D). We previously demonstrated that

PDLIM2 polyubiquitinated p65 and then transported p65 to the

insoluble nuclear compartments, where p65 was degraded by the

proteasome (11). To examine the effect of Cullin 1 and Skp1 on p65

degradation by PDLIM2, we knocked down Cullin 1 or Skp1 in

HEK293T cells transfected with p65 without or with PDLIM2 and

examined the levels of soluble and insoluble nuclear p65 protein.

Knockdown of either Cullin 1 or Skp1 resulted in the increase of

p65, mostly in the insoluble nuclear fraction, where p65 is degraded

(Figure 1E), suggesting that both Cullin 1 and Skp1 are required for

p65 degradation by PDLIM2. Moreover, the binding between

PDLIM2 and p65 was impaired by the specific knockdown of

either Cullin 1 or Skp1 (Figure 1F, Supplementary Figure 3).

These data demonstrate that PDLIM2 can bind to Cullin 1 and

Skp1 forming a CRL1 complex to function as a ubiquitin E3 ligase

mediating p65 degradation.
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3.2 Fbxo16 is a substrate-recognizing
component in the PDLIM2-containing
ubiquitin E3 ligase complex

In the PDLIM2-containing CRL1 complex, PDLIM2 is thought

to be an E2-recruiting subunit and the substrate receptor should be

some F-box protein (17–19). This idea prompted us to identify the

F-box protein that functions as a substrate receptor for p65 and

promotes its degradation in the nucleus. More than sixty F-box

proteins have been identified thus far in humans and mice. These F-

box proteins are classified into three classes depending on their

domain structure in the molecule, namely the FBXW family

(containing the F-box and a WD40 domain), the FBXL family

(containing the F-box and a Leu-rich repeat) and the FBXO family

which has only the F-box domain (21, 22). To date, the functions of

these F-box proteins have been intensively studied mainly in cell

cycle regulation and tumorigenesis. In contrast, the roles of F-box

proteins in immune regulation remain unclear. Since the FBXO

family is the largest subfamily of F-box proteins, we focused on it in

our attempt to identify the FBXO protein involved in the binding to

p65 in the PDLIM2-containing CRL1 complex.
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For the first screening, we used a co-immunoprecipitation assay

with PDLIM2 and p65. We transfected HEK293T cells with Flag-

p65 and c-Myc-PDLIM2 in the absence or presence of siRNA

against 39 Fbxo prote ins (Supplementary Tab le 1) ,

immunoprecipitated them with an anti-c-Myc beads, and

immunoblotted with anti-Flag to determine if siRNA targeting

any of these Fbxo proteins could disrupt the binding between p65

and PDLIM2. Among the Fbxo proteins, knockdown of 10 FBXO

family members, including Fbxo2, 7, 9, 10, 15, 16, 22, 41, 47 and 48,

impaired the association of PDLIM2 with p65 (Figure 2A). Note

that Fbxo18 knockdown did not inhibit this interaction. For the

second more stringent screening, we tested if knockdown of any of

these ten candidate FBXO proteins interferes with PDLIM2-

dependent p65 degradation. We transfected HEK293T cells with

Flag-p65 and c-Myc-PDLIM2 in the absence or presence of siRNA

specific to these ten FBXO proteins and measured p65 protein levels

in the soluble nuclear fraction. The reduction of mRNA encoding

each FBXO protein in cells transfected with each FBXO protein-

specific siRNA was confirmed by real-time PCR analysis

(Supplementary Figure 4) using the primers shown in

Supplementary Table 2. PDLIM2 overexpression markedly
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decreased p65 protein in this fraction, whereas only Fbxo16

knockdown clearly reverted the PDLIM2-dependent decrease in

p65 protein levels (Figure 2B), suggesting that Fbxo16 is most likely

to be the substrate-recognizing subunit in the PDLIM2-containing

CRL1 complex.

