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On behalf of the editors, I wish to dedicate 
this book to the memory of Kerri Anne 
Mowen, who sadly passed away at age 41 on 
February 14, 2016 of a brain aneurysm. 
Although I had long been familiar with her 
work, I first met Kerri in 2008 at the FASEB 
Methylation meeting where we shared our 
equal passion for both the protein arginine 
deiminases and protein arginine 
methyltransferases. What impressed me most 
about our first meeting was that Kerri was 
not only whip smart but also a joy to be 
around. We quickly became collaborators, 
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and most importantly friends, leading us 
eventually to cofound Padlock Therapeutics.
Kerri’s contributions to the PAD field are 
indelible and include developing both PAD2 
and PAD4 knockout mice, helping establish 
the key role of PAD4 in NETosis, and 
establishing the importance of PAD4 activity 
in the initiation versus effector phases of 
rheumatoid arthritis. Her imprint on the 
PAD field will long be felt, and her future 
contributions sadly missed.
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Chapter 1
A History of Deimination Research in Japan: 
The Founding Fathers

Hidenari Takahara

The research on protein deimination and the enzymes responsible for catalyzing this 
posttranslational modification started from investigations of the hair follicle and myelin 
in central nerve system. About 60 years ago, in 1958, the presence of protein- bound 
citrulline was first reported by Dr. George Rogers (Adelaide University, Australia) in 
the protein of the inner root sheath (IRS) of hair follicles (Rogers 1958). In order to 
obtain information about the protein composition of the IRS, he conducted a quantita-
tive amino acid analysis of an acid hydrolysate on sufficient amounts of IRS that were 
dissected from the vibrissae follicle of rats. At that time, the common method for sepa-
rating amino acids was paper chromatography, and when applied to the IRS hydroly-
sates, citrulline was discovered as a distinct ninhydrin- positive spot in an area adjacent 
to the basic amino acids. About 10 years after Rogers’s discovery, Dr. Mario Moscarello 
(Toronto University, Canada) started an intensive investigation of myelin sheath pro-
teins in the central nerve system. In 1971, he also found the presence of peptide-bound 
citrulline in myelin basic protein (MBP) using similar methods to Rogers (Finch et al. 
1971). Moscarello continued the investigation of MBP until he passed away in 2013, 
publishing many papers concerning the hyper-deimination of MBP in the pathology of 
multiple sclerosis. His research career involving the deimination of MBP was described 
in a eulogy in the first volume of this book series (Nicholas and Bhattacharya 2014).

Although it was unclear as to how the citrulline was incorporated into proteins, the 
source was thought to be arginine. In 1977, Rogers and colleagues (1977) were the 
first to conclusively demonstrate that arginine residues were indeed converted to 
citrulline via a deimination reaction where they combined hair follicle extracts with 
calcium to promote this reaction. Following this report, research to identify the spe-
cific deiminating enzyme was energetically carried out in Japan. In 1979, Dr. Kiyoshi 
Sugawara (Fig. 1.1; Ibaraki University, Japan) reported the presence of protein-bound 
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citrulline in the epidermal proteins of newborn rat (Sugawara 1979). Successively, he 
demonstrated the existence of the enzyme that converts arginyl to citrulline residues 
in the extracts from the newborn rat epidermis (Fujisaki and Sugawara 1981). To 
assay the enzyme activity, he introduced a colorimetric method using simple syn-
thetic substrates of arginine blocked at the N- and C-terminals as a substrate. In this 
procedure, high temperatures (over 50 °C) and the presence of dithiothreitol (DTT) 
greatly enhanced enzyme activity. According to these procedures, he could overcome 
tedious and laborious work that was needed to measure enzyme activity using an 
amino acid analyzer. Dr. Sugawara then introduced the logical name peptidylarginine 
deiminase (PAD) for the enzyme, because it acts on arginine residues embedded in a 
peptide backbone and is distinct from deiminases that act on free arginine (Fujisaki 
and Sugawara 1981). In this year, PAD was registered as new enzyme to IUPAC 
Enzyme Committee and was classified into EC 3.5.3.15.

In 1982, I joined Dr. Sugawara’s laboratory. This was just after he obtained a new 
finding that the extract from rabbit skeletal muscle contains very high deiminase 
activity, about 120-fold compared to that of the newborn rat epidermis. Since the 
available amounts of the newborn rat epidermis were very low and the tissue prepara-
tions were burdensome, the high abundance of a PAD in rabbit skeletal muscle was 
an exciting research finding that gave me a tremendous head start to further charac-
terize this enzyme. My first research project at Ibaraki University was to purify the 
PAD from rabbit skeletal muscle. Very fortunately, I quickly purified the enzyme to 
homogeneity and determined the chemical, physiochemical, and kinetic properties 
toward several synthetic arginine derivatives including natural proteins (Takahara 
et  al. 1983). This was the first and most definitive report demonstrating that the 

Fig. 1.1 The founding 
fathers: left, Professor Dr. 
George Rogers (Adelaide 
University, Australia). 
Center, Professor Dr. 
Hidenari Takahara (Ibaraki 
University, Japan). Right, 
Professor Dr. Kiyoshi 
Sugawara (Ibaraki 
University, Japan). Taken 
at the first International 
Symposium of 
Deimination and Skin 
Biology, April 2009 in 
Osaka, Japan

H. Takahara
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enzyme could catalyze the conversion of arginyl to citulline residues in native protein 
substrates in vitro. Among the protein substrates examined using this purified PAD, 
the reaction toward the Kunitz soybean trypsin inhibitor (STI) attracted our attention 
(Takahara et al. 1985). The effect of the enzyme on STI activity was remarkable as 
treatment with this PAD rapidly abolished the inhibitory activity of STI without alter-
ing its overall conformation; complete inactivation of STI was attained within several 
minutes at 37 °C. Surprisingly, only the modified arginine residue was the reactive 
site (or primary contact site) despite the fact that all of the remaining nine arginine 
residues in STI are exposed on the protein surface (Takahara et al. 1985). This study 
was first an indication of a biological function for the deimination and biochemical 
application of PAD. Furthermore, the observation that skeletal muscle PAD showed 
a high affinity for only the functional arginine residue in STI inspired the idea of an 
effective affinity adsorbent composed of immobilized STI for PAD purification. Our 
expectation was fully realized, as a 1800-fold purification with 50% yield was 
achieved by this affinity column (Takahara et al. 1986). Thereafter, we could supply 
a sufficient amount of purified rabbit skeletal muscle PAD to other researchers. 
Although recombinant enzymes from various sources superseded the rabbit skeletal 
muscle PAD since the latter half of the 1990s, the natural enzyme is still under requi-
sition today. Several earlier experiments conducted with rabbit skeletal muscle PAD 
elicited important insights into the physiology and pathophysiology of protein deimi-
nation. For instance, our collaborative work with Dr. Masaki Inagaki (Aichi Cancer 
Center, Japan) provided very interesting results. In general, vimentin, an intermedi-
ated filament protein, is expressed by various cells and forms a stable, less dynamic 
molecular network. In 1989, we found that there was a complete loss of filament-
forming ability of vimentin after PAD treatment. The enzyme could also deiminate 
the filaments that had been polymerized and induced filament disassembly. The 
deimination reduced the isoelectric point of the head domain, in which the positive 
charge of arginine residues are essential for maintaining the ability to form filaments, 
resulting in the complete loss of their intermediate filament constructs. Similar results 
were obtained with other intermediate filaments such as desmin and glial fibrillary 
acidic protein (GFAP) (Inagaki et al. 1989). Thus, we presumed that deimination of 
intermediated filaments controls the cytoskeletal network. This hypothesis was veri-
fied by several subsequent reports by others in the field. In particular, deiminated 
vimentin was found in vivo, and this modification triggers structural collapse and 
promotes apoptosis (Asaga et al. 1998; Hsu et al. 2014). There is also some evidence 
that deimination of GFAP is a characteristic feature of neurodegenerative diseases 
(Ishigami et al. 2005).

In parallel with research on rabbit skeletal muscle PAD, we attempted to develop 
a model system using the mouse/rat for investigation of the physiological function 
of PAD. From 1988, Dr. Tatsuo Senshu (Tokyo Metropolitan Institute of Gerontology, 
Japan) started his investigations into the PADs. Together, by 1995, our findings, 
coupled with those of Senshu’s laboratory, established that PAD is widely  distributed 
in many tissues with the notable exception of serum and the location of the enzyme 
was essentially in cytoplasm. Among the tissues tested thus far, the activity of PAD 
in the salivary glands, pancreas, and uterus far exceeded those of any other tissues. 

1 A History of Deimination Research in Japan: The Founding Fathers
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Immunohistochemical analyses indicated that the enzyme is preferentially located 
in acinal cells of the salivary glands and pancreas and in the luminal and glandular 
epithelia of the uterus (Takahara et al. 1989; Watanabe et al. 1988). Additionally, we 
noted estrous cycle-dependent changes in enzyme expression in the uterus, with the 
level being highest and lowest at diestrus (Takahara et al. 1989). Senshu’s group 
also found estrous cycle-dependent change of this enzyme in the rat pituitary gland 
(Senshu et al. 1989). The expression of PAD in the pituitary and uterus responds 
adequately to administration with 17β-estradiol (Senshu et al. 1989; Takahara et al. 
1992). In the uterus, a remarkable series of events takes place during the estrous 
cycle. The luminal and glandular epithelia of the uterus at the estrous stage show 
hyperplasia and vigorously secrete fluid into the lumen. Therefore, PAD may be 
important for exocrine events, but the physiological roles of PAD in the uterus and 
pituitary are still unknown.

During investigations of PAD activity in the skin, we had a question: why are the 
substrate specificities of the skeletal muscle PAD toward several arginine deriva-
tives different from those of the epidermal PAD reported previously (Fujisaki and 
Sugawara 1981)? Both PADs showed high activity toward the synthetic arginine 
derivatives blocked at the N- and C-termini (i.e., benzoyl-l-arginine ethyl ester), 
whereas the skeletal muscle PAD showed very low activity to C-terminal free argi-
nine derivatives such as benzoyl-l-arginine and acetyl-l-arginine. On the other 
hand, these C-terminal free substrates were comparably processed by epidermal 
PAD. This question was resolved by our comprehensive work published in 1991 
(Terakawa et al. 1991). We compared the elution profiles of the PAD activities of the 
extracts from several tissues of mouse using anion-exchange chromatography, in 
which PAD activity was simultaneously measured with the different substrates. As 
shown in Fig. 1.2, three peaks were eluted upon chromatography of the skin extract. 
Since each peak showed different substrate specificities, we proposed designating 
them as peptidylarginine deiminase type I (PAD1), II (PAD2), and III (PAD3) 
according to the order of elution. The extracts of the skeletal muscle, pancreas, sali-
vary gland, and brain (spinal cord) showed a single peak that corresponded to type 
II enzyme. Type I enzyme is specifically located in the uterus and epidermal cells, 
and type III enzyme is present in the hair follicle. These three types of enzyme were 
not significantly different in catalytic properties, including absolute dependence on 
calcium ions for activity and the stimulation with DTT.  Senshu’s group also 
described the presence of three isozymes in rat tissues and called them “epidermal 
type, skeletal muscle type, and hair follicle type,” which correspond to PAD1, 
PAD2, and PAD3, respectively (Watanabe et al. 1988). Thereafter, by innovative 
techniques such as molecular genetics and proteomics, two new PAD isozymes 
were found in rat epidermis (Yamakoshi et  al. 1998)/a keratinocyte cell line 
(Ishigami et al. 1998) and in the mouse ovary (Wright et al. 2003), and they were 
named PAD4 and ePAD, respectively. In 1999, Dr. Michiyuki Yamada (Yokohama 
City University, Japan) and colleagues identified a novel PAD in human myeloid 
leukemia HL-60 cells, which can induce to differentiate into granulocytes by reti-
noic acid (Nakashima et al. 1999). By comparison of the amino acid sequence and 
substrate specificity of HL-60 PAD with those of the four known rat PADs, they 

H. Takahara



Fig. 1.2 DEAE-Sephacel ion-exchange column chromatography of the PAD activity from various 
tissues from mouse. The substrates used for measuring PAD activity were Benzoyl-l-Arg-O-ethyl 
ester (open circle), Benzoyl-l-Arg (open triangle), and protamine (filled circle)
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concluded that HL-60 PAD did not belong to any PADs and named it PAD5 
(Nakashima et al. 1999). However, human PAD5 proved to be the human ortho-
logue of mouse PAD4 (Chavanas et al. 2004), and it was subsequently named PAD4 
by the HUGO Gene Nomenclature committee (HGNC). In addition, to avoid confu-
sion, the HGNC recommended that PAD5 remains unused and ePAD be renamed 
PAD6. In total, it is now recognized that there are five PAD isozymes, i.e., PAD1, 
PAD2, PAD3, PAD4, and PAD6.

Cloning of the cDNAs for the five PAD isozymes was a historic struggle that 
stretched from 1989 to 2004. In 1989, Watanabe and Senshu first reported on the 
cDNA of rat PAD2 and deduced its amino acid sequence (Watanabe and Senshu 
1989). Four years later, we revealed at long last in the full nucleotide sequence of 
mouse the PAD2 cDNA (Tsuchida et al. 1993). Looking back on that time, we had 
to overcome several obstacles to reach our goal. The N-terminal amino acid 
sequence of mouse PAD2 was Nα-acetyl-Met-Gln-, a sequence which has never 
previously been reported among Nα-acetyl-Met protein. As such, it was difficult to 
assign the methionine codon (ATG) at the translational start of the cDNA. In 1997, 
we purified a small amount of PAD3 from newborn rat epidermis by a procedure 
that included STI-affinity chromatography and carried out peptide mapping by the 
in situ protease digestion method (Nishijyo et  al. 1997). Subsequently, we suc-
ceeded in cloning the cDNA and sequenced the full-length cDNA encoding rat 
PAD3 by RT-PCR and 3′−/5′-RACE methods using synthesized nucleotide primers 
designed from the internal amino acid sequences (Nishijyo et al. 1997). This was 
the first report exhibiting the entire amino acid sequence of the isozyme, and by 
alignment of the PAD2 and PAD3 sequences, we found that a half of C-terminal 
region was highly conserved, and we predicted that the conserved region was likely 
responsible for the catalytic activity of this enzyme. This notion was ultimately 
proved by the excellent works of Dr. Mamoru Sato (Yokohama City University, 
Japan) and his coworkers in 2004, who determined the X-ray crystal structure of 
human PAD4 (Arita et al. 2004). These leading researches ultimately resulted in the 
cloning of the cDNAs for other PAD isozymes. Most cDNA isozymes from the 
rodent (Yamakoshi et al. 1998; Ishigami et al. 1998; Wright et al. 2003; Watanabe 
and Senshu 1989; Tsuchida et al. 1993; Nishijyo et al. 1997; Rus’d et al. 1999) and 
human PAD (Nakashima et  al. 1999; Chavanas et  al. 2004; Kanno et  al. 2000; 
Ishigami et al. 2002; Guerrin et al. 2003) were established in laboratories in Japan. 
In addition, we produced the bacterial recombinant PADs of mouse and human in 
run-up to other laboratories (Ohsugi et al. 1995). The constructed plasmids had a 
unique DNA linker containing a pair of Shine-Dalgarno sequences and a short pre-
ceding cistron inserted into the adjacent 5′-region of the coding region, so that we 
could obtain a large quantity of the PADs without a sequence tag in bacteria. These 
recombinant PADs were also easily purified by STI-affinity chromatography and 
helped a great deal for many investigations (Ohsugi et al. 1995).

In 1992, Senshu and coworkers developed an excellent procedure for the detec-
tion of deiminated proteins on membranes or fixed tissues (Senshu et al. 1992). This 
method involves a three-step process. In the first step, citrulline-containing proteins 
immobilized on the membrane or fixed tissues are chemically modified. In the 

H. Takahara
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second step, immunoblotting is performed using specific antibodies that were devel-
oped against in vitro deiminated histones that were chemically modified in a similar 
manner. In the third step, citrullinated proteins are visualized using a secondary 
antibody. This method enabled detection of citrulline-containing proteins at fmol 
levels, regardless of backbone protein molecules. As known, histones contain a 
large amount of arginine residues and are highly conserved at the amino acid 
sequences, regardless of species, which should lead them to the idea for producing 
the specific antibodies against the chemically modified citrulline. Thereafter, this 
antibody was called the anti-modified citrulline (AMC) antibody or the “Senshu 
antibody” and contributed exponentially to the expansion of research on protein 
deimination and the PADs. Using this immunoblotting analysis, they found that 
filaggrin and keratin K1/K10 were citrullinated in the epidermis under physiologi-
cal conditions (Senshu et al. 1995).

For more than 20 years (from 1977 to 1998), most investigations into protein 
deimination and PAD activity were carried out by only two research groups: ours 
and Senshu’s group in Japan and Moscarrello’s group in Canada. Unfortunately, 
these works were only noticed to a limited extent. There might be two major reasons 
why protein deimination did not receive a worldwide attention. First, the deiminated 
proteins were mostly structural proteins in vivo. Second, the PAD reaction is irre-
versible, and a “peptidyl citrulline-iminase” enzyme has not been discovered. Thus, 
it was not felt that this modification could reversibly regulate metabolic events and 
bioprocesses in the same way as phosphorylation/dephosporylation cycles.

However, in 1999, the report of Dr. Guy Serre (University Toulouse III, France) 
and colleagues developed a new wave that changed the image of the PADs. In this 
study, Serre and colleagues showed that a “mysterious” antibody present in the sera 
of patients with rheumatoid arthritis (RA) recognized citrullinated proteins. These 
antibodies were subsequently named anti-citrullinated protein antibodies (ACPA) 
(Girbal-Neuhauser et al. 1999). The AMC antibody and purified PAD from rabbit 
muscle were critical in establishing this finding. Several successive experiments 
conducted by Serre’s laboratory finally identified the antigen recognized in the 
joints as deiminated α- and β-chains of fibrin (Masson-Bessière et al. 2001). Since 
the levels of ACPA, including anti-cyclic citrullinated peptide antibodies, are sig-
nificantly higher in RA patient sera. With high specificity and positive correlation, 
they are the best diagnostic marker for the disease to date. The direct association 
between the presence of deiminated proteins and occurrence of RA enticed enor-
mous investigations of protein deimination and PAD.  Furthermore, in 2003, the 
paper of Dr. Akari Suzuki (RIKEN, Japan) and colleagues that described an asso-
ciation of a functional haplotype of the PAD4 gene (PADI4) in a Japanese popula-
tion with RA (Suzuki et al. 2003) further drove an influx of researchers into the 
field. Once again, in 1999, Yamanda and his coworkers first found human PAD4 in 
HL-60 cells when cells were induced to differentiate into granulocytes (Nakashima 
et al. 1999). Their successive finding in 2002, in which PAD4 contains a canonical 
nuclear localization signal within N-terminal domain and is localized to nucleus, 
where it deiminated histones H3 and H4, suggested that PAD4 may be a new factor 
modulating a variety of the nuclear functions dependent on chromatin structure 

1 A History of Deimination Research in Japan: The Founding Fathers
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(Nakashima et al. 2002). These studies also aroused enthusiasm among molecular 
biochemists who had showed a disinterest in the PADs until then. This is when 
investigations into protein deimination and PAD activity spread across the world, 
and the relevant reports increased over the years. To date, PADs are now known to 
play functional roles in key cellular processes (terminal epidermal and hair follicle 
differentiations, apoptosis, and gene regulation) under physiological conditions, 
and dysregulated PAD activity is involved in the pathogenesis of autoimmune dis-
eases such as multiple sclerosis, rheumatoid arthritis, psoriasis, Alzheimer’s dis-
ease, and cancers. So far, these findings were reviewed in many journals including 
this book series.

For the past decade, the field of deimination research has not so explosively 
accelerated, but certainly advanced. I believe that these valuable findings are 
founded on the studies started from their humble beginnings in Japan.
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Chapter 2
Aspects of Peptidylarginine Deiminase 
Regulation that May Predispose 
to Autoreactivity Against Citrullinated 
Proteins

Indira Neeli and Marko Radic

2.1  Summary

Autoimmune diseases represent a long-standing puzzle. In an incompletely under-
stood series of steps, the immune system loses immune tolerance to self and acquires 
the ability to recognize and respond to defined and characteristic autoantigens. The 
involvement of an infectious agent has been suspected to trigger this transition, but 
a specific etiologic stimulus has not been identified. Recent years have seen an evo-
lution in the understanding of events that lead to autoimmunity. A central role has 
been assigned to posttranslational modifications of autoantigens during the initial, 
preclinical phase of autoimmune syndromes. In response to various infections or 
even under sterile inflammatory conditions, the innate immune system activates a 
characteristic set of enzymatic reactions, including the regulated conversion of cer-
tain arginine residues to citrulline residues. The conversion, carried out by the pep-
tidylarginine deiminases (PADs), results in the conversion of arginine residues to 
citrulline residues in many notable autoantigens. In turn, an important category of 
autoantibodies, referred to as anti-citrullinated protein antibodies (ACPA), specifi-
cally recognizes the citrullinated form of these autoantigens. Thus, the concept is 
gaining acceptance that diverse infections (or sterile inflammation) result in the 
citrullination of self-proteins, which—given genetic predisposition or a conducive 
infectious microenvironment—break tolerance and trigger a self-perpetuating auto-
immune process. This chapter highlights aspects of PAD regulation and the devel-
opment of ACPA in order to propose a unifying principle for the induction of 
autoimmune disorders.
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2.2  Tolerance and Autoimmunity

Autoimmunity was anticipated as a possible outcome that could arise from the 
adaptive nature of the immune system (Ehrlich P 1800s). Because the immune sys-
tem is capable of recognizing almost any foreign molecule, it appeared obvious to 
Paul Ehrlich that autoreactivity, or “horror autotoxicus,” would also predictably 
appear. Indeed, several dozen human autoimmune disorders are currently recog-
nized as distinct clinical entities, and new disorders continue to be assigned to the 
category of maladies that arise due to a malfunction of the immune system. Many 
of these disorders are quite common, such that, for example, rheumatoid arthritis 
(RA) affects nearly 1 in 100 persons. In aggregate, several percent of the human 
population develop a serious health condition because of the inappropriate anti-self- 
reactivity of the immune system.

Conversely, it may be even more astounding that more of us do not suffer from 
an autoimmune disease, given the enormous rates at which cells of the immune 
system proliferate and the large numbers of cells that comprise the innate and adap-
tive immune systems. Moreover, our immune systems are constantly stimulated by 
microbes that survive in our environment and form part of our extensive microbiota. 
In view of the continued microbial challenge, it is important to consider ways in 
which our immune systems distinguish foreign pathogens from self. The mecha-
nism that safeguards against the formation of autoreactive B and T lymphocytes is 
called immune tolerance. During development and throughout their functional 
responses, lymphocytes are regulated by active mechanisms that suppress immune 
responses aimed at molecules that form part of ourselves. The encounter of autore-
active lymphocytes with self-molecules ensures the functional inactivation or cor-
rection of the inappropriate B and T cell antigen receptors. Multiple mechanisms 
are engaged in central tolerance, some of these lead to anergy, deletion, or receptor 
editing in autoreactive B cells (Radic and Zouali 1996), and others induce cell death 
of autoreactive T cells in the organs that support lymphopoiesis (Palmer 2003).

The sophistication and power of immune tolerance can best be appreciated by 
immunization methods in experimental animal species. Standard approaches can 
readily yield antibodies of high affinity and exquisite specificity for the antigen of 
choice, provided that the immunogen contains structural motifs (epitopes) that are 
distinct from the endogenous antigens. For example, a protein that is isolated from 
the hemolymph of a marine invertebrate, keyhole limpet hemocyanin, is a versatile 
carrier in numerous immunization experiments. However, if the immunogen of inter-
est is highly related or identical to the animal’s own molecular components, multiple 
immunizations may not elicit an immune response to the intended target. A notable 
example is provided by the collective experience of frequent but often futile efforts to 
raise antibodies to various members of the histone protein family (Rubin et al. 1990).

Histones are highly conserved, basic proteins that associate into octamers of two 
histone H3, two H4, and two each of H2A and H2B monomers (Moudrianakis and 
Arents 1993). Together these eight histones form the core of a structure that serves 
to organize approximately 147 base pairs of nuclear DNA into a single nucleosome, 
the basic unit of chromatin. Histones are among the most ubiquitous, abundant, and 
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highly conserved proteins in eukaryotes, given that histone primary amino acid 
sequences vary by less than 1% from humans to yeast. Thus, immunizations of mice 
or rabbits with histones elicit very little to no immune response due to the strong 
negative selection of lymphocytes against self-reactivity by immune tolerance. A 
similar resistance to immunization with DNA is observed, yet both DNA and his-
tones are targets of anti-self-antibodies (Stollar 1971) in an autoimmune disease 
called systemic lupus erythematosus (SLE). Other conserved and abundant proteins 
are characteristic autoantigens in other autoimmune diseases. For example, myelin 
basic protein, a membrane-associated protein of neurons, is recognized by T cells in 
multiple sclerosis (Martin et al. 1992), insulin is a target of autoantibodies in diabe-
tes (Michels and Nakayama 2010), and collagen or even the immunoglobulin mol-
ecule itself is attacked by the immune system in RA (Rowley et al. 2008).

But how does the immune system overcome (“break”) immune tolerance and 
begin an autoimmune attack? Some early illustrative experiments with the multi-
functional protein cytochrome c provided important clues. Immune tolerance pre-
vents mice from responding to mouse cytochrome c. However, human cytochrome c, 
due to only six amino acid variations in sequence from the mouse protein, can induce 
a B cell response (Lin et al. 1991). Remarkably, following a subsequent immuniza-
tion with a combination of mouse and human cytochrome c, the mouse B and T cells 
respond to the mouse cytochrome c protein. The conclusion from those experiments 
is that small molecular differences between autoantigens and immunogens can break 
tolerance and induce a self-sustaining autoimmune response, provided that B cells to 
the altered antigen arise which can present antigen to incompletely deleted T cells.

It was observed that small molecular differences between an immunogen and an 
autoantigen can also be introduced by various covalent modifications of autoanti-
gens and that such differences can stimulate a response by the immune system. In 
pioneering experiments, Bill Weigle discovered that chemically modified albumin 
could break tolerance in rabbits tolerant of the unmodified albumin (Weigle 1962). 
More recent work from Mark Mamula’s laboratory expanded this field of research 
and showed that isoaspartate racemization of self-antigens, including histones, 
increases their immunogenicity (Doyle et al. 2013). These experiments established 
the possibility that posttranslational modification (PTM) of autoantigens may con-
tribute a possible mechanism to disrupt immune tolerance. In turn, studies in a num-
ber of laboratories identified autoantibodies that preferentially reacted against the 
modified form of a variety of autoantigens. This independent evidence solidified the 
idea that the covalent, enzymatic modifications of autoantigens play a central role in 
the induction of autoimmunity.

2.3  Discovery of Arginine Deimination

The first identification of citrulline residues in a protein was reported in 1958 by 
researchers from the Melbourne Wool Research Laboratories examining hair folli-
cles in sheep (Rogers and Simmonds 1958). The discovery was notable for the fact 
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that citrulline is not incorporated into proteins during translation; thus, it must be 
introduced into proteins by posttranslational modifications. However, formal proof 
for this conclusion had to await the discovery of peptidylarginine deiminases 
(PADs), the enzymes that convert arginine residues in proteins to citrulline residues 
(Fujisaki and Sugawara 1981). Subsequent research identified additional members 
of this small protein family, which established the expression of five isoforms of 
PADs in mammals (Chavanas et al. 2004). PADs are a relatively recent evolutionary 
adaptation, which are present in vertebrates but absent from other eukaryotic sub-
phyla (Vossenaar et al. 2003).

Research into the structure and function of PADs intensified following the dis-
covery that autoantigens, including myelin basic protein, keratin, and histones, are 
substrates for PADs (Muller and Radic 2015). These hallmark autoantigens that 
have high diagnostic value for the detection and prognosis of a variety of difficult to 
treat autoimmune disorders previously had not been considered to be linked by a 
common pathway. The discovery of shared PTM between autoantigens in different 
autoimmune disorders immediately raised expectations that a common underlying 
mechanism may be at the root of this category of clinical entities. Most notably, a 
series of elegant studies traced the RA autoreactivity against cells from the oral 
mucosa to yet another citrullinated antigen. Schellekens and collaborators observed 
that autoantibodies in RA display a high degree of specificity and sensitivity for 
peptides derived from filaggrin but only if the arginine residue in these peptides is 
replaced by citrulline (Schellekens et al. 1998). The diagnostic utility of the sero-
logic test for anti-citrullinated protein antibodies (ACPA) was demonstrated by the 
observation that ACPA can be detected months or even years ahead of the appear-
ance of clinical manifestations of RA (Johansson et  al. 2016). The inclusion of 
ACPA as classification criteria for RA further boosted basic and applied research 
into PADs (Liao et al. 2008).

The five PAD isozymes differ from each other in the cell types and subcellular 
locations where they are expressed and, in turn, by what substrates they modify. 
PAD1 is expressed in the epidermis and uterus (Terakawa et al. 1991), PAD3 is 
active in hair follicles (Kanno et  al. 2000), and PAD6 is most abundant in the 
oocyte and during embryonic development (Yurttas et al. 2008). PAD2 and PAD4 
are of greatest relevance in cells that comprise the immune system (Vossenaar 
et al. 2004). Notably, PAD2 is also expressed in the central nervous system and in 
muscles (van Beers et  al. 2013). PAD4 is highly expressed in leukocytes, the 
white blood cells of the innate immune system, along with other immune cells 
(Anzilotti et al. 2010). PAD4 is the only PAD with a distinct nuclear localization 
sequence, and thus, it is the probable isozyme in charge of modifying nuclear 
proteins, including histones (Nakashima et al. 2002). Accordingly, activation of 
PAD4 makes important  contributions to chromatin structure modifications that 
regulate gene expression (Cuthbert et al. 2004; Wang et al. 2004). However, PAD2 
has also been implicated in the modification of histones (Zhang et  al. 2012), 
whereas PAD4 may also be active in the cytoplasm and even on extracellular sub-
strates (see below).
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All PADs require calcium for enzymatic activity, and maximal activity may 
require extracellular calcium influx to supplement intracellular calcium stores. 
Calcium ions organize the overall PAD structure and shape the conformation of the 
active site, as determined by X-ray diffraction patterns of PAD4 obtained in the 
presence and absence of the divalent cations (Arita et al. 2004). PADs are relatively 
promiscuous enzymes because they accept substrates with different amino acid 
sequences, provided the target arginine is preceded by a residue with a small side 
chain at the R-2 position and the polypeptide chain flanking the arginine can fold 
into a tight beta turn (Arita et al. 2006). Catalysis, which consists of the hydrolysis 
of the guanidino group on arginine to yield the ureido group on citrulline (Fig. 2.1), 
leads to the release of ammonia, the loss of arginine’s positive charge, and the 
nearly exact gain of 1 Da in mass by the citrulline-containing product (Rohrbach 
et al. 2012b). Although PAD4 can accept methylated arginine as a substrate, it pre-
fers unmodified arginine by a factor of over 100:1 in an in vitro reaction (Kearney 
et al. 2005; Raijmakers et al. 2007). Therefore, biochemically, one consequence of 
arginine citrullination is to preclude any further arginine modifications (Thompson 
and Fast 2006).

As the evidence for autoantibodies to citrullinated antigens accumulated, it 
became clear that useful applications would emerge from the development of PAD 
inhibitors. Insights into the conformation of the PAD4 active site were starting 
points for the design of different versions of PAD4 inhibitors. Work spearheaded by 
the Thompson lab used various chemical approaches to screen and confirm the effi-
cacy, specificity, bioavailability, and mode of action of various compounds (Bicker 
and Thompson 2013). One of the earliest inactivators that were effective at inhibit-
ing the action of several PAD enzymes was N-alpha-benzoyl-N5-(2-fluoro-1- 
iminoethyl)-l-ornithine amide, or F-amidine, which became available about 
10 years ago (Luo et al. 2006), and was soon followed by several other irreversible 
and selective inhibitors (Knuckley et al. 2010). For example, a natural compound 
with antibiotic properties, streptonigrin, was identified as a selective PAD4 inhibitor 
(Dreyton et al. 2014), whereas the inorganic dye used in histology, ruthenium red, 

Fig. 2.1 Diagram of peptidylarginine deiminase (PAD)-mediated conversion of arginine to 
citrulline. One of five PADs converts arginine to citrulline by using oxygen from water and releas-
ing nitrogen as ammonia
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was a selective inhibitor of PAD2 (Lewallen et al. 2014). Ruthenium red binds to 
PAD2 at a site that normally accepts calcium, and thus, it prevents the activation of 
the enzyme. These inhibitors and inactivators are of immense value for determina-
tion of PAD activity and its consequences in vivo and in vitro.

Mounting evidence places PAD4 at the center of attention in events shaping the 
interactions between the innate and adaptive immunity. In particular, research indi-
cates that PAD4 activation is intimately involved in the initial stimulation and sub-
sequent tissue damage associated with autoimmune diseases. Nevertheless, 
additional open questions remain and deserve further attention. For example, 
although PAD4 can auto-citrullinate (Andrade et al. 2010; Mechin et al. 2010), the 
precise consequences of this modification are unclear, as the modified PAD shows 
little change in enzymatic activity on selected in vitro substrates (Slack et al. 2011). 
Clearly, one possibility in vivo is that auto-deimination may affect the binding with 
other interacting partners of the enzyme. More broadly, several unsolved questions 
of PAD4 regulation remain, and efforts at finding answers will drive much ongoing 
and future research. Some of the questions are highlighted in Box 2.1.

2.4  Role of PAD4 in Innate Immune Responses

PAD4 supports fundamental functions in neutrophils, the most abundant type of 
granulocytes in blood. The PAD4 gene is expressed relatively late during neutrophil 
maturation but reaches high expression levels during a short window preceding the 
release of neutrophils from the bone marrow (Theilgaard-Monch et al. 2005). Even 
though PAD4 clearly can be transported into the nucleus and its most abundant cel-
lular substrates are core histones, large quantities of PAD4 are also packaged into 
ficolin-1-rich neutrophil granules (Rorvig et  al. 2013). The issue of subcellular 
localization can be addressed with the use of specific antibodies raised against 
PAD4. Figure 2.2 shows the results of probing human peripheral blood neutrophils 
with a monoclonal antibody to PAD4 (kind gift of Prof. Katsuhiko Nakashima). 
Using a preparation of unstimulated neutrophils, it can be seen that cells exhibit 
heterogeneous staining patterns, in which some cells have abundant nuclear PAD4, 
whereas others have a more cytoplasmic PAD4 distribution. In addition, particular 
cells exhibit a patchy nuclear distribution, perhaps indicating that PAD4 shows pref-
erence for certain chromosomal domains. The resolution of the confocal micro-
scope does not allow the precise localization of PAD4 to cytoplasmic granules, but 

Box 2.1: Unsolved Questions in Cell Biology of PADs
 1. Is PAD4 enzymatic activity controlled by other interacting proteins, many 

of which are yet to be identified?
 2. Do PAD4 modifications regulate the access of calcium to its five binding 

sites?
 3. What principles determine PAD4 recognition of other proteins and the cel-

lular location of the enzyme?
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that assignment is consistent with biochemical fractionation experiments carried 
out by Niels Borregaard’s laboratory in Copenhagen.

The protective function of neutrophils in the immune system is to act as sentinels 
for infections or inflammation. As white blood cells, neutrophils circulate throughout 
the body, yet they are exquisitely sensitive to any local signs of inflammation. The 
presence of IL-8 (CXCL8) and expression of selectins on endothelial cells lining the 
blood vessels induce neutrophil attachment to the vessel wall (Riese et al. 2014) and 
their extravasation (migration) into tissues. Neutrophils express metalloproteases 
such as MMP-9 which transiently dissociate tight junctions that bind endothelial 
cells to each other, thus generating gaps that neutrophils exploit to squeeze through 
the endothelium and reach the inflamed tissues (McColl et al. 2008). Once in tissues, 
neutrophils convert into highly motile cells capable of chemotaxis toward increased 
concentrations of microbial patterns such as f-MLP and various cytokines, such as 
IL-1 or TNF. Neutrophils also migrate toward signals from damaged cells, such as 
ATP, ADP, and related molecular messengers that promote inflammation (McDonald 
et al. 2010). Neutrophils integrate these diverse signals by expression of multiple cell 
surface receptors that operate in a hierarchical system of dominant vs. supplemen-
tary signaling cascades (Heit et al. 2002; Mocsai et al. 2015).

Fig. 2.2 Detection of PAD4 in purified human blood neutrophils. Human neutrophils were iso-
lated from blood and purified using standard conditions. Fixed cells were permeabilized and incu-
bated with a monoclonal antibody to PAD4 (kind gift from Dr. Nakashima, Japan). Antibody 
binding was visualized by secondary anti-mouse antibodies shown in red, and nuclear DNA was 
detected with Sytox Green. The overlap between the colors yields yellow. In this preparation, neu-
trophils were heterogeneous, and PAD4 was localized to both nuclei and cytoplasm. Bar is equiva-
lent to 10 μm
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The functional transition of a neutrophil from passive transport in the blood to 
an active, directional movement in tissues is mirrored in a notable increase in gene 
transcription. In part, the upregulation of gene expression reflects the activation of 
cell surface adhesion molecules, such as Mac1 integrins, which are important in the 
process of extravasation as well as in the subsequent migration in tissues (Kobayashi 
et al. 2002). The coordinated migration of neutrophils in tissues has been described 
as “swarming” which can be viewed in  vivo following a focused tissue injury 
(Lammermann et al. 2013). Expression of Mac1 is required for the formation of 
tight clusters that comprise the center of swarms and assist in the repair of damaged 
extracellular matrix components. A variety of gene products is induced, most nota-
bly several pro-inflammatory cytokines and chemokines that serve to condition the 
tissue microenvironment and promote the migration of other cell types to the site 
of inflammation (Nathan 2006).

PAD4 expression is induced by several of the signals that promote inflammation, 
including TNF (Neeli et  al. 2008) and IL-8 (Gupta et  al. 2005). Moreover, PAD4 
expression is stimulated by neutrophil adhesion to extracellular matrix components 
via Mac1 and is sustained by an active and functional cytoskeleton (Neeli et al. 2009). 
Most importantly, PAD4 expression is strongly induced by substances emanating 
from pathogens or by direct contact with microbes. Bacteria, fungi, and viruses that 
upregulate PAD4 activity include clinically important pathogens such as Staphylococcus 
aureus (Kolaczkowska et al. 2015) and Shigella flexneri (Li et al. 2010). It is therefore 
tempting to say that PAD4 activation begins with the stimulation of neutrophils in the 
blood, progresses through the stages of active migration toward a site of infection, and 
culminates during the precise moment that contact with an invasive pathogen is made. 
Upon encounter with microbes, the neutrophils may induce alternative responses. 
Neutrophils are active phagocytes capable of the internalization and destruction of a 
pathogen. Alternatively, neutrophils can release bactericidal products and reactive 
oxygen species (ROS). Although the precise role of PAD4 during phagocytosis is not 
known, it has been reported that various secreted cytokines and chemokines are modi-
fied by deimination (Proost et al. 2008; Moelants et al. 2013). It thus appears that 
PAD4 is intimately involved in essential functions of the innate immune system, for 
which it regulates and fine-tunes many complementary but independent processes.

2.5  PAD4 and NETs

An additional and unexpected innate defense mechanism was initially described in 
2004 (Brinkmann et al. 2004). These authors observed that in response to various 
bacterial pathogens, neutrophil cell membranes rupture and release nuclear chroma-
tin into the cellular surroundings. The released chromatin forms a matrix that was 
named a “neutrophil extracellular trap” (NET) because it has the ability to bind and 
immobilize the pathogens that it contacts. Subsequent studies have more carefully 
examined the steps in NET release (Fuchs et  al. 2007). Morphologically, it was 
observed that the nuclear chromatin relaxes, and, as a result, the lobed nucleus 
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expands until it is roughly spherical. Thereupon, the nuclear envelope distends until 
gaps appear, the cytoplasmic granules break open, and granule contents associate 
with the chromatin that breaks out from the confines of the nucleus. Ultimately, the 
plasma membrane ruptures and NETs that consist of nuclear chromatin and associ-
ate with several granule constituents, such as myeloperoxidase and elastase 
(Papayannopoulos et al. 2010), are deployed. It is assumed that the granule contents 
such as proteases and antibacterial peptides, which decorate the NETs, contribute to 
their bactericidal potential. Interestingly, certain strains of bacteria express nucle-
ases that allow them to escape from neutrophil traps (Buchanan et al. 2006). In vivo, 
these bacteria are more virulent than variants that are deficient in nuclease 
production.

Separate experiments have provided evidence for the release of NETs in response 
to certain viruses and fungal infections. Infections with poxviruses identified a pro-
tective function of NETs in the microvessels of the liver (Jenne et al. 2013). In that 
study, NETs were visualized in vivo and provided effective containment of viruses 
in liver sinusoids which protected the body from viral dissemination. Interestingly, 
neutrophils also release NETs in response to fungi such as Aspergillus (Gazendam 
et al. 2016) and Candida (Byrd et al. 2013). In fact, the relative size of a pathogen 
may determine, in part, whether the neutrophil will release NETs or undergo an 
alternative innate immune defense mechanism (Branzk et al. 2014). Cell wall glu-
cans of Candida are also effective inducers of neutrophil swarming in vitro (Byrd 
et al. 2013). These and other in vivo studies determined that there is a type of NET 
release that does not result in the massive rupture of the cell but, in fact, leaves the 
neutrophil able to continue chemotaxis (Yipp et al. 2012). It was further determined 
that this alternative form of NETs may be composed of mitochondrial DNA (Yousefi 
et al. 2009). If so, the mitochondrial NETs may lack histones and perhaps other 
granule-derived bactericidal components of classical NETs. Clearly, important 
characteristics of the mitochondrial nucleoid NETs and their ability to damage or 
destroy pathogens remain to be established.

In the classical form of NET release, numerous independent and consistent stud-
ies demonstrated that PAD4 carries out an essential function. In pioneering studies, 
our lab showed that various inflammatory stimuli induce histone deimination and 
identified deiminated histones as integral components of NETs (Neeli et al. 2008). 
Subsequent studies confirmed these results (Wang et al. 2009) and established that 
PAD4 activity is essential for the regulated release of NETs, as neutrophils deficient 
in PAD4 fail to deploy extracellular chromatin (Li et al. 2010; Rohrbach et al. 2012a). 
These results are consistent with evidence that PAD4 inhibitors are effective at 
blocking NET release (Lewis et al. 2015). However, it is not clear how PAD4 con-
tributes to NETosis. It is plausible, albeit unproven, that PAD4 contributes an essen-
tial function for NET deployment by modifying arginine residues in histones. The 
amino termini of core histones extend from the nucleosome core particle in unstruc-
tured fashion. Each of the four core histones has extended amino termini of about 
18–25 residues in length that contain numerous positively charged arginine and 
lysine side chains (Radic and Muller 2013). Through these extensions, each of the 
eight histones in a nucleosome can contribute to bind adjacent nucleosomes into 
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condensed and relatively inert chromatin. A fifth histone, the linker histone H1, does 
not form part of the nucleosome core particle yet contributes in an important way to 
chromatin structure. Histone H1 binds DNA at the entry and exit points from the 
nucleosome and thus controls the angle of the linker DNA that connects adjacent 
nucleosomes. In that way, H1 is at a crucial position to regulate chromatin structure 
(Izzo and Schneider 2016). The histone tails, together with H1, regulate structural 
transitions in chromatin, which facilitate access of transcription factors, RNA poly-
merases, and other proteins to particular DNA sequences. Many histone PTMs serve 
to organize chromatin according to the functional needs of the cell.

By converting arginine residues to citrulline residues, PAD4 removes the positive 
charge from the amino termini of core histones (Fig. 2.1) and thus diminishes the 
attractive forces between histones and DNA. As a result, histone deimination loos-
ens the structure of chromatin. Yanming Wang and colleagues used defined chroma-
tin templates to show their structural relaxation upon treatment with PAD4 (Wang 
et al. 2009), and a similar transition may provide the force that expands the nucleus 
and ultimately ruptures the nuclear envelope to release NETs. In their sequence, H1 
histones contain a large number of lysine residues but only a few arginine residues. 
Therefore, we asked whether one or more of these arginines are deiminated by PAD 
(Dwivedi et al. 2014). We prepared highly modified histone H1 and subjected it to 
tandem mass spectrometry. Peptide analysis determined that the most highly con-
served arginine, R53, in the winged helix domain of H1, is a substrate of PAD4. In 
independent studies by the laboratory of Tony Kouzarides in Cambridge, deimina-
tion of R53 was reported to occur during transcriptional reprogramming that accom-
panies the development of cell lineages from pluripotent stem cells (Christophorou 
et al. 2014). The deimination of H1 by PAD4 thus was shown to play a crucial and 
conserved role in the developmental program of higher eukaryotes. Strikingly, the 
same H1 modification that facilitates global changes in gene expression also was 
co-opted toward a unique mechanism of innate immune response.

The myriad of stimuli that lead to NET release and the potential existence of 
different forms of NETs make it difficult to identify the signaling pathways that 
participate in the activation of PAD4. Signals from Gram-positive bacteria, includ-
ing lipopolysaccharide (LPS) acting on the Toll-like receptor 4 (TLR4), may trans-
mit signals via MyD88 and its associated catalytic subunits to IRAK1 (Huang 
et al. 2015). Through the activation of distinct IKK subunits, the pro-inflammatory 
axis of NFkappaB is engaged, leading via MEK1 to the further activation of ERK1 
and ERK2 (Yu et al. 2015). Alternatively, it was reported that FcgammaRIIIb, act-
ing through TAK1, leads to the activation of ERK1/ERK2 (Aleman et al. 2016). 
Additional feed-forward signals may involve activation of PLCgamma and the for-
mation of its messenger IP3, followed by calcium release from endogenous ER 
stores (Numaga et al. 2010). Alternatively, a calcium-activated potassium channel 
may directly engage signals leading to NETosis (Douda et  al. 2015). Calcium 
could act as an additional signal by activating PKC subunits, which have been 
shown to have a direct effect on NET release. Our own studies revealed an unex-
pected complexity of PKC involvement in NETosis. Experiments with an inhibitor 
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of classical PKC, chelerythrine, as well as a structurally related compound, san-
guinarine, demonstrated that classical PKC enzymes may block activation of 
PAD4, yet an atypical PKC, most likely PKCzeta, exerts an activating role upstream 
of PAD4 (Neeli and Radic 2013). The opposing effects of two PKC isoforms argue 
for very precise regulation of PAD4 in neutrophils. Through as yet incompletely 
understood mechanisms, these enzymes contribute to the disruption of granule and 
nuclear membranes, chromatin relaxation, and, ultimately, NET release. Some of 
the remaining questions regarding the regulation of NET release are summarized 
in Box 2.2.

The activation of PAD4 can most easily be seen by monitoring histone deimina-
tion (citrullination), for which specific antibody reagents are commercially available. 
However, discovery of new substrates will require the availability of additional 
approaches. One method to detect the activation of PAD4 in cells is by isolating 
neutrophil proteins and exposing them to a compound that selectively reacts with the 
ureido group of citrulline. Under acidic conditions, phenylglyoxal reacts with citrul-
lines to form a covalent bond that is stable during subsequent manipulations at neu-
tral pH (Lewallen et al. 2015). By conjugating rhodamine to the phenylglyoxal probe 
(Rh-PG), citrulline-containing proteins become fluorescently labeled. We have used 
such an approach to explore the diversity of neutrophil proteins that are substrates for 
PAD4 (Fig. 2.3).

The results demonstrate that, in purified human neutrophils, certain proteins react 
with Rh-PG following incubation in calcium-containing buffer (lanes 1). However, 
the intensity of Rh-PG reactivity increases following neutrophil activation with ion-
ophore (lanes 2). In particular, histones in ionophore-activated neutrophils become 
quite reactive, indicating deimination by PAD4. An increased intensity of reactivity 
is observed following ionophore stimulation in the presence of a classical PKC 
inhibitor (lanes 3). Purified calf thymus histones that were deiminated in vitro by 
recombinant PAD4 (kind gift from Paul Thompson) indicate the migration of his-
tones (lane labeled H). The specificity of Rh-PG labeling is tested by comparison to 
the reactivity of antibodies reactive against modified citrulline (lane MC). There is 
extensive agreement between these two approaches (compare lanes 3 to MC). An 
alternative method could use a mouse monoclonal antibody, F95, which was raised 
against a deca-citrulline peptide and which reacts with citrulline- containing antigens 
(Nicholas and Whitaker 2002). Each of these should be added to the list of reagents 
that will play a crucial role in the further identification of PAD4 functions in NETosis.

Box 2.2: Unsolved Issues of PAD4 Activation in Classical NETosis
 1. By using a defined NETosis stimulus, the precise series of contingent acti-

vation steps leading to PAD4 activity need to be established.
 2. The precise relation between PAD4 activation and nuclear chromatin 

relaxation should be demonstrated.
 3. The possible activation of PAD4 during the mitochondrial NET release 

and/or swarming should be examined.
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2.6  NETs in Autoimmunity

Work in our laboratory, with essential contributions from collaborators, established 
the first indications that deiminated histones are important autoantigens in various 
autoimmune diseases that affect connective tissues. By using in vitro deiminated or 
unmodified histones for screening by ELISA or Western blots, Dwivedi et al. found 
that certain autoimmune IgG prefers to bind deiminated histones, often showing 
additional preference for specific core or linker histones (Dwivedi et al. 2012). This 
observation was confirmed with subsets of sera from SLE and Sjögren’s syndrome 
patients (Dwivedi et  al. 2014). Most notably, sera from patients with Felty’s 
syndrome, a more severe variant of arthritis with neutropenia, splenomegaly, and 
anti- histone antibodies, showed a dramatic preference for deiminated histones 

Fig. 2.3 Detection of deiminated proteins in neutrophils. Purified neutrophils were incubated with 
calcium buffer (lanes 1), calcium plus ionophore A23187 (lanes 2), or as in 2 with the addition of 
chelerythrine for 2 h (lanes 3). Cells were frozen and thawed, incubated with 20% TCA, sonicated, 
and reacted with Rh-PG as described by Bicker et al. Proteins were resolved on SDS-PAGE, and 
citrulline-containing bands were visualized on a Typhoon imager. For comparison a lane with puri-
fied deiminated histones is shown (H), and total neutrophil proteins were also reacted with a modi-
fied citrulline antibody, as recommended by supplier (Millipore). Approximate positions of H1 
histone and core histones (cH) are indicated
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(Dwivedi et  al. 2012). Thus, immunochemistry accounted for the intense  
preference of autoimmune sera for activated neutrophils and NETs over freshly 
isolated blood neutrophils that is observed in immunofluorescence microscopy. 
Histones are well-known autoantigens in SLE, and anti-histone antibodies also arise 
in Felty’s, Sjögren’s, and RA. Surprisingly, investigators had not previously evalu-
ated relative binding to deiminated histones. Following the publication of our study, 
the lab of Paola Migliorini confirmed that a certain subgroup of RA patients express 
autoantibodies that preferentially, even exclusively, bind to the deiminated antigens 
(Pratesi et al. 2014).

The list of PAD substrates which react more vigorously with autoantibodies 
upon deimination continues to expand and currently includes over one dozen pro-
teins (Muller and Radic 2015). Similar to peptides from deiminated filaggrin that 
show over 70% sensitivity and 96–98% specificity in the diagnosis of RA 
(Schellekens et al. 1998), autoantibodies from RA sera also bind to deiminated pep-
tides from fibrin and from histone H4 with similar sensitivity and specificity (Pratesi 
et al. 2014). Other autoantigens that are recognized in citrullinated form include 
additional extracellular substrates, including collagen type II (Haag et  al. 2014). 
One important MS autoantigen that forms part of the axon sheath and insulates 
neurons to facilitate their function over distance is myelin basic protein, which is 
modified by PAD2 (Bradford et al. 2014). Cytokines, in particular CXCL8 (Proost 
et al. 2008) and CXCL10 (Loos et al. 2008) that stimulate inflammation in vivo, are 
additional substrates of deiminases. A consequence of deimination is the decrease 
of the specific activity of the cytokines, suggesting that PAD activity also has the 
capacity to dampen an inflammatory response. Cytoplasmic substrates such as 
vimentin (Van Steendam et  al. 2010) and f-actin-capping protein (Matsuo et  al. 
2006) are modified by PADs, and their deimination likely affects the proper func-
tion of the cytoskeleton. Notably, nuclear and cytoplasmic enzymes provide addi-
tional substrates for PAD, which include enolase (Wegner et al. 2010) and PAD4 
itself (Andrade et al. 2010). These examples serve as evidence for the diversity of 
cellular functions that are affected by deiminases. Moreover, the initial hypothesis 
that citrullination provides new epitopes which break tolerance is strongly sup-
ported by the accumulated evidence.

The role of NETs in the pathogenesis of RA is an area of research that has yielded 
much information to date, although NETs are suspected as important contributors to 
disease manifestations in an increasing number of disorders, including SLE, vascu-
litis (Yoshida et al. 2013), colitis (Chen et al. 2008), multiple sclerosis (Bradford 
et al. 2014), Felty’s syndrome, and gout (Schauer et al. 2014). In RA, neutrophils 
infiltrate into affected joints just before, or concurrent with, the first signs of pain, 
stiffening, and inflammation (Patel and Haynes 2001). The long-term consequences 
of RA are damage to the cartilage and bones of the affected joints, leading to perma-
nent deformation and loss of function. The influx of neutrophils into the fluid- 
containing capsule surrounding the joints, which is called the synovium, therefore 
deserves close scrutiny. Early studies of joints from animal models of RA revealed 
that neutrophils represent the most numerous cellular infiltrate and that sections of 
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the inflamed joints demonstrate extracellular PAD (Damgaard et  al. 2014) and 
citrulline-containing immunoreactive material (van Beers et al. 2013). These obser-
vations motivated efforts to more closely characterize RA synovial fluids and their 
cellular infiltrates.

Synovial fluids can be prepared from swollen joints of RA patients, a procedure 
that is clinically effective because it provides a temporary relief of pain. The fluid 
is rich in pro-inflammatory cytokines, including TNF and IL-17, and contains high 
numbers of activated neutrophils that migrate to this location. A comparison 
between synovial neutrophils and those from peripheral blood of the same indi-
vidual, or synovial neutrophils of osteoarthritis patients, revealed that RA synovial 
neutrophils are much more prone to release NETs (Khandpur et  al. 2013). This 
tendency held true whether additional NET-inducing cytokines were added to the 
cultures or not. As expected, RA neutrophils displayed increased PAD activity, and 
purified NETs contained citrullinated enolase and vimentin. Importantly, NETosis 
of RA neutrophils was enhanced by addition of synovial fluids or autologous patient 
serum, and antibodies present in RA sera alone had stimulatory activity. Release of 
NETs from patient neutrophils was dependent on deiminase activity and reactive 
oxygen species, as shown by the use of inhibitors of PAD4 or NADPH oxidase.

A separate study reported increased deimination in neutrophils exposed to cyto-
lytic agents and high extracellular calcium. Incubation of neutrophils with perforin 
and granzymes, proteins expressed by cytolytic T cells, induced extensive deimina-
tion, resembling synovial cell extracts prepared from RA patients with active dis-
ease (Romero et  al. 2013). Proteomic analysis of synovial extracts identified 
deiminated cytoskeletal proteins, such as actin, tubulin, myosin, vinculin, vimentin, 
talin, and coronin, secreted proteins, such as serpin B6, heat-shock protein 60, and 
myeloperoxidase, along with histones H2A and H4. Interestingly, the analysis also 
identified deiminated plasminogen, fibrinogen, and collagen type 1, suggesting that 
the experimental treatment also led to the release of active PAD to the extracellular 
space, consistent with cell rupture. This finding would explain the observed deimi-
nation of extracellular substrates, many of which are recognized as autoantigens in 
autoimmune diseases.

