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Chapter 5
PAD Activation in Arthritis

Dres Damgaard and Ger J.M. Pruijn

5.1  �Introduction

The findings that citrullinated proteins are targeted by the most specific immune 
response in rheumatoid arthritis, and that citrullination also plays an important role 
in neurodegenerative diseases and certain cancers, have triggered many researchers 
to study various aspects of this form of posttranslational modification. This chapter 
is focused on the conditions that are needed for peptidylarginine deiminases to 
become active citrullinating enzymes, in particular in relation to joint inflammation 
as observed in rheumatoid arthritis. After briefly discussing the available methods to 
study the activity of peptidylarginine deiminases and their substrate specificity, the 
isoforms that are most relevant for citrullination during inflammation and the fac-
tors that are mediating their activation are addressed. Citrullination is crucial for one 
of the processes that are tightly associated with inflammation, NETosis, which is 
more extensively discussed in Chap. 8. Finally, peptidylarginine deiminase activa-
tion and the resulting citrullination in the context of the inflamed joints in rheuma-
toid arthritis are described.

Although protein deimination (citrullination) is widespread in biological sys-
tems, the finding that a major autoimmune response in rheumatoid arthritis (RA) is 
directed to citrullinated antigens boosted research aimed at understanding both 
physiological and pathophysiological aspects of deimination. Anti-citrullinated pro-
tein antibodies (ACPA) are found in up to 75% of RA patients and in less than 5% 
of patients with other (autoimmune) diseases and in healthy subjects. Many 
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autoimmune diseases, including RA, are characterized by chronic inflammation. 
Inflammation-associated events, such as chemical or enzyme-mediated modifica-
tion of proteins, may play a crucial role in the formation of neoepitopes, which can 
be recognized by the immune system as non-self. In genetically susceptible indi-
viduals, such neoepitopes may trigger an immune response, which in time may 
spread also to other epitopes of the antigens involved. The enzymes involved in 
citrullination, peptidylarginine deiminases (PADs), were characterized in more 
detail; for some of them, crystal structures were determined, substrate-based activa-
tion mechanisms were proposed, and conformational changes associated with their 
activation have been elucidated. New methods to study PAD activity and protein 
citrullination have been developed, and these have been applied in a variety of stud-
ies addressing the activation of PADs and the extent of protein citrullination in vari-
ous cells and tissues. More insight into the factors required for their activation and 
into the substrate specificity of PAD isoforms have been obtained. The finding that 
one of the PAD isoforms plays an essential role in NETosis, a process important for 
the function of neutrophils in anti-microbial responses and inflammation, empha-
sized the role of PADs in both health and disease. The PAD isoforms that are most 
relevant for citrullination in arthritis have been determined, and many proteins that 
are citrullinated in inflamed joints have been identified. Several PAD inhibitors have 
been generated, and their applicability is being explored, not only in research but 
also in preclinical therapeutic approaches.

So far, five PAD isotypes have been identified in mammals, (PADs 1–4 and 6). 
These isozymes are highly conserved, with 50–55% overall sequence homology 
and close to 70% identity within the catalytic domain. PAD1 is mainly expressed in 
epidermis and hair follicles. PAD2 is the most ubiquitously expressed PAD enzyme 
and is present in a.o. macrophages and astrocytes. PAD3 is primarily expressed in 
the upper layers of epidermis and in hair follicles, and PAD4 is mainly expressed in 
white blood cells (granulocytes and monocytes). PAD6 is expressed mainly in the 
ovary, testis and peripheral blood leukocytes. This chapter is focused on the activa-
tion of PADs in arthritis with a focus on PAD2 and PAD4. Methods available for 
studying PAD activity are summarized. The evidence for the involvement of PAD 
isoforms in arthritis is described, as well as the factors that are important for the 
enzymatic activity of PADs. Finally, the importance of PAD activation for the 
inflammation in RA is discussed.

5.2  �Methods to Determine PAD Activity

The ability to identify and quantify citrullinated proteins is the key to understanding 
the involvement of PADs and the role of this type of posttranslational modification 
in physiological and pathophysiological processes. The specific detection of pepti-
dylcitrulline in complex biological samples is challenging due to the small chemical 
difference between citrulline and arginine. Moreover, many methods used to detect 
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peptidylcitrulline do not discriminate between citrullinated and homocitrullinated 
proteins. Homocitrulline, which differs from citrulline by the presence of one addi-
tional carbon in the side chain, can occur in proteins as a result of the carbamylation 
of lysine residues, a process that can spontaneously occur in the presence of (iso)
cyanate. The most widely applied method for peptidylcitrulline detection is the so-
called anti-modified citrulline (AMC) approach, originally developed by Dr. Tatsuo 
Senshu in Japan (Senshu et al. 1992). In this method, the proteins are incubated with 
compounds that are specifically reactive with the ureido side chain, resulting in an 
adduct that can be detected with AMC antibodies (Fig. 5.1a). Many results obtained 
with this elegant approach need to be interpreted with some caution, because this 
method will detect carbamylated proteins as efficiently as citrullinated proteins. 
There is increasing evidence that carbamylation occurs under (patho)physiological 
conditions as well (Hensen and Pruijn 2014).