We then examined the expression of Fbxo16 in immune cells

and found that it is expressed at highest levels in dendritic cells

(BMDC) but at very low levels in CD4+ and CD8+ T cells

(Figure 2C). We have previously shown that PDLIM2 negatively

regulates TLR-mediated p65-activation in dendritic cells, so that

PDLIM2-deficient dendritic cells have enhanced TLR-mediated

inflammatory cytokine production (11). For the final screening,

we have therefore examined if knockdown of any of the ten

candidate FBXO proteins in dendritic cells augmented LPS-

induced IL-6 expression. We transfected GM-CSF-differentiated

bone marrow cells (GM-CSF-BMCs) with siRNA specific to the

candidate FBXO proteins (Supplementary Table 3), stimulated cells

with LPS and examined IL-6 expression by real-time PCR analysis.

The efficiency of knockdown by each FBXO protein was determined

by real-time PCR analysis (Supplementary Figure 5) using specific
Frontiers in Immunology 06188
primers shown in Supplementary Table 4. We could detect a

striking augmentation of LPS-induced IL-6 expression only in

Fbxo16 knockdown dendritic cells compared to control cells

(Figure 2D). Taking these data together, we speculated that

Fbxo16 is the best candidate for the substrate-recognizing

receptor for p65 in the PDLIM2-containing CRL1 complex.
3.3 Fbxo16 forms a CRL1 complex, binds to
p65 and negatively regulates NF-kB
signaling

To demonstrate that Fbxo16 is a substrate p65-recognizing

subunit in the PDLIM2-containing CRL1 complex, we first

examined the association of Fbxo16 with the other components

in the complex. HEK293T cells were transfected with c-Myc-

Fbxo16, immunoprecipitated with anti-c-Myc beads, and

immunoblotted with antibodies against Cullin 1, Cullin 2, Cullin

3 and Skp1. We demonstrated that Fbxo16 binds to Cullin1 and

Skp1, but not Cullin2 or Cullin3 (Figures 3A, B), which is
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compatible with the general feature of F-box proteins that forms a

CRL1 complex through Skp1. We then tested if Fbxo16 interacted

with p65 and found that Fbxo16 could bind to p65, but not to p50,

component of NF-kB (Figure 3C). Moreover, we have also shown

by a co-immunoprecipitation assay that Fbxo16 binds to PDLIM2

(Figure 3D). These data demonstrated that Fbxo16 can physically

interact with all the components in PDLIM2-containing

CRL1 complex.

Since PDLIM2 inhibits TLR-mediated NF-kB activation (11),

we next tested the effect of Fbxo16 on TLR-mediated, NF-kB-
induced transactivation in a luciferase assay. MEFs were transfected

with the ELAM-1 luciferase reporter that can be driven by NF-kB,
and then stimulated with LPS for 5 hr. LPS stimulation increased

luciferase activity, while coexpression of Fbxo16 markedly inhibited

transactivation of the LPS-induced luciferase reporter (Figure 3E).

In contrast to the nuclear localization of PDLIM2, Fbxo16 is

localized in both the cytoplasm and the nucleus (https://

www.proteinatlas.org/), suggesting that Fbxo16 might target

upstream cytoplasmic signaling molecules in addition to p65. To
Frontiers in Immunology 07189
rule out this possibility, we cotransfected HEK293T cells with p65

or upstream cytoplasmic signaling molecules MyD88, TRAF6, or

IKKb to activate the ELAM-1 luciferase reporter, without or with

Fbxo16, and examined if Fbxo16 could affect gene activation driven

by these molecules. Fbxo16 inhibited MyD88-, TRAF6-, IKKb-, and
p65-mediated NF-kB activation to almost the same extent

(Figure 3F). These data suggest that Fbxo16 acts on p65, the most

downstream molecule, to inhibit NF-kB signaling.
3.4 Fbxo16 mediates the polyubiquitination
and degradation of p65 through its F-box
domain

Since PDLIM2 promoted polyubiquitination of p65 and

following its degradation by proteasome (11), we investigated if

Fbxo16 also polyubiquitinate p65 and found that Fbxo16 could

promote polyubiquitination of p65 in a dose-dependent manner

(Figure 4A). To assess the activity of Fbxo16 to degrade p65, we next
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transfected HEK293T cells with Flag-p65 together without or with

c-Myc-Fbxo16 and examined the p65 protein in soluble and

insoluble nuclear fractions. The p65 protein expression was

decreased in the soluble nuclear fraction but increased in the

insoluble nuclear fraction by coexpression of Fbxo16 (Figure 4B).