A set of recent studies explored neutrophil NETs in the pathogenesis of lupus. 
Both studies (Caielli et al. 2016; Lood et al. 2016) examined the response of neutro-
phils to anti-ribonucleoprotein autoantibodies and observed that the NETs released 
under these conditions consisted mainly of oxidized mitochondrial DNA. Perhaps 
SLE-specific stimuli determine the type of neutrophil response, and, in turn, the 
components of NETs affect the clinical manifestations of the autoimmune response. 
Previously, oxidized mitochondrial DNA was shown to be particularly effective at 
stimulating the Toll-like receptor pathways and inducing the activation of dendritic 
cells (Pazmandi et  al. 2014). The recent neutrophil analyses clarified features of 
neutrophil mitophagy and possible deviations in this process that may lead to lupus 
(Muller and Radic 2016). Overall, the study of PAD4 contributions to autoimmunity 
portends many additional insights and raises new questions, some of which are 
listed in Box 2.3.
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2.7  Model of PAD4 Activation in the Pathogenesis 
of Autoimmune Disease

The release of NETs represents an immune mechanism that may act as a final bar-
rier to disseminated disease. However, NET release carries with it a major risk, 
which is the release of extracellular proteases and reactive oxygen species that 
contribute to tissue damage. In addition, the enzymatic reactions that make essen-
tial contributions to NET release also lead to the release of modified autoantigens 
to the exterior of the cells. Thus, sequestration of nuclear autoantigens is disrupted, 
and chromatin and other nuclear autoantigens become accessible to cell surface 
receptors of antigen-presenting cells. Moreover, the release of NETs occurs in 
close apposition with immunostimulatory cytokines and pathogen-derived, adju-
vant-like molecules that may enhance the development of autoreactivity. As argued 
by others, environmental triggers associated with choices in lifestyle 
(Makrygiannakis et al. 2008) and diet (Mohanan et al. 2013) also may promote 
activation of PADs along with the release of NETs. Given the currently available 
evidence, it appears likely that, over time, chronic stimulation of neutrophils by 
infections or inflammation provides conditions that enhance the production of 
deiminated autoantigens both inside and outside of tissue-infiltrating neutrophils. 
A good example of the progression of disease is provided by patients with Felty’s 
syndrome. Usually, Felty’s develops after several years of progressive RA (Dwivedi 
and Radic 2014). Patients are likely to receive medication that leads to immuno-
suppression, leaving the individuals more prone to infections. The recurrent infec-
tions likely lead to frequent neutrophil activation and aggravated NET production. 
Additional stimulation of the adaptive immune system by deiminated autoantigens 
gives rise to ACPA. In turn, these autoantibodies promote NET release. Secondary 
effects will likely include splenomegaly due to the clearance of spent neutrophils 
and additional stimulation of the adaptive immune response. Overall, these interac-
tions mutually enhance each other, and the individually protective adaptations 
mutually synergize to drive autoimmunity.

Box 2.3: Questions Concerning the Role of PAD4 in Autoimmunity
 1. What is the comprehensive proteome of PAD4 substrates following spe-

cific stimuli?
 2. Which autoantigens contain binding determinants that are focused on and 

depend on citrullines?
 3. What is the contribution of environmental factors that predispose to auto-

immunity (e.g., diet, obesity, injuries, or infections) toward the activation 
of PAD4?
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Chapter 3
Structures and Functions of Peptidylarginine 
Deiminases

Masaki Unno, Kenji Kizawa, and Hidenari Takahara

3.1  Introduction

Peptidylarginine deiminase (PAD; EC 3.5.3.15) catalyzes the conversion of pepti-
dylarginine to peptidylcitrulline in a Ca2+-dependent manner (Vossenaar et al. 2003; 
Bicker and Thompson 2013; Jones et al. 2009). Citrullination is an irreversible pro-
cess because no de-citrullinase has been found to date (Gyorgy et al. 2006). This 
posttranslational modification alters both inter- and intramolecular interactions of 
target proteins, thereby changing their conformation and molecular assembly. 
Citrullinated proteins perform potential roles in important biological processes such 
as skin keratinization, neuron insulation, central nervous system plasticity, and neu-
trophil extracellular trap formation (Li et al. 2010). Furthermore, citrullination of 
histone core protein is important for the epigenetic regulation of gene transcription 
(Baka et al. 2012; Nijenhuis et al. 2004; Zhang et al. 2012; Slade et al. 2014a, b).

Five PAD isozymes (PAD1–PAD4 and PAD6) have been described in humans. 
These isozymes are highly conserved, with 50–55% amino acid sequence identity. 
They show tissue-specific expression and citrullinate various substrate proteins. 
PAD1 is found in the skin epidermis and citrullinates keratins and filaggrins (Guerrin 
et al. 2003). PAD2 is found in several tissues, including the brain and muscles, and 
citrullinates myelin basic protein (Ishigami et al. 2002). PAD3 is found in hair 
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follicles and citrullinates trichohyalin and S100A3 protein (Kizawa et  al. 2008; 
Kanno et al. 2000). PAD4 is found in granulocytes, monocytes, and macrophages 
and citrullinates histones H1, H2A, H3, and H4 and nucleophosmin/B23 (Liu et al. 
2011; Nakashima et  al. 1999; Vossenaar et  al. 2004; Christophorou et  al. 2014; 
Dwivedi et al. 2014). PAD6 is present in embryonic stem cells and oocytes (Chavanas 
et al. 2004); however, it appears to be a pseudo-enzyme with no detectable catalytic 
activity (Taki et al. 2011). Although several protein substrates of human PAD iso-
zymes have been identified, citrullination sites in natural substrate proteins do not 
generally share a specific consensus motif. This suggests that PAD isozymes use 
highly complex mechanism(s) to selectively recognize arginines to be modified in 
natural substrate proteins.

The first high-resolution structure of PAD was reported in 2004 (Arita et al. 2004). 
Professor M.  Sato and coworkers obtained an X-ray crystal structure of human 
PAD4. Analysis of the X-ray crystal structure showed that PAD4 has five Ca2+-
binding sites and that its active site undergoes a conformational change after binding 
of Ca2+ ions. Professor M.  Sato and coworkers also determined the structures of 
PAD4 complexed with histone N-terminal peptides (Arita et al. 2006), which pro-
vided important structural information regarding mechanisms underlying its cataly-
sis and substrate recognition. In 2015, Professor P.  R. Thompson and coworkers 
reported the structure of human PAD2 (Slade et al. 2015). Because the number of 
Ca2+-binding sites is different between PAD2 and PAD4, they suggested the presence 
of a Ca2+-dependent molecular switch mechanism. Recently, we determined the 
structure of PAD1 (Saijo et al. 2016). Structural analysis of PAD1 indicated that it 
has an extended N-terminal tail and that it exists as a monomer. In contrast, PAD2 
and PAD4 form head-to-tail dimers. The structure of PAD from periodontal patho-
gen Porphyromonas gingivalis (PPAD) has also been determined (Montgomery et al. 
2016; Goulas et al. 2015). Structures of PAD isozymes provide novel insights into 
their functions, reaction mechanisms, and substrate selectivity and can help in 
designing PAD isozyme-specific inhibitors. In this review, we discuss the structures 
and functions of PAD isozymes.

3.2  PAD Isozymes: Similarities and Differences

3.2.1  Overall Folds

Human PAD isozymes share a common overall structure that is reminiscent of a 
rubber boot (Fig.  3.1a) (Arita et  al. 2004). This structure is divided into two 
domains, i.e., N- and C-terminal domains. The N-terminal domain is further divided 
into two immunoglobulin (Ig)-like domains (IgG1 and IgG2 domains). The 
C-terminal domain consists of five ββαβ modules that form an α/β propeller motif 
(Humm et al. 1997). This domain contains the active site of the enzyme (therefore, 
we have referred to this domain as catalytic domain [CD] hereafter). The amino 
acid sequence of the C-terminal CD is well conserved, and the known 3D structures 
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of the CDs of the three human PAD isozymes for which structures are known, i.e., 
PAD1, PAD2, and PAD4, are well superimposed (Saijo et al. 2016). However, the 
N-terminal domains of these isozymes show lower sequence similarity, and the 3D 
structures of the N-terminal IgG1 and IgG2 domains of these three PAD isozymes 
show significant structural variation (Saijo et al. 2016). The N-terminal IgG1 and 
IgG2 domains are proposed to be important for protein–protein interaction and sub-
strate selection (Arita et al. 2004; Saijo et al. 2016; Fuhrmann et al. 2015).

PAD2 and PAD4 form head-to-tail homodimers (Fig. 3.1b), whereas PAD1 exists 
as a monomer (Arita et al. 2004; Slade et al. 2015; Saijo et al. 2016). PAD3 also 
forms a homodimer similar to PAD2 and PAD4 (Saijo et al. 2016). Analysis of the 
dimeric structure of PAD isozymes indicates that both active site cavities are located 
on the same face of the dimer structure and are separated by a distance of ~65 Å 
(Fuhrmann et al. 2015). Dimerization of PAD4 is suggested to be crucial to its cata-
lytic activity, and disruption of the dimerization surface decreases the catalytic 
activity of PAD4 (Liu et al. 2011; Arita et al. 2004). PAD1 has broad substrate speci-
ficity compared with other PAD isozymes. The monomeric form of PAD1 seems to 
be structurally less constrained than the dimeric structures of other PAD isozymes. 

Top view

Side view

IgG1
IgG2

CD

Ca1

Ca2

Ca3
Ca4N

(A)

(B)

(C)
CD

Ig-like domain

Fig. 3.1 Overall structures 
of human PAD isozymes. 
(a) PAD1 (PDB ID; 5HP5) 
as a representative of the 
common PAD fold and 
Ca2+-binding sites 
(orange). (b) Structure of 
PAD4 dimer (PDB ID; 
1WD8), which is similar to 
PAD2 dimer. (c) Overall 
structure of PPAD and the 
substrate (yellow) (PDB 
ID; 4YTG)
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The flexible PAD1 molecule might confer its tolerant substrate specificity. Arg8 of 
human PAD4, a key amino acid residue that is suggested to stabilize the homodi-
meric structure of PAD4 (Liu et al. 2011), is conserved in human PAD2 and PAD3 
but is substituted by glutamine in human PAD1. This substitution might disrupt the 
formation of a PAD1 dimer. Relatively low stability of dimeric PAD4 (Kd = ~500 nM) 
and conserved activity of its dissociated monomeric mutant protein (25% for R8E/
D547E) (Liu et al. 2011) suggest that some portion of dimeric PAD isozymes exist 
as monomers depending on the cellular microenvironmental condition (Saijo et al. 
2016; Fuhrmann et al. 2015).

PPAD has four domains, namely, an N-terminal signal peptide domain, CD 
domain, Ig-like domain, and C-terminal domain (Montgomery et al. 2016). Deletion 
of the N-terminal signal peptide and the C-terminal domain is tolerated and results 
in highly soluble enzyme with significantly increased catalytic activity. The trun-
cated form was successfully crystallized and its high-resolution structure was deter-
mined. Structural analysis of PPAD indicates that its CD and Ig-like domains are 
tightly packed (Fig. 3.1c).

3.2.2  Structures and the Functions of the Catalytic Domains

The CDs of human PADs share a common 3D structure. Moreover, these domains 
are flexible in the absence of Ca2+ binding and form active sites after binding of Ca2+ 
ions (Arita et al. 2004; Slade et al. 2015; Saijo et al. 2016). Cys645 (PAD4 number-
ing), present in the active site pocket, plays a critical role in nucleophilic catalysis 
(Fig. 3.2a). Structural analysis of PAD4 (C645A mutant) complexed with a syn-
thetic substrate benzoyl-l-arginine amide (BAA) indicates the presence of an inter-
esting binding mode in which hydrophobic Trp347 and Val469 form a hydrophobic 
wall for the substrate arginine (Arita et al. 2004). Trp347 may be an important resi-
due because substitution of this residue (Trp348  in PAD2) by alanine in PAD2 
decreases kcat/KM by 16,500-fold (Slade et  al. 2015). Asp350 and Asp473 form 
hydrogen bonds with the side-chain nitrogen atoms of substrate arginine. Another 
catalytic residue, i.e., His471, is located near these residues to form the active site. 
His471 is important for the protonation of ammonia leaving group and subsequent 
activation of incoming water (Kearney et al. 2005; Knuckley et al. 2007, 2010a). 
Hydrogen bonding occurs between two main-chain peptide oxygen atoms (O1 and 
O2) of substrate and Arg374 as well as between N2 atom of substrate and main- 
chain carbonyl O of Arg639 (Fig. 3.2a). These residues of PAD4 are commonly 
involved in BAA binding as well as in the binding of peptides mimicking the 
N-termini of histones H3 and H4 (Arita et al. 2006).

Structural analysis of PAD4 complexed with histone peptides indicates that sub-
strate recognition by PAD4 is mainly mediated by interactions with the substrate 
peptide backbone (Arita et al. 2006). In addition to BAA-binding residues, Gln346 
and Trp347 form hydrogen bonds with the main-chain carbonyl O of histone pep-
tides. Further, the main chain of Val469 binds to histone peptides. These residues, 
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Asp350BA
Arg374

Asp473
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Val469 His471
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Arg639

human PAD4

Asp350

Arg372

Arg374

Asp473
Asn588
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(BAA)

PPAD

Arg154

Arg152

Asp130

Asp238

Asn297

substrate

Trp347

Gln346
N

N-2

(A)

90°
BA

Arg374

Asp350

Asp473

Trp347

Val469

Cys645
(Ala)

Ca1
Arg639

(B)

substrate-mimic

Tyr233

Michaelis-loop
Cys351

(C)

(D)

Fig. 3.2 Structure of the catalytic domain of human PAD isozymes. (a) Magnified view of the 
substrate-binding pocket in human PAD4. Left and right panels are viewed from two directions. 
Important residues are shown. In this structure (PDB ID; 1WDA), Cys645 is replaced by alanine 
to obtain the substrate complex. (b) PAD4 (cyan-based chain) in complex with histone H3 peptide 
(green-based chain) (PDB ID; 2DEW). (c) Comparison of the active sites between PPAD (top, 
PDB ID; 4YTG) and human PAD4 (bottom). Carbon atoms are colored with yellow for the sub-
strates and green for proteins. Nitrogens and oxygens are colored with blue and red, respectively, 
and sulfur is colored with ocher. (d) Magnified view of the active site of PPAD (PDB ID; 4YTB). 
The red spheres are amino acids consisting of Michaelis loop
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except Gln346, are conserved in PAD1, PAD2, and PAD3. Gln346, seen in PAD4, 
is substituted by arginine in PAD1, PAD2, and PAD3 at the corresponding position 
(as determined by comparing the primary structures of these isozymes). This 
 difference may be related to substrate specificity. Structural analysis of human 
PAD4 complexed with histone N-terminal peptides showed that the substrate had a 
locally induced β-turn-like bent conformation (Fig. 3.2b). Detailed analysis of the 
substrate- binding region of PAD4 suggested that the side chain at two residues 
before the position of the target arginine should be small (Arita et al. 2006). Also, 
the highly similar structures of CDs of the three known isozymes, PAD1, PAD2, and 
PAD4, suggest that substrate specificity of these enzymes is determined by both the 
structure of their CDs and N-terminal Ig-like domain, as proposed earlier (Arita 
et al. 2004; Saijo et al. 2016).

The CD of PPAD has an α/β propeller structure consists of five ββαβ modules, 
which is similar to the CDs of human PADs and other guanidino-group-modifying 
enzymes (GMEs) (Goulas et al. 2015). Catalytic cysteine and histidine residues, as 
well as two aspartate residues interacting with the guanidinium group of substrate 
arginine residue, are conserved among PPAD and human PADs (Goulas et al. 2015). 
In addition, two arginine residues that bind to the main chain of the substrate are 
conserved in PPAD and human PADs (Arita et al. 2004, 2006; Goulas et al. 2015). 
Interestingly, Asn297 of PPAD is important for catalysis (Fig. 3.2c). Residues cor-
responding this residue are conserved in human PADs (Asn588 in PAD1, Asn590 in 
PAD2, Asn589  in PAD3, and Asn588  in PAD4) and in citrullinating GMEs. 
Interestingly, PAD6, which does not show any catalytic activity in vitro, lacks this 
crucial asparagine residue (Arg619  in human PAD6 exists at the corresponding 
position when the primary structures are aligned). PPAD citrullinates free l- arginine 
residues, but mammalian PADs do not (Gyorgy et al. 2006; Abdullah et al. 2013). 
The propeller shaft of PPAD is solid and has a shallow cavity compared with that of 
human PADs; this may be because PPAD binds to the C-terminal region of sub-
strates. This structural feature is common among arginine deiminases. The active 
site pocket of PPAD, which contains a Michaelis loop, including a bulky tyrosine 
residue, prevents binding of the C-terminally extended substrates (Fig.  3.2d). 
Furthermore, Arg152 and Arg154 in PPAD forms ionic bonds with the free carboxyl 
group of a C-terminal arginine of substrates; therefore, an internal arginine would 
not be catalyzed by PPAD (Montgomery et al. 2016). PPAD also works along with 
an arginine-specific protease arginine gingipain to generate C-terminally citrulli-
nated peptides (McGraw et al. 1999; Wegner et al. 2010).

3.2.3  Ca2+-Binding Sites and Functions

PPAD citrullinates target proteins in a Ca2+-independent manner, whereas human 
PADs citrullinate target proteins in a Ca2+-dependent manner. To obtain insights on 
Ca2+-dependent citrullination catalyzed by human PADs, structures of Ca2+-bound 
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human PAD1, PAD2, and PAD4 were determined. Recently, we found four Ca2+-
binding sites in human PAD1 (Saijo et al. 2016) (Fig. 3.3a). By contrast, PAD4 has 
five Ca2+-binding sites (Arita et al. 2004) (Fig. 3.3b), of which two sites, i.e., Ca1 
and Ca2, are present in the CD. The remaining three Ca2+-binding sites, namely, 
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Asp125

Glu131

Asp123

Ca5

PAD2

Cys647

Arg347

Ca2

substrate binding site
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(main chain)

Glu170
(main chain)

Ca5

Ca3

PAD4

Ca1

Ca2

Ca3

Ca4

Asp390

Pro390
(main chain)

Asp157

Asp155

Asp165

Asn153
Asp176
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Ca3

Ca4
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(main chain)

Ca2
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Leu412
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(B)

(C) (D)

Fig. 3.3 Ca2+-binding sites and their close-up view. (a) PAD1 contains four Ca2+-binding sites 
(Ca1–Ca4) (PDB ID; 5HP5). (b) PAD4 contains five Ca2+-binding sites (PDB ID; 1WDA). A cyan 
ball represents Ca2+ at Ca5. (c) PAD2 (F221/222A) contains six Ca2+-binding sites (PDB ID; 
4N2C). A green ball represents Ca2+ at Ca6. (d) Upon Ca2+ binding, Arg347 moves to open the 
space for the substrate
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Ca3, Ca4, and Ca5, are present in the N-terminal Ig-like domain. Ca2+-binding 
induces the formation of the active site and promotes large conformational changes 
in the N-terminal Ig-like domain.

Because a neighboring subunit in the crystal lattice prevented Ca2+-binding at 
Ca2, the reported holoenzyme structure of PAD2 was determined by analyzing 
F221/222A double mutant. PAD2 has an additional Ca2+-binding site (Ca6) beside 
Ca1–Ca5, and this site is suggested to have the highest affinity (Fig. 3.3c) (Slade 
et al. 2015). This binding site probably exists only in PAD2 because residues pres-
ent in this site are not conserved in other PAD isozymes (Saijo et  al. 2016). 
Structural analysis of human PAD2 indicates the binding order by Ca2+ titrations. 
The Ca1 site of PAD2 has the second-highest affinity. Moreover, the Ca3–Ca5 sites 
of PAD2 do not show electron density until the concentration of Ca2+ is >100 μM 
(Slade et al. 2015). Calcium titrations by X-ray crystallography yielded Hill coef-
ficients ranging from 3.3 to 3.8 indicating strong cooperativity. Ca2+ binding at the 
Ca3–Ca5 sites may promote Ca2+ binding at the Ca2 site, which subsequently 
causes the movement of Arg347 out of and Cys647 into the active site pocket 
(Fig. 3.3d). Arg347 shields the active site in Ca2+-free PAD2. These findings and 
the results of biochemical, biophysical, and mutational studies led the authors to 
propose the “calcium switch” mechanism. The enzyme first binds Ca2+ at Ca6 and 
Ca1 sites then at the Ca3–Ca5 sites. The latter binding induces Ca2+ binding at the 
Ca2 site, which induces active site formation. The Ca2–Ca5 sites act as a calcium 
switch to regulate the overall activity of PAD2 and possibly of other PAD isozymes 
(Slade et al. 2015).

In human PAD1, the site corresponding to Ca5 showed no electron density even 
though the structure of PAD1 was obtained in the presence of 200  mM Ca2+. 
Sequence comparisons with known structures of PAD1, PAD2, and PAD4 sug-
gested that PAD1 may bind Ca2+ at the Ca5 site. However, superposition of the 3D 
structures of human PAD1 and PAD4 indicates that the residue corresponding to 
aspartate, which coordinates with Ca2+ at the Ca5 site of PAD4, has been substi-
tuted by histidine and its side chain was placed to the opposite side in PAD1 (Saijo 
et al. 2016). It is unclear as to why the number of Ca2+-binding sites is different 
among PAD isozymes. This may be related to their physiological roles. For instance, 
different PAD isozymes modify substrate proteins at multiple sites. Therefore, cel-
lular Ca2+ concentration may be a key factor that regulates the catalytic activity of 
each PAD isozyme.

3.2.4  Structures and the Functions of N-Terminal Ig-Like 
Domain

The C-terminal CDs of human PADs are very similar to each other, but their 
N-terminal Ig-like domains show structural variation. The N-terminal Ig-like 
domain is subdivided into IgG1 and IgG2 domains. The IgG1 domain of PAD2 and 
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PAD4 contains nine β-strands, whereas that of human PAD1 lacks the first β-strand 
but contains a flexible tail structure (Fig. 3.4) (Saijo et al. 2016). This elongated 
N-terminal tail of human PAD1 prevents it from forming a stable homodimer simi-
lar to that formed by human PAD2 and PAD4. Although the role of the extended 
N-terminal tail of human PAD1 is unclear, its functional role can be elucidated 
based on the role of a corresponding region of PAD6 that contains Ser10 and that 
undergoes phosphorylation. Although it is unclear whether PAD1 undergoes phos-
phorylation, the flexibility of this region may allow PAD1 to undergo modification 
or protein interaction.

The β5 strand of the IgG1 domain shows the highest variation among different 
PAD isozymes. The β-strand of PAD1 is twisted and faces a different direction com-
pared with the β-strand of PAD2 and PAD4. The following loop has not been 
observed in the human PAD4 structure (Arita et al. 2004, 2006). In human PAD4, 
this region contains a nuclear localization signal. Functional variants of the gene 
encoding PAD4 in Japanese rheumatoid arthritis (RA) population are present in the 
region encoding the IgG1 domain which is located away from the CD, implying the 
importance of the IgG1 domain. The loop connecting β5 and β6 strands is present in 
both PAD1 and PAD2; however, the conformation of this loop is different in PAD1 
and PAD2. This variation in the loop structure suggests its flexibility in PAD 
isozymes.

The IgG2 domain connects IgG1 to the CD. This domain contains ten β-strands 
and four short α-helices. IgG2 domain of PAD1 contains at least two Ca2+-binding 
sites, that of PAD2 contains four Ca2+-binding sites, and that of PAD4 contains three 
Ca2+-binding sites. The difference in the number of Ca2+-binding sites results in 
structural differences among the three PAD isozymes. Binding of Ca2+ to this 
domain is suggested to induce structural changes in the Ca2 site through a loop, 
which promotes the binding of Ca2+ to this site (Slade et al. 2015). Therefore, this 
domain may be indispensable for the functions of PAD isozymes.

The Ig-like domain of PPAD has a β-sandwich motif like human PADs. However, 
this domain in PPAD is C-terminal to the CD and is structurally different from 
human PADs. Further, intermolecular interactions in PPAD are distinct from that in 
human PADs. Moreover, CD and Ig-like domains of PPAD are tightly packed 
(Fig. 3.1c).

~ 90°

PAD1
PAD4

N N

(A) (B)Fig. 3.4 Flexible 
N-terminal tail of PAD1. 
Superpositions of the IgG1 
domains of PAD1 (cyan) 
and PAD4 (magenta) are 
shown. The direction is 
different between (a) and 
(b) by ~90°
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3.3  Application of PAD Structures for Drug Design

Human PAD isozymes are associated with some pathologies, including psoriasis 
(PAD1), multiple sclerosis (PAD2), neurodegeneration (PAD3), and RA and tumor-
igenesis (PAD4) (Bicker and Thompson 2013; Stadler et al. 2013; Ishida-Yamamoto 
et al. 2000; Wood et al. 1996; Bhattacharya et al. 2006; Chang et al. 2009; Suzuki 
et al. 2003; Mohlake and Whiteley 2010; Jang et al. 2013; Lange et al. 2011). To 
understand molecular mechanisms and biological roles of each PAD isozyme and to 
develop drugs for treating the above diseases, it is important to develop isozyme- 
specific inhibitors. Potent and selective peptidic inhibitors have been identified; 
however, these peptidic agents are easily degraded in living cells and their sizes are 
large, thus limiting their application in animal cells (Knuckley et al. 2008, 2010b; 
Slack et al. 2011; Jones et al. 2012).

Cl-amidine is the most advanced and irreversible PAD inhibitor (Luo et al. 2006; 
Jamali et al. 2015). The use of this inhibitor has increased our understanding of the 
biological roles of PAD isozymes in different diseases. However, Cl-amidine shows 
modest isozyme selectivity. By continuous effort to develop bioavailable inhibitors, 
tetrazole analogs of Cl-amidine showed highly potent inhibitory activity with 
selectivity toward particular isozymes. Biphenyl tetrazole tert-butyl Cl-amidine 
(BB-Cl- amidine) exhibited enhanced cell killing in PAD4 expressing osteosarcoma 
bone marrow cell line and was able to block the formation neutrophil extracellular 
traps (Subramanian et al. 2015). In addition, a non-peptidic PAD3-selective inhibi-
tor was developed by screening a guanidine substrate library (Jamali et al. 2015). 
Allosteric activation has been proposed based on the structural analysis of PAD2 
(Slade et al. 2015). Based on structural insights on the Ca2+ switch, it should be 
possible to develop an allosteric inhibitor as was recently described for PAD4 
(Lewis et al. 2015). Knowledge of the molecular structures of PAD isozymes will 
undoubtedly aid the rational design of new PAD isozyme-selective drugs with 
improved potency and bioavailability (Teo et al. 2012).

Periodontitis is a risk factor of RA. Sequence homology between PPAD and 
human PADs is limited to key residues in active sites. Therefore, a 3D structure is 
distinctly different from that of human PAD isozymes. Analysis of the structure of 
PPAD is crucial to understand its reaction mechanism by comparing with human 
PADs and to develop PPAD-specific inhibitors as a prophylactic drug for RA.

3.4  Conclusions

Recent protein X-ray crystallographic studies combined with small-angle X-ray scat-
tering analyses substantially clarified the tertiary and quaternary structures of PAD 
isozymes. PAD1 exists as a monomer in solution, while PAD3 forms a homodimer 
similar to PAD2 and PAD4 (Saijo et al. 2016). PAD isozymes show different sub-
strate specificity for peptidylarginine-harboring peptides (Bhattacharya et al. 2006; 
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Suzuki et al. 2003). The degree of tolerance is different between partial peptides and 
an intact molecule of S100A3, whose structure has been determined previously 
(Kizawa et al. 2008, 2014; Unno et al. 2011). Our results imply that the monomeric 
structure of PAD1 is advantageous for its tolerant substrate specificity. These results 
offer substantial insights on the structures and functions of PAD isozymes. However, 
it is unclear whether PAD2, PAD3, PAD4, and PAD6 always form a homodimer and 
PAD1 may be capable of undergoing dimerization. We cannot exclude the possibility 
that unknown posttranslational modifications or some cellular conditions may force 
these isozymes to form monomers. Alternatively, other protein ligands may bind to 
regulatory site(s) on PAD isozymes and may act as chaperones to activate or inacti-
vate these enzymes. Thus, regulation of catalytic activities of PAD isozymes and net 
regulation of naturally occurring citrullination in vivo may be more complex than 
postulated previously. Future studies should be performed by paying attention to 
intermolecular interactions that activate these enzymes and mutual recognition 
mechanisms between intact substrate proteins and PAD isozymes. Studies elucidat-
ing differences in molecular mechanisms underlying substrate recognition by PAD 
isozymes are ongoing.
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Chapter 4
The Use of Genetically Engineered Mice  
to Study PAD Biology and Pathology

Chinatsu Mukai, Brooke A. Marks, and Scott A. Coonrod

4.1  Introduction

Peptidylarginine deiminases (PADs or PADIs) are a family of calcium-dependent 
enzymes that post-translationally convert positively charged arginine residues to 
neutrally charged citrulline in a process called citrullination or deimination. There 
are five PAD family members (PAD1–PAD4 and PAD6). PAD genes arose by dupli-
cation and are clustered within a ~300-kb region on chromosome 1p36 in humans 
and within a ~230-kb region on chromosome 4  in mice. In both species PAD1, 
PAD3, PAD4, and PAD6 are grouped closely together and are oriented in the same 
direction, while PAD2 is set apart from the other PADs by at least 60 kb and is ori-
ented in the opposite direction (Vossenaar et al. 2003). PAD isozymes are expressed 
in a range of tissues in mammals, with PAD2 being broadly expressed in numerous 
tissues, while PAD4 is highly represented in immune cells. PAD6 expression, on the 
other hand, is primarily limited to oocytes and early embryos, whereas PAD1 and 
PAD3 appear to be mainly expressed in the epidermis. While still coming to light, 
functional roles for PADs in mammalian physiology and pathology are diverse and 
include cellular differentiation, nerve growth, apoptosis, inflammation, gene regula-
tion, and early embryonic development. Over the last several years, investigators 
have generated genetically engineered mice (GEM) for PAD2, PAD3, PAD4, and 
PAD6 to investigate the functions of these unique enzymes at the organismal level. 
Outcomes from these studies are highlighted in Fig. 4.1, and the goal of this chapter 
is to provide a broad summary of findings obtained from these animals.
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4.2  PAD2

PAD2 appears to be the most broadly expressed of the PADs, with its expression in 
humans being reported in muscles, nervous tissue, skin, immune cells, and secre-
tory epithelia (including the mammary gland, uterus, and salivary glands) (Horibata 
et al. 2012). Most of the earlier reports on PAD2, however, focused on its role in 
citrullinating myelin basic protein (MBP) during the inflammatory phase of multi-
ple sclerosis (MS) (Akiyama et al. 1999). To determine the extent to which PAD2- 
mediated protein citrullination contributes to this process, Raijmakers et al. tested 
the effects of PAD2 deletion on induced experimental autoimmune encephalomyeli-
tis (EAE) in mice (Raijmakers et al. 2006). These mice were generated by disrupt-
ing a 164-bp region of exon 1 using a targeting vector which was derived from the 
Lambda KOS system (Raijmakers et al. 2006). The investigators first validated the 
knockout and demonstrated that PAD2 protein was lost in the brain and spinal cord 
of the null mice. While not shown, the investigators also noted that the expression 
levels of PAD1, PAD3, and PAD4 were not affected by PAD2 deletion. They then 
tested the effects of loss of PAD2 on EAE and found that, while PAD2 is required 
for citrullination in nervous tissue, PAD2 does not appear to be required for experi-
mentally induced EAE. Importantly, PAD2 deletion also did not appear to affect 
brain or spinal cord development, suggesting that, while PAD2 is abundantly 
expressed in the nervous system, it is not required for normal function in these tis-
sues (Raijmakers et al. 2006). These studies support the hypothesis that while PAD2 
is the main PAD isozyme that is responsible for citrullination in the CNS in both 
healthy and EAE mice, this activity does not play a critical role in experimentally 
induced EAE. In a separate study using the same PAD2-null mouse line, 

Fig. 4.1 Specific physiological and pathological functions that have been given to PAD isozymes 
based on outcomes from studies using genetically engineered mice
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investigators demonstrated that deimination is seen in isolated myelin of PAD2 
knockout mice and predict that this citrullination activity may actually be catalyzed 
by PAD4 (Wood et al. 2008).

In another study aimed at investigating the role of PAD2-mediated citrullination 
of MBP in MS, Musse et al. (2008) developed a mouse line that contained multiple 
copies of rat PAD2 cDNA under the control of the MBP promoter. Following vali-
dation of transgene overexpression in the CNS, the investigators documented clini-
cal disease development over a 6-month period following birth. They found that 
clinical signs of demyelinating disease occurred at a younger age in PAD2- 
overexpressing mice when compared to controls. The investigators then tested 
whether the symptoms were caused by increased PAD2 activity in the brain. They 
found that PAD2 protein levels were elevated in the white matter of the PAD2- 
overexpressing mice and that citrullination of MBP was increased at these sites as 
well. Additionally, the investigators found that subtle changes in axon and myelin 
thickness were seen in the PAD2-overexpressing mice. Interestingly, PAD4 mRNA 
levels were found to be increased by fourfold in PAD2 heterozygous mice and a 
further fivefold in PAD2 homozygous mice. The investigators also reported that 
histone citrullination and nuclear PAD4 were significantly elevated in the PAD2- 
overexpressing mice, as were tumor necrosis factor alpha (TNFα) levels (Musse 
et al. 2008). Taken together, these findings suggest that PAD2 may play a role in 
myelin destabilization during MS progression and also raise the possibility that 
PAD2 cooperates with PAD4 to mediate this activity.

PAD2 and PAD4 are often found to be co-expressed in specific cell types, par-
ticularly immune cells, and both of these PADs are implicated in various patholo-
gies including inflammation, autoimmune disease, and cancer. In order to begin to 
tease out specific functions for these two family members, a recent study made use 
of PAD2 and PAD4 mutant mice to investigate the expression and activity of these 
isozymes in various murine tissues (van Beers et al. 2013). In this particular study, 
the PAD4 mutant line was generated via insertional mutagenesis, which resulted in 
the insertion of a 156-bp cassette in intron 1 of the PAD4 gene. Subsequent PCR and 
Western blot analysis found that this mutant line was actually a partial knockout, 
and these mice retained a low level of PAD4 protein (van Beers et al. 2013). The 
PAD2-null mice used in this study were the same line as that used by Raijmakers 
et al. and were true knockouts. The investigators went on to document citrullination 
levels in these mutant mice in various tissues (including the brain, lung, spleen, etc.) 
using an antibody-based assay for PAD activity (ABAP) and an anti-modified citrul-
line antibody. Results show that PAD activity was virtually absent in a range of tis-
sues from PAD2-null mice while PAD activity in the PAD4-low mice was similar to 
that of controls. The investigators then measured PAD activity in peripheral blood 
mononuclear cells and in polymorphonuclear leukocytes and found that loss of 
PAD2 only moderately affected citrullination levels in immune cells. These results 
suggest that the contribution of PAD2 to overall PAD activity in white blood cells is 
not as pronounced as that seen in other tissues. Interestingly, these investigators also 
found that PAD6 levels were increased PAD2-null and PAD4-low mouse tissue. 
This surprising result raises the possibility that PAD6 (which is normally expressed 
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in oocytes and early embryos) may compensate for the loss of other PADs in somatic 
tissues. This prediction does not seem likely, however, since PAD6 does not appear 
to be catalytically active (Taki et al. 2011).

Similar to PAD4, PAD2 has been documented to be expressed in T cells (Ferrari- 
Lacraz et al. 2012), neutrophils (Darrah et al. 2012), and macrophages (Vossenaar 
et al. 2004). While the role of PAD4 in immunological processes such as inflamma-
tion and autoimmune disease has received most of the attention, PAD2 has also been 
implicated in these processes (Foulquier et al. 2007; Damgaard et al. 2015). In order 
to more directly investigate and compare the roles of PAD2 and PAD4 in inflamma-
tion, a recent study investigated the effect of PAD2 or PAD4 deletion on inflamma-
tion using a TNF-overexpressing mouse model of inflammatory arthritis (Bawadekar 
et al. 2017). For the study, the investigators crossed TNF-overexpressing mice with 
either PAD2- or PAD4-null lines and then investigated the effects of PAD deletion on 
citrullination and ankle joint inflammation. The PAD2- and PAD4-null mouse lines 
used for this study were generated by other groups (Raijmakers et al. 2006; Li et al. 
2010), and both appear to be complete knockouts. Surprisingly, results show that 
PAD2, but not PAD4, is required for gross protein citrullination in the inflamed 
arthritic joints of these mice. Further, they found that PAD2 is required for maximal 
severity of TNF-induced arthritis in their mouse model. PAD4 has previously been 
found to be required for neutrophil extracellular trap (NET) production via its role in 
histone citrullination (Li et al. 2010; Wang et al. 2009). Given the previously estab-
lished links between NETs and inflammation, the investigators tested to see if PAD2 
might also be required for NET production (note: a more detailed discussion on 
NETs is found in Sect. 4.4 below). Results show that, while the PAD4-null mice 
could not produce NETs, production of this inflammation-promoting structure was 
not affected by PAD2 deletion. Taken together, these studies provide the most direct 
evidence that PAD2 contributes to inflammatory arthritis. Additionally, these findings 
suggest that NETs may not be the main source of citrullinated proteins in arthritic 
mice and raise the possibility that PAD4’s role in inflammation may be something 
other than direct citrullination of antigens. Lastly, given the requirement of PAD2 for 
generating citrullinated proteins in this model system, these results suggest that 
PAD2 may play an even larger role in autoimmune diseases than previously expected.

In addition to nervous tissue and immune cells, PAD2 is also expressed in the 
skin. Previous reports have found that PAD1, PAD2, and PAD3 are expressed in the 
epidermis, with PAD2 expression being primarily found within the spinous and 
granular layers of the mouse epidermis (Ying et al. 2009). Interestingly, a recent 
analysis of the skin in PAD2-null mice found that loss of PAD2 does not appear to 
affect citrullination levels in the skin of mice, nor did PAD2 deletion appear to affect 
PAD1 and PAD3 levels in the epidermis (Coudane et al. 2011).

Over the last several years, we have been investigating the role of PAD2 in breast 
cancer using cell lines and mouse xenografts. In order to further investigate these 
links, we recently generated a FVB/N mouse that overexpressed human FLAG- 
PAD2 under control of the mammary tumor virus (MMTV) promoter (McElwee 
et al. 2014). Our results demonstrated that, similar to previous studies, MMTV drove 
the expression of PAD2 in a range of tissues including the mammary gland, salivary 
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gland, ovaries, and skin. Interestingly, we found that, while this mouse line did not 
develop overt signs of mammary cancer, ~40% of the transgenic mice developed skin 
lesions between 4 and 12 months, with a subset of these lesions progressing to squa-
mous cell carcinoma (SCC). At a more mechanistic level, we found that the expres-
sion of inflammatory markers such as IL6 and Cox2 was significantly increased in 
the skin of PAD2-overexpressing mice and also in PAD2-overexpressing SCC cell 
lines (McElwee et al. 2014). As noted earlier, previous studies have shown that, in 
some tissues, either deletion or overexpression of one PAD can alter the expression 
of other PADs. In our study, we found that the expression of PAD1–PAD4 appeared 
to be significantly dysregulated in several tissues in the PAD2- overexpressing mice. 
These results provided the first genetic evidence that PAD enzymes can function as 
oncogenes and also suggested that PAD2 may promote oncogenesis via its role as an 
inflammatory mediator. Given that PAD2 overexpression altered the expression of 
other PAD family members, we cannot rule out the possibility that some of the effects 
observed in our study were due to compensation by other PADs.

4.3  PAD3

As noted above, PAD3 appears to primarily be expressed in the epidermis and hair 
follicles. Recent studies have found that mutation of the PAD3 and TGM3 (trans-
glutaminase 3) genes in humans causes uncomfortable hair syndrome (UHS), also 
known as “spun hair glass syndrome” (Ü Basmanav et al. 2016). This rare disease 
is an anomaly of the hair shaft and is characterized by dry frizzy hair that is difficult 
to comb flat. The prediction that PAD3 mutations cause UHS in humans was sup-
ported by the investigators finding that deletion of PAD3 resulted in subtle altera-
tions in the hair shaft in these animals. Results showed that, while these mice were 
viable and had grossly normal skin, SEM analysis of their skin found that hair shafts 
from these mice were irregular, rough, and appeared as if “hammered” (Ü Basmanav 
et  al. 2016). The investigators then generated a mutant construct for cell culture 
studies and found that the putative causative mutation significantly reduced PAD3 
activity in vitro, suggesting that PAD3 activity was required for the observed defect. 
The investigators also noted that, while PAD3 is highly expressed in the hair follicle 
and upper epidermis, there was no observable phenotype in the epidermis of the null 
mice. While not tested, the investigators speculated that this might be due to com-
pensation by other PADs.

4.4  PAD4

Given PAD4’s close ties with rheumatoid arthritis (RA), which affects ~1% of the 
world’s population (Begovich et  al. 2004), this PAD family member has received 
most of the attention in the biomedical arena. Individuals with RA frequently have 
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autoantibodies to citrullinated peptides (van Gaalen et al. 2004) and several studies 
have identified PAD4 as a susceptibility locus for RA (Suzuki et  al. 2003). 
Additionally, as noted above, PAD4 has also been found to be involved in neutrophil 
extracellular trap (NET) production (Wang et al. 2009). These chromatin-based struc-
tures are released by neutrophils as part of the innate immune system to bind to and 
kill pathogens (Brinkmann and Zychlinsky 2012). Importantly, NETs have also been 
found to be a source of citrullinated autoantigens, which can promote RA symptoms 
(Khandpur et al. 2013). Aside from RA, dysregulated NET activity has been associ-
ated with a range of disease states, including vasculitis, atherosclerosis, and thrombo-
sis (Kaplan and Radic 2012). Recently, investigators have begun studying PAD4-null 
mouse lines to strengthen links between PAD4 and these disease states and also to 
investigate the mechanisms by which PAD4 modulates the immune system.

In one of the first reports using PAD4 knockout mice, Li et al. (2010) generated a 
PAD4-null line by deleting exon II from PAD4, thus causing premature termination of 
the PAD4 transcript. The investigators then confirmed that PAD4 protein was absent 
from neutrophils in these mice and found that, despite the loss of PAD4, the null mice 
were viable with no detectable gross physical abnormalities. The investigators then 
demonstrated that histone H3 citrullination was abolished in neutrophils from PAD4-
null mice and that these neutrophils were unable to undergo NET production follow-
ing stimulation with chemokines or bacteria. The investigators then utilized a mouse 
model of necrotizing fasciitis to demonstrate that PAD4-null mice are more suscepti-
ble to bacterial infection. The investigators concluded that this deficiency was likely 
due to a failure to produce NETs at the site of infection (Li et al. 2010). These impor-
tant studies provided the first genetic evidence that PAD4 is an important immune 
mediator that is required for NET-mediated antibacterial innate immunity.

A separate study by Hemmers et al. generated another PAD4 knockout line by 
introducing loxP sites that flanked exons 9 and 10 (which encode the active site of 
PAD4), and the site was removed by mating the mice with CMV-Cre deleter mice. 
Similar to the study by Li et al., the investigators found that histone citrullination 
and NET production was not detectable in PAD4-null neutrophils. These investiga-
tors also found that PAD4 deficiency in neutrophils does not impact leukocyte 
recruitment to the lungs of influenza-challenged mice. These results suggest that, 
while PAD4-mediated NET production plays an important role in antibacterial 
immunity, PAD4-mediated NET formation appears to be dispensable during viral 
infection (Hemmers et al. 2011).

A report by Rohrbach et al. used the PAD4 knockout line generated by Hemmers 
et  al. to test the requirement of PAD4 for autoimmune disease using a K/BxN 
autoantibody- mediated model of arthritis (Rohrbach et  al. 2012). In this model, 
autoantibody-containing serum from K/BxN mice (which spontaneously develop a 
progressive inflammatory joint disease) was injected into the peritoneum of wild- 
type or PAD4-null mice, to stimulate autoantibody-mediated arthritis. Results show 
that, similar to previous studies, PAD4 activity and NET formation was absent in 
neutrophils from PAD4-null mice. However, both wild-type and PAD4-null mice 
developed K/BxN-induced inflammatory arthritis, suggesting that PAD4 is dispens-
able for the effector phase of this disease (Rohrbach et al. 2012).
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TNFα is known to play a critical role in RA and, more generally, in inflammatory 
arthritis (Feldmann and Maini 2003). Additionally, TNFα can also induce the nuclear 
translocation of PAD4 , histone citrullination, and NET formation (Mastronardi et al. 
2006). It has also been shown that citrullinated proteins and anti- citrullinated protein 
antibodies (ACPAs) can induce TNFα production by macrophages (Sokolove et al. 
2011). Given these interconnections, investigators recently crossed TNFα-
overexpressing mice with wild-type and PAD4-null mice in order to test the hypoth-
esis that PAD4 may regulate TNFα-mediated autoantibody production and 
inflammatory arthritis (Shelef et al. 2014). Results showed that TNFα- overexpressing 
wild-type mice displayed increased levels of autoantibodies that were reactive against 
native and citrullinated antigens when compared to the TNFα- overexpressing PAD4-
null mice. Additionally, the TNFα-overexpressing PAD4-null mice also displayed 
reduced inflammation and arthritis when compared to TNFα- overexpressing wild-
type PAD4 mice. These results suggest that PAD4 mediates autoantibody production 
and inflammatory arthritis downstream of TNFα (Shelef et al. 2014). The important 
role that PAD4 plays in promoting inflammatory arthritis has also been supported by 
several recent studies showing that arthritis severity is significantly reduced in PAD4 
knockout mice using glucose-6-phosphate (Seri et  al. 2015) and collagen-induced 
(Suzuki et al. 2016) models of inflammation.

Given that PAD4-null mice do not produce NETs, these mice have also been uti-
lized to investigate the role of NETs in placentation disorders (Erpenbeck et al. 2016). 
Results from these studies found that overexpression of soluble fms-like tyrosine 
kinase (sFlt-1, which has been associated with abnormal placentation disorders dur-
ing early gestation) resulted in miscarriage and the accumulation of neutrophils and 
NETs in the placentas of wild-type PAD4 mice. However, neutrophil invasion, NET 
production, inflammation, and pregnancy losses were significantly abrogated in 
PAD4-null mice that overexpressed sFlt-1. The investigators then went on to show 
that neutrophil invasion and NET production was significantly higher in preeclamptic 
women compared to non-hypertensive controls (Erpenbeck et al. 2016). These find-
ings suggest that PAD4-specific inhibitors may have therapeutic potential for the 
treatment of preecplampsia in women.

NETs have recently been shown to be involved in thrombosis formation via their 
role in generating the thrombus scaffold and promoting coagulation (Martinod and 
Wagner 2014). To investigate the mechanism by which PAD4-mediated citrullina-
tion mediates this process, Martinod et al. recently tested the effects of PAD4 dele-
tion on thrombus formation using a mouse venous stenosis model of deep vein 
thrombosis. The study found that <10% of the PAD4-null mice produced a  thrombus, 
compared to 90% of wild-type mice which generated a thrombus. Interestingly, the 
investigators found that thrombosis could be rescued by infusion of wild-type neu-
trophils, suggesting that neutrophil PAD4 was sufficient for the observed effect. 
These results strongly suggests that NETs represent a crucial component of the 
thrombus scaffold (Martinod et al. 2013).

Acute myocardial infarction (AMI) is a major component of cardiovascular dis-
ease and is caused by intraluminal coronary thrombosis. AMI can be modeled in 
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mice using an ischemia and reperfusion (I/R) technique. To test whether PAD4- 
mediated citrullination may also play a role in this type of thrombosis, Savchenko 
et  al. examined the effect of I/R on thrombus production in PAD4-null mice 
(Savchenko et al. 2014). Results showed that the mice (which do not produce NETs) 
were significantly protected from I/R treatment. The study also found that PAD4 
deficiency reduced leukocyte recruitment to the infarcted myocardium and pre-
vented nuclear histone citrullination at this site (Savchenko et al. 2014).

Outcomes from these studies suggested that PAD4 inhibitors could have therapeu-
tic benefit for patients with thrombosis and ischemic/reperfusion injury. A follow- up 
study by Martinod et al. (Martinod et al. 2015) investigated the role of NETs in sep-
sis, with respect to the balance between their antimicrobial and cytotoxic actions 
(Martinod et al. 2015). Given that PAD4 is required for NET production and that 
NETs may have important antimicrobial capabilities, this study was carried out 
because there was concern that the therapeutic benefit of PAD4 inhibitors may be 
offset by the possibility that these inhibitors might promote sepsis. The investigators 
addressed this concern by inducing sepsis in PAD4 KO mice using cecal ligation and 
puncture. Results showed that survival was comparable between PAD4 KO and wild-
type mice. They also found that neutrophil functions involved in bacterial killing 
(other than NETosis) remained intact in the PAD4 KO mice. Outcomes from these 
studies suggested that preventing NET formation by PAD4 inhibition in inflamma-
tory or thrombotic diseases will not likely increase the patients risk for bacterial 
infections (Martinod et al. 2015).

In another study aimed at investigating antimicrobial effects of PAD4 and NETs, 
Kolaczkowska et al. found that, during bloodstream infection with S. aureus, most 
bacteria are sequestered within liver sinusoids by Kupffer cells and that this seques-
tration promotes ischemia and neutrophil infiltration into the area (Kolaczkowska 
et al. 2015). The investigators then found that the sequestered neutrophils release 
NETs (which contain high levels of neutrophil elastase) into the sinusoids and these 
NETs then become anchored to the endothelium by binding to von Willebrand factor 
(VWF). Next, the investigators showed that, while DNase is highly efficient at 
removing DNA from the NETs, elastase and histones (which are highly cytotoxic) 
remain associated with the NETs and likely promoted severe tissue damage. 
Importantly, however, the report shows that, inhibition of NET production, as mod-
eled by the PAD4-null mice, prevents collateral host tissue damage, suggesting that 
therapeutic PAD4 inhibitors are not likely to cause host tissue damage during infec-
tion (Kolaczkowska et al. 2015).

4.5  PAD6

PAD6 expression is primarily limited to mammalian oocytes and early embryos and 
was first cloned and characterized because of its high expression levels in mouse 
eggs (Wright et al. 2003). In order to study the function of PAD6, we investigated 
the effects of PAD6 deletion (using a somatic knockout) on fertility and 
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development. We found that, while PAD6-null males were fertile, PAD6-null 
females were sterile (Esposito et al. 2007). Further analysis found that oocytes from 
these females could be fertilized at normal rates; however, the resulting embryos 
underwent developmental arrest at the two-cell stage (Esposito et al. 2007). This 
result indicated that PAD6 functions as a maternal effect gene. We then went on to 
investigate the potential mechanisms that caused the developmental arrest and found 
that the PAD-null embryos appeared to have defects in their ribosomal machinery 
leading to defective protein synthesis and a failure to undergo embryonic genome 
activation (Yurttas et al. 2008). Additionally, EM analysis of the null oocytes and 
early embryos found that PAD6 is required for the formation of an abundant cyto-
skeletal structure known as the cytoplasmic lattices (Esposito et al. 2007). We also 
found that microtubule dynamics were defective in the PAD6-null oocytes and that 
these oocytes could not properly reposition mitochondria and endoplasmic reticu-
lum during oocyte maturation (Kan et al. 2011). Taken together, results from our 
PAD6 knockout studies suggested that PAD6 is a component of a large supramo-
lecular complex (i.e., the lattices) and that this microtubule-based complex plays a 
critical role in protein synthesis and organelle positioning in the oocyte and early 
embryo. The precise mechanism by which PAD6 regulates cytoplasmic lattice 
assembly and function remains unclear. As opposed to the other PADs, PAD6 does 
not appear to be catalytically active (Taki et al. 2011). Therefore, it seems likely the 
role of PAD6 in these processes is structural. Given the strong association between 
PADs and histone citrullination, we have also tested whether histone citrullination 
may play a role in early development. Results showed that the pan-PAD inhibitor, 
Cl-amidine, suppresses histone H3 and H4 tail citrullination and, similar to that seen 
in PAD6- null oocytes, potently suppresses early cleavage divisions (Kan et al. 2012). 
We then investigated histone citrullination levels in PAD6- and PAD4-null oocytes 
and found that deletion of these two family members did not affect histone citrulli-
nation, suggesting that another PAD was likely catalyzing this activity in eggs and 
early embryos. We recently found that PAD1-specific inhibitors and morpholinos 
both suppressed histone citrullination and early-stage cleavage divisions, suggesting 
that PAD1 may play a critical role in early development via its role in histone citrul-
lination (Zhang et al. 2016).

While we have shown that PAD6 is expressed human oocytes, until recently, it 
has remained unclear as to whether PAD6 plays an important role in fertility in 
women. However, Xu et al. recently found that PAD6 mutations appear to be the 
cause of infertility in several women who have failed to become pregnant following 
multiple IVF and ICSI cycles (Xu et al. 2016). These mutations occurred within a 
consanguineous family affected by a homozygous premature nonsense mutation 
and also in two females with compound heterozygous mutations. Consistent with 
what we had found in our PAD6 knockout mice, their study also found that PAD6 
protein was absent from affected oocytes and that, following fertilization, all of the 
affected embryos arrested at the 2–4 cell stage due to embryonic genome activation 
failure (Xu et al. 2016). This finding was recently supported by another case report-
ing that a PAD6 mutation was the cause of infertility in a women that had unsuc-
cessfully undergone multiple rounds of ICSI only to have the resulting embryos 
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arrest at the two-cell stage (Maddirevula et al. 2017). Taken together, these findings 
suggest that PAD6 mutations may be a significant cause of infertility in women.

4.6  Conclusions

The critical role that PAD enzymes play in mammalian development, physiology, 
and pathology is now coming to light. Our new understanding of PAD biology has 
been significantly advanced in recent years, in part, through the use of genetically 
engineered mice. Outcomes from PAD4 knockout mice indicate that PAD4 is 
required for citrullination in immune cells and that this activity plays an important 
physiological role in innate immunity. These studies also demonstrate that dysregu-
lated PAD4 activity can lead to various pathologies. For example, the knockout 
studies have supported previous clinical findings that PAD4 activity plays a critical 
role in chronic inflammatory diseases such as rheumatoid arthritis. Additionally, 
these studies also highlight a novel and important role for PAD4 in thrombosis for-
mation via its role in NET production within the thrombus scaffold. Given the prev-
alence of autoimmune diseases and thrombotic disorders in society, it is 
understandable that there is currently considerable interest in developing PAD4- 
specific compounds and then testing the efficacy of these compounds in a clinical 
setting.

Outcomes from PAD2-overexpressing and knockout mice have also proved to be 
informative. Studies investigating the role of PAD2 in CNS function found that, 
while PAD2 activity appears to be the main driver of citrullination in this tissue in 
both healthy and in autoimmune encephalomyelitis, it does not appear to play a 
critical role in CNS development or in the development of experimental autoim-
mune encephalomyelitis. These findings indicate that the precise functional role of 
PAD2 within the CNS remains to be determined. With respect to immune cells, the 
observation that citrullination activity was only moderately reduced in immune cells 
from PAD2 knockout mice suggests that the overall contribution of PAD2 to immune 
cell function may be less than that of PAD4. Regarding the role of PAD2 in the skin, 
our finding that PAD2 overexpression in the skin promotes inflammation and tumor 
growth demonstrates, for the first time, that PADs can function as oncogenes. Given 
the fact that PAD activity is strongly associated with inflammatory events, our find-
ings also raise the possibility that PAD-mediated inflammation may promote the 
growth of a range of cancers.

