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Abstract
Citrullination of proteins is crucial for the formation of neu-
trophil extracellular traps (NETs) – strands of nuclear DNA 
expulsed in the extracellular environment along with anti-
microbial proteins in order to halt the spread of pathogens. 
Paradoxically, NETs may be immunogenic and contribute to 
inflammation. It is known that for the externalization of 
DNA, a group of enzymes called peptidyl arginine deimi-
nases (PADs) is required. Current research often looks at 
citrullination, NET formation, PAD overexpression, and ex-
tracellular DNA (ecDNA) accumulation in chronic diseases 
as separate events. In contrast, we propose that citrullina-
tion can be viewed as the primary mechanism of autoim-
munity, for instance by the formation of anti-citrullinated 
protein antibodies (ACPAs) but also as a process contribut-
ing to chronic inflammation. Therefore, citrullination could 
be at the center, connecting and impacting multiple inflam-
matory diseases in which ACPAs, NETs, or ecDNA have al-
ready been documented. In this review, we aimed to high-

light the importance of citrullination in the etiopathogen-
esis of a number of chronic diseases and to explore the 
diagnostic, prognostic, and therapeutic potential of the 
citrullination-NET axis. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

In order to perform its specific function, the majority 
of proteins has to undergo in the cytoplasm a series of 
posttranslational modifications (PTMs). While hundreds 
of PTMs are known to occur, perhaps none of them has 
been more associated with inflammation than citrullina-
tion. First discovered in 1958 in extracts from hair folli-
cles [1], this modification involves the deimination of one 
arginine molecule into citrulline. The reaction results in 
a 1 Da change in molar mass and the creation of ammonia 
as a byproduct. However, more importantly, the reaction 
is accompanied by the loss of one positive charge per one 
converted molecule [2]. The change of charge from posi-
tive to neutral has far-reaching consequences, for in-
stance, the cessation of DNA binding by histones. By it-
self, citrullination as a PTM is needed for proper cell dif-
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ferentiation and gene expression [3]. However, excessive 
citrullination has been associated with many diseases and 
pathological states including chronic ones such as rheu-
matoid arthritis (RA) [4], systemic lupus erythematosus 
[5], and periodontitis [6] or neurodegenerative diseases 
such as multiple sclerosis (MS) [7], Alzheimer’s disease 
(AD) [8], and even diseases which at first glance may not 
share similarity with citrullination directly such as cancer 
[9] or prion diseases [10].

Citrullination of proteins is mediated mostly by pepti-
dyl arginine deiminases (PADs, EC 3.5.3.15). It needs to 
be noted that citrulline can also be formed as a byproduct, 
for instance, via the enzyme endothelial nitric oxide syn-
thase. This enzyme catalyzes the reaction of oxygen with 
free arginine to produce NO, a potent vasodilator sub-
stance, and citrulline [11]. The human genome encodes 
five functioning PAD enzymes known as PAD1–4 and 
PAD6. These Ca2+-dependent enzymes share a 70–95% 
degree of sequence homology [12]. Conversely, each of 
the enzymes has a slightly different tissue expression pat-
tern [13]. PAD4 was believed to be the only enzyme of the 
family with a nuclear localization domain, being able to 
cross from the cytoplasm into the nucleus [14]; however, 
PAD2 was witnessed to translocate to the nucleus after 
binding calcium [15]. Each PAD4 monomer can bind up 
to five Ca2+ ions. Calcium bound in this manner is a very 
potent catalyst, increasing the enzymatic activity of PAD4 
10,000-fold [16, 17]. Upon translocation to the nucleus, 
PAD4 can deiminate histones. As mentioned, the loss of 
arginine causes the histones to stop binding DNA and 
chromatin decondensation ensues. This process is vital 
for the generation of neutrophil extracellular traps 
(NETs).

First observed in 2004 by Brinkmann et al. [18], NETs 
produced by neutrophils serve to immobilize and kill 
pathogens such as bacteria or viruses in a process known 
as NETosis. Compared to apoptosis, necrosis, or other 
forms of cell demise, NETosis is a distinct form of cell 
death. During NETosis, both nuclear and cytoplasmic 
membranes are degraded, and decondensed DNA along 
with antimicrobial proteins and enzymes such as neutro-
phil elastase (NE), myeloperoxidase (MPO) [19], catheli-
cidin [20], or cathepsin G [21] are extruded into the ex-
tracellular environment. Even though NETs are primar-
ily a defense mechanism to prevent the spread of 
pathogens, their overabundance was detected in various 
diseases including sepsis [22], metabolic syndrome 
(MetS) [23], inflammatory bowel disease (IBD) [24], kid-
ney [25], and liver disease [26]. Thus, excessive presence 
of NETs has been associated with a pathological and/or 

inflammatory state. Consistently with these observations, 
DNA extruded during NETosis (known as extracellular 
DNA [ecDNA]), the major part of NETs, was found to 
activate cellular signaling pathways playing a role in in-
nate immunity such as STING or AIM2 [27, 28]. Interest-
ingly, ecDNA may be immunogenic despite coming from 
the host itself. Since “extracellular DNA” is a broad term 
that encompasses all ecDNA molecules coming from var-
ious sources and cellular processes, in order to specify the 
subset of ecDNA that arises solely as a result of NETosis, 
the term “NETosis-associated ecDNA” is used in the fol-
lowing text.

Currently, there are several available methods which 
may be used for the detection and quantification of citrul-
linated peptides and proteins in samples. The COLDER 
(color development reagent) assay, one of the earliest 
methods, was later replaced with other more sensitive ap-
proaches, such as using antibodies specific to citrullinated 
proteins, mass spectrometry, or phenylglyoxal probes. 
However, as detailed description of these methods is be-
yond the scope of this review, we refer the reader to the 
publications of Clancy et al. [29] and Tilvawala and 
Thompson [30] which cover the principle as well as ad-
vantages and hindrances of those methods.

The purpose of this review was to summarize current 
knowledge about the role of citrullination, PADs, NETs, 
and NETosis-associated ecDNA in chronic diseases. 
Present-day data enable us to view the nature of many 
chronic diseases not as isolated diagnoses which share lit-
tle in common but as a result of several deregulated pro-
cesses including abnormal citrullination (shown in 
Fig. 1). The aim was also to point out important questions 
and areas which should be addressed by future studies.

Citrullination, NETs, and PADs in Chronic Diseases

The supposed contribution of citrullination in the de-
velopment of chronic diseases may not always be straight-
forward and it is important to note that an association 
cannot be interpreted as a causation. In order to either 
confirm or disprove an association, various strategies in-
cluding PAD inhibitors or PAD-deficient rodents may be 
employed. In general, two negative effects of citrullina-
tion may appear. Aberrant citrullination may either lead 
to the creation of novel epitopes which can become im-
munogenic, especially if the modified proteins are abun-
dantly accumulated in tissues or it may cause a shift in the 
activity of a protein or an enzyme, possibly further caus-
ing other problems related to the up- or downregulation 
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of the affected molecule. For example, antibacterial activ-
ity of cathelicidin LL-37 can be reduced after citrullina-
tion [31].

Similarly, as other enzymes, PAD activity is tightly reg-
ulated in the physiological environment. Differences 
have been observed in the transcription and translation 
of PAD2 and PAD4 mRNA between macrophages and 
monocytes before or after differentiation [32]. Since 
PADs are calcium-dependent enzymes, the intracellular 
concentration of Ca2+ is an important regulator of their 
activity. Additionally, recent research has revealed other 
PAD co-activators such as glutathione [33], bicarbonate 
[34], or thioredoxin [35]. In subsequent chapters, the role 
of citrullination, NETs, and PADs in chronic diseases is 
discussed.