MG132, a proteasome inhibitor, treatment led to the increase of p65

in the insoluble, but not soluble, nuclear fraction (Figure 4C),

suggesting that Fbxo16, possibly together with PDLIM2,

promotes the transport of p65 to the insoluble nuclear fraction

and following proteasomal degradation of p65 in this compartment.

To clarify the role of the F-box domain, which is responsible for the

binding to Skp1 in the CRL1 complex, we generated a Fbxo16

mutant lacking the F-box domain; DF (Figure 4D). This mutant was

impaired to bind to either Cullin1 or PDLIM2 and to

polyubiquitinate p65 (Figures 4E, F), indicating that CRL1

complex formation was almost completely disrupted by deletion

of the F-box domain. We then transfected HEK293T cells with Flag-

p65 together without or with wild-type or DF Fbxo16 and examined
Frontiers in Immunology 08190
the p65 protein level in soluble and insoluble nuclear fractions. As

with the experiments in Figure 4B, wild-type Fbxo16 reduced p65 in

the soluble nuclear fraction, whereas Fbxo16-DF could not decrease

p65 in this fraction, possibly because the transport of p65 from

soluble to insoluble fractions was almost completely impaired by

this mutation (Figure 4G). Moreover, Fbxo16 DF transfectants

resulted in much more accumulation of insoluble p65 than wild-

type transfectants. This can be due to reduced p65 degradation in

the insoluble fraction as a consequent of impaired p65

polyubiquitination in Fbxo16-DF transfectants. Consistently, the

activity of Fbxo16-DF to inhibit NF-kB activation in the luciferase

assay was completely impaired (Figure 4H). These data indicated

that Fbxo16, and possibly CRL complex formation itself, is essential

for both intranuclear transport of p65 to the insoluble fraction and

following p65 degradation in this fraction.

To visualize the effect of Fbxo16 on p65 degradation in the

nucleus, we next used a plasmid that bicistronically expresses both

Flag-tagged p65 and Venus proteins (Flag-p65-IRES-Venus) and
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transfected it into HEK293T cells without or with the Fbxo16

expression plasmid. Cells were then examined by indirect

immunofluorescence using confocal microscopy. The percentage

of Flag+•Venus + or Flag-•Venus + cells per total Venus+ cells was

calculated to assess the effects of Fbxo16 on nuclear p65.

Overexpressed p65 exhibited homogeneous nuclear distribution

(Figure 5A, left column). On the other hand, Fbxo16

coexpression led to the loss of nuclear p65 staining (Figure 5A,

right column). In control cells, 96.8 ± 1.0% of Venus-expressing

cells also expressed Flag-p65, whereas only 22.8 ± 4.2% of Venus-

expressing cells expressed Flag-p65 in Fbxo16 transfectant. Notably,

cells with coexpression of Fbxo16-DF restored the Flag-p65

expression up to 79.5 ± 2.2% due to impaired ubiquitination-

dependent degradation of p65 (Figure 5B).
3.5 NF-kB-mediated inflammatory
responses were enhanced in Fbxo16
deficient dendritic cells

We next investigate the role of Fbxo16 in the regulation of TLR-

mediated NF-kB activation. We knocked down Fbxo16 in GM-

CSF-differentiated bone marrow cells (GM-CSF-BMCs) by siRNA,

stimulated them with LPS, and analyzed the effect of Fbxo16

deficiency on LPS-induced proinflammatory cytokine gene

expression. The expression of IL-6, IL12, IL-1b, CXCL-2, CXCL-
10, and G-CSF (Csf3) was significantly upregulated in LPS-

stimulated Fbxo16 knockdown cells compared to LPS-stimulated

control cells at all time points we tested (Figure 6A). We then

examined the effect of Fbxo16 knockdown on LPS-induced p65

activation by immunoblot. The amounts of p65 protein in the
Frontiers in Immunology 09191
nuclear soluble and nuclear insoluble, but not cytoplasmic, fractions