A surprising outcome from the totality of PAD transgenic/knockout studies is the 
lack of a strong grossly observable phenotype in these lines. All of the PAD2, PAD3, 
and PAD4 mutant strains generated to date appear normal at the whole body level 
and are fertile. PAD6 mutant mice are also grossly normal; however, null females are 
infertile, due to an arrest at the two-cell stage of development. Given that, aside from 
PAD6, PADs are expressed in a broad range of tissues including the CNS, muscle 
tissue, exocrine glands, and immune cells, one would predict that the PAD mutant 
mice would likely acquire developmental defects that would render the offspring 

C. Mukai et al.



57

nonviable. A likely explanation for this lack of effect is that one or several of the 
PAD isozymes compensate for the loss of another family member. In fact, several of 
the studies mentioned in this review noted that deletion or overexpression of one 
family member resulted in the up- or downregulation of another family member. 
Therefore, future studies aimed at deciphering how PAD isozymes compensate for 
each other and also how these family members potentially regulate each other’s 
expression will be critical for understanding how PADs function at the organism 
level. Additionally the use of new CRISPR technologies to generate mouse lines that 
lack more than one PAD family member will also likely greatly contribute to our 
understanding of PAD physiology and pathology.
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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 
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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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Chapter 6
Rheumatoid Arthritis: Transition 
from Systemic Autoimmunity to Joint 
Inflammation and Bone Loss

Bence Rethi, Akilan Krishnamurthy, and Anca I. Catrina

6.1  Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory joint disease resulting from the 
complex interaction between genetic and environmental factors, with at least two 
distinct clinical phenotypes that are differentiated by the presence or absence of 
anti-citrullinated protein antibodies (ACPAs), i.e., ACPA-positive RA and ACPA- 
negative RA (Klareskog et al. 2009). These two phenotypes differ both in terms of 
risk factors and disease mechanisms. Specific environment-gene interactions (such 
as smoking and presence of the HLA-DRB1 risk allele variants) (Huizinga et al. 
2005a; Klareskog et al. 2006a; Pedersen et al. 2007; Ding et al. 2009; Lundstrom 
et al. 2009) only confer risk for developing of ACPA-positive RA but not ACPA- 
negative RA. ACPA-positive RA has a more severe disease course, and more fre-
quently associates with bone destruction (Ronnelid et al. 2005; van der Helm-van 
Mil et al. 2005; Syversen et al. 2010a) as compared to ACPA-negative RA. More 
recent findings suggest that ACPA might play an important role in the transition 
from systemic autoimmunity (that develops before joint inflammation) to joint dis-
ease through specific targeting of the bone and activation of osteoclasts. The current 
chapter will review existing evidence showing that ACPA might be generated at 
extra-articular mucosal sites and contribute to the initiation of chronic joint 
inflammation.
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6.2  The Immune System Might Be Primed 
Against Citrullinated Autoantigens at Mucosal Extra- 
Articular Sites

ACPAs are detected in the peripheral blood, years before the onset of symptomatic 
RA (Aho et al. 1991; Kurki et al. 1992; Rantapaa-Dahlqvist et al. 2003; Nielen et al. 
2004; Chibnik et al. 2009; Majka et al. 2008; Shi et al. 2014), suggesting that the 
antibody response against citrullinated antigens might originate from extra-articular 
sites. Smoking, a major environmental risk factor for developing RA, is associated 
with the presence of ACPAs, and a robust gene-environment interaction has been 
demonstrated between the expression of the RA susceptibility HLA-DR alleles carry-
ing the characteristic amino acid motif HLA-shared epitope (SE) and smoking history 
in ACPA-positive RA (Padyukov et al. 2004; Klareskog et al. 2006b; Huizinga et al. 
2005b; Pedersen et al. 2006; Karlson et al. 2010; Too et al. 2012). The mechanistic 
link between HLA SE gene expression and ACPA-positive RA has been proposed by 
structural studies on MHC-peptide interactions, which revealed a preferential binding 
of peptides with an uncharged citrulline residue to HLA-DRβ chain shared suscepti-
bility epitope that contains a conserved positively charged lysine at position 71 (Scally 
et al. 2013). Interestingly, the RA resistance allele HLA-DRB1*04:02 contains a glu-
tamate in the same position that enabled contacts with both Arg- and Cit-containing 
peptides. In addition to differential MHC binding, citrullination has also been shown 
to affect peptide processing providing protection for otherwise degraded citrullinated 
regions that can potentially be presented to autoreactive T cells (Scally et al. 2013). 
Importantly, the use of smokeless oral tobacco (moist snuff) does not increase the risk 
of RA, indicating that it is smoke itself, instead of nicotine, which increases RA sus-
ceptibility (Jiang et al. 2014). In line with this finding, exposure to other environmen-
tal airway irritants including silica and textile dust has been also associated with 
ACPA-positive RA (Too et al. 2016; Stolt et al. 2005).

Taken together these epidemiological findings suggest that environmental expo-
sures (such as smoking and potentially other airway pollutants) to the lungs might 
contribute to the priming of the immune system against citrullinated targets (Fig. 6.1). 
The exact mechanisms by which lung injuries induced by these exposures eventually 
trigger anti-citrulline responses are incompletely understood. It has been shown that 
smoking induces inflammation and increases the expression of citrullinated proteins 
in the lungs (Makrygiannakis et al. 2008; Reynisdottir et al. 2014; Lugli et al. 2015). 
Other indirect contributions might be alterations in antigen- presenting dendritic cell 
functions (Arnson et al. 2010), activation of pattern recognition molecules (Arnson 
et al. 2010), and changes in the composition of the lung microbiome (Larsen et al. 
2012), all of them events that can also influence immune responses. Further proof for 
a potential role of the lungs in triggering of the immune response against citrullinated 
proteins came from detection of lung abnormalities in arthritis-free individuals at risk 
for developing RA (Demoruelle et al. 2012) and the association between ACPA and 
bronchiectasis in the absence of clinically evident RA (Perry et al. 2014; Janssen 
et al. 2015). ACPAs have been detected, not only in the circulation, but also in the 
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sputum of some individuals at risk for developing RA, due to previously recorded 
ACPA seropositivity, indicating the production of these antibodies in the airways 
already before RA onset (Willis et al. 2013). Identical citrullinated epitopes from the 
ACPA targeted proteins such as vimentin, actin, or annexin II have been detected in 
both synovial and bronchial biopsies obtained from RA patients, indicating that not 
only the antibodies but their citrullinated targets can also be present in the lung com-
partment (Ytterberg et al. 2015). High ACPA titers associated with airway abnormali-
ties were occasionally linked to RA development during relatively short follow-up 
periods, further supporting a scenario where an extra-articular anti-citrulline response 

Fig. 6.1 Lung subclinical inflammatory changes are present in rheumatoid arthritis already at 
disease onset. Images showing fibrosis on high-resolution computer tomography (a) in a patient 
newly diagnosed with RA and red immunohistochemical staining of PAD-2 and PAD-4 enzymes 
in the large bronchial tissue (b, c) and bronchoalveolar fluid (d, e)
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could precede and initiate joint inflammation (Demoruelle et al. 2012; Fischer et al. 
2012). Further evidence comes from detection of microscopic signs of inflammation 
and ectopic lymphoid structures, with occasional iBALT formation in the bronchial 
biopsies of early untreated ACPA- positive RA patients (Reynisdottir et al. 2016) and 
in the lung biopsies of ACPA-positive individuals with lung disease but no signs of 
joint inflammation (Fischer et al. 2012). Interestingly these changes were observed 
not only in smokers, but also in a large majority of non-smoking ACPA-positive RA 
patients, suggesting that cigarette smoke while important is not the only factor 
responsible for generation of ACPA immunity.

Taken together, these results suggest a generalized model where various forms of 
airway insults could lead to inflammation and trigger increased citrullination, which 
results in the appearance of novel posttranslationally modified peptide epitopes that 
are under- or non-represented during thymic T cell education and gives rise to auto-
reactive T cell responses (Klareskog et al. 2006b; Catrina et al. 2014; Chatzidionisyou 
and Catrina 2016). This leads to tolerance breaking and generation of ACPA with 
consecutive development of pathogenic immunity and ACPA-positive RA in the 
subgroup of genetic susceptible individuals. While most of the current evidence 
strongly suggests a role for the lungs as an extra-articular site for the initiation of 
pathogenic immunity, in part because this link has been the most investigated, other 
mucosal sites, such as the oral mucosa (Wegner et  al. 2010; Mikuls et  al. 2012; 
Nesse et al. 2012; Scher et al. 2012; Harvey et al. 2013) and potentially also the gut 
(Vaahtovuo et al. 2008; Liu et al. 2013), should be considered as sites of initiation.

6.3  Autoimmunity Against Citrullinated Proteins Gradually 
Develops and Precedes Chronic Joint Inflammation

Citrullination is a physiological process occurring at steady state in several tissues, 
including the skin or the central nervous system (Senshu et al. 1996, 1999; Harding 
and Scott 1983; Pearton et al. 2002; Scott et al. 1982; Moscarello et al. 1994; Beniac 
et al. 2000) or at various sites of inflammation (Makrygiannakis et al. 2006; Vossenaar 
et al. 2004a; Cantaert et al. 2006). Protein citrullination regulates differentiation and 
functions of diverse cell types, such as stem cells where histone citrullination regu-
lates pluripotency (Nakashima et al. 2013; Christophorou et al. 2014; Slade et al. 
2014; Wang et al. 2009), or neutrophil granulocytes, which require histone citrullina-
tion for the formation of neutrophil extracellular traps, a network of extracellular 
fibers that immobilize pathogens (Wang et al. 2009). Immune response against citrul-
linated self-proteins, on the other hand, is highly specific for RA, and ACPA-positive 
RA is unique in its association with genetic and environmental factors (Huizinga 
et al. 2005a; Klareskog et al. 2006a; Pedersen et al. 2007; Ding et al. 2009; Lundstrom 
et al. 2009) and with more joint destruction (Innala et al. 2008; Mustila et al. 2011; 
Syversen et al. 2010b; van Steenbergen et al. 2015; Hecht et al. 2015) as compared to 
ACPA-negative RA. The sequence of events leading to ACPA- positive RA is most 
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probably initiated with an immune response against a very limited number of citrul-
linated epitopes, with variable specificities observed in different individuals (Brink 
et al. 2013). Apart from the already identified genetic and environmental risk factors, 
multiple further signals can contribute to the initiation anti-citrulline responses, such 
as acute infections or tissue damage, which lower the threshold for priming antigen-
specific responses and/or contribute to increased citrullination. Antibody responses 
against citrullinated epitopes increase slowly both in intensity and in the number of 
recognized targets, without inducing joint inflammation. Interestingly, antibody 
responses against certain citrullinated targets expand more robustly, whereas others 
remain permanently at low levels suggesting that distinct ACPA specificities might 
have more important contribution to RA progression than others (Brink et al. 2013). 
In line with these results, association with genetic risk factors or smoking was more 
a characteristic for patients with specific pattern of ACPA reactivities, which included 
antibodies against citrullinated α-enolase and vimentin, instead of anti-citrulline 
responses in general (Lundberg et al. 2013). A rapid increase in epitope spreading 
and in the intensity of ACPA responses typically marks the onset of RA. It is interest-
ing to note that the progressive diversification of ACPA reactivities, with the underly-
ing mutations affecting hypervariability regions and, atypically, the framework sites 
of the antibodies as well, together with the cross-reactivity of individual ACPA clones 
between diverse citrullinated antigens resemble broadly neutralizing antibodies 
developed against the persistently evolving virus HIV-1 in a small number of chroni-
cally infected individuals (Klein et  al. 2013). The similarity between antibody 
responses against citrullinated autoantigens and a highly variable virus that is charac-
terized by efficient immune evasion strategies indicates the complicated nature of 
distinguishing citrullinated antigens from the naturally occurring protein sequences 
and, potentially, a progressive change in citrullinated targets.

6.4  ACPAs Target Maturing Osteoclasts Leading to Bone 
Loss and Pain in the Absence of Inflammation

It is yet to be fully understood how ACPA responses translocate to the joints and 
contribute to the pathogenesis of RA; however, recent findings have highlighted a 
unique role of osteoclasts in the initiation of joint inflammation in response to anti-
body binding to citrullinated cell surface molecules (Harre et al. 2012; Krishnamurthy 
et al. 2016).

Uncontrolled disease progression leads to bone damage in RA, suggesting an impor-
tant role for inflammatory mediators in driving osteoclast activation and bone resorption. 
Nevertheless, the presence of magnetic resonance changes showing signs of bone mar-
row inflammation, which precedes development of bone erosion, has been detected by 
several studies in patients at very early stages of RA,  suggesting that bones might be tar-
geted already before the onset of a detectable synovial inflammation (Hetland et al. 2009; 
Haavardsholm et al. 2008; Boyesen et al. 2011; McQueen et al. 2003). Further, healthy 
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individuals characterized by the presence of ACPA in the circulation presented detectable 
bone loss and altered bone architecture, which appeared mostly in the cortical bone that 
became thinner and more porous due to fenestrations and small lesions underneath 
(Kleyer et al. 2014). The key mechanisms that link circulating ACPAs to bone erosion 
likely include a direct antibody-mediated induction of cytokines in osteoclasts or their 
precursors, which leads to an autocrine stimulation of osteoclast differentiation and to 
other pathological events associated with RA. OC myeloid precursor cells (such as 
monocytes and macrophages) express the PAD2 and PAD4 enzymes, suggesting a physi-
ological role for protein citrullination in the development, homeostasis, or functions of 
these cell types (Vossenaar et al. 2004b), and we have recently characterized the presence 
of both citrullinated proteins and PAD2 and PAD4 enzymes in maturing OCs (Fig. 6.2) 
showing that PAD inhibition strongly interfered with OC differentiation in  vitro 
(Krishnamurthy et al. 2016). Protein citrullination occurring as part of the physiological 
differentiation process in osteoclasts (but not others cells) could explain the initial specific 
osteoclast targeting by ACPAs. In line with this finding, developing osteoclasts express 
the citrullinated form of the cytoskeletal protein vimentin on the cell surface, and anti-
citrullinated vimentin antibodies induce bone erosion in vivo, when injected into mice 
together with minute amounts of LPS and altered myeloid cell phenotype in the spleen 
(Harre et al. 2012). We have recently identified a crucial role for the chemokine IL-8 in 
the monoclonal and polyclonal ACPA-induced autocrine stimulation of osteoclasts 
in vitro and bone loss in vivo in mice (Krishnamurthy et al. 2016). Importantly, ACPAs 
injected into mice efficiently induced, not only bone erosion, but also joint pain, as 
detected by an increased mechanical and thermal sensitivity in the paws of ACPA-treated 
mice (Wigerblad et al. 2016). IL-8 blockade interfered with both ACPA-induced bone 
loss and joint pain in mice (Krishnamurthy et al. 2016; Wigerblad et al. 2016) and ACPA- 
dependent osteoclastogenesis in vitro (Krishnamurthy et al. 2016), indicating key roles 
for IL-8 in the ACPA-mediated pathological events.

Despite these recent advances, the exact molecular mechanisms responsible for 
the effect of ACPAs on myeloid cells still remain to be elucidated. As discussed 
earlier, OCs and their precursors express citrullinated proteins on the cell surface, 
which are recognized by ACPAs (Harre et  al. 2012; Krishnamurthy et  al. 2016; 
Wigerblad et al. 2016), suggesting the possibility that APCAs can directly stimulate 
signaling processes through triggering their target molecules on the cell surface. 
Such a scenario is also supported by the increased OC differentiation induced 
in  vitro in response to Fab fragments generated from polyclonal ACPAs 
(Krishnamurthy et al. 2016). The types and amounts of different citrullinated pro-
teins exposed on the cell surface could greatly influence how ACPAs influence cel-
lular functions. Upon inflammatory stimuli or PMA-mediated activation, the 
glycolytic enzyme α-enolase can be redistributed to the cell surface on various 
immune cells, where it acts as a plasminogen-binding receptor. Circulating mono-
cytes have been shown to express α-enolase on the cell surface in RA patients, and 
the binding of anti-α-enolase antibodies, or the natural ligand plasminogen, to these 
molecules induced the production of various inflammatory cytokines (Bae et  al. 
2012). Citrullinated α-enolase is targeted by several ACPAs, indicating that the 
citrullination and cell surface exposure of this molecule might provide important 
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pro-inflammatory targets for autoantibodies. The intermediary filament protein 
vimentin can also be expressed on the surface of macrophages and developing OCs 
(Harre et al. 2012; Mor-Vaknin et al. 2003), and vimentin secretion was increased 
in macrophages by tumor necrosis factor (TNF), suggesting increased target avail-
ability for vimentin-binding antibodies in inflamed tissues (Mor-Vaknin et al. 2003). 
As discussed earlier, ACPA binding to citrullinated vimentin increases the differen-
tiation of OCs through induced cytokine production; however, the signaling mecha-
nisms triggered by vimentin binding have not yet been clarified. In addition to direct 
effects on cell surface molecules, ACPAs might also present in immune complexes 
and act through Fc receptor-mediated mechanisms. Immune complexes containing 
citrullinated fibrinogen and ACPAs have been detected in a large number of RA 
patients (Zhao et  al. 2008), and citrullinated fibrinogen-ACPA complexes were 
shown to increase TNF production in macrophage cultures through a mechanism 
mediated by FcγRs and TLR4 (Sokolove et al. 2011). The combination of ACPAs 
and IgM rheumatoid factor antibodies was associated with higher serum concentra-
tion of several inflammatory cytokines in RA patients, as compared to single- 
positive individuals, and rheumatoid factors could further increase macrophage 
activation induced by citrullinated fibrinogen-ACPA complexes in vitro (Sokolove 
et  al. 2014). The several target molecules and signaling mechanisms potentially 
triggered by ACPAs suggest a complex relationship between anti-citrulline responses 
and RA development (Fig. 6.3). ACPAs might trigger diverse pro-inflammatory and 
bone erosive pathways in the myeloid cells, which might be variable between 
patients or disease stages due to differences in citrullination levels and in the tar-
geted proteins. Nevertheless, the existing data points to similar functional effects of 
the ACPAs on the cells of the macrophage-OC lineage, namely, an increase in 
inflammatory cytokine production that subsequently leads to increased OC differen-
tiation, bone erosion, and pain.

Fig. 6.2 Expression of citrullinated proteins (a), PAD-2 (b), and PAD-4 (c) in mature 
osteoclasts
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6.5  Summary

The specific interaction between genes and environment is crucial for the develop-
ment of ACPA and ACPA-positive RA. In genetically susceptible hosts, environ-
mental challenges at mucosal sites (such as smoking) might lead to posttranslational 
changes and the formation of neoantigens with tolerance breaking and the genera-
tion of autoantibodies. These antibodies emerge several years before disease onset 
to later become pathogenic once localized in the joint compartment. Recent findings 
suggest that osteoclasts might be responsible for this localization due to their depen-
dency on citrullination for their physiological maturation and development. 
Osteoclast targeting by ACPA initiates an IL-8 autocrine loop leading first to bone 
loss and pain and only later on synovial inflammation. Future research needs to 
address the molecular mechanisms and intracellular signals responsible for the 
ACPA effects and to further dissect the transition from ACPA-dependent bone loss 
and pain to overt joint inflammation.

Fig. 6.3 The figure presents a hypothetical model on the pathogenic role of anti-citrullinated 
antibodies in rheumatoid arthritis. ACPA anti- citrullinated proteins antibodies, OC osteoclasts, 
TNF tumor necrosis factor, IL-8 interleukin 8, MF macrophages
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7.1  Introduction

Recently, peptidyl arginine deiminase from Porphyromonas gingivalis (PPAD) has 
become a subject of an intense research (Lundberg et al. 2010; Wegner et al. 2010; 
Pyrc et  al. 2013; Gawron et  al. 2014, Quirke et  al. 2014; Goulas et  al. 2015; 
Montgomery et al. 2016). Despite catalyzing the reaction of citrullination (deimina-
tion) and being a member of the guanidino-group modifying superfamily of enzymes 
(GMEs), PPAD and the mammalian peptidyl arginine deiminases (PAD/PADI) are 
phylogenetically unrelated proteins (McGraw et al. 1999). The citrullination of host 
and bacterial proteins by PPAD has been implicated in the pathogenesis of peri-
odontitis (PD) and postulated as the link between PD and rheumatoid arthritis (RA). 
In this chapter, we discuss the role of protein citrullination by PPAD in the patho-
genesis of PD and RA.

7.2  Epidemiology, Etiology, and Clinical Features of PD

PD is an inflammatory disease of tooth-supporting tissues, which affects 5–20% 
adults worldwide (Petersen et al. 2005; Toh et al. 2011), and is the most common 
chronic inflammatory disease caused by bacterial infection (Oliver and Brown 
1993; Eke et al. 2012). PD is manifested by gingival bleeding, periodontal ligament 
degradation, attachment loss, and alveolar bone resorption, which results in forma-
tion of periodontal pocket(s) and tooth mobility. If left untreated, the disease may 
lead to tooth exfoliation (Toh et al. 2011; Oliver and Brown 1993; Armitage 1995; 
Yucel-Lindberg and Båge 2013). The clinical and histological presentations of 
chronic PD are shown in Fig. 7.1.

Considering the heterogeneity of the clinical course and fluctuation of disease 
progression, PD is characterized as a complex and nonlinear entity. The current 
concept on PD etiology assumes that the disease involves multiple causal compo-
nents, which interact on each other simultaneously (Heaton and Dietrich 2012). 
Among these are (a) subgingival bacterial biofilm on the tooth root surface and on 
the pocket epithelial lining (Sokransky and Haffajee 2005); (b) genetic risk factors 
(Heaton and Dietrich 2012; Laine et al. 2012) and epigenetic regulation (Lindroth 
and Park 2013); (c) age (Shaik-Dasthagirisaheb et al. 2010; Van der Velden 1984; 
Russell 1967); (d) lifestyle-related factors, i.e., stress, inappropriate diet, and smok-
ing (Akcali et al. 2013; Bergström 2003; Van der Velden et al. 2011); (e) systemic 
diseases (Pihlstrom 2001; Chee et al. 2013); and (f) iatrogenic factors yet unknown 
(Gher 1998; Van der Velden et al. 2006) (Fig. 7.2). It is important to note that the 
relative contribution of each of the causal factors varies from patient to patient. In 
general, environmental and lifestyle factors, such as many years of biofilm accumu-
lation, smoking, poor diet, and none or irregular visits to dental professionals, have 
a major contribution to PD in older patients. Conversely, PD in the younger popula-
tion is to a greater extent dependent on genetic factors, which play an important role 
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in the pathogenesis of aggressive periodontitis (APD) (Laine et  al. 2012; Mucci 
et al. 2005; Stabholz et al. 2010).

7.3  Oral Cavity Colonization and PD

It is estimated that the oral cavity of healthy human contains approximately six 
billion of microbes representing 300–500 species which constitute almost half the 
species of commensal bacteria in the human body. The composition of bacterial 
biofilm in oral cavity is site dependent and results from specific interactions between 
bacterial cell adhesins and complementary receptors on oral surfaces. This is further 
influenced by the ultrastructure and function of the oral surface (Gibbons 1989; 
Gibbons et al. 1976; Mager et al. 2003). In certain conditions, some opportunistic 
pathogens within oral cavity induce local and/or systemic infections.

Primary colonizers of the tooth surface include streptococci, such as Streptococcus 
oralis, Streptococcus mutans, and Streptococcus sanguis, as well as the Neisseria 

Fig. 7.1 Chronic periodontitis in two patients treated at the Department of Periodontology and 
Oral Medicine, Jagiellonian University, Medical College, Krakow, Poland: (a) clinical view of 
periodontium from patient 1 and (b) from patient 2, (c) X-ray showing resorption of alveolar bone 
(patient 2), (d) inflammatory infiltrates in connective tissue of periodontium (patient 2) stained by 
H/E, original magnific. ×100
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sp. Primary colonizers are mostly Gram-positive aerobes or facultative anaerobes 
which provide substrates and greatly decrease the local availability of oxygen to 
form a suitable background for the attachment and growth of secondary colonizers 
that are predominantly anaerobic. Among secondary colonizers are actinomycetes 
(Actinomyces odontolyticus and Actinomyces naeslundii), Veillonella sp., and the 
species of the so-called orange complex, i.e., Fusobacterium nucleatum, Prevotella 
intermedia, Peptostreptococcus micros, and Campylobacter rectus (Socransky et al. 
1998; Signat et al. 2011; Rickard et al. 2003). Further to this, the bacterial composi-
tion is also influenced by pH, diet, oral hygiene, and interactions between microbes. 
Overall, the oral microbial ecosystem is highly dynamic and faces a constant chal-
lenge of opportunistic infections if the symbiosis is disturbed (Jin et al. 2003). An 
example is the development of gingivitis, which may lead to PD.

In gingivitis, the subgingival plaque microflora is enriched with Gram-negative 
obligate anaerobes (Moore et al. 1987). The deepening of the gingival sulcus caused 
by dental plaque growth, local inflammation, and bacterially mediated destruction 
of the gingival fiber attachment leads to the formation of a pathological space 
between the tooth root and the gingiva, termed the periodontal pocket. The peri-
odontal pocket releases gingival crevicular fluid (GCF), an inflammatory exudate 
containing cell debris, bacterial degradation products, inflammatory mediators, 

Fig. 7.2 A complex nature of periodontitis. In the onset and progression of periodontitis simulta-
neously interact multiple casual factors, such as oral cavity microenvironment, lifestyle, genetic 
and epigenetic regulation, systemic diseases, iatrogenic factors
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 connective tissue fragments, enzymes, and other proteins (Subrahmanyam and 
Sangeetha 2003; Yucel-Lindberg and Båge 2013). Inflamed periodontal tissue is 
frequently or persistently bleeding providing an opportunity for periodontal infec-
tion to enter the bloodstream.

7.4  Porphyromonas gingivalis Is a Main Causative Agent 
of PD in Adult Population

PD is initiated by the spreading of subgingival biofilm and enhanced coloniza-
tion of periodontal gingival pockets by bacterial species of the red complex, i.e., 
P. gingivalis, Tannerella forsythia, and Treponema denticola (Socransky et  al. 
1998; Signat et al. 2011). Among them, P. gingivalis, a Gram-negative, anaerobic 
bacterium, is recognized as the most important causative agent of the chronic 
PD. It is confirmed by observations taken by Holt et al. (1988) who demonstrated 
induction and progression of PD lesions in nonhuman primates with subgingival 
implantation of P. gingivalis. Further to this, immunization with inactive whole 
P. gingivalis cells resulted in significantly reduced progression of PD compared 
with indigenous or P. gingivalis-superinfected subgingival flora in a nonhuman 
primate model (Persson et al. 1994). In addition, clinical studies showed a pro-
portional increase in the level of P. gingivalis in subgingival plaque which cor-
related with disease severity, as assessed by attachment loss, periodontal pocket 
depth, and bleeding on probing (Mayrand and Holt 1988; Socransky et al. 1991). 
Accordingly, eradication of this microorganism from the cultivable subgingival 
microbial population has shown to completely resolve the disease (Loesche et al. 
1981; Van Dyke et  al. 1988). Taken together, these and other data emanating 
from animal models and human clinical studies suggest that enhanced coloniza-
tion of periodontal gingival pockets by P. gingivalis, acting possibly in concert 
with the absence of beneficial species and certain immunological deficiencies in 
the host, appears to be essential for the development, progression, and severity of 
the chronic PD in a middle-age population (Slots 1977; White and Mayrand 
1981; Zambon et  al. 1981; Holt et  al. 1988; Socransky and Haffajee 1992; 
Socransky et al. 1998; Cekici et al. 2014; Hasturk and Kantarci 2015; Meyle and 
Chapple 2015).

P. gingivalis expresses several factors, i.e., lipopolysaccharide (LPS) (Wang 
et al. 2002), cysteine proteases (Kadowaki et al. 1994, 2004; Pathirana et al. 2007; 
Potempa et  al. 2000; Smalley et  al. 1989), outer membrane vesicles (OMVs) 
(Grenier and Mayrand 1987; Imamura et al. 1995), fimbriae (Weinberg et al. 1997; 
Davey et al. 2008), and hemolysins, which via colonization of periodontal pockets 
and invasion of gingival tissue cause destruction of periodontal supporting tissues 
(Tatakis and Kumar 2005; Hajishengallis and Lamont 2012; Lamont and Jenkinson 
1998; Bostanci and Belibasakis 2012). Extracellular hydrolytic (cysteine) proteases 
produced by P. gingivalis, also called gingipains (Rgps), are the most broadly 
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characterized virulence factor (Cutler et al. 1995; Chen et al. 1992; Imamura et al. 
1994, 1995; Pike et al. 1994; Potempa et al. 1995). Rgps consist of two arginine 
residue- specific enzymes, termed RgpA and RgpB, and another lysine residue-spe-
cific enzyme, termed Kgp (O’Brien-Simpson et al. 2003). These enzymes play a 
critical role in the onset of periodontal inflammation through their proteolytic activ-
ities, which cause, among others, enhancement of vascular permeability by activa-
tion of the kallikrein/kinin pathway; dysregulation of plasma clot formation; evasion 
of host defense mechanisms through the degradation of immunoglobulins; activa-
tion of complement components; inactivation of secretory leukocyte protease inhib-
itor (SLPI), an endogenous inhibitor for neutrophil-derived proteases; and 
degradation of epithelial cell-cell junctional complexes (Grenier 1992; Imamura 
et al. 1994, 1995, 1997; Wingrove et al. 1992; Lourbakos et al. 2001b; Into et al. 
2006; Katz et al. 2002). Degradation of periodontal tissue (Grenier and Mayrand 
1987; Travis et al. 1997) and plasma constituents, particularly iron-binding proteins 
(Henskens et al. 1993; Carlsson et al. 1984) by bacterial proteinases, provides nutri-
ents to sustain the asaccharolytic growth of P. gingivalis. Moreover, these enzymes 
have been shown to affect eukaryotic cells via cleavage of the protease-activated 
receptors (PARs), which are the members of the seven-transmembrane superfamily 
of cell surface G protein-coupled receptors (Coughlin 2000; Ossovskaya and 
Bunnett 2004). Hence, Rgps cleave and activate PARs on neutrophils (Lourbakos 
et al. 1998), platelets (Lourbakos et al. 2001b), and oral epithelial cell line (KB) 
(Lourbakos et al. 2001a), while selective cleavage of PAR-1 on immortalized human 
oral keratinocytes (TERT-2) upregulated expression of interleukins (IL), i.e., IL-1α, 
IL-1β, and IL-6, and tumor necrosis factor α (TNFα) (Giacaman et  al. 2009). 
Moreover, Rgps activation of PAR-2 has been linked to inflammation and induction 
of alveolar bone loss in PD (Holzhausen et al. 2006). Collectively, these data have 
shown that the proteolytic activity from P. gingivalis represents one of the major 
virulence traits contributing to the severity and progression of PD. Recently, how-
ever, a non-proteolytic enzyme from P. gingivalis, named peptidyl arginine deimi-
nase (PPAD), has attracted an interest as a novel factor of virulence of this periodontal 
pathogen.

7.5  Citrullination Is a Posttranslational Modification 
Catalyzed by Peptidyl Arginine Deiminases

7.5.1  Citrullination Catalyzed by PAD/PADI Is a Common 
Physiological Protein Modification

Citrullination, also called arginine deimination, is the posttranslational conversion 
of arginine to citrulline by PAD/PADI enzymes. In mammals, there are five known 
PAD isozymes, i.e., PAD-1, PAD-2, PAD-3, PAD-4, and PAD-6, which are highly 
conserved (~50%) (Jones et al. 2009; Vossenaar et al. 2003; Arita et al. 2004).
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PAD activity is dependent on calcium, which induces a conformational change 
upon ligation of numerous calcium-binding sites to enable enzymatic capability of 
the enzyme. With the exception of PAD-6, these calcium-binding sites are con-
served between PAD-1, PAD-2, PAD-3, and PAD-4 (Jones et al. 2009; Vossenaar 
et al. 2003; Bicker and Thompson 2013).

Given that PAD isozymes possess similar but not identical substrate specifici-
ties, it is perhaps not surprising that the major distinguishing feature of individual 
isoforms is their tissue distribution patterns (Knuckley et al. 2010; Vossenaar et al. 
2003; Raijmakers et al. 2007). Namely, PAD-2 is found in muscle tissue and ner-
vous system, whereas PAD-1, PAD-3, PAD-4, and PAD-6 are most predominantly 
expressed in the epidermis, hair follicles, immune cells, and oocytes, respectively 
(Vossenaar et al. 2003; Jones et al. 2009). While all of the PADs are found in the 
cytoplasm of a cell, PAD-4 possesses a nuclear localization domain and so is 
expressed in the cell nucleus, which enables the enzyme to participate in gene regu-
lation (Vossenaar et al. 2003). It is established that PAD-4 modifies histones H3 
and H4, and this modification is associated with the decreased transcription of 
genes under the control of a number of transcription factors, including the estrogen 
receptor (ER), thyroid receptor (TR), and p53 (Cuthbert et al. 2004; Wang et al. 
2004; Li et  al. 2008). Moreover, PAD-4-catalyzed histone hypercitrullination is 
essential in antibacterial neutrophil extracellular trap (NET) formation (Li et al. 
2010). Evidence is emerging to suggest that PAD-4 is also present in granules, 
while PAD-2 in mitochondria (Jang et al. 2011; Asaga et al. 2001). Considering 
such a broad distribution of PADs within organs and tissues, it is not surprising in 
that these enzymes participate in a multitude of physiological processes, i.e., gene 
regulation, embryonic development, nerve myelination, cornification of the skin, 
fertility, and immune system regulation (Vossenaar et al. 2003; Ishida-Yamamoto 
et al. 2000; Steinert et al. 2003; Lamensa and Moscarello 1993; Pritzker et al. 2000; 
Wright et al. 2003).

In the central nervous system (CNS), mostly PAD-2 is expressed, mainly by 
oligodendrocytes, astrocytes, and microglial cells, and the enzyme citrullinates 
myelin basic protein (MBP; see Chap. 19) and glial fibrillary acidic protein (GFAP; 
see Chap. 20), among others (György et al. 2006). It is hypothesized that citrullina-
tion of MBP is essential in the function of the myelin sheath, as well as in the plas-
ticity of the CNS in young age as the ratio of citrullinated MBP and total MBP 
changes rapidly after postnatal life (György et al. 2006).

During terminal differentiation of keratinocytes, several proteins are altered by 
cleavage, covalent cross-linking and citrullination that help to create a protective 
matrix in the skin. Cytokeratin (CK) is the main intermediate filament of keratino-
cytes building up keratin filaments in the skin, hair, and nail. Due to citrullination, 
the structure of CK is altered, which enables proteins to bind to it (Baka et al. 2012).

PADs also have been shown to regulate the innate immune response, for instance, 
PAD-2 and PAD-4 deiminate chemokines (CXCL), i.e., CXCL10, CXCL11, and 
CXCL12, which reduces their ability to trigger chemotaxis and cell signaling 
in vitro (Loos et al. 2008; Proost et al. 2008; Struyf et al. 2009). Citrullination of 
CXCL8 only moderately alters in vitro activities of this chemokine but results in a 
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considerable reduction of glycosaminoglycan-binding properties and prevents 
 proteolysis by plasmin or thrombin into CXCL8 (6–77). Furthermore, this modifi-
cation abrogates the capacity of CXCL8 to recruit neutrophils into the peritoneal 
cavity, whereas it does not affect angiogenic properties (Proost et al. 2008).

7.5.2  Citrullination Catalyzed by PAD/PADI Is Implicated 
in the Pathogenesis of Several Diseases

In the psoriatic hyperproliferative epidermis, decreased CK1 deimination has been 
reported (György et al. 2006). However, a small percent of psoriatic patients with 
arthritis have anti-cyclic citrullinated peptide (anti-CCP) antibodies, and their 
affected joints often show a polyarthritic pattern similar to RA (Alenius et al. 2006).

Moscarello et al. (1994) have proposed that myelin damage in multiple scle-
rosis (MS) results from a failure to maintain the myelin sheath due to abnormally 
enhanced citrullination of MBP. The cause of hypercitrullination may be 
increased expression of PAD-2 and PAD-4 (Mastronardi et  al. 2006) and/or 
hypomethylation of the PAD-2 promoter (Mastronardi et  al. 2007). In PAD-2 
knockout mice, CNS citrullination is diminished, and demyelination is not seen 
(Raijmakers et al. 2006), while in a transgenic mouse line containing multiple 
copies of the PAD-2 cDNA, increased severity of clinical symptoms of MS is 
observed in line with increased expression and activity of PAD-2, as well as MBP 
citrullination (Musse et al. 2008).

There is a growing body of evidence that PAD-4 and citrullination play a role in 
tumorigenesis. For example, Chang and Han (2006) have found high tissue expres-
sion of PAD-4 and citrullination in various malignant tumors, but not in benign 
tumors or non-tumorous tissues. They have also reported elevated serum PAD-4 and 
citrullinated antithrombin (AT) levels in patients with variable malignancies (Chang 
et al. 2009). The serum levels were associated with tumor markers and considerably 
dropped after tumor excision therapy. Citrullination of AT abolishes its activity to 
inhibit thrombin (Ordóñez et al. 2009); therefore, increased thrombin activity may 
promote angiogenesis and tumor cell invasion. Additionally, Omary et al. (1998) 
have found that the posttranslational modifications of CK alter the physical and 
chemical properties of CK. Indeed, citrullinated CK found in cancerous tissues may 
also interfere with cell homeostasis (Chang and Han 2006; Baka et  al. 2011). 
Therefore, citrullination may promote tumorigenesis through PAD-4’s interference 
with the p53 pathway, attenuating the activity of AT, and altering CK functions.

In RA, the main pathogenic autoantibodies are reactive with citrullinated pro-
teins, termed anti-citrullinated protein antibodies (ACPA). Although the trigger for 
ACPA production remains unknown, it is thought that interactions between environ-
mental and genetic factors are involved, i.e., citrullination triggered by smoking or 
infection may lead to ACPA formation in individuals carrying specific genetic sus-
ceptibility alleles such as the human leukocyte antigen molecules (HLA-DRB1) 
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termed the “shared epitope” and/or general autoimmunity marker protein-tyrosine 
phosphatase, non-receptor type 22 (PTPN22) allele (Klareskog et  al. 2006; Lee 
et al. 2009).

7.5.3  Citrullination Catalyzed by PPAD Is a Unique Feature 
of P. gingivalis

Recently, an increasing interest has focused on PPAD and its mechanisms of citrul-
lination (Lundberg et al. 2010; Wegner et al. 2010; Pyrc et al. 2013; Maresz et al. 
2013, Gawron et al. 2014; Bielecka et al. 2014; Quirke et al. 2014; Goulas et al. 
2015; Montgomery et al. 2016). PPAD was first identified and purified by McGraw 
et al. (1999) and subsequently cloned and expressed by Rodriguez et al. (2009). To 
date, P. gingivalis expresses the only known prokaryotic PAD enzyme, which is 
genetically unrelated to the mammalian PADs despite functional similarity and 
belonging to the GMEs. PPAD catalyzes the same citrullination reaction as mam-
malian PADs, but in contrast to mammalian PADs, it preferentially catalyzes 
carboxy- terminal arginine and can also deiminate free l-arginine (McGraw et al. 
1999). Moreover, PPAD does not require calcium or any specific cofactors for activ-
ity and is reportedly capable of autocitrullination (McGraw et al. 1999; Rodriguez 
et al. 2009; Quirke et al. 2014). Interestingly, the latter observation suggests that 
citrullination of internal arginine residues in a polypeptide chain cannot be excluded 
in spite of the preference for arginine positioned at the carboxy-terminus.

7.5.4  Biochemical Properties of PPAD

Recently the 3D crystal structure of PPAD was solved by Goulas et al. (2015) and 
Montgomery et al. (2016), which provided a structural perspective to understand 
the biochemical properties of the enzyme. As with gingipains, PPAD is processed 
and secreted from P. gingivalis via the type IX secretion system (T9SS) also 
referred to as “PerioGate” or the Por secretion system (PorSS). PPAD comprises 
the same domain structure as RgpB, which has been well characterized structurally 
(Zhou et  al. 2013), namely, a profragment/N-terminal signal peptide (NtSP), a 
catalytic domain (CD), an immunoglobulin-like fold (IgLF) domain, and a 
C-terminal domain (CTD), which is well conserved among PorSS proteins (de 
Diego et al. 2016) (Fig. 7.3a). Mutagenesis and enzymatic studies have indicated 
key active site residues, Asp130, His236, Asp238, Asn297, and Cys351 (Rodríguez 
et  al. 2010), which are highly conserved among GMEs (Shirai et  al. 2001) 
(Fig. 7.3b). Other GME members include mammalian PADs, agmatine deiminase 
(AgDI), arginine deiminase (ADI), l-arginine-glycine amidinotransferase 
(GATM), Nω,Nω- dimethylarginine dimethylaminohydrolase (DDAH), and arginine 
succinyltransferase (AST). Both Goulas et al. (2015) and Montgomery et al. (2016) 
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determined the 3D structure of a soluble, processed form of PPAD, lacking the 
NtSP and CTD, which is thus comparable to mature PPAD which is secreted from 
the bacterium via T9SS. Posttranslational processing occurring during the secre-
tion via T9SS is well characterized for RgpB (Zhou et al. 2013), and due to simi-
larities in subdomain structure, PPAD is thought to undergo the same process 
(Bielecka et al. 2014). Briefly, the NtSP targets PPAD for translocation across the 
inner membrane via the Sec system. Next, the pro-peptide is cleaved off to activate 
the latent enzyme (Veillard et al. 2015). The CTD then targets the active protein to 
the T9SS, and the enzyme is translocated through the outer membrane (Sato et al. 
2010; Shoji et al. 2011), during which the CTD is removed by a specialized proteo-
lytic enzyme, sortase (PorU, PG0026) (Glew et  al. 2012). This generates the 
46 kDa mature enzyme (McGraw et al. 1999). The molecule of PPAD is comprised 
of the CD (aa 44–359) and IgLF (aa 360–465) domains (Fig.  7.4a). This two-
domain structure is 55 Å × 57 Å × 50 Å (h × w × d) and has an overall shape remi-
niscent of Rgp and Kgp (Eichinger et al. 1999; de Diego et al. 2014). The IgLF is 
a 4- and 5-antiparallel strand sandwich and may play a nonenzymatic role in pro-
tein stability or anchoring to the membrane surface. The CD comprises 8 α-helices 
and 20 β-sheets and forms a disfigured “propeller” structure of 5 α-β folds or 
“blades” (Fig. 7.4b). The “blades” are connected by a series of loops, forming a 
teroid around central axes. This manufactures a narrow binding grove for the argi-
nine substrate on one face and interactions with the IgLF on the other. The entrance 
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to the active site is gated by a surface loop (V226–V237) which appears to change 
enzyme confirmation to “open” or “closed” with substrate binding, demonstrated 
using substrate bound and unbound confirmations (Goulas et al. 2015).

Goulas et al. (2015) and Montgomery et al. (2016) reported the structures repre-
senting different states of the PPAD enzyme catalysis. The structures of a catalyti-
cally inactive mutant PPAD bound with arginine substrate (Montgomery et al. 2016) 
or with substrate mimic (Goulas et al. 2015) reveal ligand binding in the active site 
and provide information of stabilization of substrate peptide before turnover. From 
the structural information one can surmise, to bind substrate, the surface loop adopts 
the open conformation, and the arginine residue of the peptide substrate enters the 
active site grove, using its hydrocarbon moiety to pack against the hydrophobic cav-
ity wall (residues Trp127 and Ile234). The guanidino group of the arginine is stabi-
lized within the active site, comprising Asp130, His236, Asp238, Asn297, and 
Cys351, by ionic interactions between the two terminal guanidino nitrogens (Nη1 
and Nη2) and Asp238 and Asp130 (Fig. 7.4c). Further ionic interactions between 
Arg152 and Arg154 with the substrate carboxyl group stabilize the arginine at the 
entrance to the active site (Fig. 7.4d), and the surface loop forms a “closed” confor-
mation with further interactions between Y233 and the carboxyl group. This 
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 conformation positions the guanidino group between His236 and Cys351, where 
the Cζ atom of the guanidino group undergoes nucleophilic attack by the Cys351 
sulfuryl group to form a tetrahedral reaction intermediate. His236 acts as a general 
acid/base for proton transfer and first abstracts a proton from guanidino Nη1, which 
in turn takes a proton from the catalytic thiol group leaving His236 deprotonated. 
The tetrahedral intermediate collapses to a covalent thiol intermediate with produc-
tion of ammonia, which receives a proton from His236 and leaves the active site. A 
free water molecule enters the space left by ammonia. His236 abstracts a proton 
from the water molecule, which in turn performs nucleophilic attack on the thiol 
intermediate and then collapses to form a citrullinated product. Although not known 
to have a direct role in catalysis, the position of residue Asn297 within the active site 
suggests a role in substrate stabilization for turnover.

The key roles for active site residues identified in the 3D structure were subse-
quently confirmed by mutagenesis in vitro, whereby mutation of any of the five resi-
dues composing the active site to Ala, i.e., C351A, D238A, H236A, N297A, and 
D130A, completely abolishes the enzyme activity (Rodríguez et al. 2010; Goulas 
et al. 2015). PPAD displays a strong preference for C-terminal arginine, which is 
well documented (McGraw et  al. 1999; Goulas et  al. 2015; Montgomery et  al. 
2016). The structural basis for this specificity is due to ionic interactions between 
residues Arg152 and Arg154 with the arginine carboxyl group. Following identifica-
tion of interactions between Arg152 and Arg154 with the arginine substrate in the 
structure, involvement of these residues in catalysis was confirmed using protein 
mutations in vitro. When Arg152 and Arg154 were mutated to Ala, both mutants 
have reduced activity on C-terminal arginine-containing peptides compared to wild- 
type enzyme. R152A displayed <20% of wild-type PPAD, and activity of R154A 
was reduced by 50% (Goulas et al. 2015; Montgomery et al. 2016). Thus, interac-
tions between Arg152 and Arg154 and the arginine substrate carboxyl group are 
essential for full enzymatic capability, and should the arginine be located internally 
or at the N-terminus of the substrate peptide, these key interactions would not occur. 
In addition, it is proposed that Tyr233 would sterically clash with any C-terminal 
extension to the peptide.

When comparing the properties of PPAD to other GMEs, moderate structural 
conservation between the α-β propeller domains is observed, with RMSD of 
2–2.4 Å. However, in the structure of both PAD-2 and PAD-4, the CD is preceded 
by two immunoglobulin-like domains (unrelated to the IgLF of PPAD) (Slade et al. 
2015; Arita et al. 2004). PAD-2 and PAD-4 also use arginine residues to stabilize the 
main body of the peptide, but instead of binding with free carboxyl group as in 
PPAD, they interact with the upstream peptide carbonyl. The PPAD entrance loop is 
also lacking in PAD-2/PAD-4, with key residue Tyr233 replaced by Thr468 (PAD- 
2) or Ser468 (PAD-4). Taken together, these augmentations enable the binding of 
internal peptidyl arginine by PPAD, which is in contrast to the in vitro observation 
that PAD-2 and PAD-4 prefer internal arginine substrates (Nomura 1992). Con-
versely, the fully closed formation of other GMEs, i.e., AgDI and ADI, enables the 
catalysis of free l-arginine only.
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7.5.5  The Facts and Hypotheses on PPAD Implication 
in the Pathogenesis of PD

P. gingivalis utilizes a multitude of virulence factors to evade host defenses 
(reviewed in Sect. 7.4), and PPAD is yet another attractive addition to this list. 
Citrullination of free arginine provides energy during anaerobic growth, while 
ammonia generated by this system enables P. gingivalis survival during acid cleans-
ing cycles in the oral cavity (Casiano-Colón and Marquis 1988; Kanapka and 
Kleinberg 1983). In line with this finding, it has been reported that the production of 
ammonia and neutralization of acidity enhance the survival of P. gingivalis within 
the periodontal pocket (McGraw et al. 1999; Mangat et al. 2010) and are associated 
with a pathogenic effect on host cell function (Niederman et al. 1990). Further, the 
complementary mechanisms of Rgp (via degradation) and PPAD have been pro-
posed as a mechanism responsible for inactivation of several plasma constituents, 
increased GCF flow, and P. gingivalis persistence in gingival pockets. In brief, 
Imamura et al. (1994) demonstrated that Rgps activate prekallikrein leading to the 
release of bradykinin. The presence of bradykinin in host tissue results in increased 
vascular permeability (Imamura et al. 1994), as evidenced by the development of 
edema and, in the case of PD, an increase in GCF flow (Travis et al. 1997). The lat-
ter effect correlates with the presence of P. gingivalis (Grenier and Mayrand 1987; 
Marsh et al. 1989) and the increased levels of proteinases from this organism in 
crevicular fluid (Eley and Cox 1996; Gazi et al. 1996; Potempa and Travis 1996). 
Therefore, an intriguing question has arisen regarding “the unknown element” of 
the pathologic mechanism by which P. gingivalis regulates the rate of the GCF flow 
so that it is not flushed out from the pocket due to excessive exudation of plasma. 
An answer was found during the experiments of digestion of peptides with Rgps 
preparations. Briefly, Chen et al. (1992) discovered “an activity” which altered the 
retention times, but not the composition of arginine carboxy-terminal products 
based on the Rgp digestion reactions. Moreover, the same preparations of Rgp were 
used for incubation with complement component C5. The recovery of C5a activity 
was only about 25% for C5 utilized in the experiment, suggesting some alteration to 
the functionally crucial carboxy-terminal arginine of C5a (Wingrove et al. 1992). 
Next, Hayashi et al. (1993) observed in their experiments with hemagglutinin prep-
aration a trypsin-like proteolytic activity as well as “an activity” that produces a 
citrulline residue from the carboxy-terminal arginine. The peptide was cleaved by 
the trypsin-like activity at the internal arginine of the hemagglutinin, and the resul-
tant peptide with the arginine at its carboxy-terminal retained an inhibitory poten-
tial. While longer incubations were conducted, the anti-hemagglutination activity of 
this fragment was completely inactivated due to citrullination of the arginine at the 
carboxy-terminus by a non-proteolytic activity within the hemagglutinin 
preparation.

The observations described above indicate that the deimination of arginine at the 
carboxy-terminus of peptides generated via the cleavage by Rgps could affect the 
functionality of biologically active peptides. In keeping with this hypothesis, 
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McGraw et al. (1999) proposed that the cause of the diminished vascular permeabil-
ity enhancement response to vesicles, compared to the Rgp response (Imamura 
et al. 1994, 1995), resulted from the action of PPAD. This was confirmed by several 
recent studies. For instance, Pyrc et al. (2013) reported that PPAD efficiently deimi-
nates the carboxy-terminal arginine of epidermal growth factor (EGF), and this 
modification subsequently impairs biological activity of the cytokine. Decreased 
activity of EGF in gingival pockets may at least partially contribute to the tissue 
damage and delayed healing in the periodontium in PD.

Bielecka et  al. (2014) studied the effect of bacterial citrullination on pro- 
inflammatory functions of anaphylatoxin C5a. Although, previous studies (Wingrove 
et al. 1992) showed a decrease of C5a activity after incubation with Rgps, no func-
tional explanation of this phenomenon was offered. Anaphylatoxin C5a is released 
from C5 by C5 convertase during complement activation. Widespread expression of 
two C5a receptors, i.e., C5aR and C5L2, in the human body ensures a wide spectrum 
of biological responses, including chemotaxis of inflammatory cells, phagocytosis, 
respiratory burst, vascular permeability, and releases of pro-inflammatory cytokines 
and chemokines. The carboxy-terminal arginine residue is crucial for the C5a func-
tion, and in vivo, the molecule is rapidly converted by carboxypeptidases to the far 
less potent C5a-desArg with significantly lower affinity for C5aR (Monk et al. 2007). 
It has been reported that preincubation of C5a with PPAD strongly reduces its che-
motactic activity for neutrophils, in a concentration-dependent manner, whereas it 
has no effect on the activity of C5a-desArg. This result suggests that citrullinated 
form of C5a, similar to C5a-desArg, has significantly lower affinity for C5aR on 
neutrophils. In agreement with this finding, treatment of C5a with PPAD also impairs 
its ability to induce calcium influx in a myeloid-derived cell line transfected with 
C5aR. Notably, at higher concentrations and/or prolonged incubation with bacterial 
enzyme, the capacity of C5a to activate neutrophils and U937-C5aR cells has been 
completely abrogated. In contrast, C5a-desArg treated with PPAD did not show 
altered potential to stimulate neutrophil chemotaxis and calcium release in U937-
C5aR cells. As expected, native C5a-desArg had much lower activity than C5a in 
these assays. Overall, it has been hypothesized that this reaction can be facilitated by 
close proximity of Rgps and PPAD on both the P. gingivalis cell surface and in OMVs 
released by this bacterium, in the manner similar to that found during citrullination of 
carboxy-terminal arginine residues of fibrinogen-derived peptides generated during 
incubation of P. gingivalis with fibrinogen (Wegner et al. 2010).

In the oral cavity, the gingival epithelium acts as a barrier that prevents the intru-
sion of oral bacteria into subepithelial tissues (Amano 2007). Several studies showed 
that P. gingivalis is able to invade various cell lines, including epithelial cells 
(Sandros et al. 1993, 1994; Lamont et al. 1995; Belton et al. 1999; Rudney et al. 
2001), endothelial cells (Deshpande et  al. 1998; Dorn et  al. 2000), and gingival 
fibroblasts (Amornchat et al. 2003). Recently, Gawron et al. (2014) evaluated the 
interaction of P. gingivalis with primary human gingival fibroblasts (PHGF). 
Authors hypothesized that the absence of citrullinated proteins on the P. gingivalis 
surface in a PPAD-null mutant and/or inability to citrullinate host cell surface 
 proteins may affect its interaction with cells. To verify this hypothesis, first the 
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efficiency of infection of PHGF was tested using wild-type P. gingivalis and an 
isogenic PPAD knockout strain. In all tested conditions, wild-type P. gingivalis 
adhered to and invaded PHGF more efficiently than PPAD mutant (Fig.  7.5, 
Table 7.1). Moreover, the addition of purified, active PPAD to the culture medium 
in an amount equivalent to that carried by wild-type P. gingivalis reestablished the 
adhesive/invasive phenotype of the mutant (Fig. 7.6), eliminating the possibility that 
the attenuated adhesion and invasion are due to a polar effect of the deletion in 
PPAD gene. These data indicate that PPAD is involved in the interaction of P. gin-
givalis with gingival fibroblasts and contributes to the effective adhesion to and 
invasion of these cells by this pathogen.

Adhesion of P. gingivalis to host cells is multimodal (Lamont and Jenkinson 
1998) and involves a variety of cell surface and extracellular components (Cutler 
et al. 1995). Several groups have provided clear evidence to support the key role of 
P. gingivalis major fimbriae in adhesion to and invasion of host cells, including 
epithelial cells (Nakagawa et al. 2006; Isogai et al. 1988; Njoroge et al. 1997; Sojar 
et al. 1999, 2002). The most recent data from our collaborating laboratories showed 
that PPAD knockout strain attenuation of adhesion and invasion of PHGF by P. 
gingivalis is apparently dependent on citrullination of a protein(s) on the bacterial 
surface (unpublished data).

Gawron et al. (2014) also showed that the infection of fibroblasts with wild-type 
P. gingivalis upregulated the expression of two key enzymes that participate in pros-
taglandin E2 (PGE2) synthesis, cyclooxygenase-2 (COX-2) (Fig. 7.7a), and micro-
somal prostaglandin E synthase-1 (mPGES-1) (Fig. 7.7b). Remarkably, upregulation 
of both enzymes was strongly reduced in cells infected with PPAD knockout strain 
and a mutated strain expressing the catalytically inactive PPAD. In agreement with 
this, the level of synthesized PGE2 was significantly lower in the conditioned media 
of cells infected with the mutant strains compared to the media of cells infected with 
wild-type P. gingivalis (Fig. 7.7c). Significantly, the addition of purified PPAD into 
the culture media during incubation of the mutant strain with fibroblasts restored the 
expression of COX-2 and mPGES-1 as well as the synthesis of PGE2 to the levels 
comparable to those observed during infection with wild-type P. gingivalis. 
Increased levels of PGE2 are present in periodontal tissue and the GCF of patients 
suffering from PD (Offenbacher et al. 1986, 1993; Preshaw and Heasman 2002) and 
strongly correlate with disease severity as measured by attachment loss. Furthermore, 
the involvement of PGE2 in PD is supported by findings that treatment with nonste-
roidal anti-inflammatory drugs (NSAIDs), as well as selective COX-2 inhibitors 
known to inhibit PGE2 synthesis, decreased PD severity as measured by alveolar 
bone resorption (Offenbacher et  al. 1986, 1993; Noguchi and Ishikawa 2007). 
Therefore, citrullination-dependent activation of gingival fibroblasts, the predomi-
nant cell type in periodontal connective tissue, produces excessive amounts of pros-
taglandins, in particular PGE2, which may affect homeostasis in the periodontium. 
Taking under consideration the proven role of PGE2 in bone resorption, data pub-
lished by Gawron et  al. (2014) represent yet another example which implicates 
PPAD as an important virulence factor and valid target for drug development.
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7.6  The Associations of PD with Systemic Diseases: 
A General Concept

In PD, continuing destruction of the periodontal attachment and deep periodontal 
pockets may develop with significant loss of tooth-supporting tissues and alveolar 
bone. Under these conditions, the thin, highly permeable, and frequently ulcerated 
periodontal pocket epithelium is the only barrier between the bacterial biofilms and 
the underlying connective tissue. Apparently, in these conditions, subgingival bacte-
rial plaque constitutes a substantial infectious burden for the entire body capable of 
releasing bacteria, bacterial toxins, and other inflammatory mediators into the 
bloodstream thus affecting the other parts of the body. This notion represents a para-
digm shift in thinking about the directionality of oral and systemic associations 
(Scannapieco 1998; Li et al. 2000; Hayashi et al. 2010). Accordingly, a mounting 
evidence has accumulated supporting a role for periodontal infection as a risk factor 
for several systemic diseases, including RA (Wegner et al. 2010; Mangat et al. 2010; 

Fig. 7.6 PPAD supplementation restores the ability of P. gingivalis ΔPPAD to adhere to and 
invade primary human gingival fibroblasts (PHGF). Purified PPAD (0.066 mU/μL, total 66 mU) 
was added to a culture medium of PHGF cells during infection with an isogenic PPAD knockout 
strain (PgΔPPAD), and (a) adherence and invasion, and (b) invasion alone were determined. In all 
experiments, PHGF were infected for 3 h at an MOI of 100. Data represent three independent 
experiments and are expressed as means ± SD (***, p < 0.001; **, p < 0.01; and *, p < 0.05) 
(Reproduced from Molecular Oral Microbiology, 29(6), Gawron K, Bereta G, Nowakowska Z, 
Lazarz-Bartyzel K, Lazarz M, Szmigielski B, Mizgalska D, Buda A, Koziel J, Oruba Z, Chomyszyn- 
Gajewska M, Potempa J. Peptidylarginine deiminase from Porphyromonas gingivalis contributes 
to infection of gingival fibroblasts and induction of prostaglandin E2-signaling pathway. pp. 321–
32, 2014, with permission from John Wiley & Sons Inc.)
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Fig. 7.7 PPAD induces prostaglandin E2 (PGE2) signaling in primary human gingival fibroblasts 
(PHGF). Relative expression levels of (a) cyclooxygenase-2 (COX-2), (b) microsomal prostaglan-
din E synthase-1 (mPGES-1), and (c) the concentration of PGE2 in PHGF infected with wild-type 
P. gingivalis (PgWT), an isogenic PPAD knockout strain (PgΔPPAD),and a mutated strain express-
ing the catalytically inactive PPAD (PgPPAD C351A) for 3 h at an MOI of 100. Infection with 
mutant strains was also performed in the presence of purified PPAD (0.066 mU/μL, total 66 mU). 
Quantitative real-time PCR was performed using β-actin as a reference gene. PGE2 concentrations 
were evaluated by EIA test. Data represent three independent experiments and are expressed as 
means ± SD (***, p < 0.001; **, p < 0.01; and *, p < 0.05) (Reproduced from Molecular Oral 
Microbiology, 29(6), Gawron K, Bereta G, Nowakowska Z, Lazarz-Bartyzel K, Lazarz M, 
Szmigielski B, Mizgalska D, Buda A, Koziel J, Oruba Z, Chomyszyn-Gajewska M, Potempa 
J. Peptidylarginine deiminase from Porphyromonas gingivalis contributes to infection of gingival 
fibroblasts and induction of prostaglandin E2-signaling pathway. pp. 321–32, 2014, with permis-
sion from John Wiley & Sons Inc.)
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Lundberg et al. 2010; Maresz et al. 2013; Quirke et al. 2014), atherosclerotic cardio-
vascular disease (Genco et al. 2002; Gibson et al. 2004, 2008; Padilla et al. 2006), 
respiratory disease (Scannapieco et  al. 2003; Azarpazhooh and Leake 2006; 
Benedyk et  al. 2016), diabetes mellitus (Grossi and Genco 1998; Mealey and 
Ocampo 2007), adverse pregnancy outcomes (Vergnes and Sixou 2007), and other 
systemic conditions, which continue to appear in the literature.

7.6.1  The Links Between PD and RA

The association between PD and RA dates back over 2400 years (reviewed in Mayo 
1922) with an apocryphal report from the days of Hippocrates, which claimed to 
cure arthritis by removing “a bad tooth.” Similarly, in 1818, the American physician 
Benjamin Rush cured rheumatism by dental extraction. The concept that dental sep-
sis caused systemic inflammation, including arthritis, led to the “septic focus” the-
ory, developed by William Hunter and Edward C. Rosenow in the early 1900s. The 
“septic focus” concept remained popular through the early twentieth century, and 
total dental clearance was widely practiced for the treatment of RA and other sys-
temic diseases. The widespread use of dental X-rays and the introduction of “con-
servative dentistry” by Dr. C. Edmund Kells (Kracher 2000) resulted in negation of 
benefits of the “septic focus” theory to the point that removing teeth in an attempt to 
treat systemic disease was tantamount to “criminal behavior.” Nevertheless, total 
dental clearance to treat RA continued to be practiced until the 1970s and only 
ceased with the advent of the first effective disease-modifying drugs such as gold 
and penicillamine.

At the beginning of the twenty first century, epidemiological links between RA 
and dental disease started to be investigated systematically, with PD being the spe-
cific area of interest (de Pablo et al. 2009). Further momentum for such investiga-
tion was provided by the discovery of a PPAD, leading to the hypothesis that 
autoimmunity to citrullinated proteins, which characterize RA, can be primed by 
the activity of this unique bacterial enzyme.

Therefore, to draw together these suggestive links between PD and RA, there are 
three factors to consider: (a) Is there an epidemiologic association between the two 
diseases? (b) Is the link due P. gingivalis infection? (c) If so, what is the mechanism?

7.6.2  Epidemiologic Associations Between PD and RA

The earliest studies examined the prevalence of RA in patients with PD. Mercado 
et al. (2000) studied 1412 individuals referred to a dental clinic divided into two 
groups, i.e., those that had PD (n = 809) and those that attended the clinic for other 
treatment (n = 603). The prevalence of RA in the PD group was 32 out of 809 sub-
jects (3.95%), compared to 4 out of 603 (0.66%) in the general group (p < 0.05). 
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Within the PD group, patients with RA were more likely to have moderate-to-severe 
PD (62.5% of all RA patients) than patients without RA (43.8%) (p < 0.05). Obvious 
limitations to this study were the reliance on self-reported RA; the definition of PD 
using a nonvalidated parameter, i.e., referral; and the failure to document and adjust 
for smoking.

More recent studies have focused on the prevalence of PD in patients with estab-
lished RA. In one small but reasonably robust investigation of 57 Caucasian sub-
jects with RA and 52 non-RA controls (Pischon et al. 2008), an increased risk of PD 
was found in subjects with RA compared to controls; the odds ratio (OR) was 8.05 
(95% CI 2.93–22.09), independent of smoking, gender, education, alcohol con-
sumption, and BMI, and adjusted for age. When further adjusted for oral hygiene 
measures (plaque, gingival bleeding), the OR for the association of RA with PD was 
6.09 (95% CI 1.72–21.58). Another study on data from 4461 subjects from the 
American National Health and Nutrition Examination Survey III (NHANES III) 
investigated the associations between RA and periodontal measures (de Pablo et al. 
2008); 2.3% of all subjects were defined as having RA, which is considerably higher 
than the average (0.5–1%). Compared with non-RA subjects, participants with RA 
had a higher prevalence of PD (16% vs. 10%), edentulism (56% vs. 34%), and num-
ber of missing teeth (20 vs. 16, p = 0.0001). Since then, a number of additional 
studies of PD in patients with RA have been published (Potikuri et al. 2012; Scher 
et al. 2012; Dissick et al. 2010; de Smit et al. 2012), and all have found an approxi-
mately 2-fold higher prevalence of PD in patients with RA. All of these studies can 
be criticized for relatively small numbers of subjects and poor matching of RA 
patients and controls. However, a well-controlled study of 287 patients with RA and 
330 patients with osteoarthritis by Mikuls et  al. (2014) confirmed a significant 
increase in the frequency of PD, though in this case, the relative risk was around 
1.5-fold. In a separate report in the same group of patients, the severity of the PD, 
as measured by alveolar bone loss, correlated with several measures of disease 
activity and severity of RA. Importantly the strongest correlations were seen with 
the titer of anti-CCP antibodies, suggesting a direct link between PD and the auto-
immune response in RA (Coburn et al. 2015).

7.6.3  P. gingivalis Infection Implicates to the Pathogenesis 
of RA

Because P. gingivalis is an obligate anaerobe, culture from clinical samples is dif-
ficult and not sufficiently robust for epidemiological analysis. Therefore, investiga-
tions have had to rely on detection of the bacterial genome by PCR or by measuring 
the serological response. In two studies, using PCR for a multicopy gene from P. 
gingivalis encoding 5s RNA, the frequency of detection in RA was the same as 
controls (Scher et al. 2012; Mikuls et al. 2014). Interestingly, in one of these studies, 
there was an increased frequency of antibodies to P. gingivalis in ACPA-positive RA 

K. Gawron et al.



121

using an ELISA with a semipurifed membrane fraction of the bacterium (Mikuls 
et al. 2014). This assay must be interpreted with caution, since the lysates of P. gin-
givalis contain multiple citrullinated polypeptides (Wegner et  al. 2010) and it is 
possible that the assay was also detecting ACPA reacting with citrullinated epitopes 
on bacterial proteins. Our collaborating laboratories attempted to overcome this 
problem by developing an improved assay using the purified P. gingivalis-specific 
enzyme, RgpB, as antigen. Using ELISA, there was no difference in the levels of 
anti-RgpB antibodies between 82 patients with RA and 80 controls (Quirke et al. 
2014). Using the same assay in serum samples taken before the onset of RA in a 
Southern European cohort, it showed that levels of anti-RgpB antibodies in 103 
people destined to get RA did not differ for levels found in over 300 age- and sex- 
matched controls (Fisher et  al. 2016). In contrast, a much larger epidemiologic 
analysis of nearly 2000 Swedish patients with early RA found that raised antibodies 
to RgpB conferred an OR of 2.96 for RA, higher than that of the well-documented 
environmental factor of smoking, which in this population had an OR of 1.37 
(Kharlamova et  al. 2016). Adding CCP positivity, the major histocompatibility 
complex (MHC) “shared epitope” and smoking to anti-RgpB generated astonishing 
ORs of over 15, suggesting that the immune response to P. gingivalis interacts with 
other environmental and genetic risk factors in promoting the ACPA response in 
RA. Considering the Swedish study, in the question as to whether the link between 
RA and PD is due to P. gingivalis, the answer would appear to be a resounding 
“yes,” but the discrepancy with other studies of different populations and with dif-
ferent assays suggests there is much more work to be done to resolve this issue.

7.6.4  PPAD as a Main Mechanistic Link Between PD and RA

If it is accepted that the newly established link between PD and RA is largely due to 
P. gingivalis, PPAD remains the prime candidate underlying the mechanisms for 
tolerance breakdown in RA. PPAD differs from mammalian PADs in its ability to 
citrullinate free l-arginine and its preference for carboxy-terminal peptidyl arginines. 
Given that the same subset of carboxy-terminally citrullinated peptides are less likely 
to be generated by the host PAD enzymes such as PAD-2 and PAD-4, these formed 
by PPAD may act as neo-epitopes and thus potentially react with T cells to drive an 
antibody response against both, bacterially derived and host proteins. One problem 
with this hypothesis is the lack of evidence that carboxy- terminally citrullinated pep-
tides bind to MHC molecules or to responding T cell receptors. However, one group 
has shown that a highly immunogenic peptide from hen egg lysozyme (HEL) was 
citrullinated by endogenous PADs in a penultimate C-terminal position (flanked only 
by a downstream carboxy-terminal glycine) and bound to the P9 pocket of the MHC. 
This interaction resulted in autoantibodies to uncitrullinated HEL and autophagy in 
HEL transgenic mice (Ireland et al. 2006; Ireland and Unanue 2011). Thus, it remains 
possible for carboxy-terminally citrullinated peptides from enolase or fibrinogen to 
engage with the P9 or P10 pocket of the “shared epitope” and break tolerance by a 
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similar mechanism. In support of this idea is the observation that patients with PD, 
as in HEL transgenic mice, react mainly with uncitrullinated variants of the peptides 
(Lappin et al. 2013; de Pablo et al. 2014).

A second mechanism for PPAD breaking tolerance to citrullinated proteins is via 
autocitrullination, which occurs during the production and purification of recombi-
nant PPAD (Quirke et al. 2014). Citrullinated peptides from PPAD are targeted by 
antibodies in RA (Quirke et al. 2014; Harvey et al. 2013), but autocitrullination of 
PPAD has yet to be demonstrated in vivo, so it is possible that the antibodies to 
citrullinated PPAD peptides are simply a part of the cross-reactive ACPA response. 
However, if autocitrullination of PPAD does prove to be a mechanism for inducing 
autoimmunity in RA, it has profound therapeutic implications in that PPAD inhibi-
tors could be a novel and targeted approach to treating patients whose RA has been 
induced by PD. Although PPAD has a similar overall fold and active site architec-
ture to mammalian PADs, it should be possible to develop a PPAD-specific inhibitor 
because these two enzymes share low sequence homology with numerous divergent 
residues lining or adjacent to the active site.

A third mechanism for citrullination breaking tolerance may not involve PPAD 
at all but the host PADs, such as PAD-2 and PAD-4. In PD, citrullinated proteins and 
enzymes PAD-2 and PAD-4 have been detected in gingival tissues and have been 
shown in higher levels in inflamed tissues, correlating with clinical parameters of 
PD such as depth of periodontal pockets (Nesse et al. 2012; Harvey et al. 2013). 
Both PAD-2 and PAD-4 are important in the formation of NETs. It has been pro-
posed that NET formation may induce autoimmunity to citrullinated proteins in RA 
through internalization of bacteria “coated with” citrullinated proteins, inducing an 
antibody response to both bacterial and native proteins (Dwivedi and Radic 2014).

A fourth possible mechanism for inducing ACPA may not involve citrullination 
by PPAD, at least not in the initial stages. Of relevance in this respect is the immuno-
dominant epitope of citrullinated alpha-enolase known as citrullinated enolase pep-
tide- 1 (CEP-1). The sequence KIHA-cit-EIFDS-cit-GNPTVE is 97% identical to 
the corresponding sequence in citrullinated P. gingivalis enolase (Lundberg et al. 
2008). Thus, P. gingivalis infection could initiate tolerance breakdown through 
cross-reactivity of antibacterial enolase immunity with mammalian enolase. Such a 
possibility was demonstrated in an animal model by Kinloch et al. (2011), where 
immunization of DR4 transgenic mice with both, citrullinated and uncitrullinated P. 
gingivalis enolase induced autoantibodies to mammalian enolase. Importantly, the 
antibody response was not citrulline specific as judged by reactivity of serum from 
the immunized mice with the arginine control peptide (REP-1) (Kinloch et al. 2011). 
This indicates that citrullination is not required for inducing an immune response, 
and when the response occurs, the antibodies are not citrulline specific. This is in 
keeping with the findings of largely not citrulline specific autoantibody response to 
CEP-1 and REP-1 in PD (Lappin et al. 2013; de Pablo et al. 2014) and a very similar 
pattern of noncitrulline specific ACPA responses in another chronic bacterial infec-
tion, bronchiectasis (Quirke et al. 2015).

K. Gawron et al.



123

7.7  Concluding Remarks and Future Perspectives

In summary, infection with P. gingivalis is strongly associated with adult PD, one of 
the most common chronic, bacterial infections. This is apparent from a number of 
clinical studies where a proportional increase of the level of this oral pathogen in 
subgingival plaque correlated with disease severity evaluated by attachment loss, 
periodontal pocket depth, and bleeding on probing. Furthermore, the successful 
eradication of P. gingivalis from periodontal pockets was often accompanied by the 
resolution of the disease. P. gingivalis and other dysbiotic bacteria in subgingival 
plaque drive chronic inflammatory reaction resulting in irreversible destruction of 
tooth-supporting tissues, and if untreated, the disease may lead to tooth loss. 
Recently, a non-proteolytic enzyme from P. gingivalis, named PPAD, attracted a 
considerable interest as a novel factor of virulence. The cooperative effects of Rgps 
and PPAD have been proposed as a mechanism responsible for inactivation of sev-
eral plasma constituents, increased GCF flow, and P. gingivalis persistence in gingi-
val pockets. In addition, citrullination of bacterial cell surface proteins seems to 
contribute to adhesion and invasion of gingival cells and activation of the PGE2 
pathway. Moreover, the pathogenicity of ACPA in RA, and the expression of PPAD 
by P. gingivalis in PD, has implicated citrullination by PPAD as a mechanistic link 
in the development of RA. Taken together, inhibition of PPAD could represent a 
completely novel approach to treat PD and prevent development of RA in suscep-
tible individuals.
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Chapter 8
Citrullination and Neutrophil 
Extracellular Traps

Nishant Dwivedi, Hui-Hsin Chang, and I-Cheng Ho

8.1  Introduction

Neutrophil extracellular traps (NETs) were first reported in 2004 as a meshwork of 
chromatin entangling Gram-positive (Staphylococcus aureus) and Gram-negative 
(Salmonella typhimurium) bacteria (Brinkmann et al. 2004). The threads of chroma-
tin wrapped around the bacteria are about 17–30 nm in diameter, suggesting active 
uncoiling of condensed chromatin, a feature that establishes the formation of NETs 
(or NETosis) as an active and regulated form of neutrophil death. In recent years, 
NETosis has attracted significant attention-studies have attested to both the unique-
ness and importance of NETosis in defending the host from infectious onslaught. 
NETs are laced with many granule-derived antimicrobial proteins such as neutro-
phil elastase (NE), myeloperoxidase (MPO), cathepsin G, and LL-37, which help in 
killing pathogens after trapping them in the chromatin meshwork. Notably, cathep-
sin G and NE are also involved in the formation of NETs after sensing invading 
pathogens by dissolving both nuclear and cellular membranes.
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8.2  Formation of NETs

8.2.1  Essential Role of Histone Citrullination in NETosis

One important step prior to the release of DNA during NETosis is decondensation of 
chromatin, which is usually kept within the nuclear envelop in a higher-ordered configu-
ration by interaction between positively charged histones and negatively charged DNA 
together with various nuclear stabilizing proteins (Chen and Dent 2014). Decondensation 
of chromatin requires the citrullination of histones. Citrullination, also called deimina-
tion, is a unique posttranslational modification in which positively charged arginines are 
converted to neutral citrullines. This modification is catalyzed by the peptidylarginine 
deiminases (PADs), including PAD1–4 and PAD6, in a calcium-dependent manner. 
Histone citrullination is detected in decondensed chromatin in  neutrophils (Wang et al. 
2009). Overexpression of PAD4 results in histone hyperci trullination, chromatin decon-
densation, and the formation of NET-like structures in both granulocyte-like cells and 
non-granulocytes (Wang et al. 2009; Leshner et al. 2012). This effect is dependent on 
the enzymatic activity of PAD4. PAD4-mediated citrullination of arginine residues in 
the core (H2A, H3, and H4) and linker histones (H1) is essential for the unraveling of 
chromatin during NET formation (Wang et al. 2009; Dwivedi et al. 2014). Accordingly, 
pan-PAD inhibitors reduce histone citrullination and suppress the formation of NETs 
(Wang et al. 2009), and neutrophils deficient in PAD4 are also deficient in forming 
NETs (Leshner et al. 2012; Li et al. 2010; Hemmers et al. 2011). Neutrophils express 
the highest level of PAD4 among all hematopoietic cells, and its transcript is almost 
100-fold higher than that of other PADs. Such a high level of PAD4 probably explains 
why only neutrophils are endowed with the unique ability to form NETs even though 
invading pathogens can be recognized by almost all cells through pathogen-associated 
molecular pattern (PAMP) recognition receptors.

How PAD4 promotes chromatin decondensation is still not fully understood. 
PAD4 does not appear to affect the in vitro formation of nucleosome core particle 
assembled with core histones H3, H2B, H2A, and H4. Instead, PAD4 activity is 
required for the disassembly of higher-order chromatin structure orchestrated by 
linker histone H1 (Wang et  al. 2009). It is possible that citrullination leads to a 
global neutralization of the positive charge of chromatin, thereby disrupting the 
electrostatic interaction between DNA and histones. Chromatin condensation and 
the formation of heterochromatin require the binding of heterochromatin protein 1 
(HP1) to methylated K9 of histone H3. This binding is disrupted by the citrullina-
tion of the neighboring R8 residues (Leshner et al. 2012). Thus, citrullination of 
histones very likely also inhibits the binding of chromatin condensation factors.

8.2.2  Other Critical Elements for the Formation of NETs

The dynamics of chromatin extrusion from neutrophils during NETosis is uniquely 
fascinating. From recognition of external stimulus to expulsion of fine threadlike 
chromatin, a complex set of events are orchestrated in neutrophils in a synchronized 
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as well as hierarchical manner. Though invading pathogens can be recognized by 
almost all cells through PAMP receptors, only neutrophils are endowed with the 
special set of characteristics that facilitate NET formation. The chromatin of neutro-
phils at basal state is relatively decondensed facilitating a quick release of chroma-
tin threads. Much higher expression of enzymes such as NADPH, PAD4, PR3, and 
MPO in neutrophils also empowers neutrophils for NET formation.

 NET Stimuli

A wide variety of inflammatory stimuli have been identified for triggering NETs. 
Other than microbial agents such as bacteria and fungi, NETs have been induced by 
pharmacological agents (phorbol 12-myristate 13-acetate [PMA], calcium iono-
phore, and tamoxifen) (Parker et al. 2012; Corriden et al. 2015), inflammatory cyto-
kines (tumor necrosis factor-α, IL-1β, IL-8) (Keshari et al. 2012; Gupta et al. 2005; 
Mitroulis et al. 2011), oxidized low-density lipoprotein (Awasthi et al. 2016), acti-
vated endothelial cells and platelets (Clark et al. 2007; Gupta et al. 2010), immune 
complexes (Behnen et  al. 2014), and even monosodium urate crystals 
(Mitroulis et al. 2011). The sensors triggering NETosis by some of these stimuli 
have been identified. For example, oxidized LDL acts through TLR 2 and 6 (Awasthi 
et  al. 2016) and platelets through P-selectin binding to P-selectin glycoprotein 
ligand-1 (Etulain et al. 2015). Such a wide range of stimuli culminating in NET 
formation suggests a common downstream mechanism that is not yet fully deci-
phered. In contrast, prostaglandin E2 (PGE2) can inhibit NETosis through EP2 and 
EP4 receptors in vitro and in vivo (Shishikura et al. 2016; Domingo-Gonzalez et al. 
2016), providing an additional layer of regulation of NETosis.

 NET Signaling Pathways

Most commonly, NET formation has been studied by using PMA as stimulus where 
generation of reactive oxygen species (ROS) by NADPH oxidase plays a key role in 
NET production (Parker et al. 2012; Kirchner et al. 2012). Patients with chronic 
granulomatous disease, who have decreased NADPH oxidase activity, show 
impaired NET formation (Fuchs et al. 2007). PMA is a strong driver of NETosis for 
mouse and human neutrophils and induces histone citrullination and NETosis in a 
PAD4-dependent manner in mouse neutrophils (Li et al. 2010). We have also con-
firmed the induction of histone citrullination by PMA with immunocytochemistry 
in human neutrophils (data not shown). Surprisingly, at least two groups have inde-
pendently demonstrated that PMA does not induce citrullination in human neutro-
phils (Zhou et al. 2015; Neeli and Radic 2013). The cause of this discrepancy is still 
unclear.

Signaling from PMA and other inducers of NETs leads to the activation of NADPH 
oxidase through protein kinase C (Neeli and Radic 2013; Gray et al. 2013). Various 
isoforms of PKC play contrasting roles in the activation of PAD4 and NET formation. 
While most isoforms of PKC enhance citrullination and NETosis, PKC- alpha was 
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uniquely identified to inhibit PMA-induced PAD activation and NET formation 
(Neeli and Radic 2013). In addition, PGE2 binding to EP2 and EP4, two G protein-
coupled receptors, inhibits PMA-induced NETosis through the c-AMP- PKA pathway 
(Shishikura et al. 2016; Domingo-Gonzalez et al. 2016).

NETosis shares some features with necroptosis, but whether the pathways 
involved in necroptosis have a role in NETosis is not clear as conflicting reports of 
the role of receptor-interacting protein kinase-1 and the mixed lineage kinase 
domain-like (RIPK-1/MLKL) pathway were published recently (Amini et al. 2016; 
Desai et al. 2016). The discrepancies can be due to differences in the way stimulation 
was given to neutrophils or the way NETosis was quantitated. Future studies with 
more robust methodologies will be needed to resolve these discrepancies. Signaling 
through the RAF/MEK/ ERK pathway is also found important for citrullination and 
NETosis, but the full mechanism is not yet understood (Hakkim et al. 2011).

NADPH oxidase-independent PAD4 activation and NET formation is also 
reported where ionomycin-induced opening of SK3 potassium channels mediates 
NET formation (Douda et al. 2015). In this report, mitochondrial ROS production 
was found important for NETosis (Douda et al. 2015). Intracellular scavenging of 
ROS produced by NADPH oxidase by a chemical inhibitor is able to inhibit NET 
formation in response to PMA but not when whole bacteria are used to stimulate 
human neutrophils (Parker et  al. 2012), indicating that though NADPH oxidase- 
generated ROS is important for PAD4-mediated NETosis, the role of other factors 
in making of NETs is equally important.

 Enzymes

Various neutrophil-associated serine proteases such as NE, proteinase 3 (PR3), and 
MPO are found entangled in NETs (Urban et al. 2009) and are thought to play an 
important role in NETosis. Mice deficient in elastase are less potent in making NETs 
as compared to the wild-type controls (Papayannopoulos et al. 2010; Martinod et al. 
2016) as are neutrophils from MPO-deficient individuals when subjected either to 
PMA or bacteria (Parker et al. 2012). Though the exact role of these enzymes in 
NETosis is not understood, it is believed that neutrophil activation directs the vesic-
ular-coated serine proteases toward the nucleus where they digest nuclear membrane 
(Parker et al. 2012; Papayannopoulos et al. 2010; Munoz-Caro et al. 2015).

 Cytoskeleton

The release of chromatin threads during NETosis also requires cytoskeleton ele-
ments. Chemical inhibitors of actin microfilaments assembly (cytochalasin D) as 
well as microtubular polymerization (nocodazole) reduce NET formation as well as 
histone citrullination (Neeli et  al. 2009). It is possible that these cytoskeleton 
elements play a role in trafficking of PAD4 as well as serine proteases to the nucleus 
and also provide a meshwork to disentangle chromatin threads for spreading.
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8.2.3  Regulation of PAD Activity

How the activity of PADs is regulated is still not fully understood. PADs require a 
high concentration of calcium to be enzymatically active. Ionophore, pore-forming 
complex, and even transfection are known to activate PADs by increasing intracel-
lular calcium concentration (Romero et al. 2013). In addition, PAD4 is known to 
form homodimers, and the dimerization is critical for its optimal calcium binding 
and full enzymatic activity (Liu et al. 2011). PAD4 can undergo auto-citrullination 
in vivo and in vitro (Andrade et al. 2010; Slack et al. 2011). However, it is still con-
troversial as to whether auto-citrullination has any impact on the enzymatic activity 
of PAD4. PAD4 is tyrosyl phosphorylated in primary mouse macrophages, but the 
phosphorylation sites and the role of tyrosine phosphorylation in regulating the 
activity of PADs are unknown (Chang et al. 2015). A recent study indicates that a 
subset of anti-PAD4 autoantibodies found in patients with RA can enhance the cata-
lytic activity of PAD4 (Darrah et al. 2013), suggesting that its activity can be modu-
lated through interacting with other proteins.

8.3  Protective NETs: A Mechanism to Counter Infection

Immune system has evolved various strategies to protect humans from thousands 
of microbial organisms they interact with. Being the most numerous circulating 
immune cells in the body as well as being the first responders to infections, neutro-
phils are equipped with diverse mechanisms to fight infections. Before NETosis 
was discovered, phagocytosis followed by reactive oxygen species generation was 
considered to be the dominant neutrophil mechanism to counter infections. 
NETosis probably plays an equally important role in limiting bacteria and fungi 
infections. NETs are known to be effective in trapping Gram-positive (S. aureus 
(Brinkmann et  al. 2004; Pilsczek et  al. 2010), Listeria monocytogenes (Munafo 
et  al. 2009)) and Gram-negative (Shigella flexneri (Brinkmann et  al. 2004), 
Klebsiella pneumoniae (Papayannopoulos et al. 2010) bacteria and fungi (Candida 
albicans (Urban et al. 2006), Aspergillus fumigatus (McCormick et al. 2010)).

It was suggested that the decision of whether to phagocytose or to make NETs is 
determined by pathogen size as NETosis is commonly observed with larger fungal 
hyphae of C. albicans or aggregates of Mycobacterium bovis (Branzk et al. 2014). 
To the contrary, reports have suggested release of human and mouse NETs in 
response to intracellular parasites, such as Toxoplasma gondii (Abi Abdallah 
et al. 2012) and Plasmodium falciparum (Baker et al. 2008). NETs were also formed 
in response to human immunodeficiency virus (Saitoh et al. 2012). The ability of 
neutrophils to cast their NETs in response to such a diverse array of infectious agents 
makes NETs an important marker for inflammation, and as such NET-associated 
components (DNA, MPO, and PR3) in serum have come up as markers for NETosis. 
While NETs are enriched with bactericidal molecules, it remains controversial if 
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NETs can indeed kill entrapped pathogens. S. aureus and C. albicans recovered 
from NETs are fully viable in vitro (Menegazzi et al. 2012), suggesting that NETs 
have limited intrinsic killing activity.

Neutrophils from patients with chronic granulomatous disease, which lack func-
tional NADPH oxidase, are less efficient in clearing S. aureus (Fuchs et  al. 2007). 
However, it is still unclear how much of the impaired bacteria clearing can be attributed 
to impaired NETosis. In vivo animal studies provide us with a glimpse into the role of 
NETs in defense against bacterial infection. S. pyogenes is capable of secreting DNase 
to dissolve DNA and escape NETs, thereby causing necrotizing fasciitis upon subcuta-
neous inoculation in mice. A mutant strain of S. pyogenes that is deficient in such DNase 
is unable to escape NETs and therefore less virulent in wild- type mice (Li et al. 2010). 
However, this mutant strain is almost as virulent as wild-type strain in PAD4-deficient 
mice, which are unable to form NETs. In contrast, PAD4-deficient mice have a compa-
rable survival as wild-type mice after cecal ligation and puncture (Martinod et al. 2015), 
a severe polymicrobial sepsis model mediated mainly by Gram-negative bacteria. It 
remains to be determined if the discrepancy is due to the difference in the extent of 
infection (local versus systemic) or in strains of bacteria (single Gram-positive bacteria 
versus multiple Gram-negative bacteria). The in vivo roles of NETs in immune defense 
against other pathogens, including virus and fungi, remain to be determined. PAD4-
deficient mice display no apparent difference in viral load, weight loss, and survival 
after influenza infection when compared to wild-type mice (Hemmers et al. 2011).

8.4  Deleterious NETs: Adverse Effects of Uncontrolled 
NETosis

Neutrophils are very reactive immune cells laced with a plethora of pro- inflammatory 
substances. When stimulated, their ability to make inflammatory cytokines and vari-
ous antibacterial proteases increases manifold. Thus, sudden disruption of cellular and 
nuclear membranes while undergoing NETosis results in massive inflammation in the 
local environment. This might be a welcome mechanism while fighting local invading 
pathogens, but unregulated NETosis can cause significant harm to hosts. NETosis has 
been implicated in the pathogenesis of many human diseases, such as diabetes, asthma, 
and cystic fibrosis, which are discussed in the other chapters. This chapter will focus 
on the pathogenic role of citrullination-dependent NETosis in thrombosis and autoim-
mune diseases, including rheumatoid arthritis and systemic erythematosus.

8.4.1  NETs and Thrombosis

NETs provide a structural scaffold for platelets and RBC entrapment and aggrega-
tion. The negatively charged DNA backbone further promotes thrombosis by activat-
ing plasma proteins such as fibrinogen, fibronectin, and von Willebrand factor (VWF) 
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(Fuchs et al. 2010). Expectedly, disruption of NETs by DNase 1 reduces deep vein 
thrombosis in experimental mouse models (Brill et al. 2012). PAD enzyme-induced 
citrullination is critical for NET formation, and the use of PAD inhibitors in mouse 
models of atherosclerosis results in reduced plaque formation and thrombus (Knight 
et  al. 2014a). In a stenosis model of deep vein thrombosis, only 10% of PAD4-
deficient mice showed thrombus formation after inferior vena cava stenosis as com-
pared to above 90% of control mice (Martinod et al. 2013). Apart from the DNA, 
histones in NETs can also activate platelets and result in thrombin generation 
(Semeraro et al. 2011). Other components of NETs such as granule-derived serine 
proteases (elastase, cathepsin G) can degrade tissue factor pathway inhibitor, which 
serves as an important antagonist of coagulation (Massberg et al. 2010).

Antiphospholipid antibody syndrome (APLAS) is characterized by thromboem-
bolic events induced by antiphospholipid antibodies, such as anticardiolipin and anti-β2 
glycoprotein I. Serum from patients with APLAS has a decreased ability to degrade 
NETs and contains more cell-free DNA and NETs (Leffler et al. 2014; Yalavarthi et al. 
2015). In addition, their neutrophils are prone to undergo NETosis spontaneously. 
Furthermore, purified antiphospholipid antibodies or serum IgG fraction of patients 
with APLAS triggers NETosis of control neutrophils (Yalavarthi et  al. 2015). Thus 
dysregulated NETosis is a potential mechanism of thromboembolism seen in APLAS.

8.4.2  NETs and Rheumatoid Arthritis

The role of citrullination in driving autoimmune inflammation is more clearly defined 
in rheumatoid arthritis (RA) where anti-citrullinated protein antibodies (ACPA) have 
been included into the revised 2010 American College of Rheumatology criteria for 
diagnosing RA (Aletaha et  al. 2010). ACPA are a unique feature of RA and are 
detected in about 70% of RA patients and show marked sensitivity and specificity in 
diagnosing RA (Payet et al. 2014). Cigarette smoking and periodontitis, two major 
risk factors of RA, have been shown to increase the level of citrullinated proteins 
(Makrygiannakis et al. 2008; Damgaard et al. 2015; McGraw et al. 1999; Rosenstein 
et al. 2004); a haplotype of padi4, which encodes PAD4, stabilizes PAD4 transcript 
and is associated with a higher risk of RA (Suzuki et al. 2003; Kang et al. 2006; Hou 
et al. 2012; Hoppe et al. 2009). These observations suggest that dysregulated citrul-
lination is at the root of RA pathogenesis.

Hypercitrullination not only expands the pool of citrullinated autoantigens, thereby 
adding fuel to the fire of RA autoimmunity, but also propagates RA pathogenesis 
through NETosis. Neutrophils are abundant in synovial fluid of inflamed RA joints. 
Spontaneous NETosis upon cultivation in vitro is seen in neutrophils from RA patients 
as compared to control subjects (Sur Chowdhury et al. 2014). NETosis contributes to 
the pathogenesis of RA in at least two ways. NETs are a rich source of citrullinated RA 
antigens. Both citrullinated vimentin and citrullinated histones have been shown to 
decorate NETs (Khandpur et al. 2013). A recent study demonstrates that as high as 40% 
of monoclonal antibodies derived from synovial ectopic lymphoid B cells recognize 
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citrullinated histone H2A/H2B and bind to NETs (Corsiero et al. 2015). Interestingly, 
antibodies to citrullinated histones are more abundant in Felty’s syndrome, a severe 
form of arthritis, implying the deleterious consequences of neutrophil activation in joint 
destruction (Dwivedi et  al. 2012). Additionally, NETs can induce the expression of 
inflammatory cytokines, such as IL-6 and IL-18, as well as CCL20 and ICAM-1 from 
fibroblast-like synoviocytes (Khandpur et al. 2013). This effect of NETs can be partly 
abrogated by DNase treatment, suggesting that the architecture of NETs is critical for 
its pro-inflammatory property.

While hypercitrullination caused by various environmental and genetic risk fac-
tors surely contributes to enhanced NETosis, RA neutrophils readily contain more 
NET-inducing molecules, such as ROS, MPO, and NE, and have more nuclear 
PAD4 despite a normal level of total PAD4. One possible explanation for the “readi-
ness” of NETosis is that inflammatory cytokines and ACPA are present in the serum 
and synovial fluid of RA patients (Khandpur et al. 2013). Neutrophils of healthy 
donors can be induced to form NETs by incubating with IL-17 and TNFα, two key 
inflammatory cytokines of RA, or serum from RA patients. The NET-inducing 
effect of RA serum is abrogated by depleting its IgG fraction, suggesting that ACPA 
is one of the serum factors responsible for conditioning neutrophils for NETosis. In 
addition, neutrophils from inflamed RA joints display hypercitrullination of pro-
teins across a broad range of molecular weight (Romero et al. 2013). This pattern of 
hypercitrullination is caused by two immune-mediated pore-forming pathways: 
perforin and the membrane-attacking complement complex.

In agreement with the strong in vitro data, a pan-PAD inhibitor is therapeutic in the 
murine model of collagen-induced arthritis (Willis et al. 2011). Similarly, deficiency 
of PAD4 reduces the severity of arthritis in GPI-immunized mice or TNFα- transgenic 
mice (Seri et al. 2015; Shelef et al. 2014). The development of arthritis in these three 
models depends on concerted action of both adaptive and innate immune cells. 
However, in arthritis models that do not require adaptive immune cells, the PAD inhib-
itor or PAD4 deficiency has little impact on the severity of arthritis (Willis et al. 2011; 
Rohrbach et  al. 2012). Thus, it remains to be demonstrated if NETs can indeed 
contribute to the inflammatory phase of arthritis in vivo.

8.4.3  NETs and Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized 
by antibodies against many nuclear autoantigens, including ribonucleoprotein (RNP), 
dsDNA and histones, and deposition of immune complex in tissues. Many of the lupus 
nuclear autoantigens are also abundantly exposed during NETosis, and antibodies 
against citrullinated linker histones are detected in a subset of SLE patients (Dwivedi 
et al. 2014). Furthermore, netting neutrophils are readily detected in affected skin and 
organs of lupus patients (Villanueva et al. 2011); pan-PAD inhibitors attenuate disease 
activity in lupus-prone mice (Knight et al. 2013, 2014b). These observations further 
strengthen the link between citrullination-dependent NETosis and SLE.
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Extracellular DNA, released through NETosis or from apoptotic cells, very likely 
plays a pathogenic role in SLE. Deficiency in DNase 1 results in spontaneous devel-
opment of lupus-like features in mice (Napirei et al. 2000), and genetic variations at 
the DNase 1 locus are associated with a higher risk of SLE (Bodano et al. 2006; 
AlFadhli et al. 2010). In addition, serum from as high as 30% of SLE patients shows 
defective DNase activity with impaired ability to clear NETs (Hakkim et al. 2010; 
Leffler et al. 2013, 2015).

Type 1 interferon (IFN), including IFNα and IFNβ, has been implicated in the 
pathogenesis of lupus (Wahren-Herlenius and Dorner 2013). It has been demon-
strated that NETs released by neutrophils of lupus patients, but not healthy donors, 
induce the production of type 1 IFN by plasmacytoid DC via TLR9 (Villanueva 
et al. 2011; Lande et al. 2011; Garcia-Romo et al. 2011). This unique property of 
lupus NETs can be recapitulated by inducing NETosis of control neutrophils with 
immune complex containing RNP (RNP-IC) (Lood et  al. 2016), which can be 
detected in lupus patients. Lupus NETs or RNP-IC-induced NETs from healthy 
donors are enriched with oxidized mitochondrial DNA in addition to nuclear DNA 
(Lood et al. 2016; Wang et al. 2015). Mitochondrial DNA obtained from lupus or 
RNP-IC-induced NETs can promote the expression of type 1 IFN and several other 
inflammatory cytokines, such as IL-1β and IL-6, in human PBMC or plasmacytoid 
DC in vitro or after injection into mice (Lood et al. 2016). The induction of type 1 
IFN by lupus NETs is dependent on the DNA sensor STING but not Myd88. This 
observation is consistent with a report showing that oxidized DNA induces the 
expression of IFNα through STING but not TLR9 (Gehrke et al. 2013). The release 
of oxidized mitochondrial DNA into NETs requires ROS bursts from mitochondria. 
Accordingly, administration of a mitochondrial ROS scavenger attenuates lupus- 
like disease in MRL/lpr mice, a commonly used murine lupus model (Lood et al. 
2016). In addition, treatment with metformin, which inhibits mitochondrial ROS 
production, reduces the content of mitochondrial DNA in NETs and results in 
decreases in clinical flares and prednisone exposure in lupus patients in a small 
clinical trial (Wang et al. 2015).

 The Role of Low-Density Granulocytes

A subset of neutrophils that segregated with mononuclear cells on density gradient 
centrifugation of whole blood is known as low-density granulocytes (LDGs) (Denny 
et al. 2010). These LDGs carry an inflammatory phenotype and are capable of secret-
ing high levels of type 1 interferon, TNFα, and IFN-γ (Denny et al. 2010). Elevated 
numbers of LDGs are found in juvenile-onset SLE (Midgley and Beresford 2016) as 
compared to controls. LDGs show increased propensity to make NETs and very 
likely are partly responsible for the unique property of lupus neutrophils and NETs. 
Elevated numbers of LDGs are also detected in patients with anti-neutrophil cytoplas-
mic antigen (ANCA)-associated vasculitis (Grayson et al. 2015), a disease character-
ized by antibodies against two NET-associated proteins PR3 and MPO, suggesting 
overlapping pathogenic mechanisms between ANCA-associated vasculitis and SLE.
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8.5  PTPN22: A Novel Inhibitor of Citrullination 
and NETosis

8.5.1  Phosphatase-Dependent and Phosphatase-Independent 
Function of PTPN22

A major advance in our understanding of the pathogenic role of citrullination and 
NETosis in autoimmune diseases comes from the discovery that PTPN22 is a natural 
inhibitor of PAD activity. PTPN22 is a non-receptor protein tyrosine phosphatase 
preferentially expressed in hematopoietic cells (Cohen et al. 1999). It has been shown 
to attenuate the activation signals in lymphocytes by interacting with several signal-
ing molecules, such as Csk, Zap70, and Grb2 (Gjorloff-Wingren et al. 1999; Hill et al. 
2002; Ghose et al. 2001; Wu et al. 2006). Indeed, PTPN22-deficient mice develop 
splenomegaly at ages older than 6 months due to hyperactivation of T cells (Hasegawa 
et al. 2004). It also negatively regulates the homeostasis of Treg cells partly by inhib-
iting the expression and signaling of glucocorticoid-induced TNFR family-related 
protein (GITFR) (Brownlie et al. 2012; Maine et al. 2012; Nowakowska and Kissler 
2016). In addition, PTPN22 is detected in the cytoplasm and nucleus of macrophages 
(Chang et al. 2013). Cytoplasmic PTPN22 suppresses the IFNγ/LPS-mediated polar-
ization of macrophage to the M1 phenotype, which is characterized by the expression 
of inflammatory cytokines. In contrast, nuclear PTPN22 promotes IL-4-/IL-13-
mediated polarization of macrophages to the M2 phenotype, featuring the production 
of anti-inflammatory cytokines. Furthermore, PTPN22 can attenuate IFNα-induced 
signals in myeloid cells (Holmes et al. 2015). A recent study further demonstrates that 
PTPN22 dephosphorylates NLRP3 and activates this key component of inflamma-
some, thereby enhancing the production of processed IL-1β (Spalinger et al. 2016). 
All these functions depend on the phosphatase activity of PTPN22.

In addition to the conserved PTP domain in its N-terminal half, the C-terminal 
half of PTPN22 contains no known structural domain with the exception of four 
proline-rich regions. Thus, PTPN22 is capable of carrying out phosphatase- 
independent function. Indeed, it was recently discovered that PTPN22 promotes 
TLR-induced expression of type 1 IFN by myeloid cells (Wang et al. 2013). This 
function is independent of its phosphatase activity. However this observation is 
somewhat counterintuitive given the report that PTPN22 actually inhibits the sig-
naling of type 1 IFN (Holmes et  al. 2015). In addition, we found that PTPN22- 
deficient macrophages produced more IFNβ in response to LPS/IFNγ stimulation 
(Fig. 8.1). The cause of this discrepancy is still unknown.

8.5.2  PTPN22 Is an Autoimmune Gene

The huge interest in PTPN22 is due to the observation that a C-to-T single nucleotide 
polymorphism (SNP), located at position 1858 of human PTPN22 cDNA, is associ-
ated with a high risk of developing RA (Kunz and Ibrahim 2011; Begovich et al. 
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2004; Orozco et al. 2005; Lee et al. 2005). This C1858T SNP carries an odds ratio of 
nearly 2, which is the highest among all non-HLA genetic variations. In addition, it 
has synergistic effects with several RA-prone HLA alleles in raising the risk of RA 
(Kallberg et al. 2007). Interestingly, this synergy is observed only in RA patients 
who are positive for ACPA. This SNP also increases the risk of other autoimmune 
diseases, including lupus and type 1 diabetes, which are not characterized by 
ACPA. It converts a conserved arginine (R620) to a tryptophan (W620) and is very 
likely a causative SNP of RA. Knock-in mice carrying this R-to-W mutation sponta-
neously develop several autoimmune features (Carlton et al. 2005; Zhang et al. 2011; 
Dai et al. 2013). This phenotype is in sharp contrast to that of PTPN22- deficient 
mice, which do not develop autoimmune features (Hasegawa et al. 2004). In addi-
tion, both PTPN22 knockdown and transgenic NOD mice are resistant to diabetes 
(Zheng and Kissler 2013; Yeh et al. 2013), an animal model of type 1 diabetes. These 
animal data strongly indicate that the W620-PTPN22 is neither a gain nor a loss of 
function variant, but instead very likely functions as a dominant- negative mutant.

However, how the C1858T SNP has such a unique impact on ACPA+ RA and 
also increases the risk of other autoimmune diseases is still not fully understood. 
Its effect on the activation of lymphocytes is subtle and controversial. Both hypo-
activation and hyperactivation have been observed in lymphocytes from donors 
carrying this SNP (Zhang et al. 2011; Vang et al. 2005; Aarnisalo et al. 2008; 
Thompson et al. 2014). Although abnormal homeostasis of B cells, including a 
decrease in percentage of memory B cells and an increase in transitional B cells, 
has been observed in healthy donors who are heterozygous for this SNP (Rieck 
et al. 2007; Habib et al. 2012), this finding cannot be confirmed in homozygous 
donors (Thompson et  al. 2014). In addition, this SNP does not affect thymic 
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Fig. 8.1 PTPN22 inhibits LPS-induced expression of IFNβ by macrophages. Splenic macro-
phages (one million cells) of wild type (WT) and PTPN22-deficient (KO) mice were left unstimu-
lated (rest) or stimulated with LPS (1 μg/mL) for 24 h. The concentration of IFNβ in supernatant 
was measured with ELISA. The data shown is cumulated results of six experiments (one pair of 
mice per experiment). The statistical analysis was performed with Student’s t test
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selection, which is highly sensitive to even a subtle change in the strength in 
activation signals, and has little impact on the polarization of macrophages 
(Chang et al. 2013; Wu et al. 2014). A recent study indicates that this SNP results 
in a gain-of-function variant of PTPN22 that is more potent in dephosphorylating 
NLRP3 and in enhancing the production of processed IL-1β (Spalinger et  al. 
2016), which can be pathogenic in human RA. However, this model does not 
offer an explanation for the synergy between the C1858T SNP and RA-prone 
HLA in ACPA+ RA. In addition, uncontrolled activation of the inflammasome 
and excessive production of IL-1β often lead to auto- inflammatory diseases; 
however, the C1858T SNP is not associated with auto-inflammatory diseases.

8.5.3  PTPN22 Interacts with and Inhibits the Activity of PAD4

It was recently discovered that PTPN22 interacts with and suppresses the activity 
of PAD4 (Chang et al. 2015). PTPN22-deficient macrophages or lymph node cells 
display hypercitrullination; knocking down PTPN22 in human Jurkat T cells also 
results in hypercitrullination. Therefore, both human and mouse PTPN22 can 
suppress protein citrullination. Human PTPN22 is expressed as several alterna-
tively spliced forms, each of which lacks a part of the protein (Chang et al. 2012, 
2013). With the exception of PTPN22.6, which lacks the nearly entire PTP 
domain, all other isoforms retain full phosphatase activity. Surprisingly, only the 
full-length PTPN22 is capable of suppressing citrullination (Chang et al. 2015). 
In addition, a phosphatase-dead mutant PTPN22 is as efficient as wild-type 
PTPN22 in suppressing citrullination. These observations demonstrate that 
PTPN22 suppresses protein citrullination independently of its phosphatase activ-
ity. Despite the strong effect of PTPN22 deficiency on citrullination in lympho-
cytes and macrophages, PTPN22- deficient murine neutrophils have a normal 
level of citrullinated proteins and do not show increased tendency to form NETs, 
suggesting the presence of a compensatory mechanism that is sufficient to sup-
press citrullination and NETosis in the absence of PTPN22 in murine neutrophils. 
The transcript level of PAD4 in neutrophils is much higher than that in other 
hematopoietic cells according to the Immunological Genome Project (https://
www.immgen.org). Thus, it would not be surprising if multiple mechanisms are 
needed to keep PAD4 in check in neutrophils.

8.5.4  The W620-PTPN22 Is a Dominant-Negative Variant 
of PTPN22

More importantly, the R-to-W conversion renders PTPN22 unable to interact with 
PAD4 and suppress citrullination (Chang et al. 2015). Accordingly healthy donors car-
rying the C1858T SNP display hypercitrullination in their PBMC.  In addition, 
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overexpression of W620-PTPN22, but not R620-PTPN22, in wild-type T cells, which 
already express a physiological level of R620-PTPN22, is sufficient to cause hypercit-
rullination, indicating that W620-PTPN22 is a dominant-negative variant. While defi-
ciency of PTPN22 has little impact on mouse neutrophils, neutrophils from C1858T 
donors, which express both R620- and W620-PTPN22, contain a higher level of citrul-
linated proteins and have a high propensity to form NETs spontaneously ex vivo 
(Fig.  8.2), further demonstrating the dominant-negative nature of W620-PTPN22. 
Bayley et al. also discovered that neutrophils from donors carrying the C1858T SNP 
have a higher transmigration capacity in response to TNFα, stronger calcium influx 
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Fig. 8.2 The C1858T SNP is associated with enhanced NETosis. Neutrophils from healthy donors 
carrying (CT) or not carrying (CC) the C1858T SNP were subjected to immunocytochemistry. 
Representative images of immunocytochemistry are shown in (A). Cells undergoing NETosis are 
marked with white arrows. The mean intensity of cit-H3 is shown in (B). The percentage of NET- 
forming cells is shown in (C). In each experiment, neutrophils from one CC and one CT donors 
were analyzed simultaneously. Each pair is connected with a line and denoted with the same sym-
bol in (B, C). (Adapted from Chang et al. (2015))
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after fMLP stimulation, and more ROS production after stimulation sequentially with 
TNFα and fMLP (Bayley et al. 2014). However, it is unclear if these features are caused 
by altered phosphatase activity of PTPN22 or by hypercitrullination.

8.5.5  A Working Model for the Increased Risk of Autoimmune 
Diseases Associated with the C1858T SNP of PTPN22

In essence, the C1858T SNP results in the production of a dominant-negative variant 
of PTPN22, leading to hypercitrullination and heightened propensity to form NETs 
(Fig. 8.3). Hypercitrullination expands the pool of citrullinated antigens, which can 
be presented by RA-prone HLA, and facilitates the generation of ACPA. This mech-
anism satisfactorily explains the synergy between the C1858T SNP and RA-prone 
HLA in ACPA-positive RA. In addition, the heightened propensity to form NETs 
not only propagate joint inflammation in RA but also contribute to the pathogenesis 
of other autoimmune diseases, such as SLE and type 1 diabetes (see Chap. 10).

*

*

*

*
*

*

***

*

W620-PTPN22 

Cigarette smoking
gingivitis

ACPA ACPA+ RA

Citrullinated 
peptides

Hypercitrullination

HLA-DR4

Native proteins

NETosis

PADs

SLE and 
other 
autoimmune 
diseases

Fig. 8.3 A working model, by which the C1858T SNP of PTPN22 increases the risk of RA and 
other autoimmune diseases. Native proteins are citrullated by PADs, which are normally inhibited 
by PTPN22. The C1858T SNP creates a dominant negative variant of PTPN22, W620-PTPN22, 
which along with other environmental risk factors of RA, including smoking and gingivitis, leads 
to hypercitrullination. Hypercitrullination expands the pool of citrullinated antigens, which can be 
presented by RA-prone HLA, such as HLA-DR4, promoting the development of 
ACPA. Hypercitrullination also enhances the formation of NETs, aggravating joint inflammation 
and contributing to the pathogenesis of SLE and other autoimmune diseases
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8.6  Conclusions

Many major advances have been made over the past few years regarding the molec-
ular mechanism regulating the activity of PADs and the role of citrullination in 
controlling NETosis. Emerging data have also demonstrated that NETosis is poten-
tially a key component of innate immunity but can also contribute to the develop-
ment of autoimmune diseases in many ways. The discovery that the C1858T SNP 
renders PTPN22 unable to interact with PAD4 and inhibit citrullination further 
strengthens the link between PAD4-dependent NETosis and autoimmune diseases. 
However, many questions remain unanswered. For example, what is the in vivo role 
of NETs in immune defense against Gram-negative bacteria, viruses, and fungi? 
How does dysregulated citrullination and NETosis results in such diverse disease 
manifestations? Are the components of NETs useful biomarkers of autoimmune 
diseases? How does PTPN22 inhibit the activity of PADs? Answers to these ques-
tions will pave the road for future clinical trials using PAD inhibitors in treating RA, 
SLE, or other human diseases.
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Chapter 9
Citrullination and Autophagy

Guido Valesini, Tania Colasanti, Cristiano Alessandri, Michele Bombardieri, 
Fabrizio Conti, and Maurizio Sorice

9.1  Introduction

During evolution, the eukaryotic cells develop different processes in order to adapt 
themselves to environmental changes, as well as to die or to survive. These processes 
include apoptosis, NETosis, and autophagy, and citrullination is implicated in all of 
these physiological mechanisms (Mohammed et al. 2013), as summarized in Fig. 9.1.

This chapter will focus on the role of autophagy and citrullination in the patho-
genesis of autoimmune diseases.

9.2  Autophagy: General Aspects

The term “autophagy” derives from the ancient Greek words “αὐτός φαγεῖν,” which 
means “self-eating.” It was first coined by Christian de Duve over 40 years ago and 
was largely based on the observed degradation of mitochondria and other intracel-
lular structures within lysosomes of rat liver perfused with the pancreatic hormone 
glucagon (Glick et al. 2010). In recent years, the scientific world has reevaluated 
autophagy, in order to better understand the molecular mechanisms of its regulation. 
In this sense, many molecular studies in delineating how autophagy is regulated and 
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executed have been made in yeast (S. cerevisiae), but the process is highly con-
served, so that the importance of autophagy is well recognized in mammalian sys-
tems. At present, about 32 autophagy-related genes (atg) in yeast have been 
characterized, and their mammalian equivalents are now known (Glick et al. 2010).

Autophagy can be considered a cellular surveillance process, which in physio-
logical conditions works to remove misfolded or aggregated proteins, damaged 
organelles (such as mitochondria or endoplasmic reticulum (ER), and intracellular 
pathogens. Moreover, autophagy is involved in cellular senescence and antigen pre-
sentation, playing a role in many diseases such as cancer (Durrant et  al. 2016), 
neurodegeneration, autoimmune diseases, and infections. When autophagy is 
deregulated or altered, such as in pathological conditions, the process may be linked 
to non-apoptotic cell death (Glick et al. 2010).

Fig. 9.1 The role of citrullination in cell death modalities. ANAs anti-neutrophil antibodies, 
ANCAs anti-neutrophil cytoplasmic antibodies, APC antigen-presenting cell, Bcl-2 B cell lym-
phoma 2, DPI diphenyleneiodonium, HIV human immunodeficiency virus, IL interleukin, LL-37 
cathelicidin LL-37, LPS lipopolysaccharide, NET neutrophil extracellular trap, MPO myeloper-
oxidase, NAPDH nicotinamide adenine dinucleotide phosphate, NOX2 NADPH oxidase 2, PAD4 
peptidylarginine deiminase 4, PI3K phosphatidylinositol 3 kinase, PMA phorbol 12-myristate 
13-acetate, TNF-α tumor necrosis factor-α (Modified from Valesini et al., Autoimmun Rev., 2015)
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9.2.1  Primary Autophagy Mechanisms

Generally, three main types of autophagy have been described: macroautophagy, 
microautophagy, and chaperone-mediated autophagy. They share the principal out-
lines, with some differences.

During macroautophagy (hereafter referred to as autophagy), parts of the cyto-
plasm and intracellular organelles are sequestered within characteristic double- or 
multi-membraned autophagic vacuoles (named autophagosomes) and are finally 
delivered to lysosomes to form what is known as the autophagolysosome for bulk 
degradation. Autophagy is a highly regulated process that can either be involved in 
the turnover of long-lived proteins and whole organelles in a generalized fashion or 
can specifically target distinct organelles, thereby eliminating supernumerary or dam-
aged organelles. Thus, apoptosis and autophagy constitute the two processes through 
which superfluous, damaged, or aged cells or organelles are eliminated. Beyond this 
homeostatic function, autophagy is also a process by which cells adapt their metabo-
lism to starvation, imposed by decreased extracellular nutrients or by decreased intra-
cellular metabolite concentrations that result from the loss of growth factor signaling, 
and which often governs the uptake of nutrients. By the catabolism of macromole-
cules, autophagy generates metabolic substrates that meet the bioenergetic needs of 
cells and thereby allows for adaptive protein synthesis (Maiuri et al. 2007).

In microautophagy, by contrast, cytosolic components are directly taken up by 
the lysosome itself through invagination of the lysosomal membrane. Both macro- 
and microautophagy are able to engulf large structures through both selective and 
nonselective mechanisms (Glick et al. 2010).

In chaperone-mediated autophagy, target proteins are translocated across the 
lysosomal membrane in a complex with chaperone proteins, such as heat shock 
protein- 70 (Glick et al. 2010). These complexes are then recognized by the lyso-
somal membrane receptor lysosome-associated membrane protein-2A (LAMP-2A), 
resulting in their unfolding and degradation (Glick et al. 2010). On the other hand, 
as reported in a recent review on autophagy monitoring (Klionsky et al. 2016), sev-
eral other selective autophagy mechanisms have been described, which involve a 
huge heterogeneous amount of organelles.

The cytoplasm-to-vacuole targeting (Cvt) pathway is a biosynthetic route that 
utilizes the autophagy-related protein machinery, whereas other types of selective 
autophagy are degradative. The latter include pexophagy, mitophagy, reticulophagy, 
ribophagy, and xenophagy, and each of these processes has its own marker proteins. 
To note, the Cvt pathway has been demonstrated to occur only in yeast (Klionsky 
et al. 2016).
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9.2.2  Selective Autophagy Mechanisms

As previously mentioned, several types of selective autophagy have also been described. 
For example, aggrephagy is the selective removal of aggregates by macroautophagy. 
This process can be followed by monitoring the levels of an aggregate- prone protein 
such as mutant α-synuclein, whose role in autophagy regulation (i.e., in lymphocytes) 
was the object of some intensive studies (Colasanti et al. 2014; Klionsky et al. 2016).

In C. elegans, mitochondria and hence mitochondrial DNA from sperm, are 
eliminated by an autophagic process. This method of allogeneic (nonself) organelle 
autophagy is termed allophagy. During allophagy in C. elegans, both paternal mito-
chondria and membranous organelles (a sperm-specific membrane compartment) 
are eliminated by the 16-cell stage (100–120 min postfertilization). The degradation 
process can be monitored in living embryos using ubiquitin labeled with green fluo-
rescent protein (Klionsky et al. 2016).

Regarding selective degradation of mitochondria (mitophagy), as with any 
organelle-specific form of autophagy, it is necessary to demonstrate (a) increased 
levels of autophagosomes containing mitochondria; (b) maturation of these autopha-
gosomes that culminates with mitochondrial degradation, which can be blocked by 
specific inhibitors of autophagy or of lysosomal degradation; and (c) whether the 
changes are due to selective mitophagy or increased mitochondrial degradation dur-
ing nonselective autophagy. Recently, studies of mitophagy in yeast identified a 
mitochondrial membrane protein, Atg32, which plays an essential role in this organ-
elle’s turnover (Ohsumi 2014).

Although the process of pexophagy is prominent, relatively little work has been 
done in the area of selective mammalian peroxisome degradation by autophagy. 
Typically, peroxisomes are induced by treatment with hypolipidemic drugs, such as 
clofibrate or dioctyl phthalate, which bind to a subfamily of nuclear receptors, referred 
to as peroxisome proliferator-activated receptors. Indeed, the selective degradation of 
peroxisomes in methylotrophic yeasts, such as P. pastoris and H. polymorpha, had 
been well studied. The peroxisomes of these yeasts proliferate tremendously when 
the microorganisms are cultured in medium containing methanol as the sole carbon 
source. When these cells are shifted to ethanol or glucose, proliferated peroxisomes 
are degraded by autophagy. Tuttle (Tuttle and Dunn 1995) showed that P. pastoris 
utilizes different modes of autophagy, macroautophagy, and microautophagy, depend-
ing upon the carbon source.

Besides functioning as the primary energy source for plants, chloroplasts repre-
sent a major reservoir of fixed carbon and nitrogen to be remobilized from senesc-
ing leaves to storage organs. The turnover of these organelles has long been 
considered to occur via an autophagy mechanism, called chlorophagy. So, while the 
detection of chloroplasts within autophagic body-like vesicles or within vacuole- 
like compartments has been observed for decades, only recent studies described a 
direct link between chloroplast turnover and autophagy, through the analysis of atg 
mutants (Ohsumi 2014; Klionsky et al. 2016).
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Starvation in yeast induces a type of selective macroautophagy of the ER, which 
depends on the autophagy receptors Atg39 and Atg40. ER stress also triggers an 
autophagic response, which includes the formation of multi-lamellar ER whorls and 
their degradation by a microautophagic mechanism. ER-selective autophagy has 
been termed ER-phagy or reticulophagy. Selective autophagy of the ER has also 
been observed in mammalian cells. Since reticulophagy is selective, it should be 
able to act in ER quality control, sequester parts of the ER that are damaged, and 
eliminate protein aggregates that cannot be removed in other ways. It may also serve 
to limit stress-induced ER expansion, for example, by reducing the ER to a normal 
level after a particular stress condition has ended (Klionsky et al. 2016).

9.2.3  Macroautophagy and Immune Mechanisms

The macroautophagy pathway has emerged as an important cellular factor in both 
innate and adaptive immunity. Many in vitro and in vivo studies have demonstrated 
that genes encoding macroautophagy components are required for host defense 
against infection by bacteria, parasites, and viruses.

Xenophagy is often used as a term to describe autophagy of microbial pathogens, 
mediating their capture and delivery to lysosomes for degradation. Since xenophagy 
presents an immune defense, it is not surprising that microbial pathogens have 
evolved strategies to overcome it. The interactions of such pathogens with the 
autophagy system of host cells are complex and have been the subject of several 
excellent reviews (Klionsky et al. 2016). Here, we will make note of a few key con-
siderations when studying interactions of microbial pathogens with the autophagy 
system. Importantly, autophagy should no longer be considered as strictly antibacte-
rial, and several studies have described the fact that autophagy may serve to either 
restrict or promote bacterial replication both in vivo and in vitro (Klionsky et al. 
2016). Minor components of the autophagic process also include zimophagy, lipo-
phagy, ferritinophagy, and some others (He and Klionsky 2009).

9.3  Autophagy and Autoimmune Diseases

Growing evidence supports the importance of autophagy in physiology and patho-
physiology, such as aging, infectious diseases, cancer, and neurodegenerative dis-
eases (Choi et al. 2013; Durrant et al. 2016). According to an emerging hypothesis, 
perturbations in autophagy have also been implicated in autoimmune diseases.

Autophagy participates in several aspects of immunity, affecting both innate and 
adaptive immunity processes. Indeed, autophagy is known to have a role in thymic 
selection of T cells, survival of B cells, immune tolerance, and antigen presentation 
(Pierdominici et al. 2012). A crosstalk between autophagy and inflammatory mecha-
nisms has been recently suggested (Netea-Maier et al. 2016), in part since  autophagy 
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displays also a pivotal role in the processing of antigen. Moreover, autophagy can 
also mediate processing of both extracellular and nonconventional intracellular anti-
gens (Dengjel et al. 2005). Like apoptosis, autophagy is a genetically programmed 
process that requires the activity of Atg proteins. Genome-wide association studies 
have linked polymorphisms in genes codifying Atg proteins with autoimmune dis-
eases, such as systemic lupus erythematosus (SLE), inflammatory bowel disease 
(see Chap. 23), and multiple sclerosis (see Chap. 18).

The involvement of the lysosomal compartment in autoimmunity was suggested 
for the first time in 1964, by a pioneering study that associated lysosomal functions 
with SLE (Weissmann 1964). In a recent study, we described a significant disparity 
in the autophagic propensity between T lymphocytes from healthy donors and 
patients with SLE, the latter being resistant to autophagy induction (Alessandri 
et al. 2012). Indeed, whereas no significant differences were seen in spontaneous 
autophagy of T lymphocytes from patients with SLE compared to healthy donors, 
autophagic resistance in SLE T cells may result in increased apoptosis and could be 
associated with the defective removal of apoptotic bodies favoring the persistence 
of autoimmune phenomena (Alessandri et  al. 2012). Of note, a deregulation of 
autophagy has also been described in T cells from lupus-prone mice. More recently, 
Clarke and colleagues (Clarke et  al. 2015) demonstrate enhanced autophagy in 
murine and human lupus B cells. Requirement for autophagy in B cell survival and 
differentiation during early B cell development is therefore an immunological 
checkpoint for the formation of plasmablasts (immature antibody-secreting plasma 
cells). Although the precise mechanisms leading to autophagic dysregulation in 
SLE are still not understood, this pathway has been implicated in promoting sur-
vival of autoimmune T and B cells.

It is well known that the majority of patients with SLE develop autoantibodies to 
lymphocyte surface antigens able to inhibit T cell activation and proliferation. We 
added further insights in this scenario, since we discovered that serum IgG from 
patients with SLE were able to induce autophagy in T lymphocytes from healthy 
donors, suggesting a role for anti-lymphocyte antibodies as autophagy inducers. We 
also identified the small GTPase family inhibitor D4GDI as a possible key antigenic 
determinant of anti-lymphocyte antibodies implicated in the pathogenesis of SLE 
disease (Barbati et al. 2015). These autoantibodies, once bound to D4GDI at the cell 
surface, can “unlock” Rho small GTPases and activate actin network remodeling. 
Furthermore, anti-D4GDI autoantibodies could contribute to the selection of SLE T 
cell clones that are resistant to autophagy. Interestingly, we found a significant asso-
ciation between the presence of anti-D4GDI antibodies and hematologic manifesta-
tions (i.e., leukopenia and thrombocytopenia) occurring in SLE patients (Barbati 
et al. 2015).

Actually, genetic studies have linked some mutations of autophagic regulators 
with SLE disease (International Consortium for Systemic Lupus Erythematosus 
Genetics SLEGEN et  al. 2008). T lymphocytes from patients with SLE showed 
overexpression of genes negatively regulating autophagy, such as α-synuclein and 
single-nucleotide polymorphisms (SNPs) of atg5 (Colasanti et al. 2014). In addi-
tion, activation of the mammalian target of rapamycin (mTOR), a key player in 
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autophagy regulation, has been demonstrated in SLE (Pierdominici et al. 2012), and 
blockade of mTOR with rapamycin improved the clinical conditions of SLE patients 
(Fernandez et al. 2006).

Finally, modulation of autophagy may represent a promising therapeutic 
approach for a wide range of autoimmune diseases. Several drugs that have been 
demonstrated to act as autophagy modulators are already used or are under preclini-
cal development in SLE, as well as in other similar autoimmune disorders. Thus, 
new perspectives in the development of therapeutic strategies aimed at modulation 
of autophagic pathways would be mandatory in autoimmune disease research.

For example, in the last few years, autophagy has been shown to play a role in the 
pathogenesis of rheumatoid arthritis (RA), one of the most common autoimmune 
disorders in humans (Ireland and Unanue 2012; Valesini et al. 2015; Dai and Hu 
2016). This includes several observations supporting the hypothesis that continued 
removal of unfolded and misfolded proteins by the proteasome pathway and by 
autophagy is more active in RA synovial fibroblasts, as compared to normal cells 
(Clausen et  al. 2010). In addition, RA synovium exhibits a highly increased ER 
stress, and TNF-α has been shown to increase the expression of ER stress markers 
in RA synovial fibroblasts (Connor et al. 2012). Indeed, autophagy induction by 
either proteasome inhibition or ER stress is higher in RA synovial fibroblasts than 
in those from control patients with osteoarthritis. Thus, a dual role of autophagy in 
the regulation of stress-induced cell death in RA synovial fibroblasts has been 
reported (Kato et al. 2014).

Autophagy activation exhibited a protective role in MG132-induced apoptosis 
and contributed to the apoptosis-resistant phenotype (Kato et al. 2014). In contrast, 
fibroblasts were hypersensitive to autophagy under conditions of severe ER stress 
induced by thapsigargin, which was associated with imbalance in p62/sequesto-
some (also known as the ubiquitin-binding protein p62, an autophagosome cargo 
protein that targets other proteins that bind to it for selective autophagy) and 
autophagy- linked FYVE protein (ALFY) expression, leading to the formation of 
polyubiquitinated protein aggregates and non-apoptotic cell death (Clausen et al. 
2010; Kato et al. 2014).

9.4  Autophagy and Citrullination

A central role for autophagy in citrullination of peptides by antigen-presenting cells 
(APCs) has been hypothesized. Ireland and Unanue (2011) were the first to demon-
strate that autophagy was involved in the generation of citrullinated peptides by 
APCs, with increased peptidyl arginine deiminase (PAD) activity detected in puri-
fied autophagosomes.

In fact, citrullination has been shown to alter the structure of immunogenic pep-
tides that can lead to increased accessibility to proteolysis and expand the repertoire 
of presented peptides in a process known as epitope spreading (Hanyecz et  al. 
2014). For example, Ireland and Unanue (2011) demonstrated that APC  presentation 

9 Citrullination and Autophagy



168

of citrullinated peptides, but not of similar unmodified peptides, was associated 
with autophagy.

As a result, it can be theorized that self-peptides posttranslationally modified by 
a process such as citrullination would possibly form neo-antigens that are recog-
nized by APCs of the immune system and thus represent a target for autoimmunity. 
The presentation of citrullinated peptides then would be included as a biochemical 
marker of an autophagy response in APCs.

Supporting this idea, our recent results (Sorice et al. 2016) revealed a role for 
autophagy in the citrullination process in vitro. Human synoviocytes treated with a 
potent ER stress inducer such as tunicamycin (Sakaki et al. 2008; Matarrese et al. 
2014), as well as with the mTOR activator rapamycin (Fleming et al. 2011), revealed 
an activation of PAD4, with consequent generation of citrullinated proteins 
(Fig. 9.2). PADs are a family of enzymes that mediate posttranslational modifica-
tions of protein arginine residues by deimination or demethylimination to produce 
peptidyl-citrulline.

Although the exact processes for regulation of PAD activity in  vivo remain 
largely elusive, there is growing evidence that the deregulation of PADs is involved 
in the etiology of multiple human diseases, including RA (Suzuki et  al. 2003; 
Yamada et al. 2005). To further support the role of autophagy in the citrullination 
process, we investigated whether PAD4 may be present in autophagy vesicles. We 
observed that, during the autophagic process, the autophagy marker microtubule-
associated protein light chain 3 (LC3)-II (one of the mammalian homologues of 
Atg8 that undergo lipid conjugation, leading to the conversion of the soluble form 
of LC3, named LC3-I, to the autophagic vesicle-associated form LC3-II) is recruited 
into autophagosomes, where it strictly interacts with PAD4. These findings are in 
agreement with previous data reporting that PAD activity can be detected in isolated 
autophagosomes with LC3-II enrichment (Ireland and Unanue 2011), supporting 
the view that citrullination may occur in these compartments. This concurs with our 
observations that generation of citrullinated proteins was a consequence of PAD4 
activation following autophagic stimuli (Fig. 9.2). Interestingly, the protein citrul-
lination was significantly increased in fibroblast-like synoviocytes from RA patients, 
as compared to control cells from osteoarthritis, a noninflammatory arthritis without 
anti- citrullinated protein antibodies. In particular, we demonstrated that the main 
citrullinated RA candidate antigens (Snir et al. 2010), including vimentin, α-enolase, 
filaggrin, and fibrinogen β, were processed, following autophagic stimulus. In vivo, 
a significant association between levels of autophagy and anti-citrullinated protein 
antibodies (ACPA) was observed in “naïve” RA patients with early active disease. 
These findings support the view that processing of proteins in autophagy generates 
citrullinated peptides recognized by the immune system in RA (Fig. 9.3), prompting 
a hypothesis that this similarly also occurs in vivo. As a result, it can be suggested 
that in RA patients who display a significant increase of both protein citrullination 
and LC3-II expression in synovial fibroblasts, autophagy may be able to trigger 
biochemical pathway(s) leading to PAD activation, with consequent processing of 
defined RA-associated citrullinated antigens, which in turn may be responsible for 
the presence of ACPA.
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Fig. 9.2 Role of autophagy in activation of PAD. Upper panel: fibroblast-like synoviocytes 
from RA patients were treated with either tunicamycin or rapamycin. The results showed that the 
enzyme was active in a time-dependent manner, even after just 5 min. Statistical analysis: *P < 0.01 
vs. control, as determined using a t-test. Results are expressed as mean ± SD of three independent 
experiments. Lower panel: the analysis of fibroblast-like synoviocytes from anti-citrullinated pro-
tein antibodies (ACPA)-positive RA patients by Western blot showed the appearance of numerous 
bands (corresponding to citrullinated proteins) following autophagic stimulus. To better character-
ize these bands, each polyvinylidene difluoride membrane was stripped and re-probed with spe-
cific anti-vimentin or anti-α-enolase antibodies. As expected, the main citrullinated bands were 
also stained by these antibodies, indicating that autophagic stimuli were able to induce citrullina-
tion of vimentin and α-enolase [Modified from Sorice et al., Rheumatology (Oxford), 2016]
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Citrullination may be involved in the formation of neo-antigens as a result of a 
posttranslational protein modification where protein-bound arginine is converted to 
citrulline in antigen-presenting cells (Romero et  al. 2013). These neo-antigens 
resulting from citrullination may be recognized by the immune system, eliciting a 
specific T cell response (Lundberg et al. 2005). In fact, autophagy is a key cellular 
event which may be the common feature of several factors, including stress condi-
tions such as smoking, joint injury, and infection, that may be involved in the break 
of tolerance (Pierdominici et al. 2012), with an adaptive response to citrullinated 
self-proteins, triggering ACPA (Ireland and Unanue 2011; Ireland and Unanue 
2012). Whether citrullination really occurs in APCs, is not completely understood; 
however, autophagy may play a role in the generation and presentation of citrulli-
nated peptides by APCs. Indeed, autophagy was associated with the presentation of 
citrullinated peptides, but not unmodified peptides, and PAD activity was also 
detected in autophagosomes. Dendritic cells and macrophages show constitutive 
levels of autophagy; thus, these cells are able to present citrullinated peptides via 
autophagy. Presentation of these peptides can also be inhibited by autophagy-block-
ing compounds, such as 3-methyladenine (3-MA). As a result, B cells may present 
citrullinated peptides following autophagy induction through serum starvation or B 
cell antigen receptor engagement, and this presentation was shown to be blocked by 
3-MA or by Atg5 inhibition (Romero et al. 2013).

In conclusion, these collective observations support the view that processing of 
proteins in autophagy may generate citrullinated peptides recognized by the immune 
system in RA patients and thus provide evidence that autophagy may also play a 
role in the pathogenesis of this and other autoimmune diseases.

Fig. 9.3 Autophagy-induced PAD activation and protein citrullination. In RA patients, pro-
cessing of autophagic proteins induces PAD activation and consequently may generate citrulli-
nated peptides recognized by the immune system. The resultant complexes would then have an 
important role in the pathogenesis of the disease

G. Valesini et al.



171

References

Alessandri, C., Barbati, C., Vacirca, D., et al. (2012). T lymphocytes from patients with systemic 
lupus erythematosus are resistant to induction of autophagy. The FASEB Journal, 26(11), 
4722–4732.

Barbati, C., Alessandri, C., Vomero, M., et al. (2015). Autoantibodies specific to D4GDI modu-
late Rho GTPase mediated cytoskeleton remodeling and induce autophagy in T lymphocytes. 
Journal of Autoimmunity, 58, 78–89.

Choi, A. M., Ryter, S. W., & Levine, B. (2013). Autophagy in human health and disease. The New 
England Journal of Medicine, 368(19), 1845–1846.

Clarke, A. J., Ellinghaus, U., Cortini, A., et al. (2015). Autophagy is activated in systemic lupus 
erythematosus and required for plasmablast development. Annals of the Rheumatic Diseases, 
74(5), 912–920.

Clausen, T. H., Lamark, T., Isakson, P., et al. (2010). p62/SQSTM1 and ALFY interact to facilitate 
the formation of p62 bodies/ALIS and their degradation by autophagy. Autophagy, 6, 330–344.

Colasanti, T., Vomero, M., Alessandri, C., et  al. (2014). Role of alpha-synuclein in autophagy 
modulation of primary human T lymphocytes. Cell Death & Disease, 5, e1265.

Connor, A.  M., Mahomed, N., Gandhi, R., et  al. (2012). TNFα modulates protein degradation 
pathways in rheumatoid arthritis synovial fibroblasts. Arthritis Research & Therapy, 14, R62.

Dai, Y., & Hu, S. (2016). Recent insights into the role of autophagy in the pathogenesis of rheuma-
toid arthritis. Rheumatology (Oxford), 55(3), 403–410.

Dengjel, J., Schoor, O., Fischer, R., et al. (2005). Autophagy promotes MHC class II presenta-
tion of peptides from intracellular source proteins. Proceedings of the National Academy of 
Sciences of the United States of America, 102(22), 7922–7927.

Durrant, L. G., Metheringham, R. L., & Brentville, V. A. (2016). Autophagy, citrullination and 
cancer. Autophagy, 12(6), 1055–1056.

Fernandez, D., Bonilla, E., Mirza, N., et al. (2006). Rapamycin reduces disease activity and nor-
malizes T cell activation-induced calcium fluxing in patients with systemic lupus erythemato-
sus. Arthritis and Rheumatism, 54(9), 2983–2988.

Fleming, A., Noda, T., Yoshimori, T., et al. (2011). Chemical modulators of autophagy as biologi-
cal probes and potential therapeutics. Nature Chemical Biology, 7, 9–17.

Glick, D., Barth, S., & Macleod, K. F. (2010). Autophagy: Cellular and molecular mechanisms. 
The Journal of Pathology, 221(1), 3–12.

Hanyecz, A., Olasz, K., Tarjanyi, O., et al. (2014). Proteoglycan aggrecan conducting T cell activa-
tion and apoptosis in a murine model of rheumatoid arthritis. BioMed Research International, 
2014, 942148.

He, C., & Klionsky, D. J. (2009). Regulation mechanisms and signaling pathways of autophagy. 
Annual Review of Genetics, 43, 67–93.

International Consortium for Systemic Lupus Erythematosus Genetics (SLEGEN), Harley, J. B., 
Alarcón-Riquelme, M. E., et al. (2008). Genome-wide association scan in women with sys-
temic lupus erythematosus identifies susceptibility variants in ITGAM, PXK, KIAA1542 and 
other loci. Nature Genetics, 40(2), 204–210.

Ireland, J. M., & Unanue, E. R. (2011). Autophagy in antigen-presenting cells results in presen-
tation of citrullinated peptides to CD4 T cells. The Journal of Experimental Medicine, 208, 
2625–2632.

Ireland, J. M., & Unanue, E. R. (2012). Processing of proteins in autophagy vesicles of antigen- 
presenting cells generates citrullinated peptides recognized by the immune system. Autophagy, 
8, 429–430.

Kato, M., Ospelt, C., Gay, R. E., et al. (2014). Dual role of autophagy in stress-induced cell death 
in rheumatoid arthritis synovial fibroblasts. Arthritis & Rhematology, 66, 40–48.

Klionsky, D. J., Abdelmohsen, K., Abe, A., et al. (2016). Guidelines for the use and interpretation 
of assays for monitoring autophagy (3rd edition). Autophagy, 12(1), 1–222.

9 Citrullination and Autophagy



172

Lundberg, K., Nijenhuis, S., Vossenaar, E. R., et al. (2005). Citrullinated proteins have increased 
immunogenicity and arthritogenicity and their presence in arthritic joints correlates with dis-
ease severity. Arthritis Research & Therapy, 7, 458–467.

Maiuri, M.  C., Zalckvar, E., Kimchi, A., et  al. (2007). Self-eating and self-killing: Crosstalk 
between autophagy and apoptosis. Nature Reviews. Molecular Cell Biology, 8(9), 741–752.

Matarrese, P., Garofalo, T., Manganelli, V., et al. (2014). Evidence for the involvement of GD3 
ganglioside in autophagosome formation and maturation. Autophagy, 10, 750–765.

Mohammed, B. M., Fisher, B. J., Kraskauskas, D., et al. (2013). Vitamin C: A novel regulator of 
neutrophil extracellular trap formation. Nutrients, 5(8), 3131–3151.

Netea-Maier, R. T., Plantinga, T. S., van de Veerdonk, F. L., et al. (2016). Modulation of inflamma-
tion by autophagy: Consequences for human disease. Autophagy, 12(2), 245–260.

Ohsumi, Y. (2014). Historical landmarks of autophagy research. Cell Research, 24(1), 9–23.
Pierdominici, M., Vomero, M., Barbati, C., et al. (2012). Role of autophagy in immunity and auto-

immunity, with a special focus on systemic lupus erythematosus. The FASEB Journal, 26(4), 
1400–1412.

Romero, V., Fert-Bober, J., Nigrovic, P. A., et al. (2013). Immune-mediated pore-forming path-
ways induce cellular hypercitrullination and generate citrullinated autoantigens in rheumatoid 
arthritis. Science Translational Medicine, 5, 209ra150.

Sakaki, K., Wu, J., & Kaufman, R. J. (2008). Protein kinase Ctheta is required for autophagy in 
response to stress in the endoplasmic reticulum. The Journal of Biological Chemistry, 283, 
15370–15380.

Snir, O., Widhe, M., Hermansson, M., et al. (2010). Antibodies to several citrullinated antigens are 
enriched in the joints of rheumatoid arthritis patients. Arthritis and Rheumatism, 62, 44–52.

Sorice, M., Iannuccelli, C., Manganelli, V., et al. (2016). Autophagy generates citrullinated pep-
tides in human synoviocytes: A possible trigger for anti-citrullinated peptide antibodies. 
Rheumatology (Oxford), 55(8), 1374–1385.

Suzuki, A., Yamada, R., Chang, X., et al. (2003). Functional haplotypes of PADI4, encoding citrul-
linating enzyme peptidylarginine deiminase 4, are associated with rheumatoid arthritis. Nature 
Genetics, 34(4), 395–402.

Tuttle, D. L., & Dunn, W. A., Jr. (1995). Divergent modes of autophagy in the methylotrophic yeast 
Pichia pastoris. Journal of Cell Science, 108(Pt 1), 25–35.

Valesini, G., Gerardi, M.  C., Iannuccelli, C., et  al. (2015). Citrullination and autoimmunity. 
Autoimmunity Reviews, 14(6), 490–497.

Weissmann, G. (1964). Lysosomes, autoimmune phenomena, and diseases of connective tissue. 
Lancet, 2(7374), 1373–1375.

Yamada, R., Suzuki, A., Chang, X., et al. (2005). Citrullinated proteins in rheumatoid arthritis. 
Frontiers in Bioscience, 10, 54–64.

G. Valesini et al.



173© Springer International Publishing AG 2017 
A.P. Nicholas et al. (eds.), Protein Deimination in Human Health and Disease, 
DOI 10.1007/978-3-319-58244-3_10

Chapter 10
Antigen Deimination in Human Type 1 
Diabetes and Nonobese Diabetic Mice

Hai Nguyen and Eddie A. James

10.1  Introduction

Type 1 diabetes (T1D) is an immune-mediated disease in which the insulin- producing 
beta cells are selectively targeted for destruction, leading to lifelong insulin defi-
ciency (Chiang et al. 2014). Successive genetic studies indicate that T1D arises due 
to a diverse combination of genetic risk factors that combine with incompletely 
defined environmental triggers to precipitate disease (Barrett et  al. 2009; Couper 
2001; Peng and Hagopian 2006). T1D is typically diagnosed by the occurrence of 
hyperglycemia in conjunction with autoantibodies (“Diagnosis and classification of 
diabetes mellitus” 2012). The disease poses an acute risk of diabetic ketoacidosis and 
engenders a host of long-term complications that are only averted by intensive dietary 
management and treatment with exogenous insulin (Chiang et  al. 2014). In total, 
T1D has estimated age-related incidences ranging from 5 to 37/100,000 per year in 
US and European populations, with the highest rates occurring in Finland and 
Sardinia (Maahs et al. 2010). Development of T1D is most common in children and 
young adults, but the age of onset covers a broad spectrum, sometime ranging into 
the later decades of life (Hawa et al. 2013). Imminent risk of the disease is well pre-
dicted by an accumulation of islet cell antibodies (ICA), but the destruction of insulin 
producing beta cells is thought to be orchestrated by autoreactive CD4+ and CD8+ T 
cells (Roep and Tree 2014). The best evidence of T cell-mediated beta cell destruc-
tion is the detection of T cells in pancreatic biopsies from newly diagnosed patients 
and their relative abundance in islet infiltrates (Coppieters et al. 2012; Willcox et al. 
2009). Although characterization of the antigen specificity of islet-infiltrating T cells 
remains incomplete, these include cells specific for beta cell-associated proteins such 
as insulin (Pathiraja et al. 2015). Following onset, individuals with the disease exhibit 
some residual capacity to produce insulin, but at a broad spectrum of levels which 
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diminish with time. Such residual insulin secretion is clinically significant, as patients 
with detectable C-peptide levels require lower insulin doses and exhibit fewer chronic 
complications (Almeida et al. 2013). Therefore, T1D can be considered to be a het-
erogeneous disease with significant diversity in its age and rapidity of onset and in its 
severity and risk of complications.

Human T1D is recapitulated in many respects by the nonobese diabetic (NOD) 
mouse model. NOD mice develop spontaneous diabetes that shares important 
immunological features with human T1D, including development of islet antigen- 
specific autoantibodies and expansion of autoreactive CD4+ and CD8+ T cells 
(Anderson and Bluestone 2005). Further, the NOD model shares genetic features 
with T1D, including susceptibility at the MHC and other loci (Driver et al. 2012). 
These similarities make this model an important experimental tool for investigating 
the mechanisms that underlie disease especially as these relate to attributes that are 
not amenable to direct study in human subjects. The model’s key limitation is the 
relative ease with which disease can be prevented (in comparison to human dis-
ease), as evidenced by numerous potential therapies that showed promise in the 
NOD model but provided no benefit in humans (Kachapati et al. 2012). Although 
important differences exist between the NOD model and human T1D (Reed and 
Herold 2015), use of this animal model has led to important mechanistic insights 
and the elucidation of important environmental factors that appear to contribute to 
disease susceptibility (Pearson et al. 2016).

10.2  Islet Antibodies and Determinant Spreading in Type 1 
Diabetes

Individuals who develop T1D experience a progressive loss of tolerance to beta cell 
antigens, a process that is most clearly evidenced by the development of ICA. 
Multiple beta cell-associated antigens are recognized by ICA, and the accumulation 
of additional specificities can be used as a diagnostic indicator of risk. Subjects who 
are positive for more than one autoantibody specificity have a significantly higher 
risk of developing diabetes, exhibit evidence of more aggressive beta cell destruc-
tion following diagnosis, and require more exogenous insulin to maintain glycemic 
control (Sabbah et al. 1999). ICA typically arise sequentially, with antibodies that 
recognize insulin appearing most often at early time points (in some cases within 
the first year of life), followed most commonly (and sometimes almost immedi-
ately) by GAD65 and then other specificities (including IA-2 and ZNT8), which 
tend to appear at later times (Yu et al. 2013). The specific pattern of autoantibody 
formation can vary for individuals, but in general, subjects who are positive for a 
single ICA continue to develop additional ICA as they approach the onset of overt 
diabetes, a phenomenon known as determinant spreading. Given the immunologic 
link between antibody formation and T cell help, it is thought that determinant 
spreading encompasses both T cell and B cell responses and arises as a consequence 
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of multiple bursts of autoimmune activity that are separated by periods of relative 
quiescence. However, the initial loss of tolerance in T1D and subsequent determi-
nant spreading and waves of autoimmune activity that lead to beta cell destruction 
and loss of glycemic control are silent processes. Therefore, many unanswered 
questions remain about the events that underlie the disease. Indeed, several models 
have been proposed to explain the process of beta cell loss in T1D (van Belle et al. 
2011). Our favored model is summarized in Fig. 10.1. Although diverse in some of 
their details, each model agrees that genetic, environmental, and immunologic fac-
tors play crucial roles in the disease and that an increasing autoimmune burden, 
evidenced by expanding specificities of self-reactive antibodies and T cells, leads to 
beta cell loss that eventually results in a critical decrease in insulin secretion and 
loss of glycemic control.

Although ICA are a useful prognostic indicator of diabetes risk, these antibodies 
are generally not considered to be pathogenic because blocking B cell function has 
no effect on disease development in experimental models (Bendelac et al. 1988) and 
because maternal transmission of islet autoantibodies apparently decreases the risk 
of autoimmune diabetes (Koczwara et al. 2004). However, because of the concep-
tual and demonstrated overlap between antigens targeted by B cells (antibodies) and 
CD4+ T cells (Sette et al. 2008), ICA are thought to give an important clue about the 
specificity of autoreactive CD4+ T cells in T1D. Indeed, many studies have success-
fully defined CD4+ T cell epitopes within the beta cell proteins that are targeted by 
antibodies. Early studies implicated certain antigens as “primary” beta cell antigens 
(Schloot et al. 1998; Lohmann et al. 1994). In particular, elegant studies in the NOD 
mouse model demonstrated that insulin is a crucial antigen for disease development 
(Nakayama et al. 2005). Other human studies have demonstrated epitope-specific T 
cell responses against each of the diagnostic antibody targets in T1D: insulin, 
GAD65, IA-2, IGRP, and ZNT8 (Yang et  al. 2008, 2014; Durinovic-Bello et  al. 
2004; Reijonen et al. 2004; Herzog et al. 2004; Scotto et al. 2012; Dang et al. 2011). 
However, studies of both the NOD model and human diabetes also support the 
importance of additional antigens, including IGRP, chromogranin A, and IAPP in 
various stages of the disease (Lieberman et al. 2003; Yang et al. 2006; Stadinski 
et al. 2010; Li et al. 2015; Delong et al. 2011). These studies also indicate that CD4+ 
T cells recognize diverse antigens in T1D and that the most prevalent specificities 
can vary for different individuals.

10.3  T1D Susceptible HLA and Enhanced Presentation 
of Citrullinated Peptides

The significant association between T1D risk and a limited number of HLA haplo-
types implies that disease-associated HLA-DQ and HLA-DR proteins promote the 
selection of a potentially autoreactive T cell repertoire, such that even unaffected 
subjects have circulating T cells with autoreactive specificities (Danke et al. 2004). 
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Several complimentary theories have been proposed to explain incomplete self- 
tolerance in T cell-mediated autoimmune disease in spite of thymic selection 
(Gough and Simmonds 2007). Among these, the favored presentation of posttrans-
lationally modified self-peptides is a concept that has garnered increasing support 
and attention (Petersen et al. 2009). As described in greater detail elsewhere within 
this volume, the recognition of citrullinated self-antigens has a clear role in the eti-
ology of rheumatoid arthritis (RA) (Snir et al. 2009; Scally et al. 2013). For HLA- 
DRB1*04:01 in particular, it is well documented that conversion of specific arginine 
residues into citrulline by PAD enzymes leads to the improved binding and presen-
tation of self-peptides (Hill et al. 2003; James et al. 2014). This preferential presen-
tation is dictated by the size and charge characteristics of binding pockets (most 
notably pocket 4) that are shared by homologous HLA class II proteins which pref-
erentially accommodate citrulline because of its increased flexibility and neutral 
charge (James et al. 2010). This creates a scenario in which peptides that are inca-
pable of being bound and presented by HLA-DRB1*04:01 in their native form can 
become high-affinity neo-epitopes in their citrullinated form (Fig. 10.2a). In a com-
plimentary fashion, these same differences in flexibility and charge can alter inter-
actions between the peptide and variable residues within T cell receptors (TCR) 
leading to increased responsiveness to the citrullinated peptide. Indeed, published 
work has documented that both of these scenarios occur in patients with RA (James 
et al. 2014).

Fig. 10.1 Proposed timeline for the development of type 1 diabetes, adapted from the model of 
linear beta cell decay proposed by Eisenbarth (1986). The first stage of this model includes a sus-
pected environmental trigger that initiates autoimmunity and gradual beta cell loss in genetically 
susceptible individuals. Additional events generate inflammation, leading to determinant spreading 
and more aggressive beta cell loss. Finally, suboptimally restrained immune damage of beta cells 
crosses a threshold, leading to impaired glucose tolerance (prediabetes) and eventually to the onset 
of diabetes. During this process, posttranslational modifications (such as citrullination) can be 
envisioned to happen during an early time window (first black arrow) as part of the initiation of 
autoimmunity or during a later time window (second black arrow) as a key component of determi-
nant spreading
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Thinking about translating this information into the context of autoimmune dia-
betes, it is notable then that HLA-DRB1*04:01 is part of the highest-risk haplotype 
for T1D. Therefore, a major proportion of subjects who develop T1D also have this 
propensity to present and recognize citrullinated peptides.

10.4  Citrullination of Antigens in Model Systems

As outlined in subsequent sections of this chapter, recent studies have begun to vali-
date the importance of citrullinated antigens in human T1D. However, many impor-
tant early observations have originated from the hen egg lysozyme (HEL) experimental 
mouse system and the NOD mouse model of spontaneous diabetes. These systems 
have provided evidence indicating that protein citrullination generates unique epit-
opes in autoimmune-prone animals and have provided important insights about the 
mechanisms through which citrullinated peptides are generated in vivo and presented 
to T cells.

10.4.1  Protein Citrullination in Hen Egg Lysozyme System

Some of the most detailed work investigating the importance of citrullination in 
eliciting immune responses utilized the immunization of mice with hen egg lyso-
zyme (HEL) as a protein antigen (Ireland et al. 2006). These experiments utilized 
B10.BR-Tg mice expressing membrane-associated HEL under the class II Eα 

Fig. 10.2 Enhanced recognition of citrullinated peptides. (a) Autoimmune susceptible HLA pro-
teins such as DRB1*04:01 are able to accommodate citrulline but not arginine within key binding 
pockets because of its flexibility and neutral charge. This can cause up to 500-fold improvement in 
the binding affinity of citrullinated peptides if arginine residues in the native sequence coincide 
with binding anchor positions. (b) T cell receptors (TCR) can also have increased recognition of 
citrulline through these same changes in flexibility and neutral charge if arginine residues in the 
native sequence coincide with T cell receptor contact residues
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promoter as an artificial self-antigen. T cell hybridomas generated from these mice 
selectively recognized citrullinated HEL epitopes presented by I-Ak with no cross- 
reactivity to unmodified peptide. Furthermore, different lineages of antigen present-
ing cells (macrophages and bone marrow derived dendritic cells) could activate 
these citrulline selective hybridomas when pulsed with unmodified HEL, indicating 
that these professional APC can process and present citrullinated peptides. This is 
consistent with observations that PAD2 and PAD4 mRNAs are present within anti-
gen presenting cells (Vossenaar et al. 2004). Notably, presentation of citrullinated 
peptides could be blocked by 3-methyladenine or by shRNA targeting Atg5 (a pro-
tein essential for autophagy) whereas the presentation of unmodified peptides by 
APC that received either treatment remained intact. Therefore, presentation of 
citrullinated epitopes to T cells appears to be an autophagy-dependent process, at 
least in this experimental system. However, these observations contrast somewhat 
with recent findings suggesting that hypercitrullination in RA patients occurs as a 
result of immune-mediated membranolytic pathways (Romero et al. 2013).

10.4.2  Protein Citrullination in the Nonobese Diabetic Mouse 
Model

As outlined above, NOD mice develop spontaneous autoimmune diabetes that 
shares many important features with human T1D. Therefore, researchers have uti-
lized the NOD mouse model to investigate mechanistic factors that contribute to the 
progression of T1D. Seminal studies with this mouse model identified many impor-
tant beta cell antigens that are also targeted by antibodies and T cells in human 
subjects, including proinsulin (Wegmann et al. 1994), glutamic acid decarboxylase 
(GAD65) (Baekkeskov et al. 1990), islet-specific glucose-6-phosphatase catalytic 
subunit-related protein (Lieberman et al. 2003), chromogranin A (Stadinski et al. 
2010), and zinc transporter 8 (Dang et al. 2011). Utilizing this model, a recent study 
demonstrated that citrullinated glucose-regulated protein 78 (GRP78) is recognized 
in mice that develop spontaneous diabetes (Ronda et al. 2015). This study observed 
GRP78-specific autoantibodies, providing the first evidence of antibody recognition 
of a citrullinated protein in autoimmune diabetes. Splenocytes isolated from these 
mice produced IFN-γ in response to citrullinated but not native GRP78, indicating 
a citrulline-specific T cell response. Furthermore, this study documented an upregu-
lation of PAD2 in pancreatic islets, suggesting a mechanism for increased protein 
citrullination in inflamed beta cells. Notably, GRP78, also known as binding immu-
noglobulin protein or BiP, has been implicated as a citrullinated antigen in RA 
(Shoda et al. 2015), suggesting a possible mechanistic overlap between these dis-
eases. GRP78 is a major ER chaperone with anti-apoptotic properties (Lee 2005) 
and functions as a regulator of the unfolded protein response (UPR), which is a key 
biological process for secretory cells such as pancreatic beta cells (Wu and Kaufman 
2006). Therefore, the presence, citrullination, and subsequent loss of tolerance to 
GRP78 make sense from a mechanistic point of view.
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10.5  Recognition of Citrullinated Beta Cell Antigens in T1D

In spite of the significant overlap in the genetic risk between RA and T1D, including 
overlapping high-risk HLA haplotypes (Burton et al. 2007), surprisingly, few stud-
ies have investigated the relevance and role of citrullinated antigens in T1D. However, 
it would be reasonable to assert that these diseases are likely to have commonalities 
in their etiology. Like RA, type 1 diabetes (T1D) is a T cell-mediated autoimmune 
disease for which the appearance of autoantibodies is a relevant indicator for the 
risk of onset (Sabbah et al. 1999). Furthermore, at a population level, there is a spe-
cific association between T1D and CCP+ but not CCP-RA (Liao et  al. 2009). 
Beyond this, a recent study by Wong et al. (2015) established an interesting link 
between hyperglycemia and protein citrullination. In this study, neutrophils from 
subjects with diabetes (either type 1 or type 2) were shown to have elevated PAD4 
expression and were primed to produce NETs. Correspondingly, diabetic mice 
exhibited higher levels of citrullinated H3 and exhibited delayed wound healing, 
whereas would healing was accelerated in PAD4 knockout mice and NET formation 
was not observed in their wounds. Cumulatively, these findings imply that hypergly-
cemia elicits increased PAD4 expression and activity, leading to increased protein 
citrullination. Therefore, it is not surprising that recent data is beginning to affirm 
the recognition of citrullinated antigens in subjects with T1D.

10.5.1  Recognition of Citrullinated Beta Cell Peptides 
by CD4+ T Cells

It has been known for decades that an arginine residue of the insulin B chain can be 
citrullinated (Hayashi et al. 1993) and a diversity of published evidence implies a 
possible role for the recognition of modified epitopes in T1D (Mannering et al. 2005; 
Delong et al. 2012; van Lummel et al. 2014; Doyle and Mamula 2012). However, it 
was only recently demonstrated that citrullinated beta cell antigens are targeted by 
autoreactive T cells in subjects with autoimmune diabetes. Our group observed that 
a citrullinated peptide derived from GAD65 elicited functional T cell responses in 
T1D patients (McGinty et al. 2014). More importantly, this work went on to show 
that T cell clones isolated from T1D patients preferentially responded to citrullinated 
peptide and to GAD65 protein that has been incubated in vitro with PAD enzyme. 
Direct ex vivo analysis with the corresponding HLA-DR0401 tetramer revealed that 
CD4+ T cells that recognize this epitope were present at elevated frequencies in 
subjects with T1D and exhibited an antigen-experienced cell surface phenotype. In 
follow-up experiments, we have gone on to show that additional citrullinated pep-
tides derived from beta cell antigens are recognized by T cells. As summarized in 
Table 10.1, some but not all of these peptides are preferentially recognized in their 
citrullinated form.
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The two peptides which are not preferentially recognized are bound and presented 
by DRB1*04:01 in their unmodified form, indicating that the arginine/citrulline resi-
due does not coincide with an HLA anchor position (see Fig. 10.2). Binding predic-
tions suggest that the arginine/citrulline within GAD89–108 occurs at a flanking residue 
that also does not interact with TCR. The arginine/citrulline within GAD553–572 is 
predicted to occur at a TCR-interacting residue, but citrullination does not lead to 
increased recognition in this instance.

The preferential recognition of citrullinated peptides by T cells parallels observa-
tions of enhanced recognition of citrullinated GRP78 in NOD mice. It remains to be 
verified whether citrullinated beta cell proteins are recognized by autoantibodies, as 
they are in in mice that develop spontaneous diabetes.

10.5.2  Beta Cell Stress and Upregulation of Modifying 
Enzymes

As already mentioned in the context of GRP78 and its role regulating the UPR and 
related cellular stress pathways, pancreatic beta cells naturally undergo high levels 
of ER stress as a result of their normal secretory physiology. In particular, beta 
cells undergo significant ER stress during normal glucose-stimulated insulin syn-
thesis and secretion (Lipson et al. 2006). In addition to the stress that is inherent to 
normal physiologic function, environmental triggers, including some which are 
thought to be associated with development of T1D (see Fig.  10.1), can further 
elevate ER stress in beta cells. For example, viral infection can disrupt the ER 
membrane leading to calcium release (van Kuppeveld et al. 1997, 2005), exposure 
of beta cells to reactive oxygen species causes oxidation and protein misfolding 
(Bhandary et  al. 2013), and cytokine exposure can elicit ER calcium release 
through the c-Jun N-terminal kinase pathway (Wang et al. 2009). Furthermore, the 
hyperglycemia and increased glucose sensing that occurs during the progression of 

Table 10.1 Sequences and binding affinity for citrullinated beta cell peptides

Peptide Modification Amino acid sequencea,b

Modified 
IC50 
(μmol/L)c

Wild-type 
IC50 
(μmol/L)d

GAD89–108
e 105 Cit YAFLHATDLLPACDGEXPTL 2.9 3.2

GAD265–284 272 Cit KGMAALPXLIAFTSEHSHFS 0.8 0.3
GAD473–492 488 Cit KGMAALPXLIAFTSEHSHFS 0.9 10
GAD553–572

e 558 Cit KVNFFXMVISNPAATHQDID 0.04 0.01
IAPP65–84 73Cit, 81Cit VGSNTYGKXNAVEVLKXEPL 2.0 n.b.

aEach modified residue is indicated in boldface
bX indicates citrulline
cIC50 represents the peptide concentration that displaces half of the reference peptide
dn.b. indicates nonbinding
eIndicates peptides that are not preferentially recognized when citrullinated
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autoimmune diabetes significantly increase insulin demand, thereby heightening 
physiologic beta cell stress (Defronzo et al. 1979). Therefore, heightened ER stress 
has been linked to several events that occur during the development of T1D.

There is the obvious link between cellular stress and calcium release. Beyond 
this, calcium levels are known to have a crucial influence on the activity of calcium- 
dependent enzymes. Notably, PAD enzymes are calcium dependent, becoming acti-
vated when cytosolic calcium concentrations increase (Vossenaar et al. 2003). As 
such it can be reasonably hypothesized that beta cell stress (induced by environmen-
tal and/or physiological conditions) increases the activity of PAD enzymes, which 
can be recruited to subcellular compartments to modify self-proteins. In subjects 
with susceptible HLA haplotypes, abnormally modified proteins can be preferen-
tially presented to and recognized by autoreactive T cells, eliciting high-affinity 
autoimmune responses against these neo-epitopes. Analogously, a recent study 
demonstrated that chemical induction of ER stress (via thapsigargin treatment) led 
to increased tissue transglutaminase 2 activity, culminating in elevated T cell 
responses, as compared with untreated murine islets and insulinoma cells (Marre 
et al. 2016).

Placing this back in the context of the overall disease process (Fig. 10.1), there is 
sufficient rationale to support the view that an early environmental triggering event, 
such as viral infection, could generate beta cell stress, leading to increased activity 
of calcium-dependent PAD enzymes (presumably PAD2 or PAD4) in pancreatic 
beta cells. The resulting citrullination of beta cell proteins could then generate neo- 
epitopes, eliciting autoreactive T cell responses that play a key role in initiating 
disease. However, it is equally plausible that immune responses that occur close to 
the initiating events of the disease could be confined mainly to the unmodified epi-
topes and antigens such as insulin that have been implicated through studies in the 
NOD model. In this scenario, the inflammation and hyperglycemia caused by suc-
cessive waves of autoimmune destruction could then lead to increased PAD activity 
and citrullination of beta cell proteins, eliciting autoreactive T cell responses that 
play a key role in disease progression. Published data on epitope-specific responses 
in subjects at risk of developing T1D is extremely limited, but one study included 
limited data indicating that the frequency of T cells that recognize citrullinated 
GAD65 is not significantly elevated in at risk subjects who are single autoantibody 
positive (McGinty et al. 2014). However, this study was not adequately powered to 
detect small differences between at risk subjects and controls.

10.6  Prospects for Diagnostic Detection of Anti-citrulline 
Responses in T1D

As noted earlier in this chapter, ICA are routinely used in prevention studies as a 
prognostic indicator of diabetes risk. As a result, robust platforms are available for 
autoantibody testing, including a recently developed electrochemiluminescence- 
based assay that may be suitable for wider screening of the at risk population 
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(Zhao et al. 2016). Antibody responses that target citrullinated beta cell antigens 
have not yet been observed in human subjects. However, based on recent studies 
documenting antibodies that recognize citrullinated GRP78 in NOD mice and T cell 
responses to citrullinated GAD65 in patients with T1D, it seems reasonable to assert 
that such antibody responses are likely to exist. Indeed, posttranslationally modified 
oxidized IAA antibodies have recently been detected in T1D patients (Strollo et al. 
2015). If the relevance of such autoantibodies can be confirmed, it should be techni-
cally feasible to design diagnostic assays for their detection based either on estab-
lished methodologies that are used for ICA assays or on the highly effective CCP 
assays that are utilized as laboratory diagnostics in the setting of RA (Szekanecz 
et al. 2008). Autoantibodies against PTM, including citrulline-specific antibodies, 
could then provide a more comprehensive picture of the immune status of at risk 
subjects and of patients who are largely negative for unmodified antigens that are 
currently monitored in prevention studies and clinical trials.

Detection of T cell responses directed against citrullinated antigens poses a 
greater technical challenge. Several complimentary technologies exist for measur-
ing antigen-specific T cell responses, including cytokine release assays such as 
ELISPOT, cell proliferation assays such as 5,6-carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) dilution, and HLA multimer-based assays (Mannering et al. 
2010). However, none of these options has progressed to the point of being accepted 
as an approved diagnostic. Furthermore, it has been shown that CD4+ T cells recog-
nize diverse antigens and epitopes in T1D (Yang et al. 2013) and occur at relatively 
low frequencies (McGinty et al. 2014; Chow et al. 2014). The same appears to be 
true for citrullinated antigens in subjects with RA (James et al. 2014). Therefore, 
any successful assay must have the capacity to efficiently characterize multiple 
specificities. One encouraging new prospect is a recently developed combinatorial 
class II tetramer methodology that would enable parallel analysis of up to six speci-
ficities (or six groups of specificities) within a single staining tube (Uchtenhagen 
et al. 2016). A combined approach utilizing a multiplex T cell assay in conjunction 
with ICA and citrullinated antibody data could allow the early identification of at 
risk subjects who are progressing toward the onset of autoimmune diseases. One 
possible alternative or complement to such sophisticated T cell assays would be 
proteomic detection of modified beta cell proteins utilizing established methods for 
detecting citrullinated proteins (Hensen and Pruijn 2014; Clancy et al. 2016), which 
could be taken to imply an increased likelihood for the loss of tolerance to these 
antigens. However, acquisition of appropriate samples for such analysis may not be 
feasible in the setting of human disease.

10.7  Summary and Significance of Citrullination in T1D

Given all of the information that we have presented here in this chapter, citrullination 
of beta cell proteins can unmask modified self-epitopes, promoting the loss of 
self-tolerance either through increased presentation of these peptides via disease 
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susceptible HLA class II proteins such as DRB1*04:01 (through citrullination of 
arginine residues at anchor positions) or through increased recognition of these pep-
tides by autoreactive TCR (through citrullination of arginine residues at TCR contact 
positions). Accumulating evidence suggests that protein citrullination in the beta cell 
occurs as a result of biochemical stresses and inflammation, initiating an immuno-
logical process that plays a role in loss of tolerance in T1D. Our favored model is that 
inflammation and hyperglycemia that occur during successive waves of autoimmune 
destruction lead to increased PAD activity and citrullination of beta cell proteins, 
eliciting autoreactive T cell responses that play a key role in disease progression and 
accompanying antibody responses that could have utility as an additional diagnostic 
indicator of disease risk. However, it could be posited that recognition of citrullinated 
epitopes happens early in disease in response to the environmental insults that are 
thought to serve as an early trigger for autoimmunity.

More generally, the enhanced recognition of citrullinated self-proteins appears to 
be a shared mechanism that is relevant to several autoimmune diseases, as outlined 
in the corresponding chapters of this volume on the topics of RA, multiple sclerosis, 
and Alzheimer’s. In each of these settings, the deimination of arginine residues 
alters peptide presentation and recognition, thereby expanding epitope diversity 
and, perhaps, activating a set of immune cells that is suboptimally tolerized because 
of reduced (or absent) PAD activity in non-inflamed tissues. Given that immune 
recognition of citrullinated epitopes reflects a shared disease pathway among diverse 
autoimmune diseases, the pursuit of treatment options such as specific PAD inhibi-
tors, as described in the final chapter of this volume, may provide an important 
avenue for therapeutic intervention.
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Chapter 11
Citrullinated Autoantigen Targets as Markers 
of Extra-Articular Disease in Rheumatoid 
Arthritis

Vinitha Ganesan and Dana P. Ascherman

11.1  Introduction

Citrullination represents an increasingly recognized posttranslational modification 
stemming from underlying physiological stressors that dysregulate intracellular cal-
cium flux. Although this enzymatic process mediated by various isoforms of pepti-
dylarginine deiminase (PAD) is fairly ubiquitous (occurring in normal as well as 
pathological states), the immune response to citrullinated proteins is heavily influ-
enced by underlying HLA status and therefore highly associated with rheumatoid 
arthritis (RA) (Szodoray et al. 2010). Given that the humoral immune responses to 
citrullinated proteins may serve as an immunological “fingerprint” in RA, the ques-
tion is whether delineating targets of anti-citrullinated protein antibodies (ACPAs) 
can provide insight regarding the site where immune tolerance is bypassed/broken 
or clarify the underlying pathophysiology of articular and extra-articular manifesta-
tions in this systemic autoimmune disease—even if the relative contribution of pro-
tein deimination versus citrulline-targeted immunity remains unresolved. In fact, 
extensive investigation over the last 10–15 years has yielded an expanded repertoire 
of ACPA specificities potentially linked with defined extra-articular manifestations, 
such as premature atherosclerosis, myocardial dysfunction, and interstitial lung dis-
ease (ILD), which negatively impact clinical outcome. Fueling these discoveries, 
novel approaches for identifying citrullinated autoantigen/autoantibody combina-
tions have supported the search for additional biomarkers of extra-articular involve-
ment that should further elucidate the immunobiology of relevant systemic disease 
pathways in RA.
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11.2  Relationship Between Anti-CCP Antibodies and Global 
Extra-Articular Manifestations

Previous studies have assessed the relationship between anti-cyclic citrullinated 
peptide (anti-CCP) antibodies and different extra-articular manifestations of RA, 
with varying results depending on cohort size, population characteristics, and des-
ignated criteria for grading the presence/severity of extra-articular disease. Coupled 
with the relative lack of specificity of anti-CCP antibodies for defined extra- articular 
organ complications, these considerations have limited the use of commercial anti- 
CCP assays as diagnostic biomarkers of extra-articular disease. Nevertheless, cor-
relations between extra-articular disease manifestations and anti-CCP titer suggest 
that this serologic marker may have significant prognostic value. In a Korean study, 
for example, investigators demonstrated that anti-CCP antibodies (along with other 
variables such as age and smoking) were predictive of a wide constellation of extra- 
articular manifestations, a conclusion supported by quantitative correlations with 
anti-CCP titers (Kim et al. 2008). Similarly, Turesson et al. found that rheumatoid 
factor (RF) and, to a lesser extent, anti-CCP antibodies were associated with 
“severe” extra-articular disease manifestations including Felty’s syndrome and 
cutaneous vasculitis (Turesson et al. 2007). While a number of other analyses have 
also suggested a relationship between anti-CCP antibody levels and extra-articular 
complications such as rheumatoid nodules, peripheral neuropathy (predominantly 
entrapment neuropathy), hearing loss, and secondary Sjogren’s syndrome (Goeldner 
et al. 2011; Lobo et al. 2016; Sim et al. 2014; Vignesh and Srinivasan 2015), at least 
one prominent study failed to substantiate these associations (Korkmaz et al. 2006).

11.3  Anti-CCP Antibodies as Biomarkers of Cardiovascular 
Risk in RA

Despite these limitations, more focused examination has suggested a relationship 
between anti-CCP titers and different indicators of cardiovascular disease, which is a 
major contributor to the heightened morbidity and mortality of RA. These observa-
tions may reflect the increase in myocardial citrullination that has been demonstrated 
in RA (further discussed in Chap. 12) and linked to lower myocardial mass (Giles 
et al. 2012), although the identity of protein(s) specifically citrullinated in cardiac tis-
sue has not been fully established. Even in the absence of defined antibodies targeting 
citrullinated versions of cardiac antigens, investigators have shown that anti-CCP anti-
body positivity is independently associated with markers of ischemic heart disease 
(such as carotid intima-media thickness (CIMT)) and all-cause mortality after control-
ling for traditional risk factors and pro-inflammatory cytokine levels (Lopez-Longo 
et al. 2009; Vazquez-Del Mercado et al. 2015). Extending these findings that mesh 
with immunohistochemical demonstration of citrullination in coronary artery plaques 
(Sokolove et al. 2013), multivariate regression modeling has indicated that anti-CCP 
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titers correlate with diastolic dysfunction (Marasovic- Krstulovic et al. 2011). While 
other studies have also shown that anti-CCP antibodies are linked to different param-
eters of myocardial dysfunction (Arnab et al. 2013), results have not uniformly sup-
ported the link with cardiovascular disease (Mackey et al. 2015), in part because of 
confounding associations with inflammation and disease duration (Arnab et al. 2013; 
Mackey et al. 2015). As an illustration of the discordance stemming from these fac-
tors, studies involving anti-citrullinated apoE versus anti-citrullinated fibrinogen/
CCP2 have shown conflicting associations with cardiovascular risk and accepted mea-
sures of subclinical atherosclerosis that include vascular calcification, carotid plaque, 
and CIMT (Montes et al. 2015; Solow et al. 2015). Such discrepancies highlight the 
need for tissue-specific serologic markers of early cardiac involvement, particularly 
given the potential mechanistic relationship between citrullination and/or anti-citrulli-
nated protein immune responses and dysregulation of vascular tone that has been 
suggested by statistical associations linking anti-CCP positivity with diminished lev-
els of eNOS (Hjeltnes et al. 2011).

11.4  Citrullination and Pulmonary Disease

Beyond cardiovascular disease, pulmonary manifestations represent a significant 
source of morbidity in rheumatoid arthritis (discussed further in Chap. 13), contribut-
ing to a standardized mortality ratio of 2.5–5.0 (Bongartz et al. 2010; Brown 2007). 
While multiple tissues within the lung can be involved in the inflammatory processes 
associated with rheumatoid arthritis (including the pleura, airways, and/or lung 
parenchyma), citrullination has been most strongly linked with airway abnormalities 
(such as bronchiolitis) and interstitial lung disease (ILD) (Bongartz et  al. 2007; 
Reynisdottir et al. 2014; Ytterberg et al. 2015). Supportive evidence for enhanced 
deimination in the lungs stems from immunohistochemical staining of lung biopsy 
specimens as well as analysis of bronchoalveolar lavage cells/tissue which collec-
tively demonstrate increased extracellular PAD activity (particularly in smokers) and 
associated protein citrullination (Bongartz et al. 2007; Makrygiannakis et al. 2008; 
Damgaard et al. 2015). Intriguingly, citrullination of lung tissue is not unique to rheu-
matoid arthritis, occurring in the setting of chronic obstructive pulmonary disease as 
well as idiopathic pulmonary fibrosis (which shares usual interstitial pneumonia 
(UIP) histopathology with subsets of RA-associated ILD) (Bongartz et  al. 2007; 
Lugli et al. 2015). What generally distinguishes RA-ILD from these other disease 
processes, however, is the degree of cellular infiltration and the unique humoral 
immune response to citrullinated antigens that is highly characteristic of RA.

Because citrulline-targeted immune responses can precede clinically evident 
articular disease, the lung may, in fact, serve as the site where immunologic toler-
ance is initially breached in RA. Several pieces of evidence circumstantially support 
this paradigm, including the preferential expression of ACPAs in bronchoalveolar 
lavage fluid (relative to serum) of early RA patients (Reynisdottir et al. 2014) as 
well as the presence of anti-CCP antibodies in sputum samples of individuals prior 

11 Citrullinated Autoantigen Targets as Markers of Extra-Articular Disease…



194

to systemic seroconversion and/or development of synovitis/inflammatory arthritis 
(Willis et al. 2013). Moreover, the emergence of anti-CCP versus anti-citrullinated 
vimentin antibodies in subsets of patients with COPD, bronchiectasis, or cystic 
fibrosis (Gerardi et  al. 2013; Janssen et  al. 2015)—even in the absence of overt 
articular involvement—indicates that chronic/persistent lung inflammation can 
serve as a potent stimulus for PAD-mediated protein citrullination which, in the 
appropriate genetic context, leads to ACPA formation. Consistent with this hypoth-
esis, immunohistochemical staining has demonstrated a significant increase in 
citrullination of bronchial tissue derived from ACPA+ relative to ACPA- RA patients 
(Reynisdottir et al. 2014). At the same time, histopathologic studies in patients with 
RA-ILD have revealed inducible bronchus-associated lymphoid tissue (iBALT) 
containing plasma cells that specifically recognize citrullinated proteins (Rangel- 
Moreno et al. 2006).

11.5  ACPAs as Predictors of RA-Associated Interstitial Lung 
Disease

Based on these considerations, a number of investigators have explored the relation-
ship between anti-CCP/CCP2 antibody levels and the development/presence of 
RA-ILD.  While some of the earlier studies yielded equivocal results (Inui et  al. 
2008), more recent reports have generally supported an association between ACPA 
repertoire and this extra-articular disease manifestation (Alexiou et al. 2008; Kelly 
et al. 2014; Perry et al. 2014; Restrepo et al. 2015; Reynisdottir et al. 2014). In fact, 
multivariate analysis of a large Swedish cohort of early RA patients indicated that 
ACPA positivity is strongly linked to radiographically evident interstitial lung dis-
ease, with a predictive capacity exceeding that of smoking, age, and articular dis-
ease activity (as measured by DAS28) (Reynisdottir et  al. 2014). Other studies 
demonstrating that higher titers of anti-CCP antibodies portend a greater risk of 
RA-ILD provide additional quantitative support for the relationship between 
citrulline- targeted immune responses and the development of ILD (Kelly et  al. 
2014; Restrepo et al. 2015). Perhaps even more compelling, detailed autoantibody 
profiling based on recognition of citrullinated peptide target arrays has shown that 
the breadth of ACPA repertoire is strongly associated with the extent/severity of 
ILD (with a discriminatory capacity exceeding that of high titer anti-CCP2 alone), 
particularly in subsets of patients with RA-UIP (Giles et al. 2014).

11.6  Identification of Novel ACPAs Through Reverse 
Immunophenotyping: Anti-citHSP90

Although these studies collectively support a pathogenic link between citrullination 
of lung tissue, formation of ACPAs, and the development of RA-ILD, their diagnos-
tic utility is limited by the lack of lung-specific target antigen(s) and the general 
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overlap of anti-CCP profiles in RA patients with/without ILD. To circumvent this 
problem (that is compounded by the relative inaccessibility of lung tissue for direct 
analysis of citrullinated protein repertoire), we have devised a “reverse immunophe-
notyping” approach (Fig. 11.1) which is based on the concept that comparison of 
anti-citrullinated protein antibody profiles in RA patients with or without ILD can 
provide a fingerprint of lung-specific protein citrullination (Harlow et  al. 2013). 
Application of this methodology has identified citrullinated HSP90 (citHSP90) as a 
candidate autoantigen associated with RA-ILD (Harlow et al. 2013). In turn, high 
throughput ELISAs have (partially) validated this finding by showing that antibod-
ies targeting citrullinated isoforms of HSP90 can identify RA-ILD patients with 
modest sensitivity (25–30%) and distinguish them from RA patients lacking ILD 
(as well as from individuals with alternative disease states such as IPF) with high 
specificity (>90%) (Harlow et  al. 2013). More detailed epitope mapping studies 
have facilitated comparative antibody profiling of serum and bronchoalveolar lavage 
fluid from selected patients with varying stages of RA-ILD, demonstrating both 
qualitative and quantitative differences that further implicate the lung as an 

Fig. 11.1 Reverse immunophenotyping approach. This schematic summarizes the steps of in vitro 
protein citrullination (cell vs. tissue extracts), immunoprecipitation with patient sera, 2D differ-
ence in gel electrophoresis (DiGE), band excision, and protein identification through tandem elec-
trospray mass spectrometry. Band colors correspond to proteins immunoprecipitated by RA-ILD 
sera (red), RA-no ILD sera (green), or both (orange)
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immunologically active site of repertoire development and antigen-specific autoan-
tibody production (Harlow et al. 2014).

As shown by these analyses, the use of differential immunoprecipitation repre-
sents a viable approach for the identification of autoantigen targets associated with 
the development of RA-ILD. Although this work has focused primarily on citHSP90 
and derivative peptides, additional studies involving two-dimensional electrophoretic 
separation techniques indicate that multiple citrullinated proteins are differentially 
immunoprecipitated by sera obtained from RA patients with versus without ILD 
(Ganesan and Ascherman, unpublished data). However, because immunoglobulin 
components represent a significant fraction of the proteins eluted from protein A sep-
harose columns, we have modified our strategic approach (as outlined in Fig. 11.2; 
Ganesan, unpublished data) to eliminate labeling of donor-derived proteins and more 
effectively separate unlabeled immunoglobulins from immunoprecipitation eluates 
prior to electrophoretic resolution. In short, labeling cell extracts with specific chro-
mophores as well as a pH-dependent biotinylated conjugate (Biotin-CDM) before the 
immunoprecipitation step facilitates separation of putative autoantigen targets from 
immunoglobulin components which can obscure subsequent mass spectrometric 
sequence identification (Ganesan et  al. 2015, 2016). Incorporation of these novel 
methodologic alterations should therefore enhance the capacity to identify additional 
autoantibody/autoantigen interactions that can serve as biomarkers of RA-ILD 
(versus alternative sub-phenotypes of RA) and improve our understanding of disease 
pathways contributing to this extra-articular complication.

Fig. 11.2 Modified difference in gel electrophoresis (DiGE). (a) The schematic outlines the modi-
fied DiGE strategy, highlighting the key steps of Biotin-CDM coupling to chromophore-labeled 
protein extracts, post-elution binding of immunoprecipitated proteins to a streptavidin-coated plat-
form, and subsequent release of purified proteins through low pH buffering prior to 2D gel electro-
phoresis. (b) DiGE separation of citrullinated (orange) versus uncitrullinated (green) HeLa 
cell-derived proteins immunoprecipitated by RA-ILD serum and purified using the methodology 
outlined in panel (a). Note that encircled protein “trains” reflect different levels of citrullination 
that impact isoelectric focusing of individual immunoprecipitated proteins
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11.7  Modeling Protein Citrullination in the Lung 
Through In Vitro Stimulation of Human Bronchial 
Epithelial Cells

Beyond these indirect, immunoprecipitation-based approaches, development of 
in vitro lung epithelial cell culture systems has provided the opportunity to explore 
the mechanistic contribution of smoking/oxidative stress to deimination and other 
posttranslational modifications potentially linked to the emergence of RA-ILD. For 
example, human bronchial epithelial (HBE) cells isolated from the major bronchi of 
lung tissue donors can be expanded and differentiated at an air-liquid interface 
(ALI), effectively serving to model the in vivo air-epithelial/air-alveolar interface 
(Bernacki et al. 1999; Nlend et al. 2002). Exposure of cultured HBEs (or alveolar 
epithelial cells) to smoke and other oxidative stressors (heat shock, oxygen sparg-
ing, and/or chemical agents such as menadione, hydrogen peroxide (H2O2), antimy-
cin A, or mitomycin C)) therefore has the potential to elucidate the in vivo impact 
of these injurious stimuli on protein citrullination, protein–protein interactions, oxi-
dative pathway induction (including peroxynitrite activation/3- nitrotryrosine for-
mation and protein carbonylation), and pro-inflammatory cytokine production.

Demonstrating the value of this approach in deriving alternative biomarkers and 
providing relevant pathogenic insight, preliminary studies have shown that expo-
sure of HBEs to cigarette smoke enhances protein carbonylation (a measure of oxi-
dative stress) and augments the expression of citrullinated proteins (Ascherman, 
unpublished data). Whether smoke/oxidative stress directly activates different PAD 
isoforms remains unclear, but these findings indicate that in  vitro stimulation of 
HBE/alveolar epithelial cell cultures represents a viable test system for rigorously 
assessing the mechanistic link between smoking, tissue damage, and posttransla-
tional protein modifications such as citrullination (a paradigm supported by data 
showing increased PAD2 activity and protein citrullination in the bronchoalveolar 
fluid/tissue of smokers) (Makrygiannakis et al., 2008). As an extension of this sys-
tem, co-immunoprecipitation studies involving extracts of HBE cells exposed to 
varying doses of cigarette smoke indicate that citrullination alters protein–protein 
interactions (Fig. 11.3; Ganesan and Ascherman, unpublished data), with the poten-
tial to significantly impact the RA-ILD disease process by enhancing deleterious 
pro-inflammatory pathways or disrupting protective signaling networks. Based on 
these preliminary observations, identifying additional modifications in protein–pro-
tein interaction through similar co-immunoprecipitation approaches holds great 
promise for clarifying the functional impact of citrulline-induced structural 
 modifications on intracellular signaling pathways contributing to the interstitial 
inflammation/fibrosis characteristic of RA-ILD.

From a biomarker standpoint, use of the in vitro HBE culture system will also be 
critical in defining novel autoantigens that are targets of citrullination in disease path-
ways leading to RA-ILD. In fact, immunoblotting experiments employing HBE cell 
extracts and anti-modified citrulline antibody have shown that smoke exposure is 
associated with citrullination of numerous proteins of varying molecular weight 
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(Ascherman, unpublished data). Mass spectrometric identification of candidate auto-
antigens has permitted preliminary ELISA-based screening of sera derived from 
cohorts of RA patients with different stages of ILD; while these studies have shown 
some preferential recognition by RA-ILD sera, the diagnostic sensitivity of individual 
autoantibody/autoantigen combinations has thus far been low. Therefore, these results 
collectively suggest that panels of citrullinated substrate antigens (in the form of a 
lung-specific array) will ultimately be required to enhance the diagnostic utility of this 
method. Despite such limitations, this approach is likely to yield meaningful functional 
data given the capacity of heat shock proteins (e.g., HSP70) and other citrullinated 
ligands identified by these profiling methods to directly/indirectly activate Toll-like 
receptors—key components of the innate immune response linked to downstream 
NF-κB activation and pro-inflammatory cytokine production that are highly relevant to 
the progression of ILD/pulmonary fibrosis (Go et al. 2014; He et al. 2009; Kovach and 
Standiford 2011; Margaritopoulos et al. 2010; Papanikolaou et al. 2015). Viewed more 
broadly, then, development of these “functional” biomarker discovery systems will 
serve the dual role of defining clinically relevant biomarkers and clarifying disease 
pathogenesis in extra-articular complications of RA such as ILD.

11.8  Conclusions

Overall, the weight of existing clinical/epidemiological evidence indicates that citrul-
line-targeted immune responses in RA are associated with a more aggressive dis-
ease course marked by structurally damaging arthritis, significant extra-articular 
disease manifestations, and increased mortality (Jilani and Mackworth-Young 2015; 

Fig. 11.3 Differential HSP90/citHSP90 co-immunoprecipitation. Co-incubation of HSP90 vs. 
citHSP90 with cigarette smoke-exposed HBE cell extracts demonstrates unique interactions 
 (circled ) between different proteins and HSP90 (Cy3; green) vs. citHSP90 (Cy5; red ). Samples 
were immunoprecipitated with anti-HSP90 antibodies (Santa Cruz Biotech) prior to sepharose 
bead binding, washing, elution, and resolution by DiGE
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Kuller et al. 2014; Lopez-Longo et al. 2009; Farragher et al. 2008). Yet, these data are 
largely associative, potentially confounded by immunogenetic background, host 
demographic characteristics (age, gender), environmental factors such as smoking, 
and duration/extent of the underlying inflammatory process. These considerations 
highlight the need for tissue-specific markers of citrulline-induced pathology to 
solidify the connection between this posttranslational modification and various sub- 
phenotypes of RA. Although the relative inaccessibility of cardiac, pulmonary, and 
other non-synovial tissues complicates this type of analysis, the unique humoral 
immune response to citrullinated antigens in RA has provided the opportunity to 
discover novel biomarkers of internal organ involvement that, ultimately, must be 
demonstrated in situ through immunohistochemical, PCR, and mass spectrometric 
peptide profiling-based approaches. Given the structural/functional consequences of 
citrullination that range from altered protein–protein interactions to initiation of 
potentially deleterious innate immune signaling cascades, the importance of these 
investigations clearly extends beyond the discovery of clinically meaningful bio-
markers to include elucidation of disease-relevant pathways contributing to extra- 
articular complications of RA. As an illustration of this “translational” potential, a 
growing body of evidence suggests that citrullinated antigens are capable of engaging 
TLRs, either directly or via immune complexes that co-activate Fcγ receptors 
(Sokolove et al. 2011; Sanchez-Pernaute et al. 2013). Notwithstanding such progress, 
however, advancing our understanding of deimination in the context of disease patho-
genesis and defining novel therapeutic targets related to aberrant protein citrullination 
will hinge on further refinement of the described biomarker discovery methods com-
bining serologic/proteomic characterization and in vitro functional modeling.
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Chapter 12
The Significance of Myofilament Protein 
Citrullination in Heart Failure: Citrullination 
in Cardiovascular Diseases

J. Fert-Bober, E.L. Crowgey, J. Sokolove, J.T. Giles, J.M. Bathon, 
and J.E. Van Eyk

12.1  Introduction

Since cardiac conditions resulting in heart failure (HF) are among the leading causes 
of morbidity and mortality worldwide, it is not surprising that HF is the leading 
cause of hospitalization in people older than 65 years of age (Heidenreich et  al. 
2013; Mozaffarian et al. 2015, 2016). Mortality is >50% at 5 years after initial diag-
nosis, with less than 25% after 10 years (Mozaffarian et al. 2015, 2016). The preva-
lence of HF is predicted to increase by 46% from 2012 to 2030, according to the 
American Heart Association (Heidenreich et  al. 2013). HF is a complex clinical 
syndrome and is due to many different etiologies.

HF with reduced ejection fraction (HFrEF) occurs when the efficiency of the heart 
as a pump is impaired due to structural and/or functional abnormalities. Recently, 
there has been broader recognition that HF can occur even with preserved ejection 
fraction (HFpEF) and that this form of HF comprises approximately 50% of indi-
viduals with this disease (Lindenfeld et al. 2010). Unfortunately, HFpEF has been 
poorly investigated and currently there are no known therapies (Bhuiyan and Maurer 
2011). Multiple studies have identified HFrEF-associated alterations in a number of 
critical cellular processes including Ca2+ handling, energy metabolism, and  sarcomeric 
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contractile function (Mudd and Kass 2008; Oka and Komuro 2008; Agnetti et al. 
2011). Yet, how these processes, and the molecular pathways that drive and regulate 
them, function together to promote HFrEF pathophysiology still remains unclear 
(Heidenreich et al. 2013; Mudd and Kass 2008). What is clear is at the beginning, the 
heart compensates for reduced blood flow by enlarging the heart chamber. This 
causes an increase in muscle mass that occurs via hypertrophy of the contracting cells 
of the heart to maintain the force of cardiac contractile function. Although individuals 
with HFrEF have numerous clinical symptoms in common, including fatigue, short-
ness of breath, and edema, the clinical presentation of heart dysfunction can be het-
erogeneous. HF has been divided pathophysiologically into “systolic HFrEF,” where 
contractile failure leads to ventricular dilation, and “diastolic HFrEF,” where the ven-
tricle is non-dilated with normal contraction, but the myocardium is often hypertro-
phied (Mudd and Kass 2008).

There are a number of different factors that can drive HF development, such as 
atherosclerosis, myocardial infarction, hypertension, and viral myocarditis (Mozaffarian 
et al. 2015). However, HF is also associated with other chronic diseases, including 
diabetes, HIV, hyper- and hypothyroidism, and rheumatoid arthritis (RA) (Kaplan 
2010). In fact, RA has been considered to be an independent risk factor for coronary 
artery disease in recent years (Pujades-Rodriguez et al. 2016; Soeiro Ade et al. 2012). 
It appears that variables that increase CV mortality in RA are present very early during 
the history of the disease, as the rheumatoid factor (RF)-positive inflammatory arthritis 
exhibits evidence of abnormal endothelial function, which is considered as a predictor 
of future development of atherosclerosis (Bergholm et al. 2002; Tomasson et al. 2010). 
Furthermore, preliminary evidence indicates that patients with RA who are positive for 
anti-cyclic citrullinated peptide (anti-CCP) antibodies have higher subclinical athero-
sclerosis than those who are not (Gerli et al. 2008). Recent study indicates that citrul-
lination (deimination), an irreversible posttranslational modification (PTM), may be a 
common link between inflammation and structural changes that contribute to HF and 
potentially other underlying disease that initiate HF. Citrullination, an enzymatic con-
version of the amino acid arginine in a protein into the amino acid citrulline, was first 
described as a physiological process, including terminal differentiation of the epider-
mis and apoptosis (Gyorgy et al. 2006; Baka et al. 2012). Today, citrullination has also 
been mapped as a central event in the context of inflammation (Makrygiannakis et al. 
2006) and linked to the pathogenesis of RA (Bongartz et al. 2007; Cantaert et al. 2006; 
Vossenaar and van Venrooij 2004), as well as several other inflammatory diseases 
(Baka et al. 2012; Vossenaar et al. 2003). The main characteristics of the citrullination 
process are outlined below, and more detailed descriptions of each of the steps can be 
found in specific chapters:

• Peptidylcitrulline is generated through the conversion of arginine to citrulline 
within a peptide chain.

• The deimination is catalyzed by a family of calcium-binding enzymes, the pep-
tidylarginine deiminases (PADs). To date, five isoenzymes have been identified 
but only four have enzymatic activity (Vossenaar et al. 2003).
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• The activity of PAD enzymes is known to be dependent on high concentrations 
of calcium (Ca2+) (Takahara et al. 1986). Ca2+ concentrations required for PAD 
activity are 100-fold higher than those present in intact or unstimulated cells. 
Therefore, citrullination occurs in conditions where the level of free intracellular 
calcium is high, such as in apoptosis, necrosis, and cellular differentiation 
(Vossenaar and van Venrooij 2004).

• Citrullination occurs as a part of normal intracellular homeostasis (Bicker and 
Thompson 2013), suggesting that microdomains of high local intracellular Ca2+ 
concentration maybe involved.

• Extracellular citrullination of proteins in tissues is a characteristic of many, if not 
all, inflammatory conditions (Makrygiannakis et al. 2006).

• Antibodies directed against citrullinated proteins are a key feature of, and are 
relatively specific for, RA, first appearing in the preclinical phase of the disease 
(Schellekens et al. 2000; Sokolove et al. 2012).

In this chapter, we will review the known cellular processes related to citrullina-
tion in the heart. Figure 12.1 outlines our current proposal on how RA and HFrEF 
are mechanistically related. As a result, we will provide evidence to support this 
hypothesis and then discuss the critical knowledge gaps that need to be addressed to 
provide mechanistic insight into the potential roles of protein citrullination in 
HFrEF development.

12.2  Potential Role of Citrullination and Anti-cyclic 
Citrullinated Peptide (Anti-CCP) Antibodies in Heart 
Failure in RA

Anti-citrullinated protein antibodies (ACPAs) are members of the family of autoan-
tibodies that are reactive against a number of known citrullinated proteins. The first 
members of this autoantibody family are anti-perinuclear factor (APF), anti- filaggrin 
antibodies, and anti-keratin antibodies (AKA) that recognize citrullinated epitopes 
of filaggrin (Vincent et al. 1999). Until recently, the presence of several citrullinated 
proteins has been demonstrated in the RA synovium (Szekanecz et al. 2008). The 
identification of citrullinated epitopes as targets for anti-filaggrin antibodies led to 
the development of the first- and later second-generation anti-CCP antibody assays 
(Girbal-Neuhauser et al. 1999). The anti-CCP ELISA is based on highly purified 
synthetic peptides from dedicated libraries containing modified arginine residues 
(citrulline) serving as antigens, has a specificity comparable with AKA, and is more 
specific than APF and RF testing (Vallbracht et al. 2004). These widely used anti- 
CCP- 2 clinical assays have high diagnostic sensitivity and specificity than previous 
methods and also show important predictive and prognostic value in RA (Andrade 
et al. 2010; van Venrooij and Pruijn 2014).

Generally, life expectancy of patients with RA is 5–10 years less than in the gen-
eral population, due to their greater risk for cardiovascular disease, which is 2–5 

12 The Significance of Myofilament Protein Citrullination in Heart Failure…



208

times higher than in the general population (Soeiro Ade et al. 2012; Turesson et al. 
2004). A study by Soeiro et al. (2012) showed that younger patients with RA have 
higher risk of cardiovascular events as compared to those without RA who are 
5–10 years older (Gabriel 2008, 2010; Innala et al. 2011). The link between devel-
oping cardiovascular events and RA is continuing to be better described (Crowson 
et al. 2005; Davis et al. 2008; Rudominer et al. 2009; Wright et al. 2014; Solomon 
et al. 2003; Nicola et al. 2006), as HF correlates with the severity and chronicity of 
the RA disease process (Meune et al. 2010). Furthermore, certain medications used 
to manage RA can also contribute to heart disease, such as NSAIDs and corticoste-
roids (Chan et al. 2006; Trelle et al. 2011). However, so far, the exact molecular 
mechanism that might trigger or worsen heart disease in the context of RA is cur-
rently unknown. Interestingly, there is accumulating evidence that the phenotype of 
HF differs significantly between RA patients and matched non-RA controls. 
Importantly, several groups observed a higher prevalence (32.88%) of diastolic dys-
function with preserved ejection fraction (HFpEF) in HF patients with RA, com-
pared with the general population (Davis et  al. 2008; Di Franco et  al. 2000). 
Interestingly, when HFrEF does occur in patients with RA, it is seen more fre-
quently in men than women (HR 3.7, 95% CI 1.8–7.7). In contrast, no gender dif-
ference was found for those RA patients with HFpEF (0.9, 95% CI 0.5, 1.9 in males 
versus females) (Myasoedova et  al. 2011). This is different than HFpEF in the 
absence of RA, where females are 62% more prevalent (Fonarow et al. 2007; Yancy 
et al. 2006; LeWinter and Meyer 2013). Recent literature focusing on HFpEF patho-
physiology underlying this disease suggests multiple mechanisms are involved in 
the generation of the phenotype, such as abnormal relaxation and ventricular- 
vascular coupling, chronotropic incompetence, volume overload, and redistribution 
and/or dysfunction of endothelial cells. In view of the multiple abnormalities of 
diastolic function that have been identified, it may be particularly important to indi-
vidualize and target treatments specific for the causative pathologic process 

Fig. 12.1 Schematic of our working hypothesis, on the role of citrullination in cardiovascular 
pathophysiology, specifically atherosclerosis and two forms of HFrEF
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 responsible (Oktay et al. 2013). Interestingly, Giles et al. reported an association of 
higher serum autoantibody concentrations against citrullinated proteins (APCA) 
with lower myocardial mass and smaller left ventricular (LV) chamber volumes in 
RA patients without known cardiovascular disease (Giles et  al. 2010, 2012). In 
addition, the mean left ventricular ejection fraction, cardiac output, and stroke vol-
ume were modestly lower in the RA group compared with controls. The results are 
interesting, as there were no other RA characteristics, including joint erosions, dis-
ability, systemic inflammation (i.e., elevated C-reactive protein (CRP) and interleu-
kin-6 (IL-6) levels), or RA therapies (i.e., non-biologic disease-modifying 
antirheumatic drugs) that were significantly associated with mean measures of LV 
structure. These findings also differed by gender, such that the relative reduction in 
mean LV mass was greater for men than women when compared to their respective 
controls (20% and 14% lower, respectively; p for heterogeneity = 0.028) (Fig. 12.2) 
(Giles et  al. 2009). These results suggest that the progression to HF in RA may 
occur through reduced, rather than increased, myocardial mass.

These observations raise several questions:

 1. Do RA-specific autoantibodies to citrullinated proteins mediate changes in myo-
cardial morphology? Alternatively, do changes within the myocardium in indi-
viduals with RA induce production of autoantibodies to citrullinated proteins 
that are released from the heart into the extracellular space/blood?

 2. Do RA-specific autoantibodies against citrullinated proteins originating in the 
heart activate or induce interstitial inflammation and/or cardiac fibrosis, which 
drives HF pathophysiology?

A follow-up necropsy study of RA myocardial samples did not show myocardial 
inflammation or myocyte necrosis in the RA samples. However, the extent of citrul-
lination (based on IHC using anti-citrullinated antibody staining) was higher in RA 
myocardium that also had interstitial fibrosis (Giles et al. 2012). Furthermore, inter-
stitial citrullination levels based on IHC were higher in the interstitial extracellular 
matrix (ECM) myocardium obtained from individuals with RA than controls with-
out heart disease, myocarditis, or scleroderma. Different isoforms of PADs (based 
on IHC using anti-PADI antibodies) were also observed in these hearts with differ-
ent isoforms localizing based on myocardial cell type (i.e., cardiomyocytes, endo-
thelium, etc.)

The ECM is a complex architectural network consisting of structural and non-
structural proteins, creating strength and plasticity. In healthy tissue, the ECM 
regenerates itself by normal remodeling, in which old or damaged proteins are bro-
ken down in a specific sequence of proteolytic events and are replaced by new pro-
teins. During pathological conditions, naive proteins of the ECM are replaced by 
alternate matrix constituents or can be decorated by PTM that consequently alter the 
composition and quality of the matrix. Interestingly, many ECM proteins, including 
collagen (Sipila et al. 2014), fibronectin (Shelef et al. 2012), and fibrinogen (Hill 
et al. 2008; Robinson and Sokolove 2012), can be citrullinated. This raises the ques-
tion as to whether myocardial citrullination and subsequent APCA generation may 
be a key pathological feature to HF susceptibility in RA patients. If so, detection of 
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citrullination and autoantibodies could be potential early markers of myocardial 
dysfunction in RA. In addition, LV remodeling, particularly concentric remodeling, 
is a well-recognized feature of RA patients without clinical features of HF 
(Rudominer et al. 2009; Corrao et al. 1996; Myasoedova et al. 2013). While RA 
duration and other disease-related factors might promote changes in LV geometry 
(Rudominer et al. 2009), the biological mechanisms underlying LV remodeling in 
RA populations required further investigation. In line with this hypothesis, Liang 
et al. demonstrated that RF, antinuclear antibody, and anti-CCP antibody were asso-
ciated with an increased risk of CV events and overall mortality in the RA popula-
tion (Liang et al. 2009). This study suggested that anti-CCP positivity was associated 
with HF, myocardial infarction, and peripheral vascular disease; however, the results 
were not statistically significant (HR 3.11; 95% CI 0.8, 12.3), perhaps because of 
the small sample size.

It is important to keep in mind that our current understanding of the reactivity of 
anti-CCP is limited and reactivity to different proteins may vary between individu-
als. Anti-CCP polyclonal antibodies target specific citrullinated proteins within a 
host of known proteins, including fibrinogen, vimentin, enolase, type II collagen, 
and others (Masson-Bessiere et al. 2001; Burkhardt et al. 2005; Kinloch et al. 2005; 
Wegner et al. 2010; Verpoort et al. 2006). Furthermore, heterogeneity to anti-CCP 
antibodies across the RA population has been also demonstrated and may vary 
between different myocardial phenotypes in RA patients (Hueber et  al. 2005; 
Kastbom et al. 2016). One mechanistic hypothesis involves citrullinated myocardial 
proteins as targets of pathogenic autoantibodies, leading to immune complex forma-
tion and/or tissue. For example, the targeting of citrullinated vimentin by anti- 
modified citrullinated vimentin (anti-MCV) antibodies was described as highly 
specific for RA (Sghiri et al. 2010). Studies from different groups showed that sig-
nificant protein citrullination of vimentin occurs in patients with chronic hepatitis 
and that the serum concentration of anti-MCV could differentiate patients with no 

Fig. 12.2 Association of 
RA status with cardiac 
MRI measures between the 
genders
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liver fibrosis from those with moderate to severe fibrosis (Vassiliadis et al. 2012; 
Abdeen et  al. 2011). Although it is compelling to extrapolate this mechanism to 
myocardial fibrosis in RA, there is no current evidence that anti-MCV antibody 
status correlates with RA-related cardiomyopathy, suggesting that a clinical investi-
gation of this possibility is warranted.

12.3  Role of Citrullinated Proteins in Atherosclerotic 
Plaques

Greater than 25 million people in the United States have at least one clinical mani-
festation of atherosclerosis, and in many more, atherosclerosis remains an occult but 
important harbinger of significant cardiovascular events (Barquera et al. 2015; Goff 
et al. 2014). The causes of atherosclerosis are complicated and still not completely 
understood. Atherosclerosis is thought to start when the inner lining of the artery 
becomes damaged. The blood vessel wall reacts to this injury by depositing fatty 
substances, cholesterol, calcium, and other substances on the inner lining of the 
artery. This plaque formation gradually narrows the blood vessels, making it harder 
for blood to flow. Even though atherosclerosis per se could decrease blood flow 
through stenosis, and thus induce cardiovascular disease, the major mechanism 
appears to be atherothrombosis.

Atherothrombosis is the disruption of an atherosclerotic plaque or lesion through 
the effects of pro-inflammatory cytokines and chemokines on the fibrous cap. In part, 
susceptibility of atherosclerotic plaque disruption depends on the underlying patho-
physiology and status of the integrity of its fibrous cap, which prevents contact 
between the highly thrombogenic lipid core and the circulating blood. Sites of plaque 
rupture display signs of active inflammation. Although several histomorphological 
features indicate which plaques are at risk of rupture, the trigger factors responsible 
for plaque rupture are still not completely defined. In particular, there are details 
around the molecular mechanism through which the plaque is disrupted or about the 
relationship between plaque disruption and both the trigger and onset of acute dis-
ease. In recent years, evidence also suggests an important role for an epigenetics 
process, such as DNA methylation (Dunn et al. 2015; Cao et al. 2014), histone post-
translational modification (Hastings et  al. 2007; Dje N’Guessan et  al. 2009), and 
noncoding RNA intervention (Aryal et al. 2014), in the pathogenesis of atheroscle-
rosis and its complications. Interestingly, Sokolove et al. showed citrullinated pro-
teins within atherosclerotic plaques and certain anti-CCP antibodies associated with 
atherosclerotic burden (Fig.  12.3). The subset of specific anti-Cit-fibrinogen and 
anti-Cit-vimentin antibodies showed greater association with subclinical aortic ath-
erosclerosis as compared with nonspecific cyclic citrullinated peptide (Sokolove 
et al. 2013). This observation suggests that humoral targeting of citrullinated epit-
opes, specifically anti-Cit-fibrinogen and anti-Cit-vimentin within the atheroscle-
rotic plaque, could provide a mechanism for accelerated atherosclerosis.
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Similar studies by Barbarroja et al. showed correlative associations among anti- 
CCP, atherosclerosis, and inflammatory/oxidative stress markers, such as tumor 
necrosis factor-alpha (TNFα) and vascular cell adhesion molecule-1, in RA patients 
(Barbarroja et al. 2014; Husain et al. 2015). Despite the increased awareness of anti- 
CCP present within atherosclerotic plaques, only a few studies have evaluated the 
association between anti-CCP antibodies and subclinical atherosclerosis (Sokka 
et al. 2009; Gkaliagkousi et al. 2012). Vázquez-Del Mercado et al. (2015) showed 
elevated plasma levels of anti-CCP antibodies correlated to the size of the carotid 
atherosclerotic plaques in RA patients. Remarkably, anti-CCP-positive RA patients 
had significantly higher carotid plaque thickness than the anti-CCP-negative RA 
group. Furthermore, there was an independent association between serum levels of 
anti-CCP antibodies and thickness of carotid segments after adjustment for age, 
gender, and disease activity, showing an increment of 0.001 mm in the plaque for-
mation for every unit of anti-CCP antibodies in the serum (Fig. 12.4) (Arnab et al. 
2013). These findings suggest that detection of anti-CCP antibody could potentially 
be used as a predictor of cardiovascular risk in this group of patients. The biological 
mechanisms behind this process require further investigation, although it has been 
shown that anti-CCP-positive patients had a more atherogenic lipid profile charac-
terized by lower HDL-c and a high atherogenic index of plasma, which correlate 
with patient age and RA duration (Vázquez-Del Mercado et  al. 2015; Gonzalez- 
Juanatey et al. 2006).

Interestingly, several studies have demonstrated a genetic association of PAD4 
(Harris et al. 2008) with RA. As well, PAD4 was identified as a frequent autoanti-
genic target in RA (Darrah et al. 2013; Halvorsen et al. 2009). PAD4 autoantibodies 
have been shown to be detectable prior to disease onset (Pollmann et  al. 2012; 
Kolfenbach et al. 2010; Ferucci et al. 2013) and have been associated with more 
erosive RA that persists despite treatment with TNFα inhibitors (Halvorsen et al. 
2009; Kolfenbach et al. 2010). Darrah et al. showed a subset of anti-PAD4 autoan-
tibodies that cross-react with PAD3 and markedly increase the catalytic efficiency 
of PAD4 by decreasing the enzyme’s requirement for calcium into the physiologic 
range. RA patients with these PAD3/PAD4 cross-reactive autoantibodies had higher 
baseline radiographic damage scores and a higher likelihood of radiographic pro-
gression, compared to individuals negative for these antibodies. Recent studies also 

Fig. 12.3 Co-localization of citrullinated proteins (rabbit anticitrulline antibodies (Millipore)) and 
PAD4 (rabbit antihuman peptidylarginine deiminase type 4 antibodies (Daco)) in the atheroscle-
rotic plaque within the right coronary artery

J. Fert-Bober et al.



213

have provided evidence for a unique role of citrullination and PAD4 in neutrophil 
extracellular trap (NET) formation, as a novel approach to targeting arterial disease 
(Khandpur et al. 2013; Knight et al. 2014). Knight et al. (2014) showed that inhibi-
tion of histone citrullination by PAD4 prevented chromatin decondensation, the 
background for NET formation, and thereby decreased atherosclerotic lesion size. 
Of note, Li et al. also showed that PAD4 was crucial for NET formation and bacte-
rial killing. In a study of PAD4 knockout mice, PAD4 enzyme was required to gen-
erate NETs (Li et  al. 2010). The most recent results presented by Sohn et  al. 
indicated that citrullinated histone H2B was specifically arthritogenic and was a 
strong target of the anti-CCP immune response (Sohn et al. 2015) (Fig. 12.5).

12.4  Discovery of Citrullination of Cardiac Sarcomeric 
Proteins

It is well recognized that phosphorylation and other PTMs can act as regulators of 
cardiac muscle contractility in health and disease (Solaro and de Tombe 2008; 
Farley and Link 2009). We have recently shown that citrullination can also alter 
sarcomere contractility (Fert-Bober et al. 2015). Our work demonstrated that RA 
patients with CVD showed strong citrullination staining based on IHC in the myo-
cardial interstitium and discovered the cellular localization of PAD isoforms in 

Fig. 12.4 (a) Echo-Doppler measurement in anti-CCP-positive and anti-CCP-negative RA 
patients. LVEF left ventricular ejection fraction, LVM left ventricular mass, LVMI left ventricular 
mass indexed to body surface area, ECG electrocardiograph (resting). (b) Carotid artery study. 
RCC-IMT right common carotid intima-medial thickness, LCC-IMT left common carotid intima- 
medial thickness, CC-IMT common carotid intima-medial thickness. P value statistically signifi-
cant based on (Arnab et al. 2013)
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different cell types, such as cardiomyocytes (primarily PADs 1 and 3), in resident 
inflammatory cells (primarily PADs 2 and 4), and, to a smaller extent, in endothelial 
cells and vascular smooth muscle cells (Giles et al. 2012). Next, we further showed 
that citrullination was increased in HF patients without RA, compared with the 
general population using mass spectrometry techniques (Fert-Bober et  al. 2015). 
SWATH-MS plus post search pipeline allowed for the reproducible quantification of 
citrullinated proteins across a large number of biological samples. In our publica-
tion (Fert-Bober et al. 2015), we showed that there is a broad cellular distribution of 
citrullinated proteins in healthy and HF myocardium, with enrichment in the mito-
chondria and sarcomeric subproteome in the diseased state. As shown, citrullinated 
residues were localized at the functionally significant regions of the myosin heavy 
chain, myosin light chains, cardiac myosin-binding protein C (cMyBP-C), actin, 
tropomyosin (Tm-1), cardiac troponin I (cTnI), and cardiac troponin T (cTnT). 
Citrullination was also found in Z-disc and M-band-related proteins, as well as in 
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Fig. 12.5 Prominent targeting of citrullinated histone H2B by rheumatoid arthritis (RA)-
associated autoantibodies. (a) Bead-based immunoassay analysis of anti-citrullinated H2B and 
anti-native H2B autoantibodies in plasma from patients with anti-cyclic citrullinated peptide 2 
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based detection of citrullinated residues in lysine C digest H2B isolated from human neutrophils
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the cytoskeletal proteins such as desmin, filamen, myomesin, myozenin, LIM pro-
tein, and vimentin (Fig.  12.6). Furthermore, based on mRNA expression level, 
PAD2 and PAD4 were mainly expressed in cardiomyocytes, while PAD1, PAD2, 
and PAD4 were found in cardiac fibroblasts (Fert-Bober et al. 2015). In order to 
assign potential functional importance to each citrullinated site, it must first be 
determined if the citrulline is near or at a single nucleotide polymorphism (SNP) or 
mutation site that is known in the literature to be disease causing. It is estimated that 
∼30% of all cases of hypertrophic cardiomyopathy (HCM) are due specifically to 
myosin heavy chain 7 (MYH7) mutations identified in the globular head and neck 
domains of MYH7, encoded by exons 3 through 23 (Roberts and Sigwart 2001; 
Frazier et al. 2008; Yuceyar et al. 2015). The myosin head contains the actin and 
adenosine triphosphate-binding regions that are responsible for the force generation 
properties of myosin. The neck bends as the globular head is displaced throughout 
the power stroke. Recent data have suggested that mutations altering the charge of 
amino acids within critical functional domains are associated with a more severe 
disease phenotype than non-charge changing mutations or those altering residues 
outside of critical domains (Woo et al. 2003). For example, the myosin heavy chain 
mutation at residues Arg403Gln, Arg719Trp, Arg453Cys, Arg723Gly, or Gly716Arg 
in the MYH7 is associated with a high risk of sudden cardiac death (SCD) 
(Landstrom and Ackerman 2010; Watkins et al. 1995; Anan et al. 1994). We have 
identified, in MYH7, seven citrullinatable amino acid residues which are located 
throughout the protein (Fig. 12.7). Arg369Cit and Arg723Cit overlap with already 
detected mutations. These two citrullinated sites cluster around a so-called hot stop 
on myosin, which is a loop that forms part of the binding cleft for actin, imparting a 
more dramatic functional impact on the protein than mutations seen elsewhere. 
Furthermore, R369 and R723 citrullinated residues could be regarded as potentially 
pathogenic, since both result in an evolutionarily conserved sequence (Fig. 12.8). 
We would like to hypothesize that those variants in protein citrullination sites con-
tribute to phenotype variation of the disease. To follow this up, we showed that 
citrullination of myosin decreased its intrinsic ATPase activity and inhibited the 
actomyosin ATPase activity up to 30% (Fert-Bober et al. 2015).

In addition, we showed that actin-myosin interaction was also affected by the 
citrullination of tropomyosin, independent of their citrullination state. Tropomyosin 
binds cooperatively to actin and forms long chains along both sides of the filament 
due to end-to-end overlap between adjacent molecules. Binding of tropomyosin to 
actin involves weak but specific electrostatic interactions called the “closed state” 
(Barua et al. 2013; Li et al. 2011). In this closed state, tropomyosin inhibits activa-
tion of actomyosin ATPase at low myosin concentrations; however, when the myo-
sin head is strongly bound to actin, tropomyosin moves to its open state and is 
shifted away from the position occupied in the closed state (Tobacman and Butters 
2000). In our study, citrullinated tropomyosin displayed enhanced binding to F-actin 
compared with unmodified tropomyosin. This was also observed in the presence of 
myosin, which suggests that citrullination of tropomyosin altered the ability of 
myosin to bind to the actin filament and therefore inhibits tropomyosin-actomyosin 
ATPase activity. We detected only one tropomyosin peptide that was citrullinated 
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(residues 236–251), which is near the C-terminal region. This region is likely to be 
engaged in overlap with a contiguous tropomyosin. Unfortunately, there is no high- 
resolution structure of end-to-end tropomyosin molecules. Study by Sliwinska et al. 
showed that in the C-terminal region of tropomyosin, there are differences between 
tropomyosin isoforms, which determine orientations and dynamics of tropomyosin 
on actin. This is considered to be an important aspect of the cooperative activation 
of the thin filament (Sliwinska and Moraczewska 2013). Overall, these citrullinated 
sarcomeric peptides potentially affect thin and thick filament structure and function. 
The most revealing study proving the integrated effects of citrullination was carried 
out with single detergent-extracted ventricular myocytes incubated with vehicle or 
with active PAD2 (Fert-Bober et al. 2015). This study showed a decrease in Ca2+ 
sensitivity in the skinned cardiac myocyte, which reduced its ability to generate 
force in response to intracellular calcium.

These results support the finding that citrullination of tropomyosin induces 
increased binding of tropomyosin to actin filaments. This mechanistic and structural 
insight has revealed a wealth of important information on how citrullination can 
affect assembly in the sarcomeric cytoskeleton. In addition to integrating the con-
tractile filaments in ordered sarcomeres, citrullinated proteins were also enriched in 
the mitochondria subproteome, thus providing a direct link between mechanical 
activity and cellular signaling in muscle. In order to obtain further information on 
the potential effect of citrullination on myofilament proteins in HF for this review, 
we have furthered our bioinformatics analysis and used a method of combing the 
network of protein-protein interactions (PPIs) with current gene ontology  enrichment 
strategies. PPIs are commonly understood as physical contacts with molecular 
docking between proteins that occur in a cell or in a living organism in vivo (De Las 

Fig. 12.6 A schematic view of the sarcomeric cytoskeleton with marked citrullinated proteins. 
The figure shows myosin (MYH7, red), actin (ACTC, light blue), tropomyosin (Tm-1, dark blue), 
troponin complex (cTnI/cTnT, purple), myosin-binding protein-C (MyBP-C, light green), Z-band 
proteins (orange), M-band proteins (green), and titin (TNN, gray). A star next to the protein indi-
cates the protein as being citrullinated. Principal sarcomere regions are marked by Z, I, A, and M 
(Roberts and Sigwart 2001)
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Rivas and Fontanillo 2012). Each of these interactions is specifically adapted to 
carry out certain biological functions. To further understand the function of the top 
54 citrullinated proteins reported by our group (Harris et al. 2008), a PPI network 
was built by Reactome Functional Interaction (FI), a Cytoscape plug-in (Wu et al. 
2010). This plug-in accessed the Reactome FI network and allowed the construction 
of an FI subnetwork based on a set of genes by using linker genes. When the top 54 
proteins were analyzed, without linker genes, two main modules were clustered in 
Reactome FI (Fig. 12.9). The first module (green) contains three proteins, and the 
pathway enrichment analysis revealed a Wnt signaling pathway and a nicotinic ace-
tylcholine receptor signaling pathway. The second module (purple) also contains 
three proteins, and the pathway enrichment analysis annotated this module with 
four pathways, cardiac muscle contraction, hypertrophic cardiomyopathy, and 
dilated cardiomyopathy. The first module gene ontology enrichment, using cellular 
compartments, revealed sarcomere and stress fibers, whereas the second module 
was only in the sarcomere. The gene ontology enrichment, using biological pro-
cesses, revealed that ventricular cardiac muscle tissue morphogenesis, sarcomere 
organization, cardiac muscle contraction, and muscle filament sliding were all 
enriched in the second module. Collectively, these data support that proteins with 
citrullination sites are involved in diverse pathways and that these pathways are con-
nected through protein interactions.

Fig. 12.7 Schematic representation of the molecular architecture of myosin-7 (MHY7) with the 
positions of the citrullinated residues found by Fert-Bober (data not published). The presentation 
emphasizes the modular construction of the proteins and distribution of mutations in the MYH7 
gene based on doi:10.1016/j.jacc.2004.04.039 and 10.1186/1471–2164–11-172. Note that only the 
mutations on the R residues in the figure are indicated

12 The Significance of Myofilament Protein Citrullination in Heart Failure…

http://dx.doi.org/10.1016/j.jacc.2004.04.039
http://dx.doi.org/10.1186/1471–2164–11-172


218

12.5  Conclusions

There is growing evidence of a role for citrullination in HF and atherosclerosis. Our 
current goals are to unambiguously identify the specific proteins that are citrulli-
nated and determine which directly effect heart structure/function and/or may cause 
immune responses involved in heart-specific inflammation, in order to identify early 
events that can be targeted with preventive or therapeutic measures. Herein, we have 
summarized the published data from numerous research groups, including our own, 
that have demonstrated the link between PAD and protein citrullination in the heart, 
as well as the increased immune responses to citrullinated proteins within the RA 
population with HF. Whether the citrullination of these proteins has physiological 
consequences remains unknown; however, several potential implications of the cur-
rent studies can be considered. This is certainly achievable, given the huge advances 

Fig. 12.8 Myosin amino acid conservation. (a) Homologies between myosin amino acids R369 
and R723 across species. (b) Structure of the myosin head with two conservative citrullinated resi-
dues. Myosin heavy chain region showed in the rigor state with no nucleotide bound as solved by 
X-ray crystallography [http://www.ebi.ac.uk/pdbe/entry/pdb/1b7t]. The motor domain contains 
two detected citrullinated residues (red arrows)
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currently taking place in both the constant development of new technologies to 
identify citrullinated proteins and understanding the crosstalk between genetic, 
environmental factors and disease pathogenesis.
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Chapter 13
Protein Deimination in Protein Misfolding 
Disorders: Modeled in Human Induced 
Pluripotent Stem Cells (iPSCs)

Sigrun Lange, Selina Wray, Mike Devine, Mar Matarin, and John Hardy

13.1  Introduction

Neurodegenerative diseases are an increasing burden on society due to an aging 
population and limited treatment options. This highlights the need for biomarker 
discovery and novel drug-directed strategies to reduce disease progression and 
increase the life quality of sufferers (Hampel et al. 2010). Progressive neurodegen-
erative diseases are often referred to as protein misfolding disorders, as accumula-
tion of protein aggregates, impaired calcium buffering, mitochondrial dysfunction, 
and epigenetic and posttranslational protein modifications are implicated in disease 
progression and lead to fatal neuronal loss (Beal 2005; Krüger et al. 2010; Mastroeni 
et al. 2011; Halliday and Mallucci 2014; Poorkaj et al., 1998).

Peptidylarginine deiminases are calcium-catalyzed enzymes that cause irrevers-
ible posttranslational changes of protein-bound arginines into citrullines. Resulting 
changes in charge and structure of target proteins lead to protein misfolding and 
functional loss (Vossenaar et al. 2003; Gyorgy et al. 2006). Some main targets of 
deimination identified are nuclear histones and intermediate filaments (Wang et al. 
2004; Gyorgy et al. 2006; Lange et al. 2011, 2014). Besides being associated with 
various autoimmune diseases and cancer, protein deimination is increasingly being 
linked to neurodegenerative diseases including multiple sclerosis (MS), AD, prion 
disorders such as Creutzfeldt-Jakob disease (CJD), and PD (Moscarello et al. 1994; 
Musse et al. 2008; Wood et al. 2008; Bradford et al. 2014). Calcium dysregulation 
is one of the hallmark downstream factors caused by protein aggregation due to 
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various neurodegenerative gene mutations and also causes PAD-mediated protein 
deimination that contributes significantly to further protein misfolding and progres-
sive neurodegenerative pathologies (see proposed mechanism in Fig. 13.1). The use 
of PAD-inhibiting drugs thus offers a novel interceptive route to reduce disease 
progression and improve patients’ life quality.

13.2  Pharmacological PAD Inhibition Is Neuroprotective 
in CNS Damage In Vivo

Previously we have shown that the pan-PAD inhibitor Cl-Am (Luo et al. 2006) sig-
nificantly reduced neuronal damage in animal models of acute neuronal insult mod-
els, namely, spinal cord damage (Lange et al. 2011) and neonatal hypoxic ischemic 
encephalopathy (HIE) (Lange et al. 2014). Administration of one dose of Cl-Am 
(80 mg/kg) straight after injury and up to two hours post-injury in the chick spinal 
cord damage model significantly reduced neuronal cell death, tissue loss, and deim-
inated histones, compared to non-treated control injuries (Lange et al. 2011). In two 
different mouse models of neonatal HIE, firstly, where permanent left carotid occlu-
sion was followed with severe hypoxia (8% oxygen for 60 min) or, secondly, with 
30 min hypoxia in combination with infection (as mimicked by LPS stimulation), 
one dose of Cl-Am (30 mg/kg) straight after hypoxia, or 10 min after LPS stimula-
tion and again straight after hypoxia, significant reduction was observed in microg-
lial activation, histone deimination, and cell death. In all brain regions, and 
specifically in the cerebral cortex and hippocampus, neuronal loss (as estimated by 
volume measurement) was significantly reduced (Lange et al. 2014). The fact that 
neuroprotective effects of PAD inhibition are translatable between both CNS injury 
models in different species is indeed promising for effective application in other 
cases of neuronal damage.

13.3  Deiminated CNS Target Proteins Linked 
to Neurodegenerative Diseases

In acute CNS damage, several deiminated proteins were identified by immunopre-
cipitation with the F95 antibody from CNS damaged tissue, supporting putative 
roles in neurodegeneration (Lange et  al. 2011, 2014; Ferretti et  al. 2014). This 
included histones and cytoskeletal proteins such as actin, tubulins, and microtubule- 
associated proteins. Additional deiminated proteins identified included prohibitin-2, 
which controls cell proliferation, functional integrity of mitochondria, and apopto-
sis (Xu et  al. 2014); noelins that maintain undifferentiated neural precursors 
(Moreno and Bronner-Fraser 2005); syntaxin, which is involved in synaptic exocy-
tosis as it binds to amyloid-β oligomers and impairs SNARE-mediated exocytosis 
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(Yang et al. 2015) and has recently been linked to Asperger’s syndrome (Durdiaková 
et al. 2014); nidogen, which is a vascular membrane protein that is associated with 
the loss of perivascular drainage of amyloid-β from the brain (Hawkes et al. 2013) 
and has also been associated with neurodegenerative Dandy-Walker syndrome 

Fig. 13.1 Schematic view of peptidylarginine deiminases (PADs) in disease progression of pro-
tein misfolding disorders. Various genetic mutations, underlying neurodegenerative disorders such 
as Alzheimer’s and Parkinson’s disease, cause protein misfolding and protein aggregation, leading 
to impaired calcium buffering and elevated calcium levels. Calcium-activated peptidylarginine 
deiminases (PADs) catalyze the conversion of protein-bound arginines into citrullines, resulting in 
structural and functional changes in target proteins, random protein deimination, and an increased 
frequency of protein misfolding. In addition to PAD activation, there is also a significant increase 
in PAD transcription with disease progression in some mutations (see Fig. 13.2), which further 
contributes to protein deimination and accumulative protein misfolding in the course of disease 
progression. Target proteins of deimination with putative roles in neurodegenerative diseases 
include tubulins, microtubule-associated proteins, and proteins involved in the maintenance of 
neural precursors, cell proliferation, apoptosis, functional integrity of mitochondria, and perivas-
cular drainage of amyloid-β (Lange et al. 2011; Moreno and Bronner-Fraser 2005; Durdiaková 
et al. 2014; Hawkes et al. 2013; Darbro et al. 2013). Inflammatory responses are caused by deimi-
nated proteins and cellular damage. This process incudes elevated levels of tumor necrosis factor-α 
(TNF-α), which leads to nuclear translocation of PADs (Mastronardi et al. 2006), where they cause 
deimination of histones, affecting gene regulation (Wang et al. 2004). Leakage of deiminated pro-
teins from dying cells also leads to further autoimmune responses, due to presentation of modified 
self-proteins, which contribute to the progressive, chronic pathology. Protein deimination is an 
irreversible mechanism, but targeting PAD enzyme activation using PAD inhibitors may reduce the 
accumulative chronic effect that is established during disease progression. PAD-inhibiting drugs 
pose a promising strategy to reduce pathology during neurodegenerative disease progression
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(Darbro et  al. 2013); and glutamine synthetase, which is involved in glutamate 
homeostasis in astrocytes (Bellaver et al. 2016).
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Fig. 13.2 PADI2 transcription is significantly increased in AD and PD transgenic neurodegenera-
tive mouse models during disease progression. Whole-genome microarrays of mouse models car-
rying double mutations for amyloid precursor protein and presenilin (TASTPM; APP + PSEN), as 
well as a mouse model for mutated TAU, showed significantly increased PADI2 isozyme transcrip-
tion in the cerebral cortex and hippocampus. (a) PADI2 transcription is significantly increased in 
the cerebral cortex at 72 weeks in both mutants (1.4- and 1.2-fold for TAU and APP + PSEN1, 
respectively; p < 0.005; n = 3). (b) In hippocampus, the double APP + PSEN1 mutants showed a 
significant increase in PADI2 transcription at 32 weeks (1.23-fold, p < 0.001), and both mutants 
showed a significant increase in PAD2 transcription at 72 weeks (1.4- and 1.2-fold for TAU and 
APP + PSEN1, respectively; p < 0.005; n = 3) (Matarin, Edwards and Hardy—unpublished data). 
This indicates that, in addition to the activation of PAD enzymes, PADI transcription is also 
increased during disease progression, which can facilitate further protein deimination (star indi-
cates p < 0.005)
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13.4  Evidence for Protein Deimination in Neurodegenerative 
Diseases

In cases where protein deimination has been associated with neurodegenerative 
diseases, including multiple sclerosis (MS) (Moscarello et al. 1994; Musse et al. 
2008; Wood et al. 2008), AD, and PD, studies have mainly focused on histological 
analysis of postmortem human samples. AD postmortem human brain samples dis-
play increased protein deimination (Nicholas et al. 2003, 2004, 2005; Ishigami et al. 
2005; Nicholas 2013; Ishigami et al. 2014), and deiminated proteins are present in 
amyloid-containing areas in amyloid precursor protein/presenilin1 (APP + PSEN1) 
transgenic AD mouse models (Borchelt et al. 1996, Nicholas et al. 2014). In AD 
patients, β-amyloid has been shown to be deiminated (Nicholas 2011; Nicholas 
et al. 2014). In hippocampal lysates from AD patients, glial fibrillary acidic protein 
(GFAP), an astrocyte-specific marker protein, and vimentin were identified as deim-
inated proteins, and the deimination of GFAP was shown to be PAD2 specific 
(Ishigami et al. 2015). In vitro studies demonstrated that amyloid peptides bind to 
PAD2, resulting in catalytic fibrillogenesis and formation of insoluble fibril aggre-
gates (Mohlake and Whiteley 2010). In PD brain samples, increased levels of total 
protein deimination and deimination-positive extracellular plaques were observed 
(Nicholas 2011). Mutated α-synuclein protein, resulting in misfolding, has been 
related to increased protein deimination (Nicholas et al. 2014). Amyotrophic lateral 
sclerosis (ALS) spinal cords show increase in deiminated proteins (Nicholas et al. 
2014), while CJD brain samples indicate roles for deiminated enolase (Jang et al. 
2012). In AD brains, PTCD2 protein, an antigen target of an AD diagnostic autoan-
tibody, is present in a deiminated form (Acharya et al. 2012). There are thus indica-
tions that disease-associated autoantibodies are generated due to the production and 
release of deiminated proteins and deiminated protein fragments, which may be 
released from damaged cells in regions of pathology (Nagele et al. 2011; Acharya 
et al. 2012). In AD cortex and hippocampus, both PAD2 and PAD4 were shown to 
be expressed in the cerebral cortex and hippocampus, the brain regions most vulner-
able to AD pathology, with PAD2 localized in activated astrocytes and PAD4 selec-
tively expressed in neurons. PAD4 expression was shown to co-localize with 
amyloid-β-42 in pyramidal neurons in the cerebral cortex and in hippocampal large 
hilar neurons of the hippocampus, which were also surrounded by activated astro-
cytes and microglia (Acharya et  al. 2012). These neurons contained cytoplasmic 
accumulations of deiminated proteins. Also, the release of deiminated proteins from 
necrotic neurons was thought to cause an increased exposure of deiminated neuro-
nal proteins to the immune system. In addition, the continual return of cerebrospinal 
fluid to the circulation via the arachnoid villi, containing modified citrullinated pro-
teins and protein fragments, was suggested to be a key step in the ongoing pathol-
ogy due to generation of autoantibodies (Acharya et al. 2012).

PADs are thus expressed in neurons residing in brain regions that are engaged in 
neurodegenerative pathological changes and inflammatory changes such as reactive 
astrogliosis and microglial migration and invasion. Although some target proteins 
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have been described, most deiminated proteins remain to be identified. Overall, a 
role for PADs in neurodegenerative and inflammatory changes is supported by these 
studies.

13.5  Increased PADI2 Expression with Neurodegenerative 
Disease Progression in Mouse Models

We analyzed whole-genome microarrays from mouse models carrying TAU and 
APP + PSEN1 mutations for changes in PAD expression with disease progression. 
In whole-genome microarrays of mouse models carrying double mutations for APP 
and PSEN1, and mutated TAU, PADI2 transcription was significantly increased in 
the cortex at 72 weeks in both mutants (1.4- and 1.2-fold for TAU and APP + PSEN1, 
respectively; p  <  0.005; n  =  3; Fig.  13.2a). In the hippocampus, the double 
APP  +  PSEN1 mutants showed a significant increase in PADI2 transcription at 
32 weeks (1.23-fold, p < 0.001), and both mutants showed a significant increase in 
PADI2 transcription at 72 weeks (1.4- and 1.2-fold for TAU and APP + PSEN1, 
respectively; p < 0.005; n = 3; Fig. 13.2b) (Matarin, Edwards and Hardy—unpub-
lished data; Fig. 13.2).

13.6  Deiminated Proteins in Human iPSC Neuronal Models 
from Patient Fibroblasts

We have carried out pilot studies to test whether in vitro human iPSC neuronal mod-
els derived from patient fibroblasts are a feasible tool to model protein deimination 
in neurodegenerative diseases and if they may be useful for future screening of 
effective PAD inhibitors. Using iPSC-derived neural models alongside postmortem 
human brain tissue will be useful to validate molecular mechanisms that have previ-
ously been identified in postmortem human samples and rodent disease models. 
Such a combined approach will strengthen the relevance of previous findings to 
humans and may also allow drug target mechanisms to be validated in human- 
derived in vitro models, with hopes to increase the success rate in clinical research.

Human neuronal cell models were derived from iPSCs, generated from fibro-
blasts of patients carrying neurodegenerative disease mutations (Fig. 13.3) (Devine 
et al. 2011; Shi et al. 2012; Wray et al. 2012). Human iPSC-derived neuronal cells 
generated from fibroblasts of patients carrying mutations for FTD, ALS, PD, and 
control samples were differentiated into cortical neurons (deep- and upper-layer 
excitatory neurons) that in vitro were electrically active, formed functional cortical 
circuits, and displayed a similar pathology as in the intact brain (Shi et al. 2012). 
The neuronal cell lysates were analyzed by immunoblotting for PAD isozyme 
expression (PAD2, PAD3, PAD4, Chemicon) and for pan-protein deimination using 
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the pan-citrulline F95 antibody (Nicholas and Whitaker 2002), according to proto-
col by Lange et al. (2011). In addition, changes in histone 3 deimination were tested 
for a putative impact on gene regulation, using the citH3 antibody (Abcam ab5103). 
Analysis of these cell lysates from human iPSC-derived neurons (Fig. 13.4) with 
mutations linked to FTD and ALS (Wray et al. 2012), as well as PD (Devine et al. 
2011), showed increased pan-protein deimination (Fig. 13.4a, d; F95 immunodetec-
tion) and histone H3 deimination (Fig. 13.4c, g), compared to control cell lysates. 
The PAD4 isozyme was found to be predominantly expressed, while PAD2 was also 
detected, albeit at lower levels (Fig. 13.4b, e, f).

13.7  Neurodegenerative iPSC Models for Drug-Directed 
PAD Inhibition

Human iPSC cell models can be used to dissect the disease mechanisms in the 
desired target cell types, in this case neurons, and new drug compounds can then be 
screened. The advantage of iPSC modeling is that pathologies that take years to 
accumulate in the brain can be reproduced in a relatively short time (Cherry and 

Fig. 13.3 Induced pluripotent stem cell (iPSC) models from human patients for modeling disease 
in vitro. Fibroblasts are obtained from the skin of patients carrying mutations for neurodegenera-
tive diseases and healthy control individuals. These cells can be reprogrammed with specific tran-
scription factors (OSKM: OCT4, SOX2, KLF4, and MYC) to obtain induced pluripotent stem cells 
that can then be directed to differentiate into the desired target cell type under study. Using this 
technique, the disease-specific phenotype can be generated for research into the pathological 
mechanisms in human models in vitro. These cultures can also be used for screening of new drug 
compounds (modified from Cherry and Daley 2012)
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Daley 2012). Also, new drugs can be tested in human rather than animal models and 
may thus more accurately predict the efficiency of new therapeutics. Our findings are 
very promising, as we show that iPSC-derived neuronal models mirror findings of 
increased protein deimination observed in postmortem studies where protein deimi-
nation has been associated with various protein misfolding disorders including AD 

Human Patients’ iPSC Derived Neurons
FTD and ALS linked mutations

Total Protein
Deimination (F95)

kDa
175

80

58
46

30
25 17

75

75

Histone 3 deimination

Histone 3 deimination

58

80
250
150
100
75

50
37
25
20

15
10

20

M
ar

ke
r

M
ar

ke
r

M
ar

ke
r

M
ar

ke
r

M
ar

ke
r

M
ar

ke
r

M
ar

ke
r

V
C

P
R

15
5C

V
C

P
R

15
5C

V
C

P
R

15
5C

V
C

P
R

19
1Q

V
C

P
R

19
1Q

V
C

P
R

19
1Q

C
R

L

C
R

L

C
R

L

C
R

L

C
R

L

C
R

L

C
R

L

α-
S

Y
N

3x

α-
S

Y
N

3x

α-
S

Y
N

3x

α-
S

Y
N

3x

α-
S

Y
N

3x

C
R

L

C
R

L

C
R

L
C

R
L

Total Protein
Deimination (F95)PAD4

PAD4

PAD2

a
b

c

d
e

f

g

PD linked mutations

Fig. 13.4 Protein deimination is increased in iPSC-derived neurons from patients carrying muta-
tions for frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), and Parkinson’s 
disease (PD). We have shown that human iPSC-derived neuronal in vitro models do indeed mirror 
increased protein deimination as observed in postmortem human samples of several neurodegen-
erative diseases (AD, ALS, PD). Using iPSCs can provide a valuable human cell modeling tool for 
effects of protein deimination and PAD-inhibiting drugs in these neurodegenerative diseases. (a) 
The iPSC-derived neuronal cell lysates from patients carrying mutations VCPR155C and 
VCPR191Q for frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) showed 
an increase in total protein deimination profiles as identified by immunoblotting using the pan- 
citrulline F95 antibody (Nicholas et al. 2014), compared to control (CRL) neuronal lysates. (b) 
PAD4 was the main isozyme expressed in the FTD and ALS iPSC-derived neurons, both in mutated 
and control cell lines. A double band was observed in the expected size range of 74 kDa (arrows). 
(c) Increased histone 3 deimination was observed in neurons derived from iPSC cell lines carrying 
mutation VCPR155C, while histone 3 deimination levels in VCPR191Q-derived neurons were 
similar to those seen in control (CRL) neuronal lysates. (d) The iPSC-derived neuronal cell lysates 
from patients carrying a triplication of α-synuclein (α-SYN3x; Devine et  al. 2011) showed 
increased and changed pan-protein deimination profiles, compared to control (CRL) cell lysates 
(NAS, normal alpha-synuclein; Devine et al., 2011). (e) PAD4 was the main isozyme (arrows) 
expressed in the α-SYN3x iPSC-derived neurons, both in mutated and control (CRL) cell lines, 
while PAD2 isozyme was expressed (arrows) at lower levels (f). (g) Some histone 3 (arrow) deimi-
nation was observed in neurons derived from iPSC cell lines carrying α-SYN3x (stars), while 
histone 3 deimination was not detectable in the control (CRL) neuronal lysates
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(Ishigami et al. 2005; Ishigami et al. 2014; Nicholas 2011; Nicholas et al. 2014), PD 
(Nicholas 2011; Nicholas et al. 2014), and ALS (Nicholas et al. 2014). In addition, 
as protein deimination is also linked to CJD, Alexander disease (see Chap. 20), and 
prion diseases, it will be useful to compare PAD isozyme expression and deiminated 
proteins in iPSC-derived neurons from these different diseases. Interestingly, deimi-
nation of cytoskeletal proteins was both linked to acute CNS damage and was also 
shown to be critical to the release mechanism of cellular microvesicles (MVs) 
(Kholia et al. 2015). MVs are emerging as a very relevant topic in neurodegenerative 
conditions and are increasingly being associated with neurodegenerative disease 
progression (Tomlinson et al. 2015; Agosta et al. 2014; Burgos et al. 2014; Joshi 
et al. 2014). A novel role for PADs in the mechanism of cellular MV biogenesis is 
further discussed in Chap. 22.

iPSC systems are relevant human in vitro models for neurodegenerative disease 
progression studies, pharmaceutical screening, and understanding of how disease- 
related processes can be modulated to ameliorate the progression neurodegenerative 
mechanisms. As a functional tool, iPSC models will facilitate the examination of 
processes not easily observed in postmortem tissues, including changes in the pro-
cessing of proteins, observation of phenotypes regarding neural connectivity, syn-
apse formation, and the possibility of proof-of-principle experiments (Cherry and 
Daley 2012; Sandoe and Eggan 2013; Payne et  al. 2015). Clinical trials to treat 
neurodegenerative diseases have a high failure rate, partly because potential drugs 
are derived from research in nonhuman models, while human iPSC models from 
patient fibroblasts may more accurately predict the efficiency of new therapeutics in 
those individuals.

For next step experiments of PAD inhibition in iPSC neurodegenerative disease 
models, the most widely studied pan-PAD inhibitor Cl-Am, which previously was 
shown to be effective in acute CNS damage (Lange et al. 2011, 2014) and to hinder 
effective microvesicular biogenesis (Kholia et al. 2015), would be the first obvious 
candidate to be administered to the iPSC-derived neuronal cell culture method to 
validate a beneficial effect of pharmacological PAD inhibition on neuronal pathol-
ogy in selected mutation carrying cell lines of interest. While Cl-Am remains the 
most used experimental inhibitor to date, the therapeutic potential and generation of 
selective and isozyme-specific PAD inhibitors is receiving ever-increasing attention 
(Slack et  al. 2011; Bozdag et  al. 2013; Ferretti et  al. 2013; Wei et  al. 2013; 
Subramanian et al. 2015; Trabocchi et al. 2015). As a result, it will be of great inter-
est for screening in iPSC-derived models of the different neurodegenerative dis-
eases where PADs are implicated as novel key players.

PAD inhibitors offer unique interceptive drug-directed strategies to reduce neu-
ronal pathology caused by accumulative protein misfolding downstream of calcium 
dysregulation, which is the common factor in many neurodegenerative disorders. 
PAD inhibition may also form part of a combinatory treatment strategy to maximize 
the benefit of treatment.
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13.8  Conclusions

Our findings validate that human iPSC cultures are a novel feasible tool for model-
ing protein deimination in neurodegenerative protein misfolding disorders. Clinical 
trials to treat neurodegenerative diseases have a high failure rate partly because 
potential drugs are derived from research in nonhuman models, while iPSC models 
from patient skin cells may more accurately predict the efficiency of new therapeu-
tics. Human patient-derived iPSC models will be useful for testing drug-directed 
inhibition of protein deimination for their ability to ameliorate neurodegenerative 
disease progression. Novel PAD-inhibiting drugs may offer a new interceptive route 
to reduce disease progression at the stage downstream of calcium elevation, which 
is a common feature of protein misfolding disorders and, via the PAD pathway, 
leads to further downstream protein misfolding and neurotoxic events. PAD inhibi-
tors may also function as part of a combinatory treatment option to slow down 
neurodegenerative disease progression, for which there are currently few alternative 
treatments.
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Chapter 14
Protein Deimination in Aging and Age-Related 
Diseases with Ocular Manifestations

Di Ding, Mabel Enriquez-Algeciras, Sanjoy K. Bhattacharya, 
and Vera L. Bonilha

14.1  Introduction

Deimination refers to the conversion of protein-bound arginines into citrulline. It 
has been established as a posttranslational modification due to the lack of any known 
tRNA carrier for citrulline, as well as the presence of deiminases that are capable of 
catalyzing this modification in  vitro. There is no known enzyme that can revert 
protein-bound citrulline into arginine, rendering it a relatively long-term modifica-
tion. Elevated deimination has been found in neuronal tissues in a number of neuro-
degenerative diseases including multiple sclerosis and glaucoma. Observations in 
the retina, a tissue where the retinal ganglion cell layer lacks a substantial presence 
of astroglial cells, demonstrated that elevated and reduced deimination occurs 
simultaneously in astroglial cells and neurons, respectively. Such opposite effects 
are expected to complicate therapeutic strategies, necessitating cell-specific  delivery 
systems for perturbation of deiminases that catalyze deimination in neuronal tis-
sues. In this review, we will briefly discuss the occurrence of deimination with 
 normal aging, the importance of deimination in diseases, and the effect of deimina-
tion on mRNA transport in neuronal tissue. Elevated deimination induces  proteolysis 
via modification of protein structures, while reduced deimination affects protein 
synthesis and the outgrowth of dendrites in neurons.
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14.2  Deimination

Posttranslational modifications (PTMs) are important regulators of cellular processes 
whose diversity varies according to the complexity of the life form being considered. 
Deimination and citrullination are interchangeably used terms to designate the con-
version of protein-bound arginines to citrulline. It is considered to be a PTM, since 
no tRNA carrier for citrulline has been identified (Fig. 14.1). This PTM has been 
found in most mammals, frogs, and chickens (but not in lower species) and demon-
strates system-specific expression levels that are catalyzed by peptidylarginine deim-
inase (PAD) enzymes. Five tissue-specific PADs (PADs1–4 and PAD6) have been 
found in mammalian systems (Enriquez-Algeciras et al. 2013; Vossenaar et al. 2003). 
PAD1 and PAD3 catalyze deimination in epidermal tissues; PAD2 is the major PAD 
in neuronal systems such as the eye and brain, and PAD4 is commonly associated 
with hematopoietic lineages (Bhattacharya et al. 2006a; Senshu et al. 1992; Vossenaar 
et al. 2003). PAD-catalyzed deimination occurring only at protein-bound arginines is 
calcium-dependent and generates ammonia as a by- product (Vossenaar et al. 2003). 
Conversely, deimination of free arginines is carried out by nitric oxide synthase 
(NOS) to generate nitric oxide (NO) and free citrulline. Compared to other PTMs, 
deimination is rare and highly regulated. There are only limited and specific proteins 
that undergo deimination in different tissues. Early work identified the following 
proteins that undergo deimination in neuronal tissues: keratin, myelin basic protein 
(MBP), glial fibrillary acidic protein (GFAP), vimentin, trichohyalin, histones (H2A, 
H3, and H4), filaggrin, and fibrinogen. Quantitative mass spectrometry has subse-
quently identified additional proteins (Grant et al. 2007). We will discuss the function 
of several proteins, RNA export binding protein (REF), 2′,3′-cyclic-nucleotide 
3′-phosphodiesterase, MBP, and myelin-associated glycoprotein (MAG), that have 
been shown to undergo deimination in human retinal tissue (Bhattacharya et  al. 
2006b) and brain tissue (Wood et al. 2008) in the following section.

Protein-bound arginines can be methylated by the arginine N-methyltransferase 
(PRMT) family of enzymes. Depending on the PRMT subclass, methylation events 
can result in monomethylated (MMA), symmetrically dimethylated (sDMA), or 
asymmetrically dimethylated (aDMA) guanidino groups. Deimination or methyla-
tion has been reported on arginine residues of several histones including H2A, H3, 
and H4 (Nakashima et al. 2002). Because arginine residues that have been converted 
to citrulline can no longer be methylated, PADs can be considered inhibitors against 
methylation (Cuthbert et al. 2004; Wang et al. 2004). Conversely, PADs cannot cata-
lyze the deimination of methylated arginine (both MMA and DMA) to citrulline 
(Raijmakers et al. 2007). Therefore, methylation and deimination are considered to 
be competitive posttranslational mechanisms on certain protein-bound arginines.

Arginine and citrulline have different charges, allowing for differentiation of a mul-
tiple-site deiminated protein and its non-deiminated counterpart through  electrophoresis. 
However, the detection of endogenous deimination is difficult because of the similar 
structure and molecular weight of citrulline and arginine as well as the limited amount 
of deimination present (Fig. 14.1). Early detection attempts relied upon citrulline mod-

D. Ding et al.



243

ification to a functionality that could be recognized by specific antibodies (Senshu 
et al. 1992). In this two-step reaction process, protein-bound citrulline was reacted 
with 2,3-butanedione monoxime and antipyrine in a strongly acidic environment to 
generate an antigenic adduct (Senshu et al. 1992). Antibodies such as F95 (Nicholas 
and Whitaker 2002) have been developed to detect protein- bound, unmodified citrul-
line. Presently, more antibodies are commercially available; however, the selectivity 
and sensitivity of these antibodies still need further characterization.

Mass spectrometry (mass spec) is the most reliable method to detect deimination 
thus far, and several groups have successfully applied this technique in their studies. 
Intact deiminated protein can be differentiated from non-deiminated protein by 
MALDI-TOF. However, due to the similarity of the mass-to-charge ratio between 
arginine and citrulline, identifying the location of deiminated residues requires high 
accuracy from the mass spec instrument followed by additional methods for confir-
mation. LTQ Orbitrap is one type of mass spec that has been previously used to 
detect citrulline residues. Most of the time, detection of deimination requires the 
combination of multiple methods for more accurate results.

14.3  Deimination in Aging and Development

Several studies have associated protein deimination with development and aging in 
the central nervous systems (CNS). Moscarello’s group showed in 1994 that there 
were heavily deiminated MBPs in the infant CNS compared to the adult CNS 
 samples (Moscarello et al. 1994). Other studies showed upregulated PAD2 expres-
sion in mice P1 compared to adults (unpublished data). An independent mouse 
model aging study using the F1 hybrid between Fischer 344 and Brown Norway rats 

Pepdityl arginine deiminases (PADS) 

Ca2+

Fig. 14.1 Reaction of deimination
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(F344BN) showed a decrease in deimination in aged rats (~24 months) when com-
pared to young rats (~3 months) in ocular tissue (Fig. 14.2). Likewise, immunohis-
tochemistry performed on retinal cryosections showed that the ganglion cell layer 
undergoes significant, age-related loss of deimination (Bhattacharya et al. 2008). 
Moreover, the total level of deiminated proteins in the blood serum decreased, 
detected by the enzyme-linked immunosorbent assay (ELISA). Both the expression 
level and activity of the major deiminase PAD2 decreased with aging (Bhattacharya 
et al. 2008), which indicated deimination plays a role in maintaining the nervous 
system activities during development and aging. More recently, a study reported 
higher amounts of deiminated proteins both in aged mice and human brains 
(Nicholas et al. 2014). This observation may suggest that increased citrullination 
may be part of the natural process of brain senescence. Alternatively, there may be 
tissue-specific regulation of citrullination. Future experiments studying deimination 
in additional aging tissue and neurological diseases are needed.

14.4  Elevated Deimination in Age-Related Diseases 
with Inflammation

Abnormal deimination has been detected in several age-related diseases. Multiple 
sclerosis (MS) is a neurodegenerative disease characterized by recurrent inflammation 
and the formation of localized demyelinated plaques associated with axonal degen-
eration in the central nervous system (Ziemssen 2005). MS has heterogeneous 
 manifestations and is often disabling via deficits of sensory, motor, autonomic, and 
neurocognitive function which correlate to vision loss, extraocular muscle movement 
disorders, paresthesias, loss of sensation, weakness, dysarthria, spasticity, ataxia, and 
bladder dysfunction (Noseworthy et al. 2000). Alterations in PTMs of certain proteins 
may cause improper immune activation, which plays an important role in the early 
pathogenesis of MS (Arnon and Aharoni 2007; Ziemssen 2005). Brain tissue samples 
from MS patients showed hyper-deiminated regions and elevated levels of PAD2 
compared to normal controls, indicating that deimination could play an important role 
in the development of MS (Enriquez-Algeciras et al. 2013). One protein that is heavily 
deiminated in MS patients is MBP (Moscarello et al. 1994), which shows enhanced 
susceptibility to both autocatalytic and cathepsin D-mediated proteolysis (Pritzker 
et al. 2000). The proteolytic products have the ability to sensitize T cells (Belogurov 
et al. 2008; D’Souza et al. 2005) and may also activate astrocytes that have been impli-
cated in both innate and acquired immune responses in the CNS (Nair et al. 2008).

Age-related macular degeneration (AMD) is one of the leading causes of blindness, 
which is characterized by dysfunction of the retinal pigment epithelium (RPE) cells 
followed by the loss of photoreceptors in the macular region. Many studies suggested 
inflammation is implicated in the pathogenesis of AMD based on the analysis of the 
small yellowish deposits between the RPE layer and an adjacent basement membrane 
complex (Bruch’s membrane) (Anderson et  al. 1981; Hageman et  al. 1999, 2001; 
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Heriot et al. 1984; Penfold et al. 1984). Deimination was detected in different layers of 
the retina using immunohistochemistry (IHC) in AMD, and detection of PAD2 in the 
retinas of human donors with AMD also revealed great cadaveric variability (Bonilha 
et  al. 2013). Total protein deimination from retinal and RPE lysates were elevated 
compared to the controls, but PAD2 levels were not elevated, indicating the localized 
regulation of deimination levels (Figs. 14.3 and 14.4).

Elevated levels of PAD2 and protein deimination have been found in other adult- 
onset diseases involving inflammation at different levels, such as rheumatoid arthri-
tis (Scofield 2004), and in several human neurological diseases including autoimmune 
encephalomyelitis (Nicholas et  al. 2005), Alzheimer’s disease (Maruyama et  al. 
2005; Louw et al. 2007), amyotrophic lateral sclerosis (Chou et al. 1996), and glau-
coma (Bhattacharya et al. 2006a, b). Compared to decreased PAD2 expression in 
aging studies with F344BN rats (Bhattacharya et al. 2008), late-onset elevation in 
the levels of PAD2 and deiminated proteins are likely due to the pathological pro-
cess of disease rather than age-associated changes.

14.5  Decreased Deimination in Age-Related 
Neurodegenerative Diseases

Deimination has been reported in nervous tissue cells such as astrocytes 
(Bhattacharya et al. 2006a), microglia, and oligodendrocytes (Senshu et al. 1992), 
Schwann cells (Keilhoff et al. 2008), and neurons (Enriquez-Algeciras et al. 2013). 

Fig. 14.2 Decreased deimination in the aging rat retina. Representative confocal images of retinal 
deimination on cryosections probed without (a) or with (b and c) modified anti-citrulline antibody 
(green) after 2,3 butanedione and antipyrine treatment. Immunoreactivity was overlaid on differ-
ential contrast images of the retina. GCL ganglion cell layer, INL inner nuclear layer, ONL outer 
nuclear layer, Ph photoreceptor, RPE retinal pigment epithelium, Ch choroid. Panels correspond-
ing to 3 months’ (a and b) and 24 (c) months’ retina, respectively, suggest that deimination in the 
retina decreases with age. Bar = 40 μm (modified from Bhattacharya et al. (2008))
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In comparison to the deimination levels between normal and MS donor retina sec-
tions, hypo-deimination is more discernible in the retinal ganglion cell (RGC) layer 
due to the lack of astroglial cells. The similar loss of deimination was observed in 
the RGC layer from a mouse model (ND4) of demyelinating disease (Enriquez- 
Algeciras et al. 2013). This is in contrast to previously known hyper-deimination in 
the brains of ND4 mice and deceased human MS patients (Mastronardi et al. 2007; 
Moscarello et  al. 1994). Distinct from other tissues in the nervous system, the 

Fig. 14.3 Representative deimination in human retina. Representative confocal images of retinal 
deimination on cryosections probed without (a) or with (b–e) modified anti-citrulline antibody 
(green) after 2,3 butanedione and antipyrine treatment. Immunoreactivity was overlaid on differ-
ential contrast images of the retina. GCL ganglion cell layer, INL inner nuclear layer, ONL outer 
nuclear layer, Ph photoreceptor. Panels corresponding to non-age-related macular degeneration 
(AMD; b) and AMD donor retinas (c–e) demonstrated similar levels of deiminated proteins 
observed in both non-AMD and AMD retinas. Non-AMD retinas displayed protein deimination in 
the GCL, INL, and ONL. Deimination in both retinas was typically localized to the nuclei of cells. 
Finally, a disorganized distribution of deiminated proteins was visible in the degenerated areas of 
the retinas of AMD donors (arrowheads). Bar = 40 μm (modified from Bhattacharya et al. (2008))

Fig. 14.4 Representative peptidylarginine deiminase type 2 (PAD2) in human retina. 
Representative confocal images of retinas probed without (a) or with (b–e) modified anti-PAD2 
antibodies (green) and nuclei labeled by DAPI. GCL ganglion cell layer, INL inner nuclear layer, 
ONL outer nuclear layer, RPE retinal pigment epithelium. Panels corresponding to non-AMD (b) 
and AMD donor retinas (c–e) demonstrated similar levels of PAD2 observed in both cytoplasm and 
nuclei of non-AMD and AMD retinas. Bar = 40 μm (modified from Bhattacharya et al. (2008))

D. Ding et al.



247

structure of the retina has cells arranged in different layers according to their func-
tions. The retinal ganglion cell layer lacks a substantial presence of astroglial cells, 
allowing for better cell-specific measurements of aberrant deimination without the 
averaging effect of heterogeneous tissue. In addition to hypo-deimination in RGC 
layer, hyper-deimination of the inner nuclear layer and the outer nuclear layer com-
pared to controls was also observed at the same time. Thus, elevated PAD2 and 
concurrently increased deimination in a large number of astrocytes render detection 
of neural hypo-deimination difficult in the brain.

14.6  Cell Type-Specific Deimination

Hyper- and hypo-deimination occur simultaneously in degenerating retinal tissues. 
Isolation of different cell types from ND4 mice confirms that deimination is 
decreased in RGCs and increased in astrocytes. In addition, studies of brain sections 
also showed hypo-deimination in neurons and hyper-deimination in astrocytes, 
indicating that modulation of deimination is cell type-specific (Enriquez-Algeciras 
et al. 2013). However, the physiological conditions that trigger PAD2 expression are 
still unknown. It has been shown that RGCs and astrocytes show opposite PAD2 
expression patterns in response to pressure; PAD2 is elevated in response to pres-
sure in astrocytes but is downregulated in RGCs (Bhattacharya 2009).

14.7  Consequences of Aberrant Deimination

Deimination, as a less abundant PTM, is strictly regulated. There are few identified 
proteins that undergo deimination, and they are highly cell type specific. Aberrant 
expression of deiminases would lead to complicated consequences. Previous work 
with chick embryos demonstrated elevated deimination in general may contribute to 
the loss of nerve regeneration during early development (Lange et  al. 2011). 
Conversely, evidence from infant studies indicated that elevated deimination is 
important for early neuron development (Moscarello et al. 1994). Excess citrullina-
tion has been found in neurodegenerative diseases. Studies have demonstrated that 
MBP and MOG are hyper-deiminated in multiple sclerosis patients (Mastronardi 
et al. 1993; Moscarello et al. 1994). Hyper-deiminated MBP has been shown to have 
a loose structure which is more susceptible to proteolysis (Musse et  al. 2006). 
Degraded MBP is antigenic and can lead to autoimmune pathogenesis. More recent 
studies are more closely investigating deimination based on cell types. In neuronal 
cells, a group of proteins including RNA-binding factor (REF) have been identified 
as targets of the PAD2 enzyme. Deiminated REF has a stronger affinity for RNA, 
which in turn facilitates protein translation in neuronal dendrites (Ding et al. 2012; 
Enriquez-Algeciras et al. 2013). Isolated neurons from ND4 mice with PAD2 over-
expression showed elevated neurite outgrowth compared to controls without PAD2 

14 Protein Deimination in Aging and Age-Related Diseases with Ocular Manifestations



248

overexpression. These ND4 mice also demonstrated visual function recovery 
 compared to their littermates (Enriquez-Algeciras et al. 2013). Elevated deimina-
tion of histone protein in granulocytes contributes to neutrophil extracellular trap 
(NET) formation (Rohrbach et  al. 2012). Other studies in astroglial cells also 
 indicated that increased deimination correlates to astrocyte activation (Algeciras 
et  al. 2008). Deimination was also investigated in retinas of human donors with 
AMD. Immunohistology detection of citrullination revealed great cadaveric vari-
ability in the immunoreaction of the retina (Fig. 14.3). However, we have previously 
detected elevated levels of deimination in retinal and RPE lysates from AMD donors 
(Bonilha 2008). A similar observation was detected in lysates from donors with 
glaucoma or MS (Enriquez-Algeciras et al. 2013).

Reduced deimination in different cell types results in divergent phenotypes. 
Studies have shown that reduced PAD2 expression is associated with neuronal 
degeneration (Ding et al. 2012; Enriquez-Algeciras et al. 2013). Several proteins 
such as REF have a significant loss of deimination in degenerating neurons com-
pared to the controls and, as a consequence, lead to deficient mRNA transport. A 
subset of these mRNAs are related to synaptic vesicle formation and mitochondria 
function, and a decrease in deimination would directly interfere with dendritic pro-
tein synthesis. However, the consequences of reduced deimination in glial cells are 
still under investigation. In summary, deimination is highly regulated, yet global 
up- and downregulation of deimination may show conflicting results.

Neurons, as a specialized cell type, have multiple extensions from the soma. A 
neuron needs to constantly receive environmental signals such as insulin from the 
endocrine system to maintain its function. Efficient transport of cargo such as 
 glucose receptor mRNA from the soma to dendritic sites is critical for responding to 
these signals. Posttranslational modification plays an important regulatory role for 
transport factors, as aberrant or absent modifications will exert a critical influence.

14.8  Concluding Remarks

In summary, PAD enzymes are responsible for carrying out deimination. These 
enzymes are tissue specific, and their expression levels are associated with develop-
ment, aging, and neurodegenerative diseases. The consequences of deimination 
vary based on the specific target of the deimination and the specific cell type being 
considered. Interestingly, no enzymes that convert citrulline to arginine have been 
found to date, and deiminated proteins accumulate in cells until they are degraded. 
As a result, the long turnover rate of deiminated proteins infers that deimination can 
be considered a long-term PTM.

How is deimination regulated? There are many possibilities to account for that 
may contribute to deimination regulation. Local calcium concentration is a direct 
controlling factor for PAD activity. PAD enzyme expression may be induced by dif-
ferent stimuli from the environment, such as hormones (Takahara et al. 1992), pres-
sures (Algeciras et al. 2008), or bacterial infection (Rohrbach et al. 2012). At the 
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same time, deiminated proteins are regulated by degradation systems. Inefficient 
protease activity results in the accumulation of deimination. All these regulations 
must be kept in equilibrium with one another. Any interruption at any stage can lead 
to aberrant deimination; however the exact mechanism remains unclear. 
Understanding the homeostasis of deimination under normal conditions is of key 
importance in uncovering the exact mechanism of action.
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Chapter 15
Chemical Modification and Mass 
Spectrometric Approaches for Detection 
of Brain Protein Deimination

Mabel Enriquez-Algeciras, Di Ding, Dana P. Ascherman, 
and Sanjoy K. Bhattacharya

15.1  Introduction

The posttranslational modification of deimination refers to conversion of protein- 
bound arginine into citrulline. It is frequently detected by monoxime treatment (acid 
phase 2,3-butanedione and antipyrine reaction) resulting in an adduct formation. We 
present evidence that deiminated proteins are prone to aggregate formation upon 
prolonged monoxime exposure. Moreover, the efficiency of adduct formation is 
nonlinear and dramatically reduced with increasing polypeptide complexity [com-
plete with smaller but progressively decreasing with higher (poly)peptides]. This 
nonlinearity results in vastly noncomparable detection among different methods 
such as immunohistochemistry, Western blot, and mass spectrometry. Mass spectro-
metric detection, based on mass addition of +238 on citrulline moiety with monox-
ime and +1 change due to deimination without monoxime treatment, corroborates 
serious limitations in monoxime adduct formation on proteins. Methodological 
limitations may also interfere with the identification of deiminated proteins as well 
as their modification sites and, as a consequence, the understanding of the biologi-
cal role of deimination. We present here methods that alter the sequence of digestion 
and the combination of chromatographic techniques that collectively reduce com-
plexity and help capture the deiminated peptides. Thin-layer chromatographic 
methods, together with different enzymatic digestions, can also be potentially rou-
tinely used for detection of changes in deimination sites within a given protein in 
different states of a cell or tissue.
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Deimination refers to the process of modification of protein-bound arginines into 
citrulline (Fig.  15.1). The conversion of free arginine to citrulline is commonly 
referred to as citrullination (Marletta et al. 1998). In mammalian cells, peptidyl argi-
nine deiminases (PADs) catalyze the conversion of protein-bound arginine into 
citrulline in the presence of calcium (Marletta et al. 1998; Stuehr 2004; Vossenaar 
et al. 2003). There exists no known carrier tRNAs for citrulline, and therefore occur-
rence of protein-bound citrulline is attributed entirely to PAD-catalyzed posttransla-
tional modification (PTM). Out of the five known deiminases in mammals, PAD1-3 
and PAD6 are cytosolic, while PAD4 is ubiquitous and localizes to the nucleus 
(Vossenaar et  al. 2003). Deimination is a relative recently discovered and less 
explored PTM. In general, enzymes for catalysis of PTM occur in pairs, for exam-
ple, kinase and phosphatase for phosphorylation and acetylase and deacetylase for 
acetylation (Bradbury 1992; Ryan and Bauer 2008; Zhang and Wang 2008); how-
ever, an enzyme for the reversal of deimination remains yet to be identified. Partly 
due to lack of a known enzymatic activity to reverse this modification, deimination 
can be regarded as a long-term PTM.

The role that deimination plays has not been subjected to such an intense inves-
tigation as many other modifications such as phosphorylation or N-linked glycosyl-
ation (Arnold et  al. 2008; Macek et  al. 2008; Nita-Lazar et  al. 2008; Sims and 
Reinberg 2008). Only a handful of proteins have been identified to undergo deimi-
nation so far, and more protein substrates that undergo this modification remain to 
be identified (Algeciras and Bhattacharya 2007). As a result, the physiological role 
of deimination is not fully understood. Because conversion to citrulline alters the 
charge state of proteins, this PTM has functional consequences associated with 
alterations in protein interactions. For example, deimination has been implicated to 
play a role in transcriptional activation, apoptosis, and, somewhat controversially, in 
reversal of protein methylation. Elevated and aberrant deimination has been 
observed in rheumatoid arthritis, cutaneous diseases, and in a number of disorders 
of the nervous system that affect the brain and the eye, such as multiple sclerosis, 
Alzheimer’s disease, and glaucoma (Chavanas et  al. 2006; Ding et  al. 2012; 
Enriquez-Algeciras et al. 2011, 2013; Gyorgy et al. 2006; Harauz and Musse 2007; 
Mechin et al. 2007). Also, the level of deimination and PAD2 appears to undergo a 
significant decrease with the process of normal aging (Bhattacharya et al. 2008).

Since the small 1 Da mass increase that occurs with deimination can be challeng-
ing to decipher from other hydrolytic PTMs, the detection of deiminated proteins by 
mass spectrometry (MS) and MS/MS is a difficult endeavor. Therefore, we tested a 
method for the detection of citrulline which was initially developed by organic 
chemists (Archibald 1944). First attempts were made for stable monoxime modifi-
cation of urea, N-butyl urea, and esters of arginine (that bear molecular similarities 
to arginine) which enable spectrophotometric detection (Archibald 1944; Boyde 
and Rahmatullah 1980; Watanabe et al. 1988; Zarabian et al. 1987). These methods 
were extended to treatment of proteins with 2,3-butanedione and antipyrine in a 
strong acidic environment (Senshu et al. 1992), resulting in formation of an adduct 
that is recognized by an antibody which has facilitated detection by various methods 
including Western blot and immunohistochemical analysis. Treatment with 
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2,3-butanedione and antipyrine in two steps was used for generation of the adduct, 
adding a monoisotopic mass of +238, which can be easily detected with an electro-
spray ionization-quadrupole ion trap (ESI-QIT) mass spectrometer (Holm et  al. 
2006). However, this method did not allow successful identification of deiminated 
peptides from myelin basic protein (MBP). Discrepancies between Western blot 
detection of proteins treated with 2,3-butanedione/antipyrine and identification of 
modified proteins through immunoprecipitation with anti-citrulline antibodies or 
sequencing of peptides via mass spectrometry showed that, as the complexity 
increases from simple peptides to proteins, the chemical monoxime modification 
method becomes less efficient. Our previous work has also shown that monoxime 
treatment results in aggregation of deiminated proteins such as MBP.. To address 
these problems, we have developed methodological modifications enabling more 
complete monoxime modification of purified deiminated proteins, enhanced separa-
tion and capture of deiminated proteins, as well as more efficient identification of 
deiminated proteins from a protein mixture (such as total proteins from a cell or 
tissues) following monoxime modification of digested peptides.

15.2  Experimental Procedures

Peptide generation. Synthetic peptides, SWGAEGQRPGFGYGG (Peptide 1) and 
SWGAEGQ(CIT)PGFGYGG (Peptide 2), were generated using custom peptide 
synthesis services (GenScript Corporation, Piscataway, NJ). The desalted peptides 
were subjected to 2,3-butanedione and antipyrine treatment in an acidic environ-
ment at various time points up to 24 h as indicated in the individual experiments. 
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Fig. 15.1 Schematic representation of deimination and the reactive group. (a) Conversion of argi-
nine into citrulline residues in a polypeptide chain is termed as deimination. AA represents poly-
peptide chain prior to terminal arginine. (b) The N-butyl urea possesses a ureido (a common 
reactive group with citrulline) group shown by a dashed circle; the name of the group has been 
derived from urea
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Unless stated otherwise, the peptides were acetone precipitated using 4 volumes of 
acetone to 1 volume of aqueous phase, incubated for 15 min at room temperature, 
and centrifuged at 10,000 × g for 10 min. The final precipitate was suspended in 
molecular grade water and subjected to TLC or mass spectrometric analysis as 
stated for individual experiments.

15.2.1  Protein Purification

MBP from human brain white matter (WM) was prepared using previously pub-
lished methods (Wood and Moscarello 1989). Briefly, the brain tissues after extrac-
tion of lipids using chloroform-methanol were extracted with 0.2 N sulfuric acid 
(H2SO4) containing 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma Chemical 
Co., St. Louis, MO) and incubated overnight at 4  °C with constant stirring. The 
supernatants were removed and dialyzed using dialysis membrane tubing (Spectra/
Por 1, molecular weight cutoff (MWCO) of 6000–8000, Spectrum Medical Ind., 
Los Angeles, CA) against 3  L of distilled deionized water at 4  °C, with three 
exchanges of distilled deionized water. The retentates were freeze dried and stored 
at −20 °C until experimental use. The purified bovine serum albumin (BSA) was 
procured from Sigma Chemical Corporation. Purification of recombinant BSA and 
cellular retinaldehyde-binding protein (CRALBP) produced in E. coli pLysS using 
pET19b construct as His-tagged proteins were carried out using Ni-NTA columns 
according to the protocol provided by the manufacturer (Qiagen Corporation, 
Valencia, CA). The pET19b CRALBP construct was a research gift from Dr. John 
W. Crabb. The BSA construct was prepared from a parent clone obtained from Open 
Biosystems using standard cloning protocols.

15.2.2  Citrullination and Electrophoretic Separation 
of Modified Proteins

We subjected 10 μg of purified MBP to solution phase (in-solution) treatment with 
2,3-butanedione and antipyrine in a strong acidic (H3PO4, H2SO4, and acetic acid in 
presence of FeCl3) environment (monoxime treatment that leads to adduct forma-
tion on citrulline moiety) for varying time intervals as indicated in individual exper-
iments. These treatment periods lasted from 30 s to 24 h. Throughout this manuscript, 
by “treatment” or “monoxime treatment,” we refer to the acidic environment con-
ferred by H3PO4, H2SO4 and FeCl3 (reagent A) reacting with 2,3-butanedione and 
antipyrine in the presence of acetic acid (reagent B). Reagent A (0.025% FeCl3, 
98% H2SO4, 85% H3PO4; cat#20–255) was mixed in a 1:1 ratio with reagent B 
(0.5% 2,3-butanedione monoxime, 0.25% antipyrine, and 0.5  M acetic acid; 
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cat#20–253; Millipore Corporation, Billerica, MA) and used on peptide, proteins, 
or protein mixtures, usually 2 μl of A + B per 10 μg of protein (1:5) unless stated 
otherwise. The treatment was conducted at room temperature and in the dark. This 
modification generates an adduct as shown in Fig. 15.2. Originally an adduct was 
generated using N-butyl urea (Fig. 15.2a) that bears a ureido group (Fig. 15.1b), and 
a similar adduct acting as an antigen epitope forms within the protein with citrulline 
as well (Fig. 15.2b). It has been established that in the absence of the ureido group, 
this adduct formation does not take place (Archibald 1944). Modified proteins were 
acetone precipitated using 4 volumes of acetone per unit volume of aqueous phase, 
incubated for 15 min at room temperature, and centrifuged at 10,000 × g for 10 min. 
The precipitate was suspended in 125  mM Tris-Cl, pH  7.5, 100  mM NaCl, and 
0.1%SDS, and the modified (adducted) as well as B19control (untreated MBP) pro-
teins were fractionated over 4–20% SDS-PAGE.

For the “in-gel” treatment, 2 μg of purified intact MBP was used in each indi-
vidual experiment unless stated otherwise. Usually each experimental sample was 
electrophoresed in separate individual lanes, and each lane was separately incubated 
with 2,3-butanedione and antipyrine in an acidic environment (H3PO4, H2SO4, and 
FeCl3) for the duration comparable to “in-solution” experiments and as indicated for 
individual experiments. The bands were excised and subjected to in-gel digestion 
with sequencing grade chymotrypsin (0.1  μg/μl (Cat#11418467001, Roche, 
Indianapolis, IN) after staining with Coomassie blue for detection and destaining 
using standard protocols (Patel et al. 2008). The digested peptides were subjected to 
mass spectrometric analysis on a Q Exactive™ Hybrid Quadrupole-Orbitrap Mass 
Spectrometer device (Thermo Fisher Scientific).

For the “in-membrane” treatment, intact MBP (10 μg) was transferred to a PVDF 
membrane (pre-separated by SDS-PAGE using a 4–20% gradient gel) and subjected 
to the monoxime treatment in a manner similar to “in-solution” and/or “in-gel” 
treatments. In-gel and in-solution treatments of 10 μg each of BSA, CRALBP, and 
MBP were also conducted in an identical manner.

15.2.3  Western Blot Analyses

The Western analyses were performed after fractionation of proteins (whether 
monoxime treated or not) over 4–20% SDS-PAGE. The proteins or modified pro-
teins with appropriate controls were partially transferred to a PVDF membrane and 
subjected to Western blot analysis using a final concentration of 0.75 μg/μl rabbit 
polyclonal anti-citrulline antibody (Millipore Corporation, Billerica, MA) and 
horseradish peroxidase (HRP)-coupled secondary antibody (Millipore Corporation, 
Billerica, CA). Following the application of ECL reagent (Cat# 32106, Thermo 
Fisher Scientific, Rockford, IL), the image was developed using an autoradiography 
film (Cat#1651579, Kodak, Rochester NY).

15 Chemical Modification and Mass Spectrometric Approaches for Detection of Brain…



258

N

N

O

H

H

O

NH2

NH

+
O CH3

CH3OH3C

N

N
H

O

N

N

O

+
N

N

O

H+ H+

N-butyl urea AdductAntipyrine2, 3 butanedione

AdductAntipyrine2, 3 butanedione

NH2

HN

O
HO

O

H2N

O CH3

OH3C
N

N

CH3

H

H

O

HO

H2N

O+ H+

N
N

O

HN

N

H

O
HO

H2N

O

N
N

O

+ H+

Citrulline

A

B

C

Monoxime treatment-gel lanes

Tissue/Cell

Protein

For “in gel” For “in-solution”
For “in membrane”

Gel electrophoresis

Band excision

Mass spectometry

Monoxime treatment

Gel electrophoresis

Band excision

Mass spectometry

Gel electrophoresis

Band excision

Protein extraction from band

Transfer to PVDF membrane

Monoxime treatment

WB/ELISA

Cit Ab
detection

Cit Ab detection

WB/ELISA

Cit Ab
detection

(a) (b)
(c)
-

-

Fig. 15.2 Schematic representation of reaction of monoxime with ureido group. (a) Reaction of 
2,3-butanedione with N-butyl urea and subsequently with antipyrine (second step) to generate 
adduct. (b) Two-step reaction of 2,3-butanedione and antipyrine with citrulline resulting in genera-
tion of an adduct. (c) Schematic diagram of experimental paradigm. MBP protein was extracted 
from the human white matter of MS patients and treated with 2,3-butanedione and antipyrine either 
after gel electrophoretic separation (in-gel), before gel electrophoretic separation (in-solution), or 
after transfer to PVDF membrane (in-membrane). Efficiency of adduct detection was evaluated 
after probing with modified anti-citrulline antibody or by mass spectrometric analysis
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15.2.4  Extraction of Proteins from Polyacrylamide Gels 
and Transfer to PVDF Membranes

Bovine serum albumin (5 μg per lane) was electrophoretically separated and treated 
either “in-gel” or “in-membrane” with 2,3-butanedione and antipyrine in the same 
manner as soluble MBP.

15.2.5  In-Gel Treatment Prior to PVDF Transfer

Following SDS-PAGE and application of 2,3-butanedione/antipyrine, the band cor-
responding to BSA was excised, minced, and subjected to acetonitrile extraction by 
using different concentrations of acetonitrile and water. Different combinations 
were used for extraction from the gel: 50% acetonitrile; 50% acetonitrile followed 
by 80% acetonitrile; 50% followed by 80%, followed by 100% acetonitrile; and 
only 100% acetonitrile. The recovered protein was dried in a SpeedVac and sus-
pended in 10 μl of deionized water; 2 μl (out of 10 μl) were then spotted as a dot on 
the PVDF membrane and left to dry for 10 min. The blots were blocked with nonfat 
milk and probed with rabbit polyclonal antibody against modified citrulline 
(Millipore). Recombinant CRALBP (rCRALBP; 5 μg) was used as a negative con-
trol (subjected to similar in-gel monoxime treatment and transferred to PVDF mem-
brane) to demonstrate lack of generalized/nonspecific immunoreactivity of modified 
anti-citrulline antibody against recombinant, bacterially produced proteins.

15.2.6  In-Membrane Treatment Following Electrophoretic 
Separation and Transfer

An identical procedure was followed to extract BSA (initial material 10 μg), which 
was subsequently transferred to PVDF membrane (a > 50% transfer was confirmed 
using pre-stained protein marker) and subjected to monoxime treatment on the 
membrane only.

15.2.7  Thin-Layer Chromatography (TLC) and Western Blot 
Analysis of Synthetic Peptides

The synthetic peptides (5  μg each) SWGAEGQRPGFGYGG (Peptide 1) and 
SWGAEGQ(CIT)PGFGYGG (Peptide 2) were modified with monoxime treatment 
for 90 min. They were subjected to TLC separation using 30% acetonitrile water as the 
mobile phase and silica plates (cat#52011, Analtech, Newark, DE). Monoxime-treated 
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MBP, untreated MBP, MBP that was digested prior to monoxime treatment, and MBP 
digested after monoxime treatment were also subjected to TLC separation. The pro-
teins and peptides separated on TLC plates were imaged with a Bio-Rad UV transil-
luminator (ChemiDoc XRS) and subsequently subjected to in situ immunodetection 
using anti-citrulline antibody after blocking the plates with 2% BSA. In a different 
experiment designed to confirm results from this approach, TLC-separated peptides 
were first transferred onto a PVDF membrane and then probed with rabbit polyclonal 
antibodies against modified citrulline.

The peptide bands from TLC plates subjected to monoxime treatment alone were 
scratched and extracted using 50% acetonitrile, followed by 80% and 100% aceto-
nitrile. The extracted peptides were subjected to mass spectrometric analysis.

In a different experiment, the MBP (10 μg) or retinal extract (10 μg) were either 
predigested with sequencing grade chymotrypsin (0.2 μg per μg of substrate protein) 
and subjected to monoxime treatment or monoxime treated and then subjected to 
chymotrypsin digestion prior to loading onto TLC and separated as described above.

15.2.8  Enzyme-Linked Immunosorbent Assay (ELISA)

Indicated amounts of purified MBP (1 or 5 μg) were incubated at room temperature 
with 1:1 reagents A and B (from a citrulline kit, Millipore Corporation, Billerica, 
MA catalog# 17–347) for 90 min in the dark in ratios as indicated for individual 
experiments in a 10 μl final reaction. Recombinant, purified BSA was used as a 
control. The acetone-precipitated proteins were diluted 1:10 or 1:50 (for 1 and 5 μg 
of MBP, respectively), adjusted to a volume of 100  μl for each sample using 
phosphate- buffered saline (PBS), and incubated in individual wells in a 96-well 
plate. After incubation for 1 h, the supernatant was discarded, and the wells in the 
plate were washed with PBS. The wells were blocked with 2% recombinant purified 
BSA in PBS for 1 h, washed with PBS, and incubated for 1 h with rabbit polyclonal 
antibody against modified citrulline. Subsequently a secondary antibody coupled 
with HRP was added, incubated for 1 h, and washed with PBS. A substrate solution 
containing O-phenylenediamine in citric acid was then added and incubated for 
1 min. The reaction was stopped by addition of 1 M H2SO4, and the absorbance 
measured at 490 nm on a plate reader (Synergy HT, BioTek, Winooski, VT).

15.2.9  Mass Spectrometry of Synthetic and In-Gel Digested 
Peptides

For identification of MBP digested by chymotrypsin, the peptides were subjected to 
chromatography with the Thermo EASY-nLC ultra-high pressure HPLC system 
(Thermo Fisher Scientific) coupled to a Q Exactive™ Hybrid Quadrupole-Orbitrap 
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Mass Spectrometer device (Thermo Fisher Scientific) and searched for arginine 
with mass addition of +238. Control peptides without 2,3-butanedione and antipy-
rine treatment were also subjected to orbitrap to determine the presence of arginines 
with +1 mass addition.

15.2.10  Immunoprecipitation

Antibody-coupled protein A or G beads were used for all immunoprecipitations 
(IPs). The coupling was performed in a batchwise fashion, and in each batch, 50 μg 
of protein A or G Sepharose CL-4B beads (Amersham Pharmacia Biotech, CA) 
were coupled with 50 μg modified anti-citrulline antibody using dimethylpimelimi-
date (DMP) or disuccinimidyl suberate (DSS).

For DMP-mediated coupling, the antibody-bead suspension was pre-incubated 
for 1 h, subjected to the addition of 25 mg of DMP and incubated at room tempera-
ture in 50 mM sodium borate buffer pH 8.3 for 2 h. The addition of 25 mg DMP to 
the suspension was repeated four times. Antibody-conjugated beads were washed 
and incubated for 1 h with 200 mM ethanolamine, pH 8.0.

For DSS coupling, 50 μg protein A or G Sepharose CL-4B beads (Amersham 
Pharmacia Biotech, CA) were incubated with 50 μg modified anti-citrulline anti-
body in PBS in a volume of 1 ml for 1 h at room temperature. A 25 mM DSS (Cat# 
21555; Thermo Fisher Scientific) solution was prepared in ethanol and added to 
the bead-anti-citrulline suspension in aliquots of 30 μl three times at every 6-h 
intervals at room temperature. The DSS solution obtained was cloudy but did not 
result in antibody denaturation. The coupling was stopped by adding 1 M Tris-Cl, 
pH 7.5.

Antibody beads were finally washed with phosphate-buffered saline pH 7.5 and 
incubated with protein/retinal extracts (~1000 μg per 100 μg of beads coupled anti- 
citrulline) prepared in 100  mM Tris-Cl buffer pH  7.5, 50  mM NaCl and 0.01% 
Genapol for DMP-coupled beads or in PBS for DSS-coupled beads. Prior to IP with 
anti-citrulline coupled beads, 100 μl (10–12 μg/μl) of the protein/protein extract 
was treated for 90 min with 200 μl of 1:1 mixture of reagents A and B provided in 
the Millipore citrulline kit. The time period of 90 min was found as optimal and 
prevented formation of insoluble materials. Following this incubation, the volume 
was raised to 500 μl using 100 mM Tris-Cl buffer pH 8.0, 50 mM NaCl, and 0.01% 
Genapol (for DMP) or PBS (for DSS) and incubated with anti-citrulline coupled 
beads for 1 h at room temperature. After incubation, the beads were recovered by 
centrifugation at 2500 × g for 5 min and washed with 3 × 500 μl of 100 mM Tris-Cl 
buffer pH 7.5, 100 mM NaCl, and 0.02% Genapol for DMP or with 3 × 500 μl of 
PBS for DSS-coupled beads. The beads were boiled with 30 μl of 1% SDS for 
2 min, and proteins eluted at each stage were measured using the BCA method or a 
PhstGgel system (GE Healthcare System, CA) to quantify recovered proteins using 
densitometry. The Coomassie-stained gels were also subjected to a densitometric 
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scan on an Alpha Innotech Imaging system (San Leander, CA), and relative 
quantification of densitograms were performed using AlphaEase® FC software. 
Quantification of relative band areas (for IP products or total protein extracts) was 
determined through comparison to the band area from a known amount of purified 
BSA (usually 1–4 μg) run in the same gel. We have used two antibodies for immu-
noprecipitation of citrullinated peptides, monoclonal antibody F95 (Nicholas and 
Whitaker 2002), and modified anti-citrulline antibody described above. We used 
extensive mass spectrometry of IP products to validate these antibodies. Our analy-
ses validated that both antibodies precipitate citrullinated peptides. However, F95 
possibly precipitate additional epitopes as well depending upon peptide context. 
The modified anti-citrulline peptide always identified peptides with at least one 
citrulline in the sequence.

15.3  Results of Deiminated Protein, Mode of Monoxime 
Treatment, and Cross-Linking

Purified MBP derived from multiple sclerosis patients underwent aggregation when 
subjected to overnight treatment with 2,3-butanedione and antipyrine in soluble 
phase, likely due to cross-linking (Fig. 15.3a). A time course analysis of treatment 
from 1.5 to 24 h showed increased cross-linking as a function of time (Fig. 15.3b). 
Probing the soluble proteins subjected to treatment for citrullination showed that 
most cross-linking occurred by 1.5–3 h of incubation (Fig. 15.3b, c). A period of 
incubation shorter than 90 min resulted in less cross-linking but also less efficient 
detection of modified protein (Fig.  15.3d, e). It appeared that optimal treatment 
without significant cross-linking was achieved within 5–10 min for MBP. Coomassie 
blue staining after transfer of pretreated (2,3-butanedione + antipyrine) protein to 
PVDF membrane showed less residual protein on lanes treated for a short period 
(Fig. 15.3d). However, a commensurate transfer of intact band was noticed when 
PVDF membrane was stained with Ponceau S just after the transfer (Fig. 15.3f). 
The Ponceau S staining was weak (it bound to proteins weakly and more reversibly) 
and effectively stained the more compact and intact bands. Therefore, it had a 
decreased propensity to stain the less compact spread out-modified proteins. In this 
regard, Coomassie blue and Ponceau S differed, so the point of utilizing these two 
protein stains was to show that with less chemical treatment, the more compact 
intact bands transferred most readily to PVDF (stained with Ponceau S, Fig. 15.3f). 
On the other hand, more modified and cross-linked proteins were stained by 
Coomassie blue (Fig. 15.3d). The intact bands were not prominent in Coomassie 
blue staining (Fig.  15.3d), but nevertheless they were present as evidenced by 
Ponceau S staining (Fig. 15.3f).

M. Enriquez-Algeciras et al.



263

15.3.1  In-Gel Monoxime Treatment

This finding of cross-linking prompted us to ask the question of whether immobili-
zation of the protein in polyacrylamide gel matrix would minimize cross-linking 
but, yet, still allow conversion of protein-bound citrulline into an adduct. Following 
SDS-PAGE, proteins trapped within the polyacrylamide gel were subjected to 
monoxime treatment (Fig.  15.4a). Western analysis of in-gel monoxime-treated 
MBP (treated for a short duration) revealed lack of immunoreactivity with anti- 
modified citrulline antibody (Fig. 15.4b), consistent with Ponceau S staining of the 
PVDF membrane just after transfer, which revealed transfer of smaller, intact MBP, 
likely to be non-deiminated MBP (Fig. 15.4c). Therefore, although transfer of pro-
teins occurs (Fig. 15.4c), lack of detection of modified citrulline suggested insuffi-
cient transfer of modified citrulline-containing protein, which, in turn, is likely to be 
retained within the gel due to cross-linking with gel matrix. A control solution phase 
monoxime-treated MBP spot introduced just after transfer showed immunoreactiv-
ity on the same blot (Fig. 15.4b), suggesting that detection of immunoreactivity is 
not a limitation. However, the short exposure to treatment (Fig.  15.4a, b) likely 
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Fig. 15.3 Analyses of duration of monoxime treatment of MBP in solution phase. MBP after 
monoxime treatment was acetone precipitated and resuspended in 10 μl phosphate-buffered saline 
(PBS; pH 7.5) and subjected to electrophoretic separation and Western analysis using rabbit poly-
clonal antibody to modified citrulline. (a–c) MBP (10 μg) was monoxime treated (2 μl reagents A 
and B) and, for indicated duration of time in a final reaction volume of 100 μl, acetone precipitated 
and separated on 4–20% SDS-PAGE. (a) and (c) are Coomassie-stained gel and (b) is Western 
analysis. (d–f) MBP (5 μg) reacted with 1 μl of reagents A and B in a final reaction volume of 
100 μl and was acetone precipitated after incubation for indicated duration and suspended in 10 μl 
PBS. (d) Coomassie-stained SDS-PAGE. (e) Western analyses. (f) PVDF membrane in (e) stained 
with Ponceau S just after transfer
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generated only low amounts of modified citrulline-containing protein, resulting in 
suboptimal transfer to PVDF membrane of modified proteins that may be below the 
threshold limit of Western detection. To address this issue, longer exposures were 
made but still failed to show immunoreactivity when subjected to Western blot 
analysis.

In order to determine whether cross-linking occurred with polyacrylamide upon 
monoxime treatment, we used purified bovine serum albumin (BSA) that was natu-
rally partially citrullinated. In-gel treated, BSA at the end of separation was sub-
jected to mincing with scalpel and extraction with a different combination of 
solvents (Fig.  15.4f, a–d). The crosslinking was evident by the fact that only a 
 fraction of the modified protein can be recovered (Fig. 15.4f, a–d). The first lane 
(treated BSA control) was purified BSA modified in solution phase (for all panels 
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Fig. 15.4 Analyses of in-gel monoxime-treated MBP. MBP (2 μg) separated on a 4–20% acryl-
amide gel was in-gel monoxime treated (0.4 μl) in a final reaction volume of 100 μl for indicated 
period of time. (a) Coomassie-stained SDS-PAGE. (b) The proteins were transferred on a PVDF 
membrane and subjected to Western analysis using a rabbit polyclonal antibody to modified citrul-
line. Arrowhead indicates solution-treated MBP (~200 ng; monoxime treated for 1.5 h) spotted as 
a dot (positive control). (c) Ponceau S stained PVDF membrane just after transfer. (d) Coomassie- 
stained gel and (e) Western analysis for modified citrulline of in-gel-treated MBP for indicated 
durations, all other conditions were identical as in a, f, and g. Recovery of bovine serum albumin 
(BSA): (a) extracted from the gel using 50% acetonitrile; (b) extracted using 50% acetonitrile fol-
lowed by 80% acetonitrile; (c) extracted using 50% followed by 80%, followed by 100% acetoni-
trile; (d) extracted using 100% acetonitrile. Blots were probed with a rabbit polyclonal antibody 
against modified citrulline. (g) In solution phase, modified purified recombinant BSA serves as a 
negative control. (h) Recombinant CRALBP was used as a negative control in the same blot as in 
d to demonstrate lack of detection of immunoreactivity using modified anti-citrulline antibody for 
a recombinant bacterially produced protein. BSA and CRALBP (5 μg each) were reacted with 1 μl 
reagents A and B (in a final reaction volume of 10 μl made up with water)
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of Fig. 15.4f–h) and spotted directly onto the PVDF membrane. Purified, recombi-
nant BSA (non-citrullinated; rBSA) was immobilized on PVDF and subjected to 
90  min monoxime treatment, and identical extraction as with the in-gel treated 
 condition (as in Fig. 15.4f) showed no immunoreactivity as expected (Fig. 15.4g). 
Providing an additional negative control, mammalian cellular retinal aldehyde-
binding protein (rCRALBP) that was recombinantly produced in E. coli, purified, 
subjected to in- gel treatment under identical conditions, and extracted using a  
 similar protocol also did not show immunoreactivity (Fig. 15.4h).

15.3.2  In-Membrane Monoxime Treatment

Another method for restricting aggregate formation was treatment of protein after 
transfer/immobilization onto PVDF membrane. The modified MBP could be 
detected after 90 min with this approach (Fig. 15.5a, b) in contrast to shorter time 
periods with soluble proteins (Fig. 15.3e). The lack of detection of modified pro-
teins with shorter time exposures (10 min or less) may be due to steric hindrance or 
lack of access and thus shielding of citrulline residues in PVDF-immobilized pro-
tein (Fig. 15.5b). The fact that the same amount of protein transferred over to the 
PVDF showed different degrees of intensity for citrullinated MBP suggested that 
the reaction was incomplete at earlier time points. Taken together with other results 
(Fig. 15.3b–f), this was consistent with steric hindrance of reactive species in the 
setting of 2,3-butanedione and antipyrine treatment of transferred proteins, which 
were less accessible three-dimensionally after they had been transferred to the 
PVDF membrane, compared to those caged in the gel. Note that in 1.5 h of incuba-
tion, the results were very different (Fig. 15.3e versus Fig. 15.5b), which is consis-
tent with steric hindrance or diminished accessibility of chemical modifiers to 
PVDF-immobilized MBP.

15.3.3  Relationship Between Citrullination and Monoxime 
Treatment-Induced Aggregation

The aggregation of proteins upon monoxime treatment appeared to be due to citrul-
line residues. In contrast to deiminated MBP and BSA, recombinant bacterially 
produced and purified mammalian, non-deiminated proteins such as rBSA and 
rCRALBP did not show aggregation upon monoxime treatment and failed to show 
any immunoreactivity when transferred onto a PVDF membrane (where transfer 
was confirmed using Ponceau S staining, Fig. 15.6).
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15.3.4  Monoxime–Protein Ratio and Adduct Formation

Aggregation of citrullinated proteins as a consequence of monoxime treatment 
could be related to ratio of monoxime reagents to the amount of proteins. To deter-
mine the impact of monoxime–protein substrate ratio, we had also used varying 
amounts of monoxime reagent with a fixed amount of MBP (10 μg) and a fixed time 
of incubation (10  min) prior to assessing aggregation and amount of ELISA- 
detectable adduct with and without enzymatic digestion (Fig. 15.7a). In addition, 
we used a higher amount of MBP (50 μg) while keeping the ratio of reagent con-
stant to determine whether adduct formation showed linear scalability (Fig. 15.7b). 
Our controls consisted of unmodified rBSA protein, and triplicate wells without 
protein, the latter serving as a negative control for baseline correction to determine 
background fluorescence.

15.3.5  Inert Matrix of Thin-Layer Chromatography 
for Reduction of Cross-Linking Due to Monoxime 
Treatment

Because MBP was found to be aggregated upon monoxime treatment in solution 
and cross-linked when subjected to in-gel treatment, we examined the impact of 
using an inert matrix for separation as well as for treatment. We used thin-layer 
chromatography matrix (cat#52011, Analtech, Newark, DE) for protein separation 
(Fig.  15.8a, b). When using TLC separation to assess MBP, with and without 
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Fig. 15.5 Analysis for deimination of posttransfer MBP monoxime treated on the membrane. (a) 
Coomassie-stained gel after transfer. MBP (10 μg) was separated on SDS-PAGE, transferred to 
PVDF membrane, and monoxime treated (2 μl spread into the MBP transferred region using 8 μl 
water rendering final reaction volume on each strip 10 μl). (b) PVDF membrane after treatment for 
indicated time period was subjected to washing with PBS and Western analysis with a rabbit poly-
clonal antibody against modified citrulline
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monoxime treatment, both forms were detected using UV fluorescence, but only 
monoxime-treated protein was detected on a TLC plate subjected to blocking and 
subsequent probing with a modified anti-citrulline antibody. We also analyzed two 
synthetic peptides (SWGAEGQRPGFGYGG and SWGAEGQ(CIT)PGFGYGG) 
where both uncitrullinated and citrullinated versions of the peptides were detected 
using UV fluorescence, but only citrulline-containing peptide was detected using 
modified anti-citrulline antibody.

Complementing these results, MBP (or another citrullinated protein; data not 
shown) showed greater peptide separation when digested first using enzymes such 
as chymotrypsin, followed by monoxime treatment. Again the digested peptides 
were detected by UV light, but only citrulline-containing peptides were detected by 
anti-modified citrulline antibodies. In contrast, MBP (or another citrulline- 
containing protein) subjected to monoxime treatment followed by chymotrypsin 
digestion was often poorly separated (data not shown). This impairment of TLC 
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Fig. 15.6 Monoxime treatment of different proteins with 2, 3 butandione and antipyrene. 
Recombinant purified BSA (10 μg), recombinant purified CRALBP(2 μg) and MBP (10 μg) each 
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(4–20% SDS-PAGE) and Coomassie blue staining. (a) In-solution treatment and (b) In-gel treat-
ment of BSA, CRALBP and MBP as indicated. a’ and b’ represents Western analysis of PVDF 
transferred proteins as in a and b.
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separation of proteins first subjected to monoxime treatment followed by chymo-
trypsin digestion was further influenced by degree to which proteins were citrulli-
nated. As stated above, the citrullination (especially after monoxime treatment) had 
an effect on efficient separation by TLC, likely due to aggregation.

15.3.6  Immunoprecipitation of Modified Citrullinated Proteins

Immunoprocipitation was often used as a way of enrichment of proteins, including 
modified proteins, using antibody against modification. Coupling of rabbit poly-
clonal antibody with protein A or protein G using dimethylpimelimidate (DMP) or 
disuccinimidyl suberate (DSS) was optimized. In the DMP coupling method, pro-
tein A was able to offer a slightly better coupling with the antibody than protein G 
(Table 15.1). With DMP coupling, 4–6 rounds of coupling provided better coupling 
than less incremental treatment (data not shown). Low hydrogen ion concentration 
elution with glycine was more efficient than elution with Laemmli buffer or elution 
using a strong detergent such as SDS. The DMP-coupled protein A beads also pro-
vided a slightly better capture of proteins from retinal extracts after three PBS 
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Fig. 15.7 ELISA analyses of monoxime-treated MBP. Determination of effect of predigestion, 
different ratios of protein to monoxime, and scalability of monoxime treatment. (a) MBP (10 μg) 
was undigested or digested with 2 μg of sequencing grade chymotrypsin and subjected to treatment 
with 2 μl of reagents A and B (monoxime) for 10 min in a reaction volume of 100 μl, acetone 
precipitated, resuspended in 10 μl of PBS, and subjected to ELISA analyses with rabbit polyclonal 
anti-citrulline. (b) In-solution treatment of MBP, 10 μg (represented by hollow bars) and 50 μg 
(represented by solid bars) were treated with different ratios of protein to monoxime (a = 0.1, 
b = 0.2, c = 2, and d = 4 μl of reagents A and B (1:1) per 10 μg of MBP) in a constant reaction 
volume of 100 μl; from each reaction mixture in a and b, 1 μg equivalent MBP protein was sub-
jected to analysis in a volume of 100 μl per ELISA well. Untreated BSA was used as a control
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Fig. 15.8 Thin-layer chromatography (TLC) separation of proteins and peptides on a flourophore- 
bearing TLC plate (Cat#52011 Analtech, Newark, DE). (a) TLC separation of MBP (5 μg), peptide 
1 (SWGAEGQRPGFGYGG; 5  μg), and peptide 2 (SWGAEGQ(CIT)PGFGYGG; 5  μg) or 
digested MBP (5 μg digested with 1 μg sequencing grade chymotrypsin) after monoxime treatment 
as indicated. Sequence of monoxime treatment and chymotrypsin digestion (Chymo) for MBP is 
as indicated. The detection was performed using fluorescence measured on a Bio-Rad UV transil-
luminator (Chemidoc XRS). (b) In-situ TLC Western analysis using modified anti-citrulline anti-
body. Chemiluminescence using ECL was detected on an autoradiography film

Table 15.1 Comparison of antibody load parameters on immobilized matrix

Type of 
beads

Amount 
of packed 
beads (μl)

Amount of 
initial 
antibody 
load (T) μg)

Cross- 
linking 
reagent

Cross- 
linking 
time (h)

Flow 
through 
(F) (μg)

Efficiency of 
crosslinking 
(T − F)/T

Sepharose-A 50 50 DMP 16 14 0.72
Sepharose-G 50 50 DMP 16 14 0.72
Sepharose-A 50 50 DSS 18 21 0.58

DMP dimethylpimelimidate, DSS disuccinimidyl suberate
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washes compared to either DMP-coupled protein G or DSS-coupled protein 
A. DSS-coupled protein A generated the lowest recovery of proteins (Table 15.2). It 
is not understood why different coupling methods resulted in different capture of 
proteins in immunoprecipitation. With minor variations, these trends were found to 
be reproducible during repetition.

15.4  Discussion

The detection of protein-bound citrulline converted from protein-bound arginine by 
the action of deiminases using mass spectrometry remains challenging. The forma-
tion of protein-bound citrulline results in a change in mass of 1 atomic mass unit 
(1 amu). The 1 amu change detection not only necessitates highly accurate mass 
change detection but needs to be differentiated from changes due to incorporation 
of C-13 in the amino acid, which may also provide the same mass change. Thus, 
chemical modifications are desirable that specifically modify the protein-bound 
citrulline and enable suitable detections.

Our results show that the monoxime reaction using 2,3-butanedione and antipy-
rine formed an adduct with citrulline moieties, adding a monoisotopic mass of +238 
on each citrulline, which can be detected with a electrospray ionization-quadrupole 
ion trap (ESI-QIT) mass spectrometer (Holm et al. 2006). This method had been 
used with some variation in a number of studies (De Ceuleneer et al. 2012). However, 
in our hands this method was found not successful in identification of deiminated 
peptides from MBP and BSA (data not shown). Another method utilized O18 that 
resulted in mass addition of +1.5 (Kubota et al. 2005), which was not explored in 
our study. A recent study had used missed trypsin cleavage for detection of citrulline 
modification using mass spectrometry (Bennike et al. 2013). Our exploration of this 
method resulted in only limited success. A few other approaches have also been 
tested; however, monoxime treatment (2,3-butanedione and antipyrine) remained 
most extensively utilized for detection of citrullines (De Ceuleneer et al. 2012).

Monoxime treatment of synthetic peptides with acidified FeCl3, containing 
2,3-butanedione and antipyrine, often did not lead to a complete reaction. The lack of 
completion was more pronounced with increasing polypeptide complexity. 
Intermittent stirring or elevation of temperature to 55 °C increased the reaction rate 
within a 90-min time frame for some peptides. In part, this was attributable to 

Table 15.2 Immunoprecipitation using different approaches

Type of 
beads

Coupling 
method

Amount of 
packed beads 
(~100 μg 
antibody)

Amount of 
initial retinal 
extract (T) 
(μg)

Amount of 
captured 
protein (C) 
(μg)

Efficiency of 
capture (C/T) 
×100

Sepharose-A DMP 138 1000 148 1.48
Sepharose-G DMP 138 1000 137 1.37
Sepharose-A DSS 172 1000 110 1.1
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 formation of aggregates, specifically with deiminated proteins. These limitations 
occurred at two levels: (1) by limiting the capture of proteins undergoing deimination 
and (2) by limiting the identification of peptides with deiminated sites, thus resulting 
in a tendency to not capture the deiminated sites. The aggregation of deiminated 
proteins as a consequence of monoxime treatment was shown in Fig.  15.3b. The 
aggregated citrullinated proteins were transferred on PVDF membranes compared to 
intact proteins (Fig. 15.3d–f). However, the citrullinated entities were often better 
identified on aggregated proteins using immunoblot detection (Fig. 15.3d), although 
their transfer was often inefficient (Fig. 15.4). It should be noted that only a little 
transfer may result in detection of signal on the immunoblot (Fig. 15.3e), but it is also 
conceivable that PVDF membrane restricted access to reagents (Fig. 15.5a, b). Steric 
hindrance of reagent access on PVDF was also corroborated from results presented 
in Fig. 15.4b, e. To prevent aggregation, we used the mild detergent Genapol C-100. 
At low concentrations, it was able to keep several proteins in solution phase without 
denaturing them. Owing to this property, we used 0.02% Genapol in binding and 
wash buffers. We had not performed a systematic comparison of this detergent with 
others as yet, but in general, this detergent was helpful in preventing protein aggrega-
tion. However, its presence did not hinder aggregation mediated by monoxime treat-
ment. Our investigation presented in Fig. 15.4f–h supported that the negative control 
for immunoblot citrullination detection upon monoxime treatment results were as 
intended. Overall, these results were in consonance with recombinant in vitro modi-
fied or control proteins presented in Fig. 15.6. These results also corroborated ELISA 
estimates using monoxime treatment and anti-modified citrulline antibody. The TLC 
analyses were consistent with complexity of peptide- promoting aggregate formation 
(Fig. 15.8a, b). However, TLC analyses also suggested high digestibility of citrulli-
nated peptide by chymotrypsin, unlike trypsin (Bennike et al. 2013).

Overall, these results demonstrated the detection ability of protein-bound citrul-
line using monoxime treatment and its limitations when the detection strategies 
utilized immunoblot or ELISA. The similar limitations also applied to immunohis-
tochemical or immunocytochemical analysis. We have explored two antibodies for 
immunoprecipitation: the F95 monoclonal antibody (Nicholas and Whitaker 2002) 
and a modified anti-citrulline antibody that identified protein-bound citrulline resi-
dues after monoxime treatment. To validate if these antibodies indeed identified 
citrullinated proteins, we performed extensive mass spectrometry of IP products 
revealing that both antibodies precipitated citrullinated peptides. The F95 precipi-
tated citrullinated proteins, however, it also precipitated >25% peptides that lacked 
citrulline, thus it possibly precipitated additional epitopes. The modified anti- 
citrulline peptide always identified peptides with at least one citrulline in the 
sequence. Coupling with a reagent such as Biotin-CDM (Ganesan et al. 2015) seems 
to impact the efficiency of immunoprecipitation, possibly by promoting aggregation 
of citrullinated proteins prior to co-incubation with antibody-bound Sepharose 
beads. However, immunohistochemical or immunocytochemical analyses usually 
provided stronger signals with anti-citrulline antibodies when compared to Western 
blot or mass spectrometric analyses of the same tissue samples. In the event of 
modified citrulline antibody (after monoxime treatment), the signal intensity showed 
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an increase with length of monoxime treatment; thus, aggregation and other phe-
nomena must have been affecting immunohisto−/cytochemical analyses. These 
results obviously were approximations for localization and not quantitative. Though 
the monoxime treatment facilitated detection of protein-bound citrullines, our 
objective here was to bring attention to the unintended consequences of solution 
phase aggregation and immobilized phase steric hindrance to the readership.

References

Algeciras, M. E., & Bhattacharya, S. K. (2007). Targeting optic nerve citrullination in glaucoma: 
A role for protein-arginine deiminase 2 (PAD2) inhibitors. Drugs of the Future, 32, 999–1006.

Archibald, R. M. (1944). Determination of citrulline and allantoin and demonstration of citrulline 
in blood plasma. The Journal of Biological Chemistry, 156, 121–142.

Arnold, J. N., Saldova, R., Hamid, U. M., & Rudd, P. M. (2008). Evaluation of the serum N-linked 
glycome for the diagnosis of cancer and chronic inflammation. Proteomics, 8, 3284–3293.

Bennike, T., Lauridsen, K.  B., Olesen, M.  K., Andersen, V., Birkelund, S., & Stenballe, A. 
(2013). Optimizing the identification of citrullinated peptides by mass spectrometry: Utilizing 
the inability of trypsin to cleave after citrullinated amino acids. Journal of Proteomics & 
Bioinformatics, 6, 288–295.

Bhattacharya, S. K., Sinicrope, B., Rayborn, M. E., Hollyfield, J. G., & Bonilha, V. L. (2008). 
Age-related reduction in retinal deimination levels in the F344BN rat. Aging Cell, 7, 441–444.

Boyde, T. R., & Rahmatullah, M. (1980). Optimization of conditions for the colorimetric determi-
nation of citrulline, using diacetyl monoxime. Analytical Biochemistry, 107, 424–431.

Bradbury, E.  M. (1992). Reversible histone modifications and the chromosome cell cycle. 
BioEssays, 14, 9–16.

Chavanas, S., Mechin, M. C., Nachat, R., Adoue, V., Coudane, F., Serre, G., & Simon, M. (2006). 
Peptidylarginine deiminases and deimination in biology and pathology: Relevance to skin 
homeostasis. Journal of Dermatological Science, 44, 63–72.

De Ceuleneer, M., Van Steendam, K., Dhaenens, M., & Deforce, D. (2012). In vivo relevance of 
citrullinated proteins and the challenges in their detection. Proteomics, 12, 752–760.

Ding, D., Enriquez-Algeciras, M., Dave, K. R., Perez-Pinzon, M., & Bhattacharya, S. K. (2012). 
The role of deimination in ATP5b mRNA transport in a transgenic mouse model of multiple 
sclerosis. EMBO Reports, 13, 230–236.

Enriquez-Algeciras, M., Ding, D., Chou, T.  H., Wang, J., Padgett, K.  R., Porciatti, V., & 
Bhattacharya, S. K. (2011). Evaluation of a transgenic mouse model of multiple sclerosis with 
noninvasive methods. Investigative Ophthalmology & Visual Science, 52, 2405–2411.

Enriquez-Algeciras, M., Ding, D., Mastronardi, F. G., Marc, R. E., Porciatti, V., & Bhattacharya, 
S. K. (2013). Deimination restores inner retinal visual function in murine demyelinating dis-
ease. The Journal of Clinical Investigation, 123, 646–656.

Ganesan, V., Schmidt, B., Avula, R., Cooke, D., Maggiacomo, T., Tellin, L., Ascherman, D. P., 
Bruchez, M. P., & Minden, J. (2015). Immuno-proteomics: Development of a novel reagent for 
separating antibodies from their target proteins. Biochimica et Biophysica Acta, 1854, 592–600.

Gyorgy, B., Toth, E., Tarcsa, E., Falus, A., & Buzas, E. I. (2006). Citrullination: A posttranslational 
modification in health and disease. The International Journal of Biochemistry & Cell Biology, 
38, 1662–1677.

Harauz, G., & Musse, A. A. (2007). A tale of two citrullines--structural and functional aspects of 
myelin basic protein deimination in health and disease. Neurochemical Research, 32, 137–158.

Holm, A., Rise, F., Sessler, N., Sollid, L. M., Undheim, K., & Fleckenstein, B. (2006). Specific 
modification of peptide-bound citrulline residues. Analytical Biochemistry, 352, 68–76.

M. Enriquez-Algeciras et al.



273

Kubota, K., Yoneyama-Takazawa, T., & Ichikawa, K. (2005). Determination of sites citrullinated 
by peptidylarginine deiminase using 18O stable isotope labeling and mass spectrometry. Rapid 
Communications in Mass Spectrometry, 19, 683–688.

Macek, B., Mann, M., & Olsen, J. V. (2008). Global and site-specific quantitative phosphopro-
teomics: Principles and applications. Annual Review of Pharmacology and Toxicology, 49, 
199–221.

Marletta, M. A., Hurshman, A. R., & Rusche, K. M. (1998). Catalysis by nitric oxide synthase. 
Current Opinion in Chemical Biology, 2, 656–663.

Mechin, M. C., Sebbag, M., Arnaud, J., Nachat, R., Foulquier, C., Adoue, V., Coudane, F., Duplan, H., 
Schmitt, A. M., Chavanas, S., Guerrin, M., Serre, G., & Simon, M. (2007). Update on peptidylar-
ginine deiminases and deimination in skin physiology and severe human diseases. International 
Journal of Cosmetic Science, 29, 147–168.

Nicholas, A. P., & Whitaker, J. N. (2002). Preparation of a monoclonal antibody to citrullinated 
epitopes: Its characterization and some applications to immunohistochemistry in human brain. 
Glia, 37, 328–336.

Nita-Lazar, A., Saito-Benz, H., & White, F. M. (2008). Quantitative phosphoproteomics by mass 
spectrometry: Past, present, and future. Proteomics, 8, 4433–4443.

Patel, N., Solanki, E., Picciani, R., Cavett, V., Caldwell-Busby, J. A., & Bhattacharya, S. K. (2008). 
Strategies to recover proteins from ocular tissues for proteomics. Proteomics, 8, 1055–1070.

Ryan, K., & Bauer, D. L. (2008). Finishing touches: Post-translational modification of protein 
factors involved in mammalian pre-mRNA 3′ end formation. The International Journal of 
Biochemistry & Cell Biology, 40, 2384–2396.

Senshu, T., Sato, T., Inoue, T., Akiyama, K., & Asaga, H. (1992). Detection of citrulline residues 
in deiminated proteins on polyvinylidene difluoride membrane. Analytical Biochemistry, 203, 
94–100.

Sims, R. J., III, & Reinberg, D. (2008). Is there a code embedded in proteins that is based on post- 
translational modifications? Nature Reviews. Molecular Cell Biology, 9, 815–820.

Stuehr, D. J. (2004). Enzymes of the L-arginine to nitric oxide pathway. The Journal of Nutrition, 
134, 2748S–2751S. discussion 2765S–2767S.

Vossenaar, E. R., Zendman, A. J., van Venrooij, W. J., & Pruijn, G. J. (2003). PAD, a growing 
family of citrullinating enzymes: Genes, features and involvement in disease. BioEssays, 25, 
1106–1118.

Watanabe, K., Akiyama, K., Hikichi, K., Ohtsuka, R., Okuyama, A., & Senshu, T. (1988). 
Combined biochemical and immunochemical comparison of peptidylarginine deiminases pres-
ent in various tissues. Biochimica et Biophysica Acta, 966, 375–383.

Wood, D. D., & Moscarello, M. A. (1989). The isolation, characterization, and lipid-aggregating 
properties of a citrulline containing myelin basic protein. The Journal of Biological Chemistry, 
264, 5121–5127.

Zarabian, B., Koushesh, F., & Vassef, A. (1987). Modified methods for measuring citrulline and 
carbamoyl-beta-alanine with reduced light sensitivity and sucrose interference. Analytical 
Biochemistry, 166, 113–119.

Zhang, Q., & Wang, Y. (2008). High mobility group proteins and their post-translational modifica-
tions. Biochimica et Biophysica Acta, 1784, 1159–1166.

15 Chemical Modification and Mass Spectrometric Approaches for Detection of Brain…



275© Springer International Publishing AG 2017 
A.P. Nicholas et al. (eds.), Protein Deimination in Human Health and Disease, 
DOI 10.1007/978-3-319-58244-3_16

Chapter 16
Citrullination Following Traumatic Brain 
Injury: A Mechanism for Ongoing Pathology 
Through Protein Modification

Rachel C. Lazarus, John E. Buonora, Alaa Kamnaksh, Michael N. Flora, 
James G. Freedy, Gay R. Holstein, Giorgio P. Martinelli, 
David M. Jacobowitz, Denes Agoston, and Gregory P. Mueller

Abbreviations

ATP  Adenosine triphosphate
C  Control
Ca2+  Calcium
CCI  Controlled cortical impact

R.C. Lazarus 
Program in Neuroscience, Uniformed Services University of the Health Sciences,  
Bethesda, MD, USA 

J.E. Buonora 
US Army Graduate Program in Anesthesia Nursing, Fort Sam, Houston, TX, USA 

A. Kamnaksh • D.M. Jacobowitz • D. Agoston 
Department of Anatomy, Physiology, and Genetics, Uniformed Services University of the 
Health Sciences, C2117, 4301 Jones Bridge Road, Bethesda, MD 20814-4799, USA 

Program in Neuroscience, Uniformed Services University of the Health Sciences,  
Bethesda, MD, USA 

M.N. Flora • J.G. Freedy 
Department of Anatomy, Physiology, and Genetics, Uniformed Services University of the 
Health Sciences, C2117, 4301 Jones Bridge Road, Bethesda, MD 20814-4799, USA 

G.R. Holstein • G.P. Martinelli 
Department of Neurology, Icahn School of Medicine at Mount Sinai, New York, NY, USA 

G.P. Mueller (*) 
Center for Neuroscience and Regenerative Medicine, Uniformed Services University of the 
Health Sciences, Bethesda, MD, USA 

Program in Neuroscience, Uniformed Services University of the Health Sciences,  
Bethesda, MD, USA 

Department of Anatomy, Physiology, and Genetics, Uniformed Services University of the 
Health Sciences, C2117, 4301 Jones Bridge Road, Bethesda, MD 20814-4799, USA
e-mail: gregory.mueller@usuhs.edu

mailto:gregory.mueller@usuhs.edu


276

GFAP Glial fibrillary acidic protein
kDa  Kilodalton
mAb Monoclonal anti-citrulline antibody
MBP Myelin basic protein
MS  Multiple sclerosis
NMDA N-methyl-d-aspartate
PAD Peptidylarginine deiminase
TBI  Traumatic brain injury

16.1  Introduction

Traumatic brain injury (TBI) is a major public health issue in the USA, with over 
1.7 million cases per year. At least 5.3 million Americans currently live with ongo-
ing disability due to TBI (Walker and Tesco 2013). The long-term consequences of 
TBI can be complex and progressive: 10–15% of individuals diagnosed with mild 
TBI continue to suffer from persistent symptoms, while as many as 50% of patients 
with moderate TBI experience long-term dysfunction (Bales et al. 2009; Walker and 
Tesco 2013). In addition to the post-injury development of cognitive deficits in 
attention, memory, and executive function (Bales et al. 2009), a chronic inflamma-
tory state can persist in the brain for months, and even years, following TBI (Opii 
et al. 2007; Piao et al. 2013). Despite the prevalence of these chronic dysfunctions 
following TBI, elucidating the mechanisms that underlie these symptoms has 
proven challenging. It is understood that the post-injury processes of TBI involve a 
primary and a secondary phase of injury. Primary injury occurs during the initial 
insult, resulting from the displacement of the physical structures within the brain. 
Secondary injury occurs over time and involves an interdependent series of cellular 
dysfunctions that persist long after injury (Giza and Hovda 2001; Nilsson et  al. 
1996; Park et  al. 2008; Walker and Tesco 2013; Werner and Engelhard 2007). 
Currently, it is not well understood how the acute mechanical injury of TBI, and 
subsequent secondary injury processes, can result in serious long-term dysfunctions 
that can persist for years.

16.2  Mechanisms of Secondary Injury: Glutamate 
Excitotoxicity and Calcium Overload

16.2.1  TBI-Induced Ionic Imbalance and Calcium 
Excitotoxicity

Primary TBI injury can lead to profound imbalances in ion homeostasis in the brain, 
largely due to the effects of glutamate excitotoxicity. Physical disruption of neural 
cellular membranes and the impairment of energy-dependent glutamate uptake 
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mechanisms both lead to a dramatic increase in the extracellular concentration of 
glutamate, an excitatory amino acid (Walker and Tesco 2013). This rise in extracel-
lular glutamate activates a number of glutamate receptors, including N-methyl-d- 
aspartate (NMDA) receptors (Giza and Hovda 2001). Over-activation of these 
receptors affects ionic balance by concurrently increasing the flux of potassium out 
of cells and sodium, chloride, and calcium into cells. These ionic shifts establish 
conditions that cause neurons and glial cells to swell to a pathological degree (Ray 
et al. 2002). Furthermore, intracellular magnesium levels are reduced. This unblocks 
NMDA receptors, leading to an even greater influx of calcium across the cell mem-
brane (Walker and Tesco 2013). This disturbance in ionic balance is harmful, acti-
vating damaging intracellular cascades including lipid peroxidation, protein 
breakdown, and free radical generation (Werner and Engelhard 2007).

Energy metabolism is also significantly impacted by this post-TBI ionic imbal-
ance. As the sodium-potassium pump attempts to restore membrane potential, 
increasing amounts of ATP are required. However, ATP availability is limited due to 
decreased oxygen and glucose, stemming from impaired cerebral blood flow and 
ischemia (Giza and Hovda 2001). The failure of energy resources to correct ionic 
shifts initiates the release of calcium from intracellular stores (Raijmakers et  al. 
2005; Szydlowskaa and Tymianskia 2010), further exacerbating the high calcium 
levels resulting from extracellular influx. This dramatic rise in intracellular calcium 
is regarded as a hallmark consequence of TBI (Fineman et al. 1993; Floyd et al. 
2005; McIntosh et al. 1997; Sun et al. 2008; Weber 2012).

Calcium accumulation is seen within hours of brain injury and persists for sev-
eral days (Giza and Hovda 2001). This overload can lead to several pathological 
processes, including the activation of calcium-dependent enzymes (Szydlowskaa 
and Tymianskia 2010; Weber 2012), the disruption of essential neural structural ele-
ments such as neurofilaments and microtubules, as well as the activation of apop-
totic genetic signals (Giza and Hovda 2001). Disordered calcium homeostasis also 
results in an abnormal profile of protein citrullination, generating the formation of 
potentially antigenic epitopes.

16.2.2  Calcium Overload and PAD Activation

Elevated intracellular calcium activates peptidylarginine deiminases (PADs), 
enzymes that catalyze the conversion of intra-peptide arginine residues to intra- 
peptide citrulline residues (Ishigami and Maruyama 2010). Under normal condi-
tions, protein citrullination is essential for a number of basic physiological functions, 
including epidermal hydration (Rorhbach et al. 2002), epigenetic regulation of gene 
expression (Spengler and Schell-Toellner 2014), hair growth (Rorhbach et al. 2002), 
and neural plasticity in the stages of early brain development (Hensvold et al. 2002). 
However, in pathological states, abnormal hyper-citrullination of proteins can occur. 
The role of abnormal protein citrullination in pathogenesis is best understood in the 
case of rheumatoid arthritis, an autoimmune disorder involving progressive 
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inflammation of synovial joints (György et al. 2006). In this disorder, the citrullina-
tion of selected proteins (e.g., filaggrin and vimentin) prompts an autoimmune 
response due to the formation of antigenic epitopes. Protein citrullination is also 
implicated in several neurodegenerative disorders with altered calcium homeostasis 
and immune basis, including multiple sclerosis (MS) (Anzilotti et  al. 2010), 
Alzheimer’s disease (Ishigami et  al. 2005), temporal lobe epilepsy (Asaga and 
Ishigami 2001), and glaucoma (Bhattacharya et al. 2006).

PAD enzymes exist as five isoforms, PAD1, PAD2, PAD3, PAD4, and PAD6 
(Wang and Wang 2013), which are expressed in a tissue-specific manner. PAD1, for 
example, serves to regulate cornification in the epidermis and is also expressed in 
the uterus. PAD3 is also expressed in the epidermis, as well as hair follicles, while 
PAD6 is associated with the ovary and testes, serving to regulate embryonic devel-
opment (Wang and Wang 2013). PAD2 and PAD4, however, are the only PAD 
enzymes found in neural tissue. PAD2 is localized to astrocytes (Curis et al. 2005; 
Jang et al. 2008; Raijmakers et al. 2005) and oligodendrocytes (Gould et al. 2000), 
while PAD4 is exclusively expressed in neurons (Acharya et al. 2012). PAD2 and 
PAD4 also exhibit the ability to regulate gene activity through localization to the 
nucleus, where they mediate histone citrullination (Jang et al. 2011; Lange et al. 
2014; Wang and Wang 2013).

While elevated intracellular calcium concentration is a hallmark of brain injury, 
as well as a necessary prerequisite for PAD activation, little attention has been given 
to the role of PAD and citrullinated proteins in TBI pathology. Citrullination alters 
the structure and function of proteins. The conversion of arginine to citrulline results 
in the loss of a positive charge, which alters tertiary structure, proteolytic suscepti-
bility, and protein-protein interactions (Jang et al. 2008; Lam 2006). In MS, citrul-
lination of myelin basic protein (MBP) limits the ability of this protein to 
appropriately associate with lipids (György et al. 2006), contributing to demyelin-
ation by destabilizing sheath structure (Musse et al. 2008). It has been proposed that 
the dysfunctional effects of citrullination on myelin sheath structure play a major 
role in the development of MS (György et al. 2006). Furthermore, citrullinated pro-
teins are also observed within the extracellular plaques seen in postmortem brains 
affected by Alzheimer’s disease, suggesting a functional role for this modification 
in neurodegenerative pathology (Nicholas 2010).

Perhaps most importantly, in addition to altering both protein structure and func-
tion, citrullination has the potential to create “altered-self” epitopes that may be 
antigenic, prompting the adaptive immune system to mount an autoimmune 
response against native proteins (Chirivi et al. 2013; Zhao et al. 2010). In this regard, 
the citrullination of MBP in MS leads not only to myelin degradation but also results 
in the generation of autoantigenic MBP isomers, which are consequently targeted 
by T-cell lymphocytes (Tranquill et al. 2000). As noted above, the effects of citrul-
lination are most significantly studied in the context of rheumatoid arthritis, where 
anti-citrullinated protein antibodies are utilized as diagnostic biomarkers due to the 
dramatic antigenicity of this modification in inflamed synovial joint spaces (György 
et  al. 2006). Thus, the ability of abnormal citrullination to prompt an adaptive 
immune response may play a pivotal role in the long-term pathogenesis of TBI. Our 
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work has investigated the expression of citrullination in an adult rodent model of 
TBI, controlled cortical impact (CCI), 5 days following injury, identifying specific 
proteins modified following injury, examining what regions and neural cell types 
were most susceptible to each modification, and studying the impact of gender on 
the expression of citrullination. The effects of CCI on protein citrullination were 
determined using a mouse monoclonal anti-citrulline antibody (mAb 6B3, IgG2b).

16.3  Region- and Cell-Specific Protein Citrullination 
Following Traumatic Brain Injury

The regional effects of CCI on protein citrullination are summarized in Fig. 16.1. 
CCI produced a marked increase in protein citrullination throughout the injured 
cortex, extending from the lateral to the lesion site to regions of the cortex not 
directly impacted by CCI (Fig. 16.1b). Similarly, immunolabeling of the injured 
ipsilateral hippocampal formation (Fig.  16.1e) and external capsule (Fig.  16.1h) 
revealed a significant degree of protein citrullination in these regions. Other brain 
regions, including the amygdala and caudatoputamen, were completely negative for 
protein citrullination in these CCI animals. Furthermore, no gender difference was 
observed in the location or degree of protein citrullination following injury. In gen-
eral, CCI appeared to have little effect on the status of protein citrullination in con-
tralateral brain structures, with the exception of the dorsal hippocampus, where 
approximately 20% of injured animals (4 of 21) displayed an intense labeling of 
unusually large and rounded cells (Fig. 16.1f). 6B3 immunolabeling was uniformly 
low across all regions studied in uninjured, control male and female animals 
(Fig. 16.1a, d, g).

Dual immunofluorescence revealed astrocytes to be the principal cell type in 
which protein citrullination was affected by CCI. Figure  16.2 shows that anti- 
citrulline labeling in the cortex and external capsule was predominantly co- localized 
with GFAP, a cell-type marker for astrocytes. Similar observations were made in 
other affected brain regions.

The findings presented in Fig. 16.3 further confirmed that CCI-induced protein citrul-
lination was not significantly associated with neurons (NeuN), microglia/macrophages 
(Iba1), or oligodendrocytes (MBP) in the cortex. Citrullination was also not significantly 
associated with these cell types in any other brain regions investigated (not shown).

The finding that TBI-induced protein citrullination is selectively localized to astro-
cytes is consistent with this glial cell type’s role in buffering large shifts in calcium 
homeostasis following TBI. While influxes in intracellular calcium are also found in 
neurons following mechanical injury, this rise is far less profound than that observed 
in astrocytes (Rzigalinski et al. 1998). It has been proposed that the intracellular rise 
of calcium within astrocytes is directly linked to their neuroprotective effects on neu-
rons (Duffy and MacVicar 1996), perhaps suggesting why the death of astrocytes is 
observed to precede that of neurons in rodent models of TBI (Floyd et al. 2005).
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The upregulation of protein citrullination induced by TBI was specific to astro-
cytes of the cerebral cortex, external capsule, and hippocampus. In contrast, the 
presence of protein citrullination in other cell types and brain regions was not appre-
ciably changed following injury. The mechanistic basis for this observation may 
relate to the upregulation of voltage-gated, class C L-type Ca2+ channels that are 
selectively expressed in astrocytes. These channels are particularly sensitive to acti-
vation by injury in the regions reported here (Chung et al. 2001). The finding that 
nimodipine, an L-type calcium channel blocker, protects against excitotoxic dam-
age in cultured astrocytes supports this conclusion (Haun et al. 1992).

Furthermore, this investigation showed that patterns of protein citrullination fol-
lowing TBI were similar between male and female rats. This finding is in contrast to 
our previous observations concerning the effects of TBI on protein carbonylation 
(Lazarus et al. 2015), a protein modification associated with free radical generation 

Fig. 16.1 Increased protein citrullination in the cerebral cortex, hippocampus, and external cap-
sule following CCI. Anti-protein citrulline immunolabeling by mAb 6B3 is shown for the control 
brain regions (a, d, and g), regions ipsilateral to the lesion (b, e, and h), and regions contralateral 
to the lesion (c, f, and g). Structures represented are the cerebral cortex (a–c), hippocampus (d–f), 
and external capsule (g–i). Data are representative of 15 control animals (8 males and 7 females) 
and 21 CCI animals (11 males and 10 females). No gender-based differences were observed. Scale 
bar = 200 μm
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Fig. 16.2 Localization of CCI-induced protein citrullination to astrocytes. Panels on the left show 
the co-localization of mAb 6B3 labeling with anti-GFAP labeling in the external capsule. Panels 
on the right show the co-localization of mAb 6B3 labeling with anti-GFAP labeling in the cerebral 
cortex. Data are representative of 15 control animals (8 males and 7 females) and 21 CCI animals 
(11 males and 10 females). No gender-based differences were observed. Scale bar  =  200 μm. 
PB-cit protein-bound citrulline
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and oxidative stress. Following injury, male rats showed far greater response in pro-
tein carbonylation as compared to female rats (Lazarus et al. 2015). Protein carbonyl-
ation is a reflection of oxidative stress (Dalle-Donne et al. 2006), whereas citrullination 
is a marker of calcium influx (Kinloch et  al. 2005a, b; Vossenaar et  al. 2004). 
Accordingly, the gender difference observed in carbonylation may be due to the pro-
tective antioxidant effects of ovarian steroids (Roof et al. 1997), whereas a similar 
protective, gender-mediated mechanism does not appear to exist in the case of citrul-
lination. The extent to which these protein modifications contribute to gender differ-
ences in TBI complications and mortality (Berry et al. 2009; Goswasser et al. 1998) 
remains to be elucidated. It should be noted that the present findings focus on only a 
single time point post-TBI (5 days). In consideration of this, it is possible that gender 
differences in post-injury citrullination could be evident at other time points.

Fig. 16.3 CCI did not affect the status of protein citrullination in neurons, microglia, or oligoden-
drocytes. Sections of cerebral cortex ipsilateral to CCI were probed with mAb 6B3 to label protein- 
bound citrulline (PB-cit; upper panels) and either anti-NeuN, Iba1, or MBP to label neurons, 
microglia, or oligodendrocytes, respectively (middle panels). The merge of the two signals is pre-
sented in the lower panels. Data are representative of eight separate experiments. Scale 
bar = 200 μm
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16.4  Identification of Proteins Citrullinated in Response 
to TBI

Proteomic analysis revealed that the effects of CCI on protein citrullination were 
specific to a discrete subset of proteins within the brain proteome. The proteins 
identified are primarily associated with cytoskeletal structure and metabolic pro-
cesses (Fig. 16.4). Shown in the upper left panel are the proteomes of control and 
injured cerebral cortex fractionated by fluid-phase isoelectric focusing. Each pair of 
lanes, control (C) and CCI (I), shows the proteins present in the four different pI 
partitions. As visualized by Coomassie staining, CCI did not significantly affect the 
general pattern of protein staining across the four pI fractions. In contrast, the pat-
tern of protein citrullination was dramatically altered by CCI (upper right panel). 
Consistent with our immunohistochemistry findings, little protein citrullination was 
observed in control cortex (C), whereas CCI (I) resulted in the intense labeling of a 
distinctive subset of the fractionated proteins. The immunoreactive signals of the 
Western blot were mapped to corresponding features on a Coomassie-stained gel, 
and proteins were identified by peptide mass fingerprinting and tandem mass spec-
trometry. The proteins identified (lower panel of Fig.  16.4) may be functionally 
grouped as cytoskeletal components (including dynamin-1, GFAP, and several 
forms of tubulin), those involved in metabolic processes (including peroxiredoxin-1, 
dihydropyrimidinase-related protein 2, and creatine kinase B type), and proteins 
involved in cell-cell signaling and synaptic transmission (synapsin-2, syntaxin- 
binding protein 1, and amphiphysin).

The findings presented in Fig. 16.4 are representative of multiple independent 
analyses. These analyses consistently demonstrated that only a very small subset of 
the entire brain proteome is affected by TBI-induced citrullination. This consistent 
selectivity indicates that the mechanism involved is highly specific. A large propor-
tion of the 37 proteins identified here are recognized as being citrullinated in other 
pathologies, including MS, Alzheimer’s disease, prion disease, and rheumatoid 
arthritis (CM. Bradford et al. 2014; György et al. 2006; Ishigami et al. 2005; Jang 
et  al. 2008; Kinloch et  al. 2005b; Nicholas et  al. 2005; Tranquill et  al. 2000). 
Specifically, citrullinated GFAP is a characteristic feature in MS and Alzheimer’s 
disease (CM. Bradford et al. 2014; György et al. 2006; Ishigami et al. 2005; Nicholas 
et al. 2004), and myelin basic protein (MBP), a major component of myelin sheath 
structure, is profoundly over-citrullinated in MS (CM.  Bradford et  al. 2014; 
Tranquill et  al. 2000). Similarly, GFAP, tubulin, peroxiredoxin-1, cofilin-1, and 
alpha/gamma enolase are each selectively citrullinated in prion disease (Jang et al. 
2008).

As seen in CCI, blast injury also results in changes in the profile of citrullinated 
proteins in the brain. As shown in Fig. 16.5, the response to blast injury in porcine 
is selective, affecting only a relatively small subset of the entire brain proteome, as 
observed in rodent CCI. In this experiment, porcine were exposed to a single moder-
ate explosive blast (SB; psi = 43–50) or two blasts (RB) 1 week apart. Samples were 
collected at 2 and 19 weeks post-blast for the SB and RB conditions, respectively. 
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These representative data show that there is a pronounced upregulation of protein 
citrullination following blast injury. Intriguingly, this response is evident for at least 
4 months following injury. Accordingly, the profile of protein citrullination in the 
brain may constitute a long-term biosignature for blast TBI.

In this regard, it is proposed that the link between abnormal TBI-induced protein 
citrullination and the expression of long-term pathology involves the adaptive 
immune system. A significant proportion of the proteins identified here (Fig. 16.4) 
are also recognized as autoantigenic in both neurological and autoimmune-related 

Fig. 16.4 Identification of proteins that are citrullinated in response to CCI. Extracts of control 
(C) and injured (I) cerebral cortex were fractionated by fluid-phase isoelectric focusing into 
defined pH ranges (shown at top) and then further resolved according to molecular weight using 
one-dimensional gel electrophoresis. Proteins were then transferred to nitrocellulose membranes 
and probed for protein-bound citrulline (right panel, “Western blot”). Gels run in parallel were 
visualized with Coomassie (left panel). Sixteen features showing increased citrullination in 
response to CCI (black numbered boxes, right panel) were mapped to corresponding Coomassie 
features (red numbered boxes, left panel) and identified by peptide mass finger printing and tandem 
mass spectrometry. Proteins identified are listed in the lower panel. Images are representative of 
six independent experiments. A total of n = 4 CCI and n = 4 control animals were examined
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disorders. Autoantibodies targeting amphiphysin are associated with several neuro-
logical disorders, including sensory neuronopathy and encephalopathy (Murinson 
and Guarnaccia 2008). Additionally, dihydropyrimidinase-related protein 2 
(CRMP2) is autoantigenic in autoimmune retinopathy (Adamus et al. 2013). Finally, 
alpha enolase has been identified as a citrullinated autoantigen in rheumatoid arthri-
tis (Kinloch et al. 2005b), while citrullinated 78 kDa glucose-regulated protein is an 
autoantigen within the pancreatic beta cells in type 1 diabetes (Rondas et al. 2014). 
Collectively, these findings support the proposal that injury-induced protein citrul-
lination may generate immunological epitopes that become targets of the adaptive 
immune system. This process may serve as an underlying basis for chronic and 
progressive neurological pathology following TBI.

16.5  An In Vitro Model for the Investigation of TBI-Induced 
Protein Citrullination

An in vitro model of simulated TBI has been developed using normal human astro-
cytes treated with the calcium ionophore, ionomycin, to induce calcium excitotoxic-
ity. Figure 16.6 shows the results of three separate experiments investigating the 
effects of ionomycin treatment on the proteolytic processing of GFAP (left panel) 
and the generation of citrullinated proteins (right panel). The data show that treat-
ment with ionomycin consistently activated the proteolytic processing of intact 
GFAP (left panel; blue arrows) to produce a distinctive pattern of breakdown prod-
ucts. Probing with mAb 6B3 indicated that one of the GFAP breakdown products is 
preferentially citrullinated (right panel; orange arrow) in response to simulated 
TBI. These are consistent with those reported by others on injury-induced proteo-
lytic processing of GFAP using in  vitro models of TBI (Okonkwo et  al. 2013; 
Zoltewicz et al. 2012). Importantly, our investigation reveals that one of the break-
down products is heavily citrullinated and thus may serve as the antigen for the 
development of the anti-GFAP autoantibodies recently reported in TBI (Zhang et al. 
2014). Accordingly, the application to this and other in vitro models for simulated 
TBI may provide novel insights into consequences and mechanisms of TBI and also 
identify informative biomarkers for assessing brain injury.

16.6  Summary of Findings

This research demonstrates that TBI dramatically upregulates protein citrullination 
within astrocytes in specific brain regions. This response is specific to a small subset 
of the neural proteome and long-lasting. A substantial number of the proteins 
involved have been identified as being citrullinated in other pathologies, including 
MS, Alzheimer’s disease, and rheumatoid arthritis. This indicates a potential role 
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for post-TBI citrulline modification in ongoing neural pathological processes. 
Interestingly, gender does not affect the degree or distribution of this modification 
in neural tissue, in distinction to observations involving TBI-induced protein car-
bonylation (Lazarus et  al. 2015). Accordingly, gender differences in the CNS 
response to TBI may not involve differential responses in protein citrullination.

Fig. 16.5 The effects of 
blast injury on brain 
protein citrullination are 
sustained for long periods 
of time. Anion exchange 
FPLC fractions of cerebral 
cortex from single (SB) 
and repeat blast (RB) 
porcine were prepared and 
further fractionated by 
SDS-PAGE. Gels were 
stained for total protein 
(Coomassie; left panel) or 
transferred to PVDF and 
probed with anti-protein 
citrulline antibody (6B3)

Fig. 16.6 Simulated brain injury in normal human astrocytes reveals a spectrum of GFAP break-
down products and the hyper-citrullination of one GFAP species. Normal human astrocytes were 
treated with ionomycin (10 μM; 4 h) and analyzed for GFAP (left panel) and protein-bound citrul-
line immunoreactivity (right panel) by Western blot. The results of three independent experiments 
(a, b, and c) are presented, showing the immunoreactivity in extracts prepared from untreated 
control cells (Control) and cells treated with ionomycin (+ Iono). The blue arrows indicate intact 
GFAP, while the orange arrows indicate the hyper-citrullinated GFAP breakdown product
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There are several potential mechanisms through which abