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Abstract  Neutrophil granulocytes are a key player in host innate immunity and they provide antimicrobial 

protection also by NETosis, amongst other mechanisms. NETosis involves the formation of intricate web-like 

structures, composed of DNA-histone complexes and proteins released by activated neutrophils, commonly referred to 

as neutrophil extracellular traps (NETs) with sticky and antimicrobial effects on extracellular pathogens. The 

dysregulation of neutrophils and NETosis may result in autoimmune diseases, due to the formation of autoantibodies, 

consequent exaggerated immune stimulation, overexpression of various molecules related to NETosis, and infiltration 

of cutaneous lesions with neutrophils and other immune cell populations. Furthermore, a neutrophil subpopulation was 

found to be strongly linked to the pathogenesis of these diseases. The interest in the implications of NETosis in 

autoimmunity has grown in the past years; researchers found new biomarkers and evaluated therapeutics targeted 

towards this cell death pathway correlated to psoriasis and autoimmunity. Thus, future studies are needed on this 

matter in order to increase the quality of life in autoimmune disease patients, as NETosis represents a promising 

therapeutic target. This review article aimed to thoroughly examine neutrophil functions and their association with 

NETosis in the context of autoimmune diseases, with a particular focus on psoriasis.  
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Introduction  

 

Neutrophils play an important role in the host’s innate 

immunity as they are the primary line of defense against 

extracellular microbes and constitute the most abundant 

cell population in adult peripheral blood (Chiang et al., 

2019; Sadeghi et al., 2023). Neutrophils contribute to 

host protection through the mechanisms of phagocytosis 

and its steps: ingestion, degranulation, production of 

reactive oxygen species (ROS) and chemokines. When 

stimulated by various molecules, neutrophils are able to 

release neutrophil extracellular traps (NETs) (Chiang et 

al., 2019; Kvist-Hansen et al., 2021; Mutua and Gershwin 

2021; Ding et al., 2022). This process was described for 

the first time in 2004 by Brinkmann and coworkers; 

however, the term “NETosis” was coined in 2007 by 

Steinberg and Grinstein to define the neutrophil cell 

death that occurs as a result of this newly elucidated 

mechanism within the innate immune response 

(Brinkmann et al., 2004; Steinberg and Grinstein 2007). 

That is, NETosis represents a distinct form of cell death, 

differing from both apoptosis and necrosis (Chiang et al., 

2019; Huang and O’Sullivan 2022). NETosis is divided 

into four types: vital, suicidal, caspase-dependent and 

mitochondrial (Huang and O’Sullivan 2022). Despite 

providing important host protection by disarming or 

killing bacteria, parasites, fungi and viruses (Delgado-

Rizo et al., 2017), neutrophils and NETosis have been 

recently correlated to multiple autoimmune disorders, 

such as rheumatoid arthritis, systemic lupus 

erythematosus, diabetes mellitus, multiple sclerosis and 

psoriasis (Hu et al., 2016; Neubert et al., 2019; Sadeghi et 

al., 2023). Psoriasis is a chronic autoimmune 

inflammatory disease determined by environmental, 

genetic and immunological factors (Griffiths et al., 2021). 

In the pathogenesis of psoriasis, the interplay between 

components of innate and adaptative immunity plays a 

fundamental role (Surcel et al., 2021a). The 

IL(interleukin)-23/Th17 axis is crucial in the 

pathogenesis of psoriasis and provides proof of the 

interactions between components of innate and adaptative 

immunity (Schön and Erpenbeck 2018; Wang and Shi 

2023). Several cytokines and chemokines contribute to 

psoriasis inflammatory processes via mechanisms (IL-

33–IL-37, CXCR6/CXCL16, CCL20/CCR6 and TLR7–

MyD88–DC–CXCL16 axes) in which they interact with 

specific receptors and immune cells (Furue et al., 2020; 

Bao et al., 2023; Lu et al., 2023; Tsuji et al., 2023). This 

disease is characterized by the uncontrolled proliferation 

of keratinocytes and infiltration of psoriatic lesions with 
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immune cells (Surcel et al., 2022). The histological 

hallmark of psoriasis is the Munro’s microabscesses in 

which neutrophils are numerous (Kvist-Hansen et al., 

2021; Rodriguez-Rosales et al., 2021; Meng et al., 2022). 

NETosis was found to be correlated with the severity of 

psoriasis (Hu et al., 2016). The interest in this link has 

grown significantly: recent studies shed the light on 

potential biomarkers and tested current and novel 

therapies in psoriasis. Therefore, further research on the 

implications of this cell death process is needed to 

explore new perspectives for the clinical management of 

autoimmune diseases. The aim of this article was to 

provide an overview of the connection between NETosis 

and autoimmunity, with a specific focus on psoriasis. 

 

Mechanism of NETosis 
 

Neutrophils represent the first line of defense against 

pathogens (Sadeghi et al., 2023), mainly by phagocytosis, 

including degranulation and release of a lot of 

microbicidal factors. Moreover, the activated neutrophils 

produce ROS and chemokines that promote the 

recruitment of other immune cells at the infection or 

inflammatory site (Chiang et al., 2019; Kvist-Hansen et 

al., 2021; Mutua and Gershwin 2021; Ding et al., 2022). 

There are two distinct populations of neutrophils 

separated by gradient centrifugation in Ficoll in human 

peripheral blood. The first one is represented by 

polymorphonuclear neutrophils located in the pellet 

alongside erythrocytes. The low-density granulocytes 

(LDGs) represent the second population which is found 

in the peripheral blood mononuclear cell fraction 

(Czerwińska and Owczarczyk-Saczonek 2022). Low 

density granulocytes are neutrophils that are released 

from the bone marrow into the bloodstream before they 

reach maturity (Skrzeczynska-Moncznik et al., 2020). 

Interestingly, neutrophils are capable of various forms of 

programmed cell death, including NETosis and 

pyroptosis, while also being susceptible to non-

programmed cell death through necrosis (Chapple et al., 

2023).  