were increased in LPS-stimulated Fbxo16 knockdown cells

compared to LPS-stimulated control cells (Figure 6B). The

increased nuclear p65 level by Fbxo16 knockdown was quantified

using densitometric analysis (Supplementary Figure 6). It is of note

that the LPS-induced degradation of IkBa, leading to the nuclear

translocation of p65, was normal in Fbxo16 knock down cells,

indicating that the increased nuclear p65 by Fbxo16 knockdown

was due to impaired p65 degradation in the nucleus. These data

suggest that Fbxo16 promotes the degradation of nuclear, but not

cytoplasmic, p65 protein and negatively regulates NF-kB-mediated

inflammatory responses. We next examined the synergistic effects

of Fbxo16 and PDLIM2 on LPS-induced IL-6 expression. We

knocked down Fbxo16 and/or PDLIM2 in GM-CSF-BMCs at a

suboptimal condition, in which lower amount of siFbxo16 and/or

siPDLIM2 was transfected compared to Figure 6A. and examined

the expression of IL-6 by real-time PCR analysis. Double

knockdown of Fbxo16 and PDLIM2 resulted in augmented

production of IL-6 compared to control cells or cells knocked

down either Fbxo16 or PDLIM2 (Figure 6C). We also examined

the synergistic effect of Fbxo16 and PDLIM2 on p65 degradation in

the nucleus. We transfected HEK293T cells with Flag- p65 along

with c-Myc-Fbxo16 and/or HA-PDLIM2 in a suboptimal condition,

in which lower amounts of Fbxo16 and PDLIM2 were transfected

compared to Figures 2B, 4C. Overexpression of either Fbxo16 or

PDLIM2 barely reduced p65 levels in the soluble nuclear fraction,

whereas the coexpression of Fbxo16 plus PDLIM2 markedly

decreased p65 protein. (Figure 6D). To further confirm the role of

Fbxo16 in PDLIM2-mediated degradation p65 protein, we

transfected HEK293T cells with Flag-p65 together without or

with c-Myc-Fbxo16 and examined the p65 protein level in soluble
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FIGURE 5

Confocal microscopy of F-box-dependent p65 degradation by Fbxo16 (A) Immunofluorescence staining of HEK293T cells transfected with the Flag-
p65-IRES-Venus construct without or with c-Myc-Fbxo16 plasmid. Anti-Flag staining (top); Venus expression (middle). The nucleus was stained with
DAPI (bottom) (B) Immunofluorescence staining of HEK293T cells transfected with the Flag-p65-IRES-Venus construct without or with c-Myc-wild-
type or DF Fbxo16 plasmid. Anti-Flag staining (top); Venus expression (bottom). The percentage of Flag+•Venus + cells per total Venus+ cells was
shown. Data are representative of three (A, B) independent experiments.
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and insoluble nuclear fractions in the absence or presence of siRNA

against Fbxo16. Fbxo16 knockdown completely restored the

PDLIM2-mediated decrease of soluble nuclear p65 to the original

level and led to the accumulation of insoluble nuclear p65 protein

(Figure 6E). Taking these data together, we concluded that Fbxo16

and PDLIM2 form a complex and synergistically promotes the

intranuclear transport of p65 to the insoluble fraction and its

degradation in this compartment, thereby suppressing

inflammatory responses.
3.6 Fbxo16 does not promote
polyubiquitination and degradation of
STAT3/4

We next examined the substrate specificity of Fbxo16. Since

PDLIM2 binds to and promote polyubiquitination and degradation

of STAT3/4 as well as p65 (9, 12), we first tested if Fbxo16

knockdown affected the ability of PDLIM2 to bind to STAT3/4.