Unfortunately, the availability of anti-modified citrulline antibodies from immu-
nized rabbits became problematic due to several failed attempts to elicit new anti-
modified citrulline antibodies. The lack of these antibodies could be solved by using 
antibodies that target the citrullinated isoforms of specific proteins, e.g., anti-
citrullinated fibrinogen and anti-citrullinated chemokine antibodies. For studies that 

Fig. 5.1  Chemical tools for peptidylcitrulline detection. (a) At low pH the ureido group of 
(homo)citrulline reacts with diacetyl monoxime and antipyrine, resulting in modified citrulline. 
Anti-modified citrulline antibodies can subsequently be used for visualization or isolation of the 
citrullinated proteins. (b) At low pH (homo)citrulline is also reactive with glyoxal, e.g., in the form 
of azido-phenylglyoxal, which facilitates the detection of citrullinated proteins by subsequent 
reactions with alkyne-containing compounds. Fluorophores or biotin may also be conjugated to 
phenylglyoxal prior to the reaction with peptidyl(homo)citrulline
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are aimed at the global detection of citrullinated or carbamylated proteins, such 
antibodies are not suitable for obvious reasons, but recently monoclonal anti-modified 
citrulline antibodies have been generated, which can be applied in the procedure 
originally developed by Dr. Senshu. An alternative antibody that is widely used in 
citrullination studies is the monoclonal antibody F95, which was raised against a 
deca-citrullinated peptide linked to the activated carrier protein keyhole limpet 
hemocyanin (Nicholas and Whitaker 2002). Although this antibody appears to be 
reactive with a wide spectrum of citrullinated molecules, the results of a number of 
studies suggest that F95 displays a restricted recognition pattern (De et al. 2005; 
Makrygiannakis et al. 2012).

The antibody-based assay for PAD activity (ABAP) is based on the detection of 
citrullinated peptides by an antibody that reacts in a citrulline-dependent manner 
with these peptides. Arginine-containing peptides, e.g., a peptide corresponding to 
a citrullinated filaggrin epitope recognized by RA autoantibodies, are immobilized 
in the wells of a 96-well microtiter plate and incubated with PAD containing sam-
ples. The conversion of peptidylarginine to peptidylcitrulline can subsequently be 
detected with an antibody specifically reactive with the citrullinated peptide, fol-
lowed by an ELISA-like staining procedure (Zendman et al. 2007).

An alternative method for the detection of (homo)citrulline containing proteins 
is based on the chemical reaction of the ureido group with phenylglyoxal under 
highly acidic conditions (Tutturen et al. 2010). Under these conditions, phenylgly-
oxal specifically reacts with (homo)citrulline (Fig.  5.1b), and fluorophore-
conjugated or click-chemistry-based variants of phenylglyoxal have been used to 
detect (homo)citrullinated proteins in biological samples (Hensen et  al. 2015; 
Bicker et al. 2012). Methods to detect citrullinated/carbamylated proteins in com-
plex samples based on this compound, however, appeared to be hampered by rela-
tively high background reactivities (Hensen and Pruijn 2014; Hensen et al. 2015).

Finally, the analysis of proteins by mass spectrometry provides very attractive 
possibilities to identify and characterize citrullinated proteins. For more informa-
tion on the applicability of these methods, we refer the reader to recent review arti-
cles (Hensen and Pruijn 2014; Slade et al. 2014). Compared to other techniques, one 
of the main advantages of mass spectrometry is that it discriminates between citrul-
lination (mass increase 0.98 Da) and carbamylation (mass increase 43.02 Da). In 
addition, the modification site can be mapped using tandem mass spectrometry. 
Collision-induced dissociation during tandem mass spectrometry has been shown to 
lead to the conversion of peptidylcitrulline to peptidyl-ornithine concomitant with 
the loss of 43.02 Da (Wang et al. 2016; Hao et al. 2009) which thus can be consid-
ered a citrulline signature. However, it should be noted that the loss of the carbamyl 
group during this procedure is also expected for homocitrulline. We have used mass 
spectrometric approaches to get more information on the substrate specificity of 
PAD enzymes and to characterize citrullinated proteins in synovial fluid samples of 
RA patients, which will be addressed below.
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5.3  �PAD Substrate Specificity