Neutrophils are the most numerous cell population of 

innate immunity in adult peripheral blood (Chiang et al., 

2019; Sadeghi et al., 2023). Neutrophil 

polymorphonuclear leukocytes (neutrophils) are myeloid 

cells filled with lysosomal granules (which explains the 

name of granulocytes), housing a potent arsenal of 

antimicrobial agents. In parallel, current literature 

underscores the pivotal role of neutrophils in immune 

processes, including acute and chronic inflammation, and 

in the modulation of inflammation and wound healing, 

primarily attributed to the diverse repertoire of surface 

receptors they express. The comprehensive array of 

surface receptors encompasses, among others, integrins 

that facilitate neutrophils' mobilization from the bone 

marrow into circulation, diapedesis and subsequent tissue 

infiltration. Neutrophils also express cytokine/chemokine 

receptors, orchestrating their oriented migration towards 

infection or tissue injury sites, and priming them for a 

secondary stimulus. Additionally, neutrophils harbor 

pattern recognition receptors and Fc- and C3b-receptors, 

being able of immune phagocytosis and thereby 

expediting the eradication and clearance of infectious 

agents or the debridement of compromised tissue 

(Chapple et al., 2023). 

Morphologically, neutrophils possess a multi-lobulated 

nucleus (Hoffmann and Enk 2016) and a set of several 

specialized organelles/lysosomes known as granules 

(Brinkmann and Zychlinsky 2012; Chiang et al., 2019). 

The granules aid in the neutrophil antimicrobial and 

pathogen clearance pathways due to the abundance of 

proteins in their composition (Burn et al., 2021). At least 

three major neutrophil granule populations (azurophilic, 

specific, and gelatinase), and a population of secretory 

vesicles, have been documented. Each subpopulation is 

defined by a specific set of proteins and a distinctive 

shape, and it is synthesized at a particular stage of 

neutrophil maturation (Price et al., 2000). Azurophilic 

(primary) granules contain mainly toxic mediators such 

as myeloperoxidase (MPO), neutrophil elastase (NE), 

defensins, hydrolases, and cathepsins. The secondary and 

tertiary granules exhibit shared contents, yet their 

differentiation is facilitated by the distinctive buoyant 

densities observed during centrifugation on gradient 

media (Lacy 2006). Specific (secondary) granules contain 

lactoferrin, collagenase, cytochrome b558, cathelicidins 

(known as LL-37), nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, alkaline phosphatase. 

Gelatinase (tertiary) granules incorporate enzymes such 

as gelatinase, arginase 1, lysozyme, cytochrome b558, 

collagenase, cathepsins and lectins such as ficolin 1 

(Brinkmann and Zychlinsky 2012; Chiang et al., 2019; 

Czerwińska and Owczarczyk-Saczonek 2022). Finally, 

secretory vesicles encapsulate extracellular matrix 

receptors, which are further exposed to the 

polymorphonuclear leukocyte surface. These receptors 

activate downstream neutrophil processes and play key 

roles in rolling, endothelial attachment, basement 

membrane traversal and diapedesis (Price et al., 2000). 

When stimulated by some chemical compounds, 

inflammatory factors or metabolites, neutrophils can 

undergo a unique cell death process known as “NETosis” 

(Ding et al., 2022; Sadeghi et al., 2023). NETosis is the 

process in which NETs are formed (Meng et al., 2022) 

and was described for the first time in 2004 by 

Brinkmann et al. as “structures composed of granule and 

nuclear constituents that disarm and kill bacteria 

extracellularly” (Brinkmann et al., 2004). 

NETosis is divided into four categories (vital, suicidal, 

caspase-dependent, mitochondrial), from which the first 

two constitute the active form of cell death (Huang and 

O’Sullivan 2022) (Fig. 1). 

Vital or non-lytic NETosis occurs within minutes of the 

interaction with the pathogen (Gram-positive or Gram-

negative bacteria) (Hoffmann and Enk 2016; Huang and 

O’Sullivan 2022). This process results in releasing the 

NETs without disrupting the nuclear or plasma 
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membrane, independent of ROS (Sadeghi et al., 2023). 

Therefore, neutrophils remain viable and maintain their 

prime functions (phagocytosis, respiratory burst, 

chemotaxis) (Chiang et al., 2019). Vital NETosis is 

triggered by detecting the bacterium via TLR (toll-like 

receptor) 2. The neutrophil uses chemotactic movements 

to reach the pathogen, followed by nuclear budding and 

release of DNA-containing vesicles . These vesicles will 

merge with the cell membrane in order to release the 

NETs extracellularly (Yipp and Kubes 2013; Huang and 

O’Sullivan 2022). 

In suicidal or lytic NETosis, NETs are formed slower 

(within 2-4 hours) (Chiang et al., 2019), and neutrophils 

go through a cell death pathway different from apoptosis, 

necrosis and necroptosis due to the presence of 

citrullinated histones (Chiang et al., 2019; Huang and 

O’Sullivan 2022). Lytic NETosis is activated by 

pathogenic molecules such as lipopolysaccharide (LPS) 

or viral glycoproteins, cytokines [TNF(tumor necrosis 

factor)-α, IL-8, the C5a component of the complement 

system (Huang and O’Sullivan 2022)], and phorbol 12-

myristate 13-acetate (Hoffmann and Enk 2016; Huang 

and O’Sullivan 2022). This pathway is dependent on 

ROS production (Huang and O’Sullivan, 2022). Phorbol 

12-myristate 13-acetate is often used in the research of 

NETosis as it proves effective in activating the neutrophil 

respiratory burst by increasing the cytosolic calcium 

levels (Chiang et al., 2019), therefore promoting the 

assembly of NADPH oxidase and ROS generation 

(Sørensen and Borregaard 2016). In suicidal NETosis, 

peptidyl arginine deiminase 4 (PAD4) catalyzes the 

conversion of histone 3 (H3) in the neutrophil nucleus to 

the citrullinated version (Cit-H3), which is the starting 

point of chromatin decondensation (Sørensen and 

Borregaard 2016). The oxidative burst mediated by 

NADPH oxidase promotes the release of granule 

constituents like NE and MPO (Huang and O’Sullivan 

2022). This further promotes chromatin decondensation 

by cleaving the nuclear histones. In turn, the DNA is 

separated from the histones and released in the 

extracellular medium (Sørensen and Borregaard 2016). 

Neutrophil elastase is also responsible for cleavage of 

gasdermin D, promoting the formation of pores in the 

plasma membrane and DNA release (Huang and 

O’Sullivan 2022). Subsequently, cytoplasmic granular 

proteins attach to chromatin resulting in the network-like 

structure known as NETs (Sørensen and Borregaard 

2016). 