We transfected HEK293T cells with Flag-tagged STAT3 or STAT4

and c-Myc-tagged PDLIM2 in the absence or presence of siRNA
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against Fbxo16, immunoprecipitated with an anti-c-Myc beads, and

immunoblotted with anti-Flag or anti-STAT4 antibody. In contrast

to the impaired interaction between p65 and PDLIM2 in Fbxo16

knockdown cells (Figure 2A), Fbxo16 knockdown did not interfere

with the binding of PDLIM2 to either STAT3 or STAT4 (Figure 7A,

Supplementary Figure 7). We next examined if PDLIM2 promoted

polyubiquitination and degradation of STAT3/4. As shown in

Figure 7B, Fbxo16 did not lead to the ubiquitination of either

STAT3 or STAT4. Moreover, overexpression of PDLIM2, but not

Fbxo16, promoted degradation of STAT3 and STAT4, although p65

could be degraded by either Fbxo16 or PDLIM2 (Figure 7C).
3.7 Enhanced p65-mediated inflammatory
responses, but normal Th1 and Th17
differentiation in Fbxo16-deficient mice

Finally, to investigate the in vivo roles of Fbxo16, we generated

Fbxo16-deficient mice by the CRISPR-Cas9 system (Supplementary

Figure 1). Since the antibodies that can sufficiently detect

endogenous Fbxo16 protein are not available, we analyzed
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NF-kB-mediated inflammatory responses were enhanced in Fbxo16 deficient dendritic cells. (A) Expression of proinflammatory cytokine genes in
GM-CSF-BMCs transfected with control siRNA or Fbxo16 against siRNA, stimulated with LPS (0.1 ng/ml) for 1, 2.5 and 5 hr, and analyzed by real-time
PCR. (B) Effect of Fbxo16 deficiency on cytoplasmic and soluble and insoluble nuclear p65 in GM-CSF-BMCs transfected with control siRNA or
Fbxo16 against siRNA, then stimulated with 0, 1, or 10 ng/ml of LPS for 1 h and analyzed with indicated antibodies. (C) Effect of Fbxo16 and/or
PDLIM2 deficiency on IL-6 expression in GM-CSF-BMCs transfected with control siRNA or siRNA against Fbxo16 and/or PDLIM2, then stimulated
with 0 (-) or 0.1 (+) ng/ml of LPS for 2 h and analyzed by real-time PCR. (D) Synergistic effect of Fbxo16 and PDLIM2 expression on soluble nuclear
p65 in HEK293T cells transfected with Flag-p65, together with c-Myc-tagged Fbxo16 and/or HA-tagged PDLIM2 in the indicated combination and
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independent experiments.
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expression of Fbxo16 mRNA in Fbxo16-/- GM-CSF-BMCs and

spleen cells by real-time PCR. Compared to Fbxo16+/+ cells,

Fbxo16 mRNA expression was reduced in both Fbxo16-/- GM-

CSF-BMCs and spleen cells (Figure 8A), which might be ascribed to

nonsense-mediated mRNA decay due to the newly generated

premature termination codon just after the deleted region (25).

Moreover, even if truncated Fbxo16 protein could be expressed at a

very low level, it would not be functional because almost the entire

region of the F-box domain, which is essential for Fbxo16 activity

(Figures 4E-H), is missing due to the CRISPR-Cas9-mediated

deletion. We then examined the LPS-induced production of

proinflammatory cytokine by Fbxo16-/- GM-CSF-BMCs. The LPS-

stimulated GM-CSF-BMCs from Fbxo16-/- mice produced two- to

threefold more IL-6 and IL-12 than the LPS-stimulated Fbxo16+/+

cells (Figure 8B). We next examined the differentiation of CD4+T

cells into Th1 and Th17 cells driven by the IL-12-mediated STAT4

or IL-6-mediated STAT3 activation of transcription factors,

respectively, and found that both Th1 and Th17 cell

differentiation were unaffected in the Fbxo16-/- CD4+T cells

(Figure 8C), suggesting that Fbxo16 specifically regulate p65-

dependent NF-kB-signaling in GM-CSF-BMCs, but not STAT3/

4-mediated T-helper cell differentiation in CD4+T cells. Taking

these data together, we propose the model that Fbxo16 functions as

a substrate-recognizing receptor for p65 in the PDLIM2-containing

CRL1 complex, thereby mediating the degradation of p65 in

dendritic cells but does not act as substrate receptor for STAT3/4

in CD4+T cells (Figure 8D).
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4 Discussion

NF-kB activation is essential for in dendritic cells to induce

inflammatory responses and initiate T cell-mediated acquired

immune responses. On the other hand, excessive and persistent

activation of NF-kB may lead to autoimmune and allergic diseases.