Like many other enzyme-catalyzed posttranslational modifications, citrullination 
is restricted to specific substrate arginines, and the amino acid context plays an 
important role in the selection of citrullination sites. Several studies have addressed 
the mechanism of action and the substrate requirements for PAD enzymes (Kearney 
et al. 2005; Knuckley et al. 2010; Dreyton et al. 2014), in particular for PAD2 and 
PAD4. The conversion of free L-arginine appeared to be nearly undetectable, but 
the results of experiments with benzoylated arginines indicated that an N-terminal 
amide is critical and sufficient for recognition (Knuckley et  al. 2010; Dreyton 
et al. 2014). Kinetic and mechanistic studies of PAD2 suggested that, unlike the 
other members of the PAD family, which were proposed to use a reverse-proton-
ation mechanism, PAD2 uses a substrate-assisted mechanism of catalysis (Dreyton 
et al. 2014).

By global analyses of citrullinated proteins and by investigating the efficiency of 
citrullination of synthetic peptides, the influence of neighboring amino acids was 
assessed. Although both favored and disfavored amino acids at positions flanking 
the deiminated arginine have been identified, the results demonstrated that it is dif-
ficult to derive a consensus sequence for citrullination sites (Stensland et al. 2009; 
Assohou-Luty et al. 2014). Amino acid residues most commonly found in citrullina-
tion sites for both isotypes are glycine at +1 and tyrosine at +3 relative to the target 
arginine. Nevertheless, based upon the results obtained with synthetic peptide sub-
strates and mixtures of cellular proteins, a consensus sequence comprising four 
amino acids flanking the human PAD4 citrullination site, two on each side, was 
proposed: (M/K)-(D/S)-R-(G/D)-(H/W). Neighboring lysines negatively influenced 
the deimination by PAD4. In addition, it was demonstrated that the human PAD4 
displays more pronounced substrate specificity than the human PAD2 (Assohou-
Luty et  al. 2014), which is confirmed by studies looking at PAD2 versus PAD4 
deimination of specific proteins, such as fibrinogen (Nakayama-Hamada et al. 2005; 
van Beers et al. 2010).

5.4  �PAD Isoforms Involved in Arthritis

5.4.1  �PAD2 and PAD4 Expression in Hematopoietic Cells

PAD2 and PAD4 are encoded in various cells of hematopoietic origin (Vossenaar 
et  al. 2003) and are the main PAD isoforms that have been demonstrated in the 
synovium of RA patients (Foulquier et al. 2007). Both isoforms are expressed by 
peripheral blood mononuclear cells (PBMCs), granulocytes, fibroblast-like cells, 
and osteoclasts. There are some discrepancies between the data obtained by mRNA 
analyses and protein analyses, which suggests that the expression of PADs, at least 
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in part, may be regulated at the translational level. PADs have been reported to be 
active in the nucleus, the cytoplasm and the extracellular space, although there are 
differences between the various PAD isoforms. It was initially thought that PAD4 
was solely the nuclear isoform (Nakashima et al. 2002), whereas PAD2 was cyto-
plasmic. Indeed, nuclear localization of PAD4 is essential for the formation of neu-
trophil extracellular traps (NETs; see below) (Lewis et al. 2015). However, PAD4 is 
also localized within cytoplasmic granules (Asaga et  al. 2001), and PAD2 was 
found within the nucleus of macrophages (Mohanan et al. 2013) and regulates genes 
within mammary gland epithelial cells through nuclear functioning (Cherrington 
et al. 2012). Thus, it is not completely clear yet which isoform is responsible for 
citrullination of proteins with a particular intracellular localization; the same applies 
for extracellularly located citrullinated proteins (van Beers et al. 2013; Wang et al. 
2016), as both PAD2 and PAD4 are found extracellularly in a synovial fluid (SF) 
(Kinloch et al. 2008).

PAD3 expression has been demonstrated in neutrophils in a single study (Darrah 
et al. 2012), and PAD3 mRNA was recently demonstrated in synovial tissue obtained 
from RA patients (Olivares-Martinez et al. 2016). It is unclear if PAD3 is indeed 
expressed as protein in the synovium and thus contributes to the production of 
citrullinated autoantigens in the joints.

PAD2 is expressed in mature macrophages after differentiation from monocytes 
(Vossenaar et al. 2004a); although using a different protocol, PAD2 has also been 
demonstrated in monocytes (Foulquier et al. 2007). Also the observations made for 
PAD4 expression differed between these two studies. The conflicting results on 
PAD4 and PAD2 expression at either the mRNA or protein level in monocytes and 
macrophages indicate that more work has to be done to clarify this situation.