Mitochondrial NETosis differs from the “classic” 

pathway since neutrophils release mitochondrial DNA 

rather than nuclear DNA. This process, similar to suicidal 

NETosis, is ROS-dependent and stimulated by C5a and 

LPS (Sadeghi et al., 2023). 

Caspase-dependent NETosis is activated by LPS or 

whole Gram-negative bacteria, which determine the 

activation of an enzyme named caspase 11. Caspase 11 is 

responsible for the cleavage of gasdermin D, a protein 

responsible for both nuclear and cell membrane pore 

formation (Huang and O’Sullivan 2022). 

NETosis, whether vital or suicidal, is a key player in the 

antimicrobial protection of the host. This function is 

believed to be realized via eliminating pathogens by 

trapping them in the network-like structure. Thus, it is 

safe to assume that neutrophils not only provide host 

protection by classical intracellular pathways (such as 

phagocytosis, by trapping the microbes in phagosomes 

inside the cell) but also by extracellular mechanisms, 

since the traps are released at the outer face of the plasma 

membrane (Pinegin et al., 2015). Neutrophil extracellular 

traps can regulate bacterial infections due to the 

bactericidal components attached to the chromatin fibers: 

histones, NE, MPO, lactoferrin, LL-37, gelatinase, 

proteinase 3, and cathepsin G (Sørensen and Borregaard 

2016; Chiang et al., 2019; Mutua and Gershwin 2021). 

NETs are capable of limiting the growth or eliminating 

both Gram-positive (Staphylococcus aureus, 

Streptococcus pneumoniae, Mycobacterium tuberculosis) 

and Gram-negative bacteria (Escherichia coli, Shigella 

flexneri, Yersinia pestis), as well as parasites (Toxoplasma 

gondii, Plasmodium falciparum), viruses [Influenza 

virus, Human Immunodeficiency Virus 1 (HIV-1), 

Respiratory syncytial virus (RSV)] and microfungi 

(Candida albicans, Cryptococcus neoformans, 

Aspergillus fumigatus) (Delgado-Rizo et al., 2017). 

It is also proved that the other granulocytes are capable of 

forming and releasing extracellular traps (eosinophil, 

basophil, mast cell/mastocyte extracellular traps) 

involved in host defense against pathogens (Czerwińska 

and Owczarczyk-Saczonek 2022). Besides the protective 

role, there is more and more evidence of the involvement 

of NETs in immunopathology (Sadeghi et al., 2023). 

 

NETosis in autoimmunity 
 

Neutrophil extracellular traps play a key role in the 

pathogenesis and progression of multiple autoimmune 

diseases (ADs): rheumatoid arthritis (RA), systemic lupus 

erythematosus (SLE), diabetes mellitus (DM), psoriasis 

(Ps), multiple sclerosis (MS) (Hu et al., 2016; Neubert et 

al., 2019; Sadeghi et al., 2023). The importance of 

NETosis in autoimmunity is highlighted by the formation 

of autoantibodies targeted towards various NETs 

constituents (citrullinated peptides, components of the 

primary granules, double-stranded DNA) that were 

observed in ADs such as SLE and RA (Vorobjeva 2020).  
 

Systemic lupus erythematosus 
 

Systemic lupus erythematosus (SLE) is a chronic 

autoimmune inflammatory disease characterized by 

breaking the self-tolerance. It is caused by the 

exacerbated production of autoantibodies aiming at 

nuclear proteins and double-stranded DNA. This results 

in immune complexes buildup and their deposition in 

certain sites and damage of multiple organs and tissues, 

for example kidneys, skin and blood vessels (Knight et 

al., 2012; Hoffmann and Enk 2016; Wang et al., 2023). 
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Moreover, this promotes the production of NETs and 

interferon type I (such as IFN-α) by the plasmacytoid 

dendritic cells (pDCs) (Wang et al., 2023).  

 

 

 
Fig. 1: The vital and suicidal pathways of NETs formation. A: Vital NETosis, in which NETs are released without membrane 

disruption; B: Suicidal NETosis, in which neutrophils go through a cell death process in order for NETs to be released. Figure 

generated with BioRender.com (adapted from Sørensen and Borregaard 2016; Huang and O’Sullivan 2022). 

 

 

Neutropenia is a particularity of SLE patients, as well as 

the alteration of neutrophil functions: dysregulated ROS 

production and phagocytosis, increased apoptosis and 

NETosis (Sadeghi et al., 2023). A correlation between 

NETosis and photosensitivity in SLE patients has also 

been observed (Neubert et al., 2019). Exaggerated 

production of autoantibodies is caused by the extended 

exposure to cell debris that act as autoantigens, related to 

the altered apoptotic mechanisms (Zhu et al., 2022). The 

imbalance between NET formation and clearance is 

strongly related to the pathogenesis and severity of SLE 

(Hoffmann and Enk 2016; Singhal and Kumar 2022; 

Wang et al., 2023). Neutrophil extracellular traps in lupus 

patients are not going through the clearance pathways as 

normal due to high concentrations of LL-37 (Hoffmann 

and Enk 2016). This defect in the process of NETosis is 

also linked to the generation of LDGs (Alghamdi et al., 

2019). Lood et al. highlighted the role of mitochondrial 

ROS in stimulating IFN type I release and NETosis in a 

lupus-like disease in murine models (Lood et al., 2016). 

Low-density granulocytes represent a neutrophil 

population with a greater capacity for NETosis and are 

enriched in the blood of patients with SLE (Delgado-Rizo 

et al., 2017; Wang et al., 2023). This cell population 

supports the inflammatory state in SLE by promoting the 

release of pro-inflammatory cytokines, such as IFN-γ. 

Low density granulocytes also possess a higher 

expression of the genes that encode granule constituents 

(MPO, NE) (Zhu et al., 2022). Plasmacytoid dendritic 

cells are activated to synthesize IFN-α via releasing LDG 

intracellular components as high-mobility group box 1, 

LL37 and α-/β-defensins through NETosis (Delgado-Rizo 

et al., 2017). The production of IFN type I can be also 

triggered by the release of oxidized mitochondrial DNA 

and disrupted NETosis of LDGs (Nakabo et al., 2022; 

Singhal and Kumar 2022). 