Notably, activated NF-kB is detected at the regions of inflammation

in these diseases (3). The NF-kB activation should therefore be

strictly controlled by negative regulatory systems. Recently, the

molecular mechanisms negatively regulating NF-kB signaling have

been intensively studied (26, 27). Many factors that suppress

various signal transduction molecules, from the receptor on the

cell surface to the promoter on the DNA, have already been

identified. The ubiquitin-dependent degradation of p65 subunit of

NF-kB is one of the most efficient mechanism terminating NF-kB
signaling. So far, several ubiquitin E3 ligases for p65 have been

reported, including SOCS1 (suppressor of cytokine signaling 1)

(28), COMMD1 (COMM domain containing 1) (29), PPARg
(peroxisome proliferator-activated receptor-g) (30), ING4

(inhibitor of growth protein 4) (31), MKRN2 (makorin ring

finger protein 2) (32), RNF182 (RING finger protein 182) (33),

RBCK1 (RanBP2-type and C3HC4-type zinc finger-containing 1)

(34), TRIM7 (tripartite motif-containing 7) (35) and LRSAM1

(leucine-rich and sterile alpha motif containing 1) (36). PPARg,
TRIM7, LRSAM1, RBCK1 and RNF182 have RING finger domain,

whereas ING4 contains a PHD domain, a subtype of the RING

domain. Notably, SOCS1 and COMMD1 form a CRL2 complex
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Fbxo16 does not promote polyubiquitination and degradation of STAT3/4. (A) Effect of Fbxo16 deficiency on the interaction of PDLIM2 and STAT3
(left) or STAT4 (right) in HEK293T cells, transfected Flag-STAT3 (left) or Flag-STAT4 (right) together without or with c-Myc-PDLIM2, then
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with Cullin 2, Elongin B/C and a RING finger domain-containing

protein, Rbx1. In this complex, SOCS1 acts as a substrate-

recognizing subunit for p65 and COMMD1 stabilizes the

association between SOCS1 and p65 (29).

We have reported for the first time that PDLIM2 is a nuclear

ubiquitin E3 ligase mediating polyubiquitination and degradation

of the p65 subunit of NF-kB in the nucleus, thereby negatively

regulating inflammatory responses in dendritic cells (11). However,

the detailed molecular mechanisms by which PDLIM2 recognizes

and polyubiquitinates target proteins remained unclear. In this

study, we have demonstrated that PDLIM2 forms a CRL1

complex with Cullin 1 and Skp1 and identified Fbxo16, an F-box

protein that belongs to the FBXO subfamily, is the substrate-

recognizing subunit of this complex. Fbxo16 binds to all the

components of this complex, including Cullin 1, Skp1 and

PDLIM2, recruits p65 and then promotes polyubiquitination and

degradation of p65 just as PDLIM2 does. Moreover, Fbxo16

deficiency in dendritic cells led to increased nuclear p65 and

enhanced TLR-induced production of proinflammatory cytokines,

including IL-6 and IL-12, a phenotype identical to PDLIM2-

deficient dendritic cells (11). Taking these data together, we

concluded that Fbxo16 is the substrate receptor for p65 in

PDLIM2-containing CRL1 complex. Notably, this phenotype of

Fbxo16 deficiency was evident in GM-CSF BMCs but not in splenic
Frontiers in Immunology 12194
CD11c+ cells (data not shown). Dendritic cells consist of distinct

subsets. The splenic CD11c+ cells are tissue resident DC, whereas

GM-CSF BMCs might be equivalent of monocyte-derived DC

(inflammatory DC), which can be elicited by infection or

inflammation (37). These data suggest that Fbxo16 might be

functional in inflammatory DC but not in resident DC. On the

other hand, Fbxo16 could not promote polyubiquitination and

degradation of either STAT3 or STAT4. Consistently, Fbxo16

deficiency in CD4+T cells did not affect IL-6 or IL12-mediated

STAT3 or STAT4-dependent Th1 and Th17 cell differentiation,

respectively. These data suggest that Fbxo16 is the specific substrate

receptor for p65, but not STAT3 or STAT4, in the complex

(Figure 8D). We predict that another F-box protein should be

responsible for recognizing and recruiting STAT3 and STAT4 in the

PDLIM2-containing CRL1 complex, although further study will be

needed to clarify this issue.

The LIM domain is thought to be a subtype of a RING finger

domain since it is structurally related to a RING finger domain (17).

Both the LIM domain and RING finger domains commonly have

eight conserved cysteine (Cys) or histidine (His) residues, which are

critical for the ubiquitin E3 ligase activity of these domains. We

have reported for the first time that the protein containing LIM

domain functions as ubiquitin E3 ligase (9). This is clearly

evidenced by our result showing that the purified recombinant
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PDLIM2 protein synthesized in E. coli has autoubiquitination

activity in vitro, which is a hallmark of ubiquitin E3 ligase activity

(9). Moreover, PDLIM2 polyubiquitinate p65 in LIM domain-

dependent manner (11). Among a larger LIM protein family,

PDLIM2 belongs to a PDZ-LIM protein subfamily that consists of

seven members (PDLIM1-7) containing one PDZ domain and one

or three LIM domains in the molecule (38). Notably, even though

all these PDZ/LIM proteins contain a LIM domain, only PDLIM2, 6

and 7 have ubiquitin ligase activity (15, 39). The RING finger and

LIM domains are thought to be an E2 enzyme-recruiting subunit,

which facilitates ubiquitin transfer onto the substrate. Although

LIM domains of all PDZ/LIM proteins commonly have eight

conserved residues of cysteine and histidine, the homology of

their amino acid sequence in regions other than in these

conserved residues in the LIM domains is relatively low. Possibly

due to the structural differences caused by the differences in these

amino acid sequences in the LIM domain, only the LIM domains of

PDLIM2, 6 and 7 can bind to E2 enzyme and possess ubiquitin E3

ligase activity. Since the LIM domain was originally considered to be

protein-protein interaction domain (40), LIM proteins may have

different functions depending on the molecules with which they can

interact through their LIM domain. In fact, PDLIM4 binds to and

recruits protein tyrosine phosphatase through its LIM domain and

also binds to STAT3, promoting dephosphorylation of a

phosphotyrosine on STAT3, which is essential for its activation,

thereby suppressing STAT3-mediated signaling (our unpublished

data). Taken together, we hypothesize that not all LIM proteins

have ubiquitin E3 ligase activity and a subset of LIM proteins, in

which the LIM domain might be highly structurally related to a

RING finger domain, should function as ubiquitin E3 ligases.

We have previously reported that PDLIM2 promotes the

intranuclear transport of p65 through its PDZ domain and the

proteasomal degradation of p65 in the insoluble nuclear

compartment through its LIM domain (11). Consistently, a PDZ

domain-deletion mutant of PDLIM2 impaired intranuclear

transport of p65 but normally polyubiquitinated p65, whereas a

LIM domain-deletion mutant of PDLIM2 failed to elicit

polyubiquitination and degradation of p65 but could mediate

intranuclear transport of p65 to insoluble nuclear compartments.