Notably, in RA synovium sections, macrophage-like cells account for a substan-
tial part of the synovial tissue (Salisbury et al. 1987) making them a considerable 
source for PAD2 and possibly also PAD4. PAD2 and PAD4 are also expressed by 
fibroblast-like cells, which are also a dominant cell type in the inflamed synovial 
membrane (Chang et al. 2005; Badillo-Soto et al. 2016). With respect to granulo-
cytes, both PAD2 and PAD4 are expressed by neutrophils (Darrah et  al. 2012; 
Spengler et al. 2015), which are the most abundant immune cell in SF aspirated 
from the joint of RA patients (Bjelle et al. 1982). Neutrophils appear to be the major 
source of PAD4 in the inflamed joints but also importantly contribute to PAD2 lev-
els. PAD4 is also expressed in eosinophils (Asaga et al. 2001), and PAD2 expression 
has been demonstrated in mast cells (Arandjelovic et  al. 2012). Osteoclasts are 
another cell type of hematopoietic origin expressing PADs (Harre et  al. 2012). 
PAD2 and PAD4 are expressed in osteoclast precursor cells, but PAD4 expression 
decreases with further differentiation into osteoclasts, while PAD2 expression 
increases during this process (Harre et  al. 2012). Citrullinated proteins, such as 
vimentin, are targeted on the surface of osteoclasts by ACPAs, which are frequently 
found in the sera of RA patients, and this interaction induces osteoclastogenesis. 
This process has recently been shown to be IL-8 dependent, and PAD4 was also 
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found to be expressed in mature osteoclasts in this latter study and thus may indeed 
contribute this process (Krishnamurthy et al. 2016). For a more detailed description 
of deamination and bone loss, we refer the reader to Chap. 6 of this volume.

5.4.2  �PAD2 and PAD4 Expression in Joints

In accordance with the expression of PAD2 and PAD4 in various inflammatory 
cells, both isoforms have been demonstrated in the synovium of RA patients 
(Nakayama-Hamada et al. 2005; Foulquier et al. 2007; Kinloch et al. 2008). The 
presence of PAD2 and PAD4 in synovial tissue and SF is not exclusive for RA, as 
they are also detected in other inflammatory (joint) diseases, such as ankylosing 
spondylitis and psoriatic arthritis (Foulquier et  al. 2007; Kinloch et  al. 2008). 
Neither is the presence of citrullinated proteins, which are found in other forms of 
synovitis and also other inflammatory diseases, as exemplified by patients with 
inflammatory bowel disease and polymyositis (Vossenaar et al. 2004b; Raijmakers 
et al. 2012; Chapuy-Regaud et al. 2005; Kinloch et al. 2008; Makrygiannakis et al. 
2006). Both PAD2 and PAD4 have been demonstrated in the synovium of osteoar-
thritis (OA) patients but at lower levels compared to RA patients (Damgaard et al. 
2016b; Kinloch et al. 2008; Foulquier et al. 2007; Chang et al. 2013). Accordingly, 
PAD activity assays reveal significantly higher catalytic activity in SF from RA 
patients than from OA patients (Spengler et al. 2015; Damgaard et al. 2016b), and 
citrullinated proteins are almost absent in most OA samples (Chang et  al. 2005; 
Kinloch et al. 2008). A recent study identified 200 citrullination sites, by mass spec-
trometry, in SF obtained from ACPA-positive RA patients and only four sites in SF 
from OA patients (Wang et  al. 2016). These findings probably reflect the high 
degree of inflammatory cell infiltration into RA joints compared to a generally non-
inflammatory process in OA, in which is substantiated by the 50-fold higher syno-
vial fluid cell count in RA (Damgaard et  al. 2016b). The various inflammatory 
stimuli in RA are then likely to promote citrullination (Blachere et  al. 2015; 
Arandjelovic et al. 2012). It is still unknown if one PAD isoform is predominantly 
responsible for citrullination of the proteins that are found in the inflamed joints of 
RA patients (van Beers et  al. 2013; Wang et  al. 2016). Certain variations in the 
PADI4 gene have been identified as a risk factor for the development of RA (Suzuki 
et al. 2003; Plenge et al. 2005). In European populations, most studies do not sup-
port this association (Barton et  al. 2004; Martinez et  al. 2005; Burr et  al. 2010) 
while a few studies did observe such an association (Okada et al. 2014; Hoppe et al. 
2006). A single study reported PADI2 genetic variations to be associated with RA 
(Chang et  al. 2013). No functional studies on the reported gene variations have 
identified a mechanism for these increased risk ratios (Cantaert et al. 2005). The 
above-listed studies support the notion that PAD2, PAD4, and citrullinated proteins 
are not specifically associated with RA but instead with inflammation in general, 
although the intensity of citrullination may be much higher in RA than in other 
inflammatory conditions.
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5.5  �PAD Activation

Members of the PAD family require the presence of Ca2+ and reducing conditions 
for their catalytic activity; these requirements were first demonstrated in  vitro 
using rabbit or murine PADs with various concentrations of CaCl2 and the reduc-
ing agent dithiothreitol (DTT) (Takahara et al. 1986; Terakawa et al. 1991). PAD4, 
and likely also other PAD isoforms, is more active as a dimer, although it is capa-
ble of citrullinating target substrates as a monomer (Liu et al. 2011). The normal 
intracellular Ca2+ concentration appears insufficient for PAD activity (Fig. 5.2), 
and this is also the case for the levels that can be achieved during apoptosis (Davies 
and Hallett 1998; Neeli et al. 2008). In contrast, the extracellular levels of Ca2+ are 
sufficient, but paradoxically in this environment, the levels of reducing agents, 
such as reduced glutathione (GSH), are orders of magnitude lower (Griffith 1999; 
Jones 2002) than what is required for PAD activity (Damgaard et al. 2016a). Thus, 
citrullination seems to require a combination of intracellular (high levels of reduc-
ing capacity) and extracellular (high levels of Ca2+) conditions (Fig.  5.2). This 
raises the question of how PADs are activated in inflamed tissues and if unidenti-
fied activating factors inside cells or in complex body fluids may promote citrul-
lination. Possibilities might be polyamines (Brooks 2013) and activating 
autoantibodies (Darrah et al. 2013).

Fig. 5.2  Regulation of PAD activity in the intra- and extracellular space. Extracellular PADs are 
likely to exist in an inactivated form due to the oxidative extracellular environment; extracellular 
Ca2+ levels are sufficient for activity. Intracellular PADs exist in a reduced state but are inactive due 
to the low intracellular Ca2+-levels. Upon activation of cells, e.g., by inflammatory stimuli or uncon-
trolled cell death, Ca2+-influx can activate intracellular PADs followed by citrullination of intracel-
lular proteins. Depending on the state of the stimulated/dying cells these citrullinated proteins and 
PADs can be released to the extracellular space. The high levels of extracellular Ca2+ concentration 
may lead to further activation of PADs, followed by citrullination of extracellular proteins. 
Extracellular PADs will in turn be inactivated by the extracellular oxidative environment
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5.5.1  �Calcium

Citrullination can be induced by treating cells (neutrophils, monocytes, or macro-
phages) with calcium ionophores such as ionomycin (Nakashima et  al. 2002; 
Vossenaar et al. 2004a). Ca2+ is an essential cofactor of PADs, whereas other physi-
ologically relevant divalent cations fail to induce catalytic activity in vitro and can 
inhibit the activation by Ca2+ (Kearney et al. 2005). Therefore, zinc has been pro-
posed as a physiological regulator of PAD activation (Stenberg and Roth 2015). 
Structural analysis of the PAD4 enzyme revealed five calcium-binding sites which 
are fairly conserved among all PADs except PAD6 (Arita et al. 2004). Mutation of 
the functional residues at the catalytic site has been shown to abolish enzymatic 
activity. One of these is Cys645 (Cys647 in PAD2), which contains an essential 
thiol group (Knuckley et  al. 2007). Binding of Ca2+ leads to a conformational 
change, which positions this thiol into the active site (Arita et al. 2004). A more 
recent study demonstrated how a “Ca2+ switch”, initiated by the binding of Ca2+ in 
three of the five positions, is responsible for the proper positioning of the active site 
cysteine (Slade et al. 2015). This switch was found to occur at Ca2+ concentrations 
around 0.25 mM. Depending on the method of detection, half-maximal PAD activ-
ities have been reported at Ca2+ concentrations ranging from 40 μM (Zendman 
et al. 2007) to as high as 3.3 mM (Darrah et al. 2013). Most studies find the Ca2+ 
concentration required for half-maximal activity to be around 0.2–0.5  mM and 
demonstrate full enzymatic activity at Ca2+ concentrations above 2–2.5  mM—
comparable to what is found in synovial fluid (Kearney et al. 2005; Damgaard et al. 
2014). Inflammatory stimuli, but not apoptosis, have been shown to induce citrul-
lination of histones and fibrinogen (Blachere et al. 2015; Neeli et al. 2008). ATP is 
another inflammatory signal that has been shown to induce PAD activation and 
robust protein citrullination (Arandjelovic et al. 2012), and this process required 
extracellular Ca2+.

5.5.2  �Reducing Conditions

Most studies of protein citrullination and PAD activity are based on in vitro experi-
ments using the reducing agent DTT in the reaction buffer. DTT is a non-
physiological synthetic molecule which provides the required reducing conditions 
for PAD activity in vitro (Terakawa et al. 1991). It is apparent that reduction of the 
active site thiol precedes the attack on the guanidinium carbon of arginine. In a 
recent study we showed that reduced glutathione (GSH), the most abundant intra-
cellular small molecule thiol, is capable of reducing PADs to promote their catalytic 
activity (Damgaard et al. 2016a) at concentrations comparable to those found within 
cells (Dixon et al. 2008). The extracellular GSH levels are, on the other hand, two 
to three orders of magnitude lower than the requirements for PAD activity (Griffith 
1999). In the same study, we showed that PADs in synovial fluids are catalytically 
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inactive, unless a reducing agent is added, and that PAD is active when 10 mM 
exogenous GSH is used. Interestingly, PAD released from phorbol 12-myristate 
13-acetate (PMA)-stimulated leukocytes was capable of citrullinating fibrinogen 
without applying a reducing agent. In agreement with the findings in SFs, PAD 
released to leukocyte culture supernatants required a reducing agent to restore cata-
lytic activity. The evidence for GSH being important in reducing PADs in vivo came 
from the observation that the glutathione reductase inhibitor 2-acetylamino-3-[4-
(2-acetylamino-2-carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoyl-
sulfanyl]propionic acid (2-AAPA), which decreases intracellular free GSH levels 
(Seefeldt et  al. 2009), abolished the activity of the released PAD enzymes from 
leukocytes. Further studies will be necessary to fully dissect the role of GSH in PAD 
activation and to confirm its relevance. Other reducing agents such as thioredoxin 
may also be able to reduce and activate PADs (Yoshida et al. 1999). The balance 
between reducing conditions and reactive oxygen species seems important for 
activation/inactivation of PADs as also purposed by Dreyton and colleagues in their 
report on the PAD2 mechanism of action (Dreyton et al. 2014).

5.6  �PAD and NETosis

During inflammation, e.g., caused by infections with bacteria, fungi, or viruses, 
neutrophils initiate a form of programmed cell death termed NETosis. This process 
results in the release of decondensed chromatin from the cells, termed neutrophil 
extracellular traps (NETs). Other inflammatory cells have been demonstrated to 
produce extracellular traps upon activation by pro-inflammatory stimuli. Most inter-
estingly, PAD4 activity has been found to be required for NETosis, and citrullinated 
histones are incorporated into NETs (Muller and Radic 2015). It is likely that acti-
vated PAD4 is also released from the neutrophils during NETosis, and this may lead 
to the citrullination of additional proteins in the extracellular space. In addition to 
the association with citrullinated histones, extracellular traps are decorated with 
anti-microbial compounds originating from neutrophil granules (Parker and 
Winterbourn 2012). Thus, extracellular traps represent macromolecular assemblies, 
which contain citrullinated proteins, and therefore it is tempting to speculate that 
they play a role in the initiation of the citrulline-specific immune response in RA or 
in the progression of this response. Several lines of evidence support this relation-
ship. Prominent NET autoreactivity has been detected in the sera from patients with 
RA, systemic lupus erythematosus (SLE), and Felty’s syndrome (FS). Autoantibodies 
to citrullinated histones appeared to be produced in the majority of FS patients and 
in a subset of RA and SLE patients (Dwivedi et al. 2012; Dwivedi and Radic 2014; 
Muller and Radic 2015). Additional evidence for a functional relationship between 
NETosis and autoimmunity came from experiments showing that circulating neu-
trophils from RA or SLE patients and neutrophils in SF from RA patients display 
enhanced NETosis compared to neutrophils from healthy controls and from OA 
patients, respectively (Garcia-Romo et al. 2011; Khandpur et al. 2013). Moreover, 
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RA sera and immunoglobulin fractions from RA patients, with high levels of ACPA 
and/or rheumatoid factor, significantly enhance NETosis (Khandpur et  al. 2013). 
Finally, SLE sera were reported to have a reduced capacity to degrade NETs 
(Hakkim et al. 2010). Taken together, these data indicate that autoimmunity, at least 
in RA and SLE, is associated with changes in NET formation and/or degradation, 
but the involvement of NET-associated citrullinated and carbamylated proteins is 
yet unknown. For a more detailed description of the relationship between protein 
deamination and NETosis, we refer the reader to Chap. 8 of this volume.

5.7  �PAD Activation and Citrullination in Relation 
to Inflammation in RA

The levels of synovial citrullinated proteins and PAD enzymes appeared to correlate 
with the degree of joint inflammation (Foulquier et al. 2007; Makrygiannakis et al. 
2012). In immunohistochemistry of synovial tissue sections, intracellular citrulli-
nated proteins co-localized with PAD2 in 59% of RA samples versus 17% in con-
trols, i.e., patients with spondyloarthropathy, OA, juvenile chronic arthritis, and 
villonodular synovitis (De et al. 2005). A later study detected intracellular citrulli-
nated proteins in 85.7% of RA tissue samples and the complete absence in healthy 
synovium (Makrygiannakis et  al. 2012). The same percentage was positive for 
extracellular citrullinated proteins, which were only found in one out of eight 
healthy donors. All RA samples stained positive for PAD2 and PAD4, which was 
also the case for a vast majority of the samples from healthy controls, although their 
levels were significantly lower (Makrygiannakis et al. 2012). It is not surprising that 
PAD2 and PAD4 are also expressed in tissues from healthy individuals due to the 
presence of various cells of hematopoietic origin, but PAD activation appears to be 
specific for inflammatory conditions. Protein citrullination, as well as PAD2 expres-
sion, correlated with cell infiltration and vascularity in synovial tissue 
(Makrygiannakis et al. 2012), and local administration of glucocorticoids decreased 
cell infiltration, levels of citrullinated proteins, and PAD4 levels. A high degree of 
inflammation and inflammatory cell infiltration are likely to promote protein citrul-
lination, because high levels of PAD2 and PAD4 and the activation and release of 
these enzymes due to cell death/activation are associated with inflammation. 
Recently, we found significantly higher extracellular PAD2 levels in SF from ACPA-
positive than from ACPA-negative RA patients (Damgaard et al. 2016b). In agree-
ment with other studies showing a link between citrullination and inflammation, 
PAD2 in SF correlated with the cell count, as well as with IL-6, IL-8, and IL-10 
levels in SF, and with circulating levels of CRP and ACPA. Notably, the patients’ SF 
PAD2 levels also correlated with the disease activity, as assessed by DAS28. The 
cell counts were generally higher in ACPA-positive than in ACPA-negative RA 
patients, although the differences did not reach statistical significance (Damgaard 
et al. 2016b). High levels of citrullinated proteins promote persistent inflammation 

5  PAD Activation in Arthritis

http://dx.doi.org/10.1007/978-3-319-58244-3_8


74

in patients with ACPA-positive RA (van Venrooij and Pruijn 2008) carrying HLA-
DRB1 alleles containing the shared epitope (Hill et al. 2003; Scally et al. 2013). 
Thus, citrullinated fibrin induces a higher inflammatory response in cultured RA 
synovial fibroblasts than non-citrullinated fibrin, as reflected by elevated IL-6 and 
IL-8 production (Sanchez-Pernaute et al. 2013).

Immune complexes containing citrullinated fibrinogen stimulate macrophages to 
produce more TNFα than immune complexes containing native fibrinogen (Sokolove 
et  al. 2011). Thus, ACPAs and citrullinated proteins in immune complexes may 
account for the enhanced stimulation of macrophages observed among ACPA-
positive patients. Strong evidence for the pathogenic role of citrullinated proteins in 
ACPA-positive RA came from the finding that around 30% of DR4-transgenic mice 
develop arthritis following immunization with citrullinated fibrinogen but not after 
immunization with non-citrullinated fibrinogen (Hill et al. 2008). Another genetic 
risk factor for development of RA is the C1858T polymorphism in the gene encod-
ing protein tyrosine phosphatase, non-receptor type 22 (PTPN22), which results in 
an amino acid change from arginine to tryptophan at position 620 (Begovich et al. 
2004). Conflicting data exist regarding an effect of this polymorphism on the activa-
tion of lymphocytes, which may contribute to its impact on the development of RA, 
but another important aspect is that the major allelic variant R620 of PTPN22 physi-
cally interacts with PAD4 and inhibits citrullination (and thereby NET formation), 
whereas the W620 variant of PTPN22 fails to do so (Chang et al. 2015). Citrullination 
of E2F-1 assists its association with chromatin, specifically with genes encoding 
cytokine production in granulocytes, which is mediated by the enhanced binding 
citrullinated E2F-1 to bromodomain-containing protein 4 (BRD4) (Ghari et  al. 
2016). Accordingly, the combined inhibition of PAD4 and BRD4 disrupts the 
chromatin-bound complex and suppresses cytokine gene expression. Disrupted 
chromatin association and suppression of cytokine gene expression was also 
observed after inhibition of PAD in dendritic cells (Jang et al. 2015).

In addition to the effects on cytokines at the transcriptional level, citrullination 
may also affect their function by direct modification of these signaling molecules. A 
number of studies have shown that cytokines and chemokines are likely to alter 
functionality upon citrullination, as, for example, CXCL8 and TNFα (Proost et al. 
2008; Moelants et al. 2013). Citrullination of the chemokine CXCL5 appeared to be 
significantly higher in RA sera and SF than in normal sera and in SF from patients 
with other rheumatic diseases (Yoshida et al. 2014). Moreover, citrullinated CXCL5 
induced more severe inflammation and recruited more monocytes than its non-
citrullinated counterpart in a mouse model of inflammatory arthritis. On the other 
hand, citrullinated TNFα was shown less potent to stimulate cultured human fibro-
blasts to produce chemokines (Moelants et al. 2013). Taken together, these results 
indicate that citrullination, in addition to antigen production, may affect the disease 
process in RA at several other levels, varying from the induction of NETosis to the 
expression and functional activity of molecules modulating inflammation (Fig. 5.3). 
Each of these phenomena may be targeted therapeutically. One of the approaches, 
the use of PAD inhibitors, will be addressed in Chapter 25 of this volume.
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5.8  �Citrullinated Proteins in Synovial Fluid

In view of the putative pathophysiologic role of citrullinated protein-specific 
immune complexes in RA, it is important to obtain a comprehensive view of the 
citrullinated proteins present in the inflamed joints of patients with RA. A system-
atic analysis of citrullinated proteins present in the synovial fluid of RA patients 
by mass spectrometry led to the identification of 53 polypeptides containing one 
or more citrulline residues, which comprises 28% of all proteins identified (van 
Beers et  al. 2013). The only partially overlapping data obtained with material 
from different patients suggests that this is only a minority of the citrullinated 
proteins occurring in the inflamed joints of RA patients, implying that many pro-
teins will be citrullinated in these tissues. This was recently confirmed by the 
results of independent studies (Tutturen et al. 2014; Wang et al. 2016). Among the 
proteins that were found to be citrullinated were fibrinogen, vimentin, fibronectin, 
and histones, proteins that were reported to be modified in inflamed tissues in 

Fig. 5.3  PAD activation and protein citrullination in the inflamed joint. Upon infiltration of 
inflammatory cells, including neutrophils, in the synovial membrane, NETosis can lead to the 
release of PAD (and intracellular citrullinated proteins) in the extracellular space, where the rela-
tively high Ca2+ concentrations may lead to further PAD activation and citrullination of extracel-
lular proteins. Antigen-presenting cells (APC), e.g., macrophages (MΦ), process, and present 
citrullinated epitopes to the T cells (not shown), which subsequently will activate B cells, resulting 
in their differentiation into plasma cells and ACPA production. ACPA may also originate from 
activated B cells in other tissues. ACPA may form immune complexes with the citrullinated pro-
teins, which can enhance the inflammatory response via various mechanisms, can enhance 
NETosis, and can activate osteoclasts (not discussed in this chapter). Immune cells and proteins 
can also migrate to the synovial fluid in the synovial cavity
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previous studies. When the nature and frequency of amino acids flanking the 
citrulline were compared with the substrate specificity data described above, this 
suggested that citrullination in the RA synovium is exerted by a combination of 
PAD enzymes, e.g., PAD2 and PAD4. This is in agreement with the presence of 
both PAD2 and PAD4 in the inflamed synovium of RA patients, as already men-
tioned above (Foulquier et al. 2007).

5.9  �Concluding Remarks

Many studies have provided evidence for the involvement of citrullination in arthri-
tis. In addition to citrullination of proteins that are directly involved in inflamma-
tion, such as the histones in NETosis, many other proteins are citrullinated as a 
result of PAD activation in inflamed tissues. This varies from very specific citrulli-
nation events, like those that enhance the expression of pro-inflammatory cytokines, 
to the citrullination of many proteins upon the release of activated PAD enzymes in 
the extracellular space. The factors involved in PAD activation are still not com-
pletely understood. The requirement for calcium has been well established, but it is 
not completely clear yet how intracellular calcium levels can be changed (locally) 
to levels that are needed for PAD activation, e.g., within nucleus. Up to now, the 
requirement for reducing conditions has received much less attention, and this is 
particularly relevant for extracellular PAD activity. Glutathione released from dying 
cells, possibly concomitant with PADs, may at least temporarily provide a (local) 
reducing environment allowing PAD to citrullinate extracellular proteins. More 
research will be required to fully understand how the necessary conditions for PAD 
activity are generated, both in arthritic tissues and in other cells/tissues. The specific 
immune response to citrullinated proteins in RA, in combination with the elevated 
levels of citrullination and the citrullination-dependent immune complexes formed, 
has opened several avenues for therapeutic strategies aimed at interference with 
protein citrullination and PAD activation. New methods to determine PAD activity 
and more insight in the substrate specificity of the most relevant PAD isoforms will 
be helpful to assess whether such strategies will be utilizable.
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