Rheumatoid Arthritis
RA is characterized by chronic inflammation of the 

synovium, which usually manifests as pain and swelling 

of the joints. Apart from enabling neutrophils to undergo 
NETosis, citrullination in some individuals causes the 
formation of antibodies directed against citrullinated 
proteins termed anti-citrullinated protein antibodies 
(ACPAs). One of the first described were anti-perinucle-
ar [36] and anti-keratin antibodies [37]. Current RA 
markers include rheumatoid factor (RF), ACPAs, and an-
ti-carbamylated protein antibodies. While mechanisti-
cally different, each of the antibodies starts to form years 
prior to the onset of RA [38]. Recent evidence supports 
the prognostic value of the combination of ACPAs and 
RF, double-positive group having the shortest interval 
until RA diagnosis [39]. Although many RA patients are 
positive for most of these RA markers, a direct mutual 
relationship between them may not be established yet, as 
no correlation was found between ACPAs and anti-car-
bamylated protein antibodies [40]. This suggests that 
both antibody types could prove useful in RA diagnosis 
independently on each other.

Fig. 1. Citrullination in chronic diseases. Citrullination can be viewed as the key process involved in the patho-
genesis of many chronic diseases including RA, IBD, or periodontitis.
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The existence of ACPAs long before the onset of the 
disease could mean that an unknown stimulus triggers 
aberrant citrullination and citrullinated protein accumu-
lation either in the synovium or any other tissue. When a 
certain threshold is reached, immune tolerance is broken 
and, as a result, ACPAs are being formed (shown in 
Fig. 2). Thus, the increasing amount of citrullinated pro-
teins may raise the probability of occurrence of some new, 
potentially immunogenic epitopes. Interestingly, as even 
ACPA-positive healthy individuals can develop compli-
cations such as joint pain or bone loss prior to RA onset 
[41], the presence of ACPAs cannot be considered as a 
universally reliable factor for RA development [42].

In order to explain the involvement of genetic predis-
positions, the predictive value of specific alleles was 
studied; however, the results yielded no clear answer 
[43]. Moreover, a large twin study found that most of the 
variability in ACPA status was attributable to nonshared 
environmental factors (e.g., factors which are not shared 
by twins living in the same household and thus contrib-
ute to the dissimilarity of the twins – friends, teachers, 
relationships, etc.) as opposed to genetic factors [44]. 
There is a discrepancy in the ACPA positivity of first-
degree relatives of RA patients as well. While Barra et al. 
[45] reported 48% of ACPA-positive first-degree rela-
tives, a later study did not confirm these results, detect-
ing only 1.9% positivity [46] and, interestingly, a 70% 
positivity of RA patient first-degree relatives was subse-
quently found in the sputum [47]. Therefore, it would 
seem that there are a number of confounders which af-

fect the risk of RA onset in ACPA-positive individuals, 
such as smoking [48].

While all PAD genes were expressed in RA synovium, 
only PAD2 and PAD4 enzymes were found in RA pa-
tients compared to controls [49]. Unsurprisingly, meth-
ylation status of PAD4 gene was inversely correlated with 
RA severity and ACPA concentration [50]. Autoantibod-
ies against PAD4 were observed in both the preclinical 
phase of RA [51] and RA patients [52]. In the latter study, 
anti-PAD4 antibodies were detected in more than a third 
of RA patients and their concentration correlated with 
the severity of joint destruction. In addition, the study 
discovered an association between the presence of anti-
PAD4 antibodies and a haplotype composed of three sin-
gle nucleotide polymorphisms with an odds ratio of 2.59 
[52]. Alternatively, another polymorphism (PAD4 
104C/T) was reported as an RA risk factor in a Chinese 
study [53]. Martinez-Prat et al. [54] measured antibodies 
against PAD3 and PAD4 in RA patients. They found a 
similar prevalence of anti-PAD4 antibodies (35%), while 
anti-PAD3 antibodies were observed in only 14% of RA 
patients [54]. Moreover, polymorphisms in HLA-DRB1 
genes have been associated with RA [55]. Since these 
genes control antigen presentation to CD4+ T cells, their 
involvement in ACPA formation could be assumed. In 
this regard, a hapten-carrier model has been proposed by 
Auger et al. [56]. They postulated that B cells could engulf 
the PAD4 enzyme along with its substrate and present 
peptides to T helper cells, thereby triggering innate im-
munity. This hypothesis was confirmed when mice after 

Fig. 2. Excessive ACPA formation could re-
sult in the loss of immune tolerance. 
ACPAs may accumulate in the synovium 
of even healthy individuals, until certain 
threshold is surpassed. Then, neutrophil 
recruitment into synovial joints ensues ac-
companied by NET formation. NETs con-
tribute to tissue damage, in turn leading to 
swelling, stiffness, pain, and ultimately, 
bone erosion. ACPAs, anti-citrullinated 
peptide antibodies; NETs, neutrophil ex-
tracellular traps.
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immunization with either PAD4 or PAD2 developed im-
munoglobulin G (IgG) antibodies to citrullinated fibrino-
gen [56]. Importantly, a subsequent study revealed that 
this mechanism was shown to appear in humans as well, 
having identified peptide 8, a peptide of PAD4, to trigger 
T-cell proliferation in 40% RA patients [57]. Thus, it 
seems that certain genetic alterations could contribute to 
a higher RA risk.

One of the first reports of increased neutrophil infiltra-
tion and NET production in RA synovium came from 
Khandpur et al. [58] Neutrophils were observed to exter-
nalize citrullinated-autoantigens- and anti-vimentin-
ACPAs-induced NET generation concomitantly with the 
enhanced production of inflammatory cytokines such as 
interleukin (IL)-17A or tumor necrosis factor-α [58]. A 
recent study suggested a prominent role of NE in the pro-
inflammatory setting [59]. In addition, it was found that 
RA synovial fluid increases neutrophil migration and 
primes them to undergo NETosis via various signaling 
pathways [60]. NETosis may also become enhanced after 
neutrophil stimulation with ACPAs and the expression of 
proinflammatory cytokines IL-6 and IL-8 by fibroblast-
like synovial cells was witnessed after their interaction 
with NETs [61]. To add to the complexity, Ribon et al. 
[62] proposed a dual pro- and anti-inflammatory role of 
polymorphonuclear neutrophils occurring independent-
ly of ACPAs.

Although research effort dedicated towards elucida-
tion of the mechanisms controlling immune tolerance 
and susceptibility prior to RA onset has an increasing ten-
dency, there are still questions which demand attention. 
For instance, it is not known why ACPAs appear to form 
almost exclusively in pre-RA and RA patients in com-
parison with other chronic diseases or what the relation-
ship of ACPAs to the disease itself is, e.g., why do some 
individuals develop RA irrespective of ACPA positivity? 
Collectively, it can be concluded that ACPAs as well as 
other antibodies serve as potentially suitable diagnostic 
and prognostic markers in RA.

Periodontitis
Periodontitis can be characterized as a chronic inflam-

mation of the gingival tissue which can lead to the forma-
tion of exudate, periodontal pockets, bone erosion, and, 
ultimately, tooth loss. Since the oral cavity comes into 
contact with food-borne microbiota on a daily basis, it 
may not come as a surprise that periodontitis could be 
related to the composition of oral biofilm. The biofilm 
comprises a complex ecosystem of hundreds of bacterial 
species. While most of the inhabitants are harmless com-

mensals, several species such as Porphyromonas gingiva-
lis, Tannerella forsythia, Treponema denticola (collective-
ly termed “the red complex”), or Aggregatibacter actino-
mycetemcomitans are known to employ mechanisms to 
disrupt the defense of the host [63].