In this study, we have demonstrated that either Fbxo16 knockdown

or deletion of its F-box domain not only led to the accumulation of

p65 in the insoluble nuclear fraction but also completely restored

the PDLIM2-mediated decrease of p65 in the soluble nuclear

fraction (Figures 4G, 6E). This can be ascribed to both impaired

intranuclear transport of p65 and insufficient p65 degradation in

the insoluble nuclear fraction. In contrast, in our previous study, the

knockdown of either HSP70 or BAG1 led to the increased p65

protein in the insoluble nuclear fraction but could not restore the

PDLIM2-mediated decrease of p65 in the soluble nuclear fraction

(14), suggesting that only p65 degradation in the insoluble nuclear

compartment was impaired by these knockdowns. This is probably

because both HSP70 and BAG1 are essential for facilitating the

association of the p65-PDLIM2 complex with the proteasome

leading to the degradation of p65 but are not required for the

intranuclear transport of p65 to the insoluble nuclear
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compartments. Considering that CRL1 complex formation was

disrupted by either Fbxo16 knockdown or deletion of the F-box

domain from Fbxo16 (Figures 2A, 4E), the complex formation itself

might be critical for the PDLIM2-mediated intranuclear transport.

So far, 69 human and 79 murine F-box proteins have been

reported (21, 22). These F-box proteins commonly bind to Cullin 1 or

Cullin 7 through their F-box domain and should function as

substrate-recognizing subunits in the CRL1 or CRL7 complex (19,

20). F-box proteins exert a variety of functions depending on the

substrates that they bind to and recruit to the complex. The substrates

for many, but not all, F-box proteins have been identified and most of

them were found to be the cell cycle regulators or oncogenes, so that

the deficiency of these F-box proteins in human and mice enhanced

cell proliferation leading to tumorigenesis (41). In contrast, only

several F-box proteins, including Fbxw1, Fbxl2, Fbxo6 and Fbxo38

(42–45), have been reported to be involved in the immune regulation.

Regarding Fbxo16, previous reports showed that it mediates

polyubiquitination and degradation of b-catenin and heterogeneous

nuclear ribonucleoprotein L (hnRNPL), both of which regulate

signaling pathways leading to cell proliferation and tumor

progression (46–48). Forced expression of Fbxo16 in tumor cell

lines inhibited cell growth, whereas knockdown of Fbxo16 in these

cells resulted in increased b-catenin and hnRNPL protein levels and

enhanced tumor cell proliferation. Notably, the association of higher

Fbxo16 expression with better prognosis in cancer patients and the

attenuated Fbxo16 expression in higher-grade cancer samples were

observed in a human cancer database (47, 48). These data suggest that

Fbxo16 acts as a tumor suppressor by inhibiting the activity of b-
catenin and hnRNPL. However, the role of Fbxo16 in the immune

system remained completely unknown. Here we have demonstrated

that Fbxo16 is essential for terminating NF-kB-mediated

inflammatory responses by promoting polyubiquitination and

degradation of the p65 subunit of NF-kB as the substrate-

recognizing receptor for p65 in the PDLIM2-containing CRL1

complex. This is the first report showing that Fbxo16 can regulate

signaling pathway in the immune system. Notably, aberrant and

persistent activation of NF-kB may promote tumor progression (49),

so that the activity of Fbxo16 to inhibit NF-kB activation, which we

demonstrated in this study, might be related to the tumor suppressive

function of Fbxo16 described above. Fbxo16 could therefore acts as

the substrate-recognizing receptor for several proteins involved in cell

proliferation, including b-catenin, hnRNPL and NF-kB p65,

promotes their degradation and prevents cancer progression (46–

48). A recent report showed that Fbxw2 also promotes

polyubiquitination and degradation of p65 (50). Although this

report did not analyze the complex formation and its role in the

immune system, Fbxw2 may be another substrate-recognizing

receptor for p65 in the CRL1 complex, thereby regulating NF-kB-
mediated inflammatory responses in dendritic cells.

Persistent activation of NF-kB is detected at regions of

inflammation in certain human diseases, such as inflammatory

bowel diseases and rheumatoid arthritis (3, 4). We found that Fbx16

expression in dendritic cells was suppressed by inflammatory stimuli,

such as LPS or CpG DNA (Supplementary Figure 8). This attenuated

Fbxo16 expression under inflammatory condition may contribute to
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constitutive NF-kB activation leading to inflammatory diseases. We

therefore speculate that Fbxo16-deficiency in humans may cause

autoimmune diseases and that the Fbxo16/PDLIM2-mediated

pathway to terminate NF-kB activation could be the molecular tool

for the development of the new therapy of these diseases.
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