The altered self-tolerance in SLE can be linked to post-

translational modifications of histones, such as 

citrullination (Alghamdi et al., 2019). Histones are 

predominant among the proteins attached to the 

chromatin strands in the NETs structure. Post-

translational modifications represent the addition of 

various biochemical functional groups to a protein 

causing an alteration in the chemical structure of an 

aminoacid or secondary structure of the protein (Knight 

et al., 2012). Citrullination is a post-translational 

modification in which arginine is converted to citrulline. 

Histones citrullinated by the PAD4 enzyme during NET 

formation can be correlated with loss of self-tolerance in 

SLE and citrullination is linked to disease severity in SLE 

(Alghamdi et al., 2019). 
 

Rheumatoid arthritis 
 

Rheumatoid arthritis (RA) is a chronic systemic 

autoimmune disorder characterized by joint inflammation 

and bone and cartilage deterioration (Kumar et al., 2018; 
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Goel and Kaplan 2020), in some cases causing disability 

(Wigerblad and Kaplan 2023). Risk factors of RA, among 

which periodontal disease, genetic predisposition and 

smoking can be counted, have been correlated to NET 

formation (Goel and Kaplan 2020). The hallmark of RA 

is the production of autoantibodies against citrullinated 

protein antigens (ACPAs) (Wang et al., 2023) that are 

detected in approximately 70% of RA patients 

(Wigerblad and Kaplan 2023). Autoantibodies against 

citrullinated protein antigens represent a class of cross-

reactive antibodies that specifically recognize proteins or 

peptides containing citrulline in their structure, thus 

becoming non-self molecules or autoantigens (Valesini et 

al., 2015).  

Neutrophils in RA patients have a higher ability to release 

NETs and NETosis is linked to this disease (Wang et al., 

2023). This leukocyte population is abundant in synovial 

fluid in rheumatoid arthritis and is capable of releasing 

the peptidyl arginine deiminases PAD2 and PAD4 into 

joints (Zhu et al., 2022). The autoimmune response in RA 

is triggered by the production of autoantigens. Neutrophil 

extracellular traps play an important role in this process 

via histone citrullination due to the overexpressed activity 

of PAD2 and PAD4 (Delgado-Rizo et al., 2017). 

Autoantibodies against citrullinated protein antigens 

recognize the citrullinated histones and, together with 

pro-inflammatory cytokines (IL-17, TNF-α), contribute 

to the inflammatory state in RA (Barnado et al., 2016; 

Wang et al., 2023). These inflammatory mediators 

stimulate the production of NETs and then activate the 

synthesis of more ACPAs; consequently, there is a 

vicious cycle between ACPAs and NETs (Ciesielski et al., 

2022). The enzymes PAD2 and PAD4 can also target 

proteins such as fibronectin, vimentin, fibrinogen, α-

enolase, and anti-thrombin (Ciesielski et al., 2022) 

affecting the coagulation process (Alghamdi et al., 2019). 

Thus, PAD enzymes catalyze the citrullination of both 

intra- and extracellular proteins that build up in the joints. 

The constant exposure to autoantigens results in an 

altered self-tolerance (Ciesielski et al., 2022). Related to 

NETosis, neutrophils of RA patients also possess a high 

expression of NE and MPO (Huang and O’Sullivan 

2022). Similar to SLE, LDGs have been tracked in blood 

samples of RA patients (Sadeghi et al., 2023).  
 

Type 1 diabetes mellitus 
 

Type 1 diabetes mellitus (T1DM) is an autoimmune 

disorder in which the endocrine system is targeted (Zhu 

et al., 2022). This disease is defined by the destruction of 

β-pancreatic isles by autoreactive T-cells that recognize 

the specific autoantigens exposed via the disruption of β 

cells (Delgado-Rizo et al., 2017; Sadeghi et al., 2023). 

Moreover, autoreactive B cells are activated and 

autoantibodies (insulinoma-associated protein 2 

autoantibody, glutamic acid decarboxylase autoantibody, 

zinc transporter-8 autoantibody) are synthesized 

(Delgado-Rizo et al., 2017; Zhu et al., 2022), resulting in 

hyperglycemia (Delgado-Rizo et al., 2017; Vorobjeva 

2020). T-cytotoxic cells are fundamental in β-cell 

disruption by releasing perforins and granzymes. The 

release of these proteins results in activating the FasL 

pathway and the synthesis of pro-inflammatory mediators 

(TNF-α and IFN-γ) (Delgado-Rizo et al., 2017). TNF-α is 

implicated in promoting NETosis and the release of 

neutrophil granule constituents, such as cathepsin G, NE, 

and proteinase 3 (Zhu et al., 2022). High levels of NE 

and proteinase 3 are evidence of the correlation between 

NETosis and autoimmunity in patients with T1DM 

(Delgado-Rizo et al., 2017; Jorch and Kubes 2017). The 

increased levels of blood sugar stimulate the release of 

ROS by neutrophils and NETosis, causing an 

immunological imbalance and microvascular alterations 

(Kumar et al., 2018; Islam and Takeyama 2023). Delayed 

wound healing is a particularity of T1DM and high levels 

of NET constituents (histones, proteinase 3, elastase) 

have been observed in patients with diabetic foot ulcers 

(Sadeghi et al., 2023). More biomarkers correlated to 

NETosis (double-stranded DNA, MPO–DNA complexes) 

are considered for early detection of T1DM (Vorobjeva 

2020). 
 

Multiple sclerosis 
 

Multiple sclerosis (MS) is a chronic disease implicating 

the central nervous system in which demyelination, 

neuroinflammation and later motor function impairment 

and loss of vision occur (Alghamdi et al., 2019; 

Ciesielski et al., 2022; Sadeghi et al., 2023). An 

interaction between genetic and environmental factors is 

considered to play a key role in the pathogenesis of MS 

(Ciesielski et al., 2022). The demyelination may result 

from the exaggerated citrullination of myelin basic 

protein, prompting a failure in maintaining the compact 

myelin by disrupting the multilayer structure (Huang and 

O’Sullivan 2022). Myelin basic protein is the 

predominant protein in the myelin sheath and an 

important target for citrullination (Alghamdi et al., 2019). 

This process is catalyzed by PAD2 expressed by 

oligodendrocytes and results in generating new 

autoantigens in the myelin sheath, outside the axons (Zhu 

et al., 2022). In healthy patients, the percentage of 

citrullination in MBP is 20% but it can reach up to 90% 

in advanced stages of MS (Alghamdi et al., 2019). 

Similar to SLE, LDGs are numerous in the peripheral 

blood of MS patients and can produce NETs (Zhu et al., 

2022). Furthermore, neutrophils in MS are abundant, and 

present a decreased apoptosis and increased 

degranulation and ROS release (Huang and O’Sullivan 

2022). 
 

Psoriasis 
 

Psoriasis (Ps) is a T cell-mediated chronic autoimmune 

inflammatory disease (Rendon and Schäkel 2019; Surcel 

et al., 2021b). These clinical manifestations of Ps include 

skin and joint lesions (Rendon and Schäkel, 2019), as 

well as extracutaneous co-morbidities, leading to a 

decrease in patients’ quality of life (Surcel et al., 2022), 
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including depression, anxiety and suicidal ideation 

(Georgescu et al., 2019; Amin et al., 2020; Grän et al., 

2020). Globally, Ps affects over 60 million individuals 

(Griffiths et al., 2021), regardless of sex (Boehncke and 

Schön 2015), debuting at a median age of 33 (Griffiths et 

al., 2021). The incidence is split into two age gaps: 20-30 

years and 50-60 years, corresponding to two 

immunologically and genetically distinct subtypes: early 

onset, before the age of 40 (75% of cases) and late onset, 

after the age of 40 (Griffiths et al., 2021). The incidence 

of Ps is correlated to ethnicity, age, environmental factors 

and geographical area (Surcel et al., 2022); therefore, it is 

more common in Caucasians and in developed countries 

(Gironés Petit et al., 2021).  

The etiology of Ps is yet to be determined (Michalek et 

al., 2016; Georgescu et al., 2019), though it was observed 

that genetic predisposition, environmental factors and 

abnormal functioning of the immune system play an 

important role in Ps disease evolution (Griffiths et al., 

2021). Administration of certain drugs (lithium-based or 

TNF inhibitors, anti-inflammatory drugs) (Lee et al., 

2018), neuropsychic stress (Rousset and Halioua 2018), 

weight gain and obesity (Jensen and Skov 2017), physical 

stress (radiotherapy and exposure to ultraviolet 

radiations) (Kamiya et al., 2019), smoking, alcohol 

consumption (Lee et al., 2018; Grän et al., 2020), 

infections (Streptococcus sp., Helicobacter pylori, S. 

aureus, HIV) (Lee et al., 2018) can count among the risk 

factors. Psoriasis is correlated to other pathologies, such 

as diabetes mellitus (Grän et al., 2020), cancer 

(pulmonary cancer, lymphomas, non-melanoma skin 

cancer) (Loft et al., 2020), cardiovascular diseases (acute 

myocardial infarction, abdominal aortic aneurysm, 

coronary artery disease) (Amin et al., 2020; Daugaard et 

al., 2022), dyslipidemia (Amin et al., 2020), ADs 

(Daugaard et al., 2022), chronic kidney diseases 

(Tokuyama and Mabuchi 2020), psoriatic arthritis 

(Căruntu et al., 2015). 

The PASI (Psoriasis Area Severity Index) score 

represents the gold standard for assessing the severity of 

psoriatic cutaneous inflammation and reunites the 

severity and percentage of affected skin areas, and DLQI 

(Dermatology Life Quality Index) score. There are 

various therapies depending on the severity of the AD: 

topical treatments for lighter forms, ultraviolet light 

therapy for moderate forms, and systemic treatments for 

severe forms (Raharja et al., 2021). At the moment, 

biological therapies, such as the fusion protein etanercept 

or monoclonal antibodies (adalimumab, infliximab and 

secukinumab) are used for treating methotrexate, 

cyclosporin or acitretin-resistant severe Ps (Surcel et al., 

2019; Raharja et al., 2021). 

Even though it has been considered to be a T cell-

mediated disease (Grän et al., 2020), innate 

[macrophages, NK cells, dendritic cells (DCs)], as well as 

adaptative [T cells (TC)] immunity cells, and non-

immune cells (keratinocytes) play a crucial role in Ps 

pathogenesis (Surcel et al., 2021b). T helper (Th) cells, 

along with pro-inflammatory cytokines are responsible 

for supporting the inflammatory state (Surcel et al., 

2019).  

Histologically, Ps is characterized by an uncontrolled and 

rapid keratinocyte proliferation and infiltration of 

psoriatic lesions with DC and TC (Surcel et al., 2022), 

acanthosis, hyperkeratosis and parakeratosis (Grän et al., 

2020). From a clinical point of view, Ps can be pustular 

and non-pustular (Surcel et al., 2019), and the most 

common phenotype is psoriasis vulgaris (Griffiths et al., 

2021). Erythema, induration and desquamation are the 

main indicators of psoriatic inflammation (Chiang et al., 

2019). There have been two phases of Ps pathogenesis 

described: the initiation of psoriatic events, in which 

innate immunity (DC, NK cells, macrophages) plays an 

important role, and maintaining the inflammatory status, 

mediated by adaptative immunity (Th cells) (Georgescu 

et al., 2019). 

Excessive neutrophil, DC, TC, keratinocyte, fibroblast, 

mastocyte and melanocyte stimulation is an important 

cause of the immunological imbalance in Ps (Chiang et 

al., 2019; Rodriguez-Rosales et al., 2021). In the past 

years, several immune axes that contribute to the 

pathogenesis of Ps have been defined. Among those axes, 

the IL-23/Th17 axis is crucial in the pathogenesis of Ps 

(Wang and Shi 2023). The IL-17 family comprises of six 

members (IL-17A to IL-17F), capable of forming active 

homodimers (Vidal et al., 2021; Brembilla and Boehncke 

2023) and five receptors (IL-17RA to IL-17RE) (Baliwag 

et al., 2015). From this cytokine family, IL-17A, IL-17C 

and IL-17F play a role in the Ps development by 

stimulating keratinocytes to release proinflammatory 

molecules. IL-17A, IL-17C and IL-17F also have a high 

expression in psoriatic lesions (Blauvelt and Chiricozzi 

2018). The interleukins IL-17A and IL-17F have the 

highest homology level and therefore can easily dimerize 

resulting in an IL-17A/F heterodimer. The IL-17A 

glycoprotein is implicated in the pathological processes 

associated with Ps and can act on non-hematopoietic 

cells, such as keratinocytes (Lauffer et al., 2020; Vidal et 

al., 2021). This cytokine can be expressed by cells of 

both innate and adaptative immunity, but it was observed 

for the first time in Th17 cells (Vidal et al., 2021). IL-23, 

a member of the IL-12 cytokine family, is also important 

for the immunopathogenesis of Ps, as well as other ADs. 

IL-23 can be released by macrophages, DCs and 

keratinocytes in psoriatic tissues (Hou et al., 2018; Wang 

and Shi 2023). Single stranded RNA originating from 

viruses or NETs is capable of activating TLR8 on the 

neutrophil surface and therefore stimulating the release of 

IL-23 by neutrophils. The interaction between IL-23 and 

IL-23R receptor is responsible for the formation of mast 

cell extracellular traps, production of IL-17 and 

differentiation of naive T cell into Th17 and Th1 cells 

(Wang and Shi 2023). 

In the IL23/Th17 axis, dermal DCs are activated by 

recognizing LL-37-nucleic acid complexes released by 

damaged keratinocytes. The activated dermal DCs 
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produce IL-23 that consequently promote activation of 

Th17 cells and production of IL-17A and other cytokines 

(Delgado-Rizo et al., 2017; Ogawa et al., 2021). More 

than that, IL-23 is also effective in stimulating the 

production of IL-17 by neutrophils (Wang and Shi 2023). 

IL-17A further triggers the proliferation of keratinocytes, 

activation of TLR7 and TLR9, and release of other 

inflammatory molecules like TNF-α, IL-1, IL-6 and IL-8 

(Schön et al., 2017; Yamamoto 2020). TNF-α is a pro-

inflammatory cytokine produced by immune and non-

immune cells. TNF-α regulates keratinocyte function 

through the interaction with IL-17A in order to modulate 

cytokine and keratinocyte genes related to Ps (Guo et al., 

2023). IL-17A also plays a fundamental role of a pro-

angiogenic factor in Ps by stimulating the migration of 

endothelial cells and the expression of VEGF (vascular 

endothelial growth factor). IL-17A, together with TNF-α, 

can stimulate the expression of IL-8, from which the 

latter two are pro-angiogenic cytokines (Vidal et al., 

2021). It is also shown the implications of IL-19 in the 

IL-23/Th17 axis, linked to Ps severity (Witte et al., 

2014). This axis is proof of the interplay between 

components of innate (DCs) and adaptative (Th17 cells) 

immunity in Ps (Schön and Erpenbeck 2018).  

IL-33–IL-37 axis comprises of other two novel cytokines 

(IL-33 and IL-37) that play a role in inflammatory 

diseases via the aryl hydrocarbon receptor (AHR). This 

axis is in charge of modulating the balance between pro-

inflammatory and anti-inflammatory molecules. IL-33 

belongs to the IL-1 family and is expressed both in non-

immune and immune cells. IL-37 is a member of the IL-1 

cytokine family and acts as an anti-inflammatory 

mediator both intracellularly and extracellularly. It has 

been observed that the dysregulation of the IL-33–IL-37 

axis is caused by increased levels of IL-33 and decreased 

levels of IL-37 and might play a role in Ps pathogenesis 

(Tsuji et al., 2023). Furthermore, Zhou et al. 

demonstrated that IL-33 activates mast cells and 

promotes early onset of inflammatory responses in a 

model of imiquimod (IMQ)-induced Ps-like dermatitis. 

IL-33 interacts with mast cells via the IL-33 receptor 

T1/ST2 (IL-33R) on their surface, stimulating the 

production of cytokines as IL-1β, IL-6, IL-13 and TNF-α 

(Zhou et al., 2023). 

Chemokines comprise of > 40 proteins with a molecular 

weight of 8-11 kDa that are classified into several 

subfamilies (CXC, CC, CX3C) depending on the position 

of the conserved cysteine residues. Chemokines can be 

produced by both leukocytes and epithelial cells. In Ps, 

keratinocytes can synthetize a wide range of chemokines 

that target immune cells participating to disease 

pathogenesis: CCL2, CCL5, CCL17, CCL20, CCL22, 

CCL27, CXCL1, CXCL8, CXCL9, CXCL10, CXCL11, 

CXCL16 (Singh et al., 2013). CXCR6/CXCL16 axis was 

found to contribute to the pathogenesis of several ADs, 

Ps included. C–X–C motif ligand (CXCL) 16 is a 

chemokine belonging to the CXC subfamily. CXCL16 

can facilitate the recruitment and adhesion of numerous 

immune cells to endothelial and dendritic cells during the 

progression of ADs. C–X–C motif ligand 16 interacts 

with the chemokine receptor CXCR6, a G protein-

coupled receptor. C–X–C motif ligand 16 is significantly 

increased in monocytes, keratinocytes and DCs in 

psoriatic skin compared to normal skin. CD8+ T cells 

that express CXCR6 have higher percentages in the 

peripheral blood of patients with Ps. As it follows, the 

binding of CXCL16 to CXCR6 is vital for the 

recruitment of CD8+ T cells into psoriatic skin (Bao et 

al., 2023). The CCL20/CCR6 axis is correlated to 

psoriatic skin inflammation both in patients and 

experimental models. This is due to the fact that CCL20, 

a chemoattractant for Th17 cells expressing CCR6, is 

released by keratinocytes during Ps evolution (Furue et 

al., 2020). An original article by Lu et al. demonstrated 

that TLR7–MyD88–DC–CXCL16 axis plays a 

significant role in pustular Ps progression in murine 

experimental models of IMQ-induced Ps. They have 

observed that the release of CXCL16 by DCs and pro-

inflammatory effects of neutrophils can be influenced by 

TLR7 via the interference with the myeloid 

differentiation primary response gene 88 (MyD88) 

signaling pathway. Hence, the TLR7–MyD88–DC–

CXCL16 axis might promote migration of neutrophils to 

lesional skin in pustular Ps by stimulating a pro-

inflammatory response (Lu et al., 2023). 

In humans, the poly (ADP-ribose) polymerase (PARP) 

enzymes form a family consisting of 17 members. From 

this family, PARP1 and PARP2 take part in various 

biological processes, among which DNA repair, RNA 

transcription, cell death, oxidative stress and protein 

translation can be mentioned (Kiss et al., 2020; Antal et 

al., 2023). Poly (ADP-ribose) polymerase 1 is implicated 

in skin inflammatory pathways. That fact can be 

correlated with the PARP1 regulating activity of immune 

cell differentiation and maturation, as well as the 

modulating activity of pro-inflammatory transcription 

factors (Kiss et al., 2020). The inhibition of PARP1 gene 

has anti-inflammatory effects in Th1- and Th2-mediated 

diseases. In their experiment, Kiss et al. surprisingly 

revealed that genetic or pharmacological deletion of 

PARP1 is in fact exaggerating inflammation in a Th17-

mediated disease using a model of IMQ-induced 

psoriasiform dermatitis (Kiss et al., 2020). In opposition, 

Antal et al. demonstrated in their study that genetic 

deletion of PARP2 is anti-inflammatory in IMQ-induced 

murine Ps -like disease (Antal et al., 2023). 

Neutrophils can cause psoriatic skin inflammation via 

numerous mechanisms, such as the production of IL-17, 

pDCs activation and NETosis (Skrzeczynska-Moncznik 

et al., 2020). It has been shown that, despite earlier 

convictions that Th17 cells are the main producers of IL-

17, most of this pro-inflammatory cytokine was provided 

by mastocytes via degranulation or mast cell extracellular 

traps and neutrophils via NETosis in Ps (Lin et al., 2011; 

Knight et al., 2012; Pinegin et al., 2015; Hu et al., 2016; 

Schön et al., 2017). Thus, some similarities between Ps 
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and SLE have been identified; NETosis, IFN type I, pDC, 

and cytokines released by Th17 cells participate in the 

pathogenesis of both diseases (Yamamoto 2020). There is 

an interrelation between Th17 cells and neutrophils, as 

Th17 promotes the recruitment of neutrophils in psoriatic 

microabscesses by stimulating keratinocytes to release 

cytokines and chemokines such as IL-8 and CCL20 (Li et 

al., 2020). IL-8 is a cytokine that plays a role in 

neutrophil chemoattraction (de Alcantara et al., 2021). 

Results from a recent study by Lambert et al. provided 

insights on the implications of NETosis in Ps. They 

outlined a method for activating Th17 and IL-17 release 

from healthy human peripheral blood mononuclear cells 

in the context of NETosis. After stimulating peripheral 

blood mononuclear cells with anti-CD3/CD28 beads, 

they observed an abundance of Th17 cells in Ps patients 

carrying a risk variant of the TRAF3IP2 gene, in the 

presence of NETs compared to the absence of NETs. 

TRAF3IP2 gene encodes Act1, a mediator of Th17 

activation (Lambert et al., 2019).  

Neutrophils in Ps possess an enhanced capacity to 

generate NETs, degranulation, phagocytosis and an 

exaggerated expression of pro-inflammatory cytokines in 

vitro. Neutrophils are plentiful in skin inflammation and 

blood in vivo (Chen et al., 2023). Neutrophils are 

abundant in Munro’s microabscesses (Kvist-Hansen et 

al., 2021; Rodriguez-Rosales et al., 2021), a Ps 

histopathological hallmark (Meng et al., 2022), in which 

they produce pro-inflammatory molecules (IL-6, IL-8 and 

IL-17) (Mutua and Gershwin 2021). Neutrophil 

extracellular trap formation was linked to the severity of 

Ps inflammation and was enhanced in skin lesions and 

peripheral blood of Ps patients (Hu et al., 2016). Herster 

et al. identified complexes made out of RNA and 

antimicrobial peptides related to NETosis, such as LL-37, 

to be potent activators of pDC and later chronic 

inflammation in Ps (Herster et al., 2020). Psoriasis, 

especially the generalized pustular variant, has been 

recently associated with the deficiency of IL-36 receptor 

antagonist. Deficiency of IL-36 receptor antagonist is a 

rare autoinflammatory disease in which loss-of-function 

mutations in the IL36RN gene play an important role 

(Hospach et al., 2019). In a study conducted on IMQ-

induced Ps in Il36rn−/− mice, Watanabe et al. discovered 

NETosis to be fundamental for the progression of murine 

Ps-like disease, therefore being a potential target for 

deficiency of IL-36 receptor antagonist therapeutics 

(Watanabe et al., 2020). Novel biomarkers/mechanisms 

(LL37, NETosis, anti-LL37 antibodies) were identified in 

psoriatic arthritis patients (Frasca et al., 2018). The strong 

correlation between NETosis and psoriatic diseases was 

further displayed by finding increased levels of MPO-

DNA complexes in Ps or psoriatic arthritis patients and 

correlating it to disease severity (Li et al., 2022).  

The crosstalk between neutrophils and keratinocytes is 

demonstrated by Cao et al. by highlighting the activation 

of absent-in-melanoma-2 (AIM2) inflammasome in 

keratinocytes by NETs via the p38-MAPK signaling 

pathway. Hence, the in vivo treatment of IMQ-induced Ps 

mice with Cl-amidine, a PAD4 inhibitor, ameliorated the 

Ps-like type. The immune responses in keratinocytes 

were regulated by the synthesis of IFN-γ through the X-

linked inhibitor of apoptosis protein (XIAP). This study 

proposes using the NETs-AIM2 axis as a therapeutic 

target in Ps as it mediates keratinocyte inflammation 

(Cao et al., 2023). A previous study emphasized the role 

of the interaction between neutrophils and keratinocytes 

in the release of IL-17 by neutrophils in Ps patients (Liu 

et al., 2022). Another in vitro study using human 

keratinocytes and neutrophils and IMQ mice neutrophils 

suggests the use of exosomes as candidates for novel 

therapies in Ps. The exosomes are released by 

keratinocytes as a means of communication with 

neutrophils (Jiang et al., 2019).  

Low density granulocytes correlate to Ps skin 

inflammation severity (Teague et al., 2019). Similar to 

SLE, high levels of LDGs were reported in the peripheral 

blood of Ps patients compared to healthy subjects. 

Moreover, compared to polymorphonuclear neutrophils, 

LDGs showed a greater NE and lower SLPI (secretory 

leukocyte proteinase inhibitor) staining. These 

differential staining properties may aid in localizing 

psoriatic inflammatory sites mediated by LDGs 

(Skrzeczynska-Moncznik et al., 2020). SLPI is well 

known for inhibiting serine proteases as human NE 

(Skrzeczynska-Moncznik et al., 2012). The role of SLPI 

along with human NE and DNA, as components of 

NETs, has been demonstrated in psoriatic lesions of 

patients by observing the stimulation of IFN type I 

release by pDCs (Skrzeczynska-Moncznik et al., 2012). 

Mediation of NETosis by SLPI has been also reported 

(Zabieglo et al., 2015). 

Given the current status of Ps as an uncurable disease, 

current but also novel therapeutic agents have been 

recently studied (Table 1). Hoffmann et al. tested the 

potential effects of a “classic” Ps treatment, Fumaderm, a 

fumaric acid ester-based substance, respectively, against 

NETs in Ps patient neutrophils. They discovered 

dimethyl fumarate, a component of this formulation, to 

be effective in vitro against NETosis in a L-glutathione- 

and ROS-dependent mechanism (Hoffmann et al., 2018). 

Oral dimethyl fumarate was demonstrated to be effective 

against high neutrophil counts in Ps patients as well 

(Morrison et al., 2021). ROS production is high in Ps, 

and consequently, antioxidants such as cannabidiol were 

considered in the clinical management of ADs. Due to 

the antioxidant properties of cannabidiol, it was tested 

against neutrophils of Ps patients and was found to have 

considerable anti-NET qualities (Wójcik et al., 2020). 

Traditional Chinese medicine was also considered in 

ameliorating Ps symptomatology; Chiang et al. revealed 

the modulatory effect of Kan-Lu-Hsiao-Tu-Tan on the 

inflammatory neutrophilic pathways in Ps by blocking 

ROS production in IMQ-induced murine Ps (Chiang et 

al., 2020). In an experiment on human skin explants and 

IMQ mice, Zhang et al. suggested the use of 
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mesenchymal stem cell exosomes in Ps treatment since it 

is a potent immunomodulator and it diminishes IL-17 

production in NETs (Zhang et al., 2021).  

Potential biomarkers and therapeutic targets in Ps have 

been investigated in the recent years. Several studies 

highlighted the link between neutrophil-to-lymphocyte 

ratio, platelet-to-lymphocyte ratio, platelet counts and 

serum uric acid in patients and IMQ Ps-like disease in 

murine models as potent biomarkers of Ps chronic 

inflammation (Sen et al., 2014; Toprak et al., 2016; Polat 

et al., 2017; Solak et al., 2017; Herster et al., 2019; Wang 

et al., 2021). Researchers identified valuable therapeutic 

targets correlated to NETosis in samples from Ps patients 

and/or IMQ mice, such as TLR4 (Shao et al., 2019), Src 

homology-2 domain-containing protein tyrosine 

phosphatase-2 (Ding et al., 2022), matrix 

metallopeptidase-9 (Chen et al., 2021) and receptor-

interacting protein kinase RIPK1 and RIPK3 (Meng et 

al., 2022).  Furthermore, the significance of PAD4 in 

NETosis was studied, and developing novel therapies 

targeting this enzyme may disrupt the Ps-specific 

interactions between neutrophils, DC, keratinocytes and 

lymphocytes (Czerwińska et al., 2022). 

 

 

 

Table 1: Novel and current therapeutics, biomarkers and therapeutic targets investigated in the past years. 
Therapeutic agents 

Therapeutic agent Experimental model or sample Reference 

Dimethyl fumarate Neutrophils from Ps patients (Hoffmann et al., 2018; Morrison 

et al., 2021) 

Cannabidiol  Neutrophils from Ps patients (Wójcik et al., 2020) 

Kan-Lu-Hsiao-Tu-Tan Murine experimental models of 

IMQ-induced Ps 

(Chiang et al., 2020) 

Mesenchymal stem cell exosomes Human skin explants and murine 

experimental models of IMQ-

induced Ps 

(Zhang et al., 2021) 

Biomarkers 

Biomarker Experimental model or sample Reference 

NETs – absent-in-melanoma-2 

(AIM2) axis 

Psoriasis patients and murine 

experimental models of IMQ-

induced Ps 

(Cao et al., 2023) 

Neutrophil-to-lymphocyte ratio  Psoriasis patients (Sen et al., 2014; Toprak et al., 

2016; Polat et al., 2017; Wang et 

al., 2021) 

Platelet-to-lymphocyte ratio  Psoriasis patients (Polat et al., 2017; Wang et al., 

2021) 

Platelet counts Psoriasis patients and murine 

experimental models of IMQ-

induced Ps 

(Herster et al., 2019; Wang et al., 

2021) 

Serum uric acid  Ps patients (Solak et al., 2017) 

Therapeutic targets 

Therapeutic target Experimental model or sample Reference 

Toll-like receptor 4  Psoriasis patients and murine 

experimental models of IMQ-

induced Ps 

(Shao et al., 2019) 

Src homology-2 domain-

containing protein tyrosine 

phosphatase-2  

Experimental models of IMQ-

induced Ps 

(Ding et al., 2022) 

Matrix metallopeptidase-9  Specimens of human psoriatic skin (Chen et al., 2021) 

Receptor-interacting protein kinase 

RIPK1 and RIPK3 

Psoriasis patients (Meng et al., 2022) 

Peptidyl arginine deiminase 4  Psoriasis patients (Czerwińska et al., 2022) 

 

 

Conclusions 
 

Neutrophils are the first cell population of innate 

immunity to reach the infection site when 

extracellular pathogens attack the host and are 

capable of eliminating them by various mechanisms, 

including the formation of NETs. This process, 

termed “NETosis”, represents a distinct form of cell  

death, different from apoptosis and necroptosis. 

Despite the potential protective effect, neutrophils, 

NETosis and molecules related to the process are 

strongly correlated with the pathogenesis of a variety 

of autoimmune diseases, among which rheumatoid 
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arthritis, systemic lupus erythematosus, diabetes 

mellitus, multiple sclerosis and psoriasis can be 

counted. In conclusion, the topics covered in this 

review article include the description of neutrophils, 

NETosis and their implications in autoimmunity, 

with an emphasis on the link between this unique 

cell death process, various axis mediated by 

cytokines and chemokines and psoriasis, a chronic 

autoimmune inflammatory disease. Recent studies 

have previously described biomarkers and novel 

therapeutics in psoriasis. Therefore, further research 

into this topic may provide valuable perspectives 

into the clinical management of autoimmune 

diseases. 
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