P. gingivalis, a known periodontal pathogen, is capable 
of citrullination by itself because it is endowed with its 
own PAD enzyme known as PPAD [64, 65]. It is believed 
that PPAD is actively employed by P. gingivalis to facili-
tate colonization and gingival disruption, since a PPAD-
deficient strain of P. gingivalis was observed to cause sig-
nificantly reduced periodontal inflammation compared 
to the wild-type strain [66]. Hypothetically, it is possible 
that PPAD produces a distinct subset of citrullinated pro-
teins different from those created in the body physiologi-
cally (shown in Fig. 3a). These PPAD-modified proteins 
may elicit a higher degree of immune response compared 
to those proteins which undergo citrullination naturally 
(shown in Fig. 3b). Research effort in this area is being 
done to discover and describe these PPAD-citrullinated 
proteins, collectively termed the “citrullinome” [67, 68]. 
P. gingivalis was also observed to infect dental follicle 
stem cells, promoting immune disbalance in the oral cav-
ity [69]. Alternatively, it possesses a family of proteases 
known as gingipains which could increase fitness and, 
therefore, survival of the bacterium [70]. In contrast, it 
was reported that P. gingivalis may suppress apoptosis or 
reactive oxygen species (ROS) generation via a process 
known as endotoxin tolerance [71]. Moreover, it has been 
demonstrated that P. gingivalis can lower the MPO-me-
diated production of hypochlorous acid, a potent ROS 
member, by gingival epithelial cells [72]. Subsequently, 
lower MPO activity is helpful to avoid the NADPH oxi-
dase-ROS antibacterial pathway. Hypochlorous acid can 
regulate neutrophil recruitment and this may also be a 
factor in several of the disorders described in this article 
[73]. Similarly, another pathogen, Prevotella intermedia, 
was observed to possess nuclease activity. However, since 
A. actinomycetemcomitans was not, no strategy to over-
come host defense can be thought of as a defining feature 
of all oral pathogens [74]. Conversely, even certain com-
mensals such as Streptococcus gordonii or Fusobacterium 
nucleatum may cause enhanced NET formation, for in-
stance via greater release of ROS [75]. Importantly, as in-
creased citrullination was detected to happen indepen-
dently of P. gingivalis or A. actinomycetemcomitans, it 
seems that bacteria residing in the oral cavity cannot be 
accepted as a universal cause of periodontitis [6]. Indeed, 
higher expression of PAD2 and PAD4 was detected in 
gingival crevicular fluid of periodontitis patients [76, 77]. 
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Apart from bacterial biofilms, another exogenous factor 
which was reported to induce NETs, was smoking [78, 
79].

One of the first reports finding NETs in gingival biop-
sies and exudating from patients with chronic periodon-
titis came from Vitkov et al. [80]. Another study com-
pared NET expression between periodontitis and gingi-
vitis biopsies. NET formation was higher in the latter, 
suggesting that greater amount of NETs could be associ-
ated with the acute phase of periodontitis [81]. Consistent 
with these observations, an increased chemotaxis and 
phagocytic activity of neutrophils in periodontitis and 

gingivitis groups compared to healthy controls was seen 
[82].

There is considerable evidence pointing towards the 
possibility of a link between periodontitis and RA. For 
instance, Shimada et al. [83] revealed a positive correla-
tion between serum concentrations of anti-PPAD IgG 
and anti-citrullinated peptide IgG. Interestingly, no cor-
relation was observed between serum concentration of 
PAD4 and anti-citrullinated peptide IgG [83]. A study by 
Laugisch et al. [84] found higher PPAD activity in gingi-
val crevicular fluid in RA as well as non-RA patients with 
periodontitis compared to RA patients without peri-

Fig. 3. Hypothetical mechanism of the induction of immune response of P. gingivalis by PPAD-mediated citrul-
lination. P. gingivalis, a frequent colonizer of the oral cavity of periodontitis patients expresses its own PPAD 
theoretically capable of producing citrullinated proteins with new epitopes which were not encountered before 
by immune cells and thereby potentially causing substantially higher immunoreactivity (b) compared to the state 
with no P. gingivalis infection (a). PAD, peptidyl arginine deiminase.
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odontal disease. Although the PPAD activity was higher 
in RA and non-RA patients compared to controls, it 
should be noted that PPAD activity even in the control 
group was as high as 50% [84]. In addition, there was a 
significant association in RA patients between the con-
centration of ACPAs and periodontal severity represent-
ed by plaque index, clinical attachment level, and number 
of pockets [85]. An important observation was made by 
Oliveira et al. [86], who found an association between the 
concentration of circulating NETs, RA activity, and peri-
odontal clinical parameters. Moreover, treatment of peri-
odontal disease was significantly associated not only with 
the reduction of NET concentration but RA alleviation as 
well [86]. Besides ACPAs, anti-carbamylated protein an-
tibodies were also significantly elevated in patients with 
RA and periodontitis compared to controls [87]. The fact 
that ACPA formation may be at least partially hereditary 
was documented in a study which found an association 
between ACPA seropositivity and prevalence and sever-
ity of periodontitis in first-degree relatives of RA patients 
[88]. Despite these interesting observations, it needs to be 
noted that not all studies are in agreement. For example, 
although Janssen et al. [89] found higher presence of anti-
citrullinated histone H3 (cit. H3) antibodies in RA pa-
tients compared to periodontitis patients and controls, 
any association between the concentration of anti-cit. H3 
antibodies and periodontal status of RA patients were not 
found. Similarly, a Malaysian study did not observe sig-
nificant differences in RF positivity in RA patients with 
or without periodontitis [90].

In conclusion, higher presence of ACPAs, PADs, and 
NETs in the gingival crevicular fluid of periodontitis pa-
tients has been associated with the severity of the disease. 
Although oral pathogens such as P. gingivalis are known 
to cause a disbalance of the oral environment, inappro-
priate reaction of the immune system may also be sparked 
by ACPAs or NETs. Similar to RA, it is important to elu-
cidate which factors and conditions contribute toward 
ACPA formation and, more importantly, initiation of the 
immune response.

Inflammatory Bowel Disease
The involvement of citrullination, PADs, and NETs as 

well as NETosis-associated ecDNA in the pathogenesis of 
IBD has been appreciated relatively recently. Although 
the composition of citrullinome in IBD has not been 
studied so far, a proteome analysis performed by Bennike 
et al. [91] quantified more than 5,000 proteins, 11 of 
which had increased abundance in ulcerative colitis (UC) 
tissue samples compared to controls. Evidence suggests 

that apart from stimulation of further intestinal damage, 
aberrant NET formation in the colon can impair the per-
meability of the intestinal barrier [92]. Moreover, NETs 
have been linked to enhanced thrombosis in IBD [93, 94]. 
Although the abundance of NETs has been documented 
in IBD samples [95], PAD4 expression was higher in UC 
only and not in Crohn’s disease (CD) patients compared 
to healthy controls [24]. Similarly, increased PAD4 ex-
pression was detected in intestinal biopsies from UC pa-
tients and, in addition, was associated with increasing his-
topathologic grade [96]. This could mean that PAD4 
could have different roles in UC and CD rather than a 
proinflammatory action in IBD as a whole. Although UC 
and CD share similarities which result in a collective term 
“IBD,” the differences between each other could, for in-
stance, account for a distinct expression pattern of PADs 
in both pathologies. As research in this particular area is 
rather scarce, whether PAD4 is an important cofactor of 
intestinal inflammation in CD remains to be determined.

Even though the contribution of NETs to the severity of 
IBD has already been established, the role of citrullination 
and ACPAs is less known. One study compared serum 
ACPA seropositivity of controls, RA, UC, and CD patients. 
While the majority of RA patients was seropositive, ACPAs 
in only approximately a third of both UC and CD patients 
were detected [97]. Since seropositivity of controls for any 
of the tested ACPAs was in the range of 3–14%, it can be 
seen that at least some IBD patients may show a distinct 
pattern of ACPA expression. Notably, as arthralgia and 
myalgia are relatively commonly reported by IBD patients, 
these symptoms may occur as a result of ACPA produc-
tion. While the role of ACPAs in IBD is not yet completely 
understood, recent research suggests that ACPAs may be-
come a potential therapeutic option. These antibodies were 
shown to be successful in the alleviation of joint damage in 
a mouse model of arthritis. In this approach, citrulline res-
idues of histones 2A and 4 were suitable therapeutical tar-
gets as opposed to other histone modifications [98]. How-
ever, since in many cases it is the citrullination of histone 
3 which confers the upregulation of NET formation, the 
usage of these antibodies may be limited [99].

There are several possibilities to prevent excessive 
NET generation. Since PADs are the crucial component 
which catalyzes the citrullination process leading to aber-
rant NET formation, it is reasonable to think that PAD 
inhibition could be beneficial to suppress the proinflam-
matory setting in the colon. PAD inhibition can be 
achieved by selective inhibitors which irreversibly bind 
PADs and render them inactive. Of those, chloramidine 
(Cl-amidine) [100, 101] and streptonigrin [102, 103] have 



Maronek/GardlikJ Innate Immun 2022;14:393–417400
DOI: 10.1159/000522331

already been observed to alleviate experimental colitis 
[24, 104]. Another potential strategy is increased NET re-
moval. This can be facilitated by enzymes which are pres-
ent in the body physiologically and serve to cleave ecD-
NA. These enzymes are known as deoxyribonucleases 
(DNases). Since NETs are composed mostly of NETosis-
associated ecDNA, it is reasonable to assume that remov-
al of this type of ecDNA would reduce the amount of 
NETs in the intestinal environment and thus contribute 
to the resolution of inflammation. Several studies have 
already explored the possibility of DNase I application. 
As DNase I was observed to improve intestinal barrier 
integrity [92], decrease thrombi formation [94], or lower 
the level of MPO activity in a murine model of colitis 
[105], it can be viewed as a promising therapeutic option. 
Of note, DNase activity in IBD patients may be impaired 
compared to healthy controls [106] which could account 
for the increased presence of NETs. Although it may 
sound promising, DNase administration in a supposed 
therapeutic fashion would; however, face a number of 
hurdles such as mean of administration, effective dosage, 
or any potential side effects resulting from short- or long-
term usage. Despite its usage as a treatment for cystic fi-
brosis [107], to the best of our knowledge, DNase I as a 
therapeutic agent for IBD has not yet been tested on hu-
man participants.

To add to the complexity, NETosis-associated ecDNA 
can modulate the immune system response via signaling 
pathways such as toll-like receptors (TLRs), STING, or 
AIM2 [27, 108]. Interestingly, intravenous administra-
tion of ecDNA derived from mice suffering from colitis 
was able to alleviate the severity of colitis as well as lower 
the expression of proinflammatory genes including TLR9, 
TRAF, MYD88, or NFKB, genes involved in TLR9 signal-
ing [109].

Higher concentration of ecDNA from plasma was 
measured in UC patients compared to controls. Addi-
tionally, this increase in ecDNA positively correlated with 
UC severity [110]. Consistently, our research group 
showed that the concentration of total NETosis-associat-
ed ecDNA was higher in a mouse model of colitis [111] 
and, in addition, its concentration was rising proportion-
ally to the length of time animals were administered with 
dextran sulfate sodium during the 7-day period of the ex-
periment [112]. Based on these results, it can be conclud-
ed that NETosis-associated ecDNA can have a dual role 
in the modulation of intestinal inflammation in IBD. It is 
even possible that the resulting effect (either pro- or anti-
inflammatory) can be partially mediated by the interac-
tions of NETosis-associated ecDNA with the intestinal 

microbiota. With this in mind, it may be important to 
determine if the effect of ecDNA depends on its source. 
Apart from cellular organelles (nuclei, mitochondria), 
ecDNA especially in IBD can come from bacteria, viruses, 
fungi, or other organisms. Interestingly, a recent study 
found increased concentration of nuclear and mitochon-
drial ecDNA in IBD patients in remission [113]. How-
ever, as this study was one of the few which focused on 
the ecDNA subtypes, the immunogenicity of organelle- 
and microbiome-derived ecDNA has not yet been ade-
quately described.

Liver Disease
In general, the effect of citrullination, NETs, or PADs 

on the development of liver disease is largely unexplored, 
and mechanistic studies are rather lacking. It can be sus-
pected that since liver disease is a broad term encompass-
ing many pathologically distinct diseases, the role of 
NETs and citrullination may not be uniform. The liver 
receives blood from the intestines through the portal vein 
and is responsible for capturing and filtering potentially 
harmful substances such as xenobiotics or possible patho-
gens. Usually, neutrophils cooperate with hepatocytes to 
suppress infections, for instance, via the release of the an-
tibacterial protein lipocalin-2. This protein is also a part 
of NETs and deletion of the lcn2 gene led to a reduced 
bactericidal effect of NETs in vitro [114].

The level of MPO-DNA complexes (a marker of NETs) 
positively correlated with sphingosine kinase 1 involved 
in the sphingolipid metabolism in a murine model of me-
thionine-choline-deficient and high-fat diet-induced liv-
er injury [115]. It seems that in alcoholic liver disease, 
NET formation is decreased. This decrease is accompa-
nied by a lower NET clearance [116]. A decreased abun-
dance of NETs was observed concomitantly with the in-
creasing level of cirrhosis [117]. Two years later, flow cy-
tometry of neutrophils from patients with cirrhosis, 
ascites, or spontaneous bacterial peritonitis revealed a 
lower expression of CD69 and CD80 on neutrophils from 
ascitic fluid of cirrhosis and spontaneous bacterial perito-
nitis patients [118]. Lipopolysaccharide injection fol-
lowed by NET formation in a mouse model of sepsis re-
sulted in reduced staining for hepatic sinusoidal endothe-
lial cells, marking the detachment of cells after 
endothelial injury [119]. In addition, NETs were docu-
mented to contribute to nonalcoholic steatohepatitis 
(NASH), since in the livers of NASH mice early neutro-
phil infiltration along with the production of proinflam-
matory cytokines was observed, eventually leading to the 
development of hepatocellular carcinoma [26]. The ini-
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tial stimulus for changes in the liver leading to the devel-
opment of NASH may arise as a result of chronic low-
grade inflammation caused by, for example, MetS, while 
NASH has been documented also in metabolically healthy 
obese people [120].

The inhibition of NET formation either using DNase 
I or PAD4-deficient mice reduced the growth of hepatic 
tumors [26]. In this aspect, administration of DNase I 
prevented hepatorenal injury in a thioacetamide model of 
liver failure in rats [121]. The absence of PAD4 may there-
fore appear as a protective factor. Consistently, PAD4-
deficient mice were reported to have attenuated hepatic 
and renal injury after renal ischemia and reperfusion 
compared to wild-type mice [122]. Indeed, increased 
presence of NETs has already been detected in tissue bi-
opsies from chronic hepatitis patients [123].

The role of ecDNA likely depends on the origin. Those 
ecDNA molecules which circulate in the blood have been 
proposed as markers of various diseases. For instance, it 
has been suggested as a possible marker of hepatic fibrosis 
[124], nonalcoholic fatty acid liver disease [125] or as a 
valuable tool to predict carbon tetrachloride-induced liv-
er injury in rats [126] and even progression toward hepa-
tocellular carcinoma [127]. Contradictory evidence was 
provided by Blasi et al. [128], who found higher levels of 
ecDNA in patients with acute-on-chronic liver failure 
compared to acute decompensation cirrhosis, although 
the amount of MPO-DNA complexes as the marker of 
NETs in the acute-on-chronic liver failure patients was 
not elevated.

Taken together, overabundance of NETs as well as 
NET-associated ecDNA may have a negative impact on 

Fig. 4. NETs may exacerbate MetS. The accumulation of NETs may be detrimental in MetS, as NETs were docu-
mented to increase the risk for thrombosis and delayed fibrinolysis. In addition, NETs formed in diabetic mice 
were seen to hamper wound healing. NET, neutrophil extracellular trap.
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the pathogenesis of liver diseases. It must be noted, how-
ever, that the research presented here is very heteroge-
nous in terms of study design and particular diseases. 
Therefore, the role of NETs and ecDNA may not be uni-
formly applicable but may vary based on the pathological 
conditions and the model used.

Metabolic Syndrome
MetS is defined as the combined occurrence of multi-

ple known cardiovascular risk factors such as obesity, hy-
pertension, insulin resistance, hyperglycemia, and dyslip-
idemia [129]. Although worldwide prevalence of MetS 
varies considerably in relation to many factors including 
geographical area, age, sex, and lifestyle [130], given the 
rapid global increase in incidence, it has been considered 
as an epidemic [131].

So far, of all the components of the citrullination-
NET axis (e.g., citrullination, PADs, NETs, and NETo-
sis-associated ecDNA) potentially involved in the patho-
genesis of MetS, most attention has been focused on the 
concentration of NETs. Recent research suggests that 
abnormal presence of NETs could negatively affect MetS 
on multiple levels, as they have been observed to alter 
important physiological processes such as coagulation, 
clot formation or wound healing (shown in Fig. 4). For 
instance, significantly thicker clots were formed in plas-
ma from diabetes patients compared to controls upon in 
vitro activation of NETosis via phorbol 12-myristate 
13-acetate [132]. D’Abbondanza et al. [133] reported 
higher plasmatic levels of MPO-DNA complexes in pa-
tients with morbid obesity (BMI ≥40 kg/m2) compared 
to the control group. Interestingly, even after bariatric 
surgery the NET-forming tendency was not ameliorated 
[133]. Excessive NET formation was positively associ-
ated with plasma concentration of homocysteine, an in-
dependent risk factor for type 2 diabetes (T2D) [134]. 
Similar results were documented in patients with essen-
tial hypertension [135], and the same authors observed 
a link between the amount of NETs from plasma from 
essential hypertension patients and procoagulant activ-
ity [135]. In addition, it is worth noting that administra-
tion of DNase I in this study alleviated procoagulant ac-
tivity by as much as 70%.

The impact of DNase I on NET reduction was report-
ed by several studies. For instance, pioneering research 
was conducted by Wong et al. [136] who studied the effect 
of NETs on wound healing of diabetic mice. DNase I en-
hanced wound healing in both diabetic and normoglyce-
mic mice. Moreover, not only was PAD4 more abundant 
in neutrophils from diabetes patients, PAD4-deficient 

mice exhibited faster wound healing compared to wild-
type animals [136]. This means that the removal of NETs, 
for example, by DNase I may facilitate wound healing in 
diabetic patients. It is known that wound healing in dia-
betic patients is impaired which causes the accumulation 
of chronic nonhealing wounds and may even lead to am-
putation [137]. Remarkably, the application of exogenous 
DNase could help to prevent the development of type 1 
diabetes, since oral administration of staphylococcal nu-
clease via Lactococcus lactis led to a decrease in the amount 
of NETs in non-obese diabetic mice [138]. It is interesting 
to note here that by improving inflammation, application 
of the nuclease lowered the concentrations of zonulin and 
lipopolysaccharide which could be viewed as an improve-
ment of intestinal permeability. In contrast, partially con-
tradictory evidence was brought by You et al. [139] who 
found elevated concentration of NET-associated proteins 
only from type 1 diabetes patients as opposed to T2D pa-
tients. Furthermore, zonulin concentration correlated 
with NET formation [139]. In another study, blocking of 
NET formation via administration of Cl-amidine, a po-
tent PAD4 inhibitor, resulted in amelioration of wound 
healing in diabetic mice [140]. In diabetes patients, a pos-
itive correlation between the level of cit. H3 and smoking 
intensity were revealed [23]. In a multivariate analysis by 
Bryk et al. [141], cit. H3 and ecDNA correlated with clot 
lysis time, although no associations were reported for ei-
ther NE or MPO in T2D patients. Notably, NETosis-as-
sociated ecDNA positively correlated with the MetS score 
in healthy adolescents [142], highlighting the low-grade 
systemic inflammation which is currently accepted as one 
of the components of MetS [143].

Even though evidence suggests that MetS confers a 
pro-inflammatory state in which NETs are involved, 
present-day studies have not yet elucidated the mecha-
nisms behind NET-mediated inflammation. Research in 
this area is also complicated by the fact that there are 
many people who are eligible for only one of the param-
eters of MetS but not the others, for instance metaboli-
cally healthy obese people [144]. As data regarding the 
amount or composition of citrullinated proteins or 
ACPAs in MetS patients are largely missing so far, apart 
from the associations, no further conclusions can be 
drawn.

Cardiovascular Disease
Venous Thromboembolism
Thrombosis, clinically defined as venous thromboem-

bolic disease, consists of deep vein thrombosis (DVT) and 
pulmonary embolism. One of the first reports providing 
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evidence of NET-mediated thrombosis came from Fuchs 
et al. [145]. They discovered that NETs served as a sort of 
scaffold to attach and aggregate thrombocytes and red 
blood cells. Interestingly, even histones H3 and H4 had a 

stimulating effect on platelet aggregation (shown in 
Fig. 5). After the addition of heparin or DNase, however, 
this effect was diminished [145]. In a murine model of 
DVT, cit. H3 as a marker of NETs was present. DNase 

Fig. 5. a, b Abnormal NET presence is associated with cardiovascular disease. With the progression of athero-
sclerosis, migration of neutrophils to the site of microinjury can be observed. The accumulation of neutrophils 
and NETs may serve as a scaffold facilitating thrombogenesis, for instance via the action of histones H3 and H4. 
Over time, this may eventually lead to vein occlusion. NET, neutrophil extracellular trap.
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administration protected from the thrombotic state. No-
tably, cit. H3 colocalized with von Willebrand factor 
(VWF), a molecule important for thrombus development 
[146]. In DVT patients, almost twofold concentration of 
circulating nucleosomes was found compared to controls 
[147]. The involvement of NETs in DVT formation was 
observed also in patients with lower extremity fractures. 
Levels of both cit. H3 and ecDNA were higher in the DVT 
group [148]. Similarly, NET formation was increased in 
patients suffering from chronic thromboembolic pulmo-
nary hypertension [149]. It seems that histones actively 
cooperate on thrombosis, since it was shown that they 
elicited the expression of caspase-1, the component of the 
inflammasome [150]. Cit. H3 was also elevated in throm-
bi in mice which were administered with IgG from an-
tiphospholipid syndrome patients, a syndrome causing 
higher risk of thrombus formation [151]. In DVT pa-
tients, ecDNA was found increased compared to healthy 
controls and even correlated with C-reactive protein, 
VWF, and MPO, pointing towards a strong association 
between the concentration of ecDNA and presence of 
DVT [152]. Similarly, other studies found a higher con-
centration of ecDNA, calprotectin, and MPO in venous 
thromboembolism patients compared to controls. More-
over, the increase of these markers was accompanied by 
a decrease in activated protein C, a natural anticoagulant, 
and was associated with elevated thrombotic risk [153, 
154]. Finally, histones and ecDNA were present in plasma 
of patients suffering from thrombotic microangiopathies 
[155].

Although neutrophils are one of the main initiators of 
thrombogenesis via NETosis, recent evidence suggests 
that natural killer (NK) cells as well as platelets could fur-
ther contribute to the prothrombotic state. For instance, 
NK cell depletion resulted in a lower amount of NETs and 
smaller thrombi in mice. Furthermore, adoptive NK cell 
transfer yielded a condition similar to wild-type animals 
[156]. On the other hand, platelet-derived high-mobility 
group box protein 1 likely enhances neutrophil recruit-
ment followed by subsequent NET generation, and ecD-
NA release [157]. Alternatively, according to Nakazawa 
et al. [158], a cross-talk between necroptosis, a pro-
grammed form of necrotic cell death, and NETosis may 
occur. In their study, the phosphorylated form of mixed 
lineage kinase-like domain protein (MLKL) was found in 
human clots. In addition, in a mouse thrombus model of 
inferior vena cava ligation, MLKL colocalized with cit. 
H3. Deficiency of MLKL partially ameliorated thrombus 
formation and was accompanied by a reduction of cit. H3 
[158].

Atherosclerosis
The term atherosclerosis refers to the buildup of fat 

and cholesterol deposits inside arteries. The deposits are 
called plaques. In combination with unhealthy lifestyle 
and higher age, this buildup eventually leads to narrow-
ing of the artery, impairing blood flow. The plaques are 
often soft and unstable which means that they are prone 
to rupture. Once an atherosclerotic plaque ruptures, clot 
formation begins with the risk of complete obstruction of 
the blood flow. Thus, atherosclerosis and thrombosis are 
closely related pathological states. In a prospective obser-
vational study of 282 participants with suspected coro-
nary artery disease by Borissoff et al. [159], a positive as-
sociation between the levels of plasma ecDNA, nucleo-
somes and MPO-DNA complexes and thrombin 
generation was established. In another study, immuno-
histochemistry revealed abundant neutrophils and NETs 
in complicated plaques and thrombi, however not in in-
tact plaques [160]. It needs to be noted that cholesterol 
itself may be perceived as a danger signal, since crystals of 
cholesterol were able to trigger NETosis and the release 
of proinflammatory cytokines such as IL-1β [161] or IL-8. 
This IL was shown to interact with CXC chemokine re-
ceptor 2 (CXCR2) on neutrophils and contribute to the 
progression of atherosclerosis via the MAPK/ERK path-
way [162]. Increased atherosclerosis is one of the conse-
quences of the MetS. There is evidence supporting the 
notion that reduction in hyperlipidemia is linked to a de-
crease in NETs and, additionally, in diabetic mice DNase 
treatment could promote the improvement of atheroscle-
rosis by NET degradation [163]. While the level of cit. H3 
was increased in patients with T2D, it did not correlate 
with clinical parameters such as age, BMI, heart rate, or 
systolic pressure [23].

Consistently with other chapters mentioned in this re-
view, several studies have explored the possibility of al-
leviation of atherosclerosis via PAD4 inhibition. Since 
PAD4 is a critical component in NET formation, reduc-
tion or absence of PAD4 could lead to a decrease in NE-
Tosis and, subsequently, atherogenesis. Supporting evi-
dence was provided by Knight et al. [164], who demon-
strated using ApoE-deficient mice that administration of 
Cl-amidine, an irreversible PAD4 inhibitor, was success-
ful in reducing the lesion area as well as delaying carotid 
artery thrombosis time. In addition, lesser recruitment of 
neutrophils and macrophages to arteries was document-
ed [164]. Myeloid-specific deletion of PAD4 also yielded 
encouraging results [165]. Interestingly, it seems that 
PAD4 from bone marrow-derived hematopoietic cells 
was not responsible for the observed effect, since PAD4 
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deficiency in these cells did not affect the progression of 
plaque formation in hypercholesterolemic mice [166].

Taken together, various studies have proposed the in-
volvement of NETs and NETosis in the development of 
atherosclerosis and thrombosis. While recent advances 
bring the understanding of NET-mediated inflammation 
in the arteries one step closer, precise mechanisms are still 
elusive and require further exploration.

Sepsis
Sepsis is a life-threatening condition accounting for 30 

million cases and 6 million deaths annually worldwide 
[167]. Severe sepsis is frequently accompanied by multi-
ple organ dysfunction syndrome with mortality rate as 
high as 30%, and 40–70% for septic shock [168]. During 
sepsis, neutrophils release NETs to prevent bacteria from 
spreading into organs around the body [169]. Since sepsis 
can be characterized as exaggerated immune response 
[170], the inflammation results in excessive NET forma-
tion. Although increased NET generation was seen in 
sepsis [171] and thrombosis patients [172], not all studies 
agree that neutrophils from septic patients are more 
prone toward NETosis [173]. Despite this, in general, it is 
believed that high numbers of bacteria in the systemic 
circulation induces aberrant NET formation [174]. In this 
aspect, NETs could be seen as detrimental to the outcome 
of sepsis [175] and, as a result, their increased breakdown 
could be viewed as a potential therapeutic strategy. How-
ever, when NETs were eliminated via administration of 
recombinant human (rh) DNase in cecal ligation and 
puncture (CLP) murine model of sepsis, the outcome im-
proved only when rhDNase was combined with antibiot-
ics [176]. Moreover, the results of Meng et al. [177] do not 
support that NET depletion by rhDNase enhances sepsis 
survival. Despite this observation, treatment with rhDN-
ase reduced CLP-induced formation of CXC chemo-
kines, IL-6, and high-mobility group box protein 1 in 
plasma [178].

As discussed in the previous chapter, NETs may serve 
as a scaffold for the attachment of thrombocytes and 
thrombus formation. It seems that NETs from septic pa-
tients may increase the coagulation potential, for in-
stance, by thrombin and fibrin generation [179]. Results 
from Tanaka et al. [180] are in agreement, since interac-
tions between NETs and platelet aggregates in the arteri-
oles and venules of septic mice were observed. In addi-
tion, platelet aggregation and thrombin activation within 
NETs were detected in mice using intravital microscopy 
[181]. The formation of NETs was linked to detachment 
of hepatic sinusoidal endothelial cells, possibly leading to 

liver injury [119]. Apart from acting as a mechanical sup-
port for thrombogenesis, research suggests that NETs 
may be involved in multiple signaling pathways affecting 
a number of cellular processes including autophagy [182] 
or macrophage pyroptosis [183]. Alternatively, there ap-
pears to be a cross-talk between NETs and innate immu-
nity receptors TLR4 [184], and TLR9 [185].

Similarly, as in previously described pathological 
states, it could be possible to limit NET production via 
PAD4 inhibition. Here, data so far are not uniform, as 
PAD4−/− mice exhibited comparable survival to wild-type 
mice in a CLP mouse model of sepsis [186], although in 
a two-hit model combining hypovolemic shock with 
CLP, survival of PAD4−/− mice was ameliorated [187]. 
Based on these observations, it would seem as if neutro-
phils from PAD4−/− mice retained the ability to perform 
NETosis, even despite PAD4 absence. Supporting evi-
dence came from Claushuis et al. [188] who detected cit. 
H3 in the lung of a Klebsiella pneumoniae-induced mu-
rine model of sepsis. In addition, NET-like structures 
were observed not only in controls but in PAD4−/− mice 
as well [188]. In this regard, only partial success was 
achieved by the administration of Cl-amidine, the selec-
tive PAD4 inhibitor, 1 h prior to sepsis induction [189]. 
On the other hand, survival of septic mice was improved 
when antibodies against cit. H3 was administered. Cl-am-
idine and, remarkably, even inhibitor of histone deacety-
lase markedly suppressed cit. H3, leading to increased 
survival of septic mice [190]. In contrast, Wu et al. [191, 
192] suggested PAD2 as a more suitable therapeutic tar-
get as opposed to PAD4, since PAD2−/− mice showed 
higher survival accompanied by lower severity of lung in-
jury in sepsis induced by Pseudomonas aeruginosa com-
pared to PAD4−/− mice.

Experimental data on the contribution of NETosis-
associated ecDNA in the development or severity of sep-
sis are relatively scarce. In an animal model of sepsis via 
E. coli injection which studied the dynamics of ecDNA 
release, NETosis-associated ecDNA was observed to rise 
until 5 h after injection [193]. Interestingly, a concomi-
tant rise of DNase activity was documented until the 
fourth hour, suggesting that the body tries to lower the 
concentration of ecDNA by increasing the amount of ac-
tive DNases. In another study, DNase application led to 
amelioration in survival, weight loss, and inflammatory 
markers in septic mice [194]. It was found that apart 
from NETs, NET-associated ecDNA could also affect 
thrombosis via delayed fibrinolysis [195]. Particular at-
tention is being directed toward the notion of ecDNA 
serving as a prognostic marker in the outcome of sepsis, 
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however, the results are contradictory, and therefore in-
conclusive [196–201].

In conclusion, the majority of studies advocate a nega-
tive effect of excessive NET formation in sepsis. NETs and 
NET-associated ecDNA are likely detrimental to the im-
mune response as well as resolution of inflammation in 
multiple ways including neutrophil and proinflammato-
ry cytokine recruitment, procoagulation, or, conversely, 
delayed fibrinolysis. The blocking of NET formation via 
not only PAD4 but also PAD2 inhibition appears to be a 
potential therapeutic strategy; however, the feasibility of 
this notion needs to be validated in the following experi-
ments. Despite the current paucity of knowledge regard-
ing the citrullinome in sepsis, it is believed that PAD4 
may interact with antimicrobial peptides such as catheli-
cidin LL-37 and decrease their antimicrobial activity via 
citrullination [202].

Kidney Disease
The most frequent forms of kidney disease are acute 

kidney injury (AKI) and chronic kidney disease (CKD). 
During ischemia-reperfusion injury (IRI), necrosis of tu-
bular epithelial cells occurs. Damage to the epithelial 
membrane prompts circulating neutrophils to expel their 
DNA in the environment along with the production of 
proinflammatory cytokines. Interestingly, histones from 
ischemic cells were documented to prime neutrophils to 
undergo NETosis [203].

In laboratory conditions, multiple models of kidney 
disease have been established. Since the concentration of 
circulating ecDNA in experimental animals may vary 
based on the model used, in one study four models were 
compared: bilateral ureteral obstruction (BUO), glycerol-
induced AKI, IRI, and bilateral nephrectomy. While total 
ecDNA was higher in BUO and glycerol-induced AKI 
models, nuclear ecDNA was elevated in BUO mice com-
pared to sham-operated animals [204]. In CKD patients, 
low concentrations of both mitochondrial and nuclear 
plasma ecDNA correlated with positive renal outcomes 
after a 6-month follow-up, indicating that these subtypes 
of total ecDNA could become useful prognostic markers 
in CKD [205]. In addition, a study by Merkle et al. [206] 
revealed increased ecDNA concentration in cardiac sur-
gery patients with late (>24 h) AKI development and sug-
gested its use as a predictor of late-onset AKI. It was also 
shown that treatment with rosiglitazone, a peroxisome 
proliferator-activated receptor gamma agonist, led to a 
decrease in ecDNA concentration in CKD patients. De-
spite the fact that ecDNA correlated with markers of en-
dothelial dysfunction as well as VWF, it needs to be noted 

that ecDNA concentration was neither higher in patients 
with renal damage nor did it correlate with markers of 
renal dysfunction [207]. Similar results have been pub-
lished by Vaara et al. [208], who did not find any differ-
ences in ecDNA concentration between critically ill AKI 
and non-AKI patients. Finally, although ecDNA was 
higher in hemodialysis patients compared to CKD or 
peritoneal dialysis patients, no differences were observed 
in general between patients and healthy participants 
[209]. Despite this, it seems that ecDNA may have a 
broader potential for disease prediction, since the in-
crease of serum levels was associated with the risk of pro-
gression of diabetic kidney disease [210]. Apart from its 
potential prognostic features, removal of excess ecDNA 
by DNase was successful in amelioration of IRI-induced 
AKI [211]. Additionally, ecDNA released as a result of 
renal IRI was detected to activate platelets, shown as 
DNA-platelet-granulocyte colocalization in the renal tis-
sue. The role of platelets was confirmed when platelet in-
hibitor clopidogrel was administered, leading to a de-
crease in NETs [212].

In the pathophysiology of renal diseases, citrullination 
likely plays a major role. Although serum concentrations 
of PAD4 and its PADI4 polymorphisms rs11203367 and 
rs874881 were not different in septic shock patients who 
either did or did not develop sepsis-induced AKI, PAD4 
correlated with the concentration of plasma urea and cre-
atinine [213]. In another study, PAD4 inhibition using 
Cl-amidine or streptonigrin resulted in amelioration of 
IRI-induced renal injury. Moreover, mice pretreated with 
recombinant human PAD4 presented with exacerbated 
AKI [214]. These authors later discovered that PAD4 
could be involved in the translocation of nuclear factor 
kappa B from the nucleus into the cytosol [122]. Addi-
tionally, PAD4 was observed to citrullinate IKKγ, and ad-
ministration of IKKγ inhibitor diminished ischemic AKI 
[215]. Noteworthy, there is evidence supporting the no-
tion that the result of selective PAD4 deficiency may vary 
upon the source. For instance, myeloid cells deprived of 
PAD4 offered less protection against renal IRI compared 
to renal proximal tubular cells [216]. It is even possible to 
transfer neutrophils from wild-type to PAD4-deficient 
mice to restore NET formation after renal IRI [217]. To 
date, no papers have been published on the importance 
of anti-PAD4 antibodies in kidney disease.

Multiple Sclerosis
MS is a chronic progressive autoimmune inflamma-

tory disease affecting more than 2 million people world-
wide [218]. Although the precise etiopathogenesis is yet 
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to be established, it is believed that MS is caused by demy-
elination of myelin sheath. The myelin sheath is com-
posed of three proteins: myelin basic protein (MBP), my-
elin oligodendrocyte glycoprotein, and proteolipid pro-
tein.

Despite that citrullination occurs physiologically in a 
healthy brain [219] and is present even during embry-
onic development [220], as much as 45% of all isolated 
MBP was found citrullinated in chronic MS patients and 
over 80% in fulminant MS (Marburg’s syndrome) [7, 221, 
222]. One study provided supportive results to the abun-
dance of citrullinated proteins, detecting higher citrulline 
peaks using spectroscopy in early-onset MS patients com-
pared to healthy controls [223]. Although the citrullina-
tion state was elevated in MS patients compared to con-
trol in another study, the antibody response did not seem 
to differ between citrullinated and non-citrullinated MBP 
[224]. Interestingly, neutrophils from MS patients cul-
tured with newly synthetized citrullinated peptides caused 
a Th1 polarization as opposed to neutrophils cultured 
with non-citrullinated peptides [225]. However, MBP is 
not the only protein contributing to the increased citrul-
lination status. Apart from MBP, citrullinated forms of 
glial fibrillary acidic protein (GFAP) [226] and vimentin 
[227] have been linked to MS and neurodegeneration as 
well [228]. Relatively recently, a big step towards uncov-
ering the citrullinome of MS was done by Faigle et al. 
[229], who identified besides MBP, GFAP, and vimentin 
more than 80 different previously unknown citrullinated 
proteins.

Neutrophils possess a range of cytotoxic enzymes and 
proteases that are usually targeted against foreign anti-
gens. Once activated upon the release of proinflamma-
tory cytokines, they may not strictly discriminate their 
targets, and collateral damage may occur [230]. It seems 
that in MS, neutrophils are prone to inflammatory ac-
tions such as abundantly expressing TLR2 or IL-8 recep-
tor or increased oxidative burst and NET formation [231]. 
In the present day, however, there is paucity of data re-
garding the role of NETs in MS. The results of a study by 
Tillack et al. [232] do not advocate for a direct action of 
NETs in this disease, although it is interesting to note that 
they observed gender-specific differences in relapsing-
remitting MS patients. In this regard, women have a high-
er risk of MS diagnosis compared to men [218]. Studies 
determining the presence of NETosis-associated ecDNA 
are similarly scarce, most of them focused predominantly 
on the diagnostic or prognostic value, for instance the 
methylation status of long interspersed nuclear element-1 
(LINE-1) [233, 234].

Since hypercitrullination is likely to be associated with 
the development and/or progression of MS, it is under-
standable to assume that inhibition of citrullination may 
prevent the overaccumulation of citrullinated MBP, 
GFAP, myelin oligodendrocyte glycoprotein, and other 
proteins involved in the composition and function of the 
myelin sheath (shown in Fig. 6). In the brain, PAD2 [235] 
and PAD4 [236] were found overexpressed in myelin iso-
lated from MS patients compared to controls. In addition, 
both enzymes deiminated most of arginyl residues of 
MBP [235]. It is worth noting that mice overexpressing 
PAD2 due to carrying multiple copies of PAD2 in their 
genome presented with a higher degree of MBP deimina-
tion and more severe demyelination [237]. Interestingly, 
quantitative PCR revealed that the expression of PAD2 
was upregulated even in neutrophils from peripheral 
blood of MS patients. Moreover, this overexpression was 
associated with demethylation of a CpG island in the 
PAD2 promoter [238]. Contrary to these observations, 
however, Falcão et al. [239] reported a decrease in the 
number of myelinated axons as well as motor dysfunction 
in PAD2-deficient mice. Despite that, research is being 
focused on the development of PAD inhibition, for in-
stance, via chemical inhibition [240], in silico library 
screening [241] and compound design [242] or the usage 
of anti-PAD2 monoclonal antibodies [243].

Alzheimer’s Disease
Considered as one of the most prevalent and incident 

neurodegenerative diseases, AD is described by chronic 
progressive memory and cognitive decline. Although its 
precise pathogenesis has not yet been adequately ex-
plained, the two distinct features, plaques composed of 
amyloid-β (Aβ) and accumulation of tau protein into 
neurofibrillary tangles, are believed to be causally linked 
to the development and progression of this disease [244, 
245]. Neutrophils were observed to migrate to the Aβ 
plaques in a murine model of AD [246]. Moreover, this 
movement was facilitated by integrin LFA-1 because se-
lective blockage of LFA-1 resulted in the improvement of 
memory function and mice lacking LFA-1 were protected 
from cognitive impairment [247].

Similarly, as in MS, citrullination changes the epitopes 
of vimentin, GFAP and presumably a number of other yet 
unknown proteins. Citrullinated forms of both vimentin 
and GFAP were detected more abundant in hippocampal 
samples of AD patients [8, 248]. However, citrullination 
may also result in a decrease in activity, for instance the 
activity of citrullinated enolase is impaired compared to 
the physiological form of the enzyme [249]. PAD2 was 
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proposed to be implicated in the degradation of Aβ pep-
tides, thereby contributing to insoluble fibril formation 
[250]. The expression of both PAD2 and PAD4 was docu-
mented in astrocytes and neurons of the hippocampus and 
cerebral cortex of AD patients. Furthermore, the authors 
suggested that fragments of citrullinated proteins could 

reach the systemic circulation, contributing to the develop-
ment of immune response via ACPA formation [251].

The possible role of NETosis-associated ecDNA in the 
pathogenesis of AD has not yet been established due to 
discrepancies in observed results. While bacterial ecDNA 
was reported as a strong stimulus for Aβ aggregation 

Fig. 6. Changes in the brain leading to demyelination and axon damage. Citrullination normally occurs also in 
the brain; however, the percentage amount of citrullinated proteins such as MBP, GFAP, or MOG is associated 
with the severity of MS. Via citrullination, new epitopes are formed which leads to neutrophil infiltration, NET 
formation, demyelination of the myelin sheath, and ultimately, failure in signal transduction causing, and ever-
increasing degree of disability. GFAP, glial acidic fibrillary protein; MBP, myelin basic protein; MOG, myelin 
oligodendrocyte glycoprotein; MS, multiple sclerosis; NET, neutrophil extracellular trap.
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[252] and a higher amount of NETs was present in plasma 
and serum samples from AD patients [253], the potential 
of using the methylation status of ecDNA is questionable 
[254]. Nevertheless, data scarcity in this area prevents any 
firm conclusions to be made.

Traumatic Brain Injury
Traumatic brain injury (TBI) accounts for almost 2 

million cases annually in the USA alone [255, 256]. Ac-
cording to the Glasgow Scale, the universally accepted 
scale developed for TBI in 1974 [257], brain damage can 
be divided into mild, moderate, and severe. However, es-
pecially mild TBI may not always prompt the patient for 
an appointment at a general practitioner which makes the 
true number of head trauma cases difficult to estimate.

TBI induced by controlled cortical impact in rats led 
to astrocyte-specific protein citrullination, affecting a 
small subset of proteins some of which have already been 
reported citrullinated in MS [258]. In vitro experiments 
revealed that cit. H3 as a marker of NETs was increased 
after subarachnoid hemorrhage and positively correlated 
with subarachnoid hemorrhage severity. The study also 
showed that NET formation can be attenuated via PAD4 
inhibition or, alternatively, DNase I administration [259, 
260]. Mechanistically, Zhu et al. [261] provided evidence 
that NET formation after TBI could be related to sympa-
thetic hyperactivity which is usually observed in TBI pa-
tients, and could be linked to increased expression of IL-
1β via the hippo/MST1 pathway. Although the specific 
mechanism by which circulating ecDNA would contrib-
ute to the proinflammatory immune response in TBI has 
not yet been described, multiple studies agree that ecD-
NA could be used to distinguish TBI severity [262–264] 
or to serve as a prognostic TBI marker [265, 266]. Note-
worthy, even though plasmatic DNase was higher in TBI 
patients compared to controls, DNase activity was, in 
contrast, lower [267]. Therefore, decreased DNase activ-
ity for up to 72 h after TBI could be responsible for lower 
clearance of circulating ecDNA.

In conclusion, experimental data suggest that although 
citrullination occurs physiologically in a healthy brain, 
this process is upregulated during or even before the onset 
of central nervous system diseases including MS, AD, and 
TBI. In addition, neutrophil infiltration likely plays an im-
portant role in the pathogenesis of neurodegenerative dis-
eases, and, interestingly, this may happen even before the 
occurrence of the first symptoms. Based on current re-
search, it appears that the accumulation of citrullinated 
proteins is a frequent reaction to neuronal damage; how-
ever, this hypothesis needs to be verified by future studies.

Future Outlook and Conclusions

The main purpose of the majority of biomedical re-
search is to explore new possibilities and avenues for dis-
ease management and therapy. The treatment of chronic 
diseases such as periodontitis, IBD, RA, or MetS is espe-
cially challenging given the incomplete knowledge of 
etiopathogenesis and underlying molecular mechanisms. 
The insufficient understanding creates a persisting need 
for the improvement of efficiency and availability of op-
timal therapeutic strategy. In this context, research is fo-
cused for instance on describing the circumstances lead-
ing to the activation of PADs [268]. Moreover, as PADs 
are the direct orchestrators of citrullination, other op-
tions including selective PAD blockage via synthetic in-
hibitors [240] or monoclonal antibodies [243] are under 
investigation.

NETs together with NETosis-associated ecDNA are 
other important parts of the citrullination axis which 
have been recently gaining scientific attention. Their 
concentrations are known to be increased in a number 
of chronic diseases and since their presence can under 
certain conditions activate the innate immune system, 
for example, via TLRs. Therefore, lowering their amount 
either locally or in the systemic circulation can be con-
sidered as a viable treatment option. Despite the fact 
that endogenous DNases offer the possibility of NETo-
sis-associated ecDNA removal, the implementation of 
DNase administration into the clinical praxis is rather 
difficult due to several reasons. First, the level of DNase 
activity usually varies considerably in laboratory ani-
mals [269] and humans [270]. Second, the regulation 
and dynamics of DNase activity by the body itself have 
not been adequately described which leaves unanswered 
questions such as whether a dose of administered DN-
ase would lead to the decrease in the concentration of 
NETosis-associated ecDNA and if so, for how long. 
Third, some publications reported lower DNase activity 
for instance in IBD patients [106]; however, the causal-
ity and its direction have not been unveiled yet. Finally, 
DNases are a family of enzymes each with different ex-
pression pattern and activity. So far, DNase I has been 
the most studied enzyme of the family, however other 
members may complement the activity of DNase I in 
different conditions, and thus their potential should not 
be overlooked.

It needs to be mentioned that the knowledge about 
the citrullination axis is currently not distributed even-
ly to all parts of the axis and pathologies described in 
this review. For example, ACPAs have been implicated 
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in RA and periodontitis; however, studies focused on 
their hypothetical role in liver, cardiovascular disease or 
MetS are lacking. If possible, future studies should aim 
to detect and measure more components of the citrul-
lination axis in a given disease. The observed discrepan-
cies in results may be partially caused by the differences 
in protocols used for isolation and quantification of mo-
lecular markers such as ecDNA or NETs. Therefore, 
reaching a methodical consensus could be beneficial for 
interpretation and comparison of data across various 
studies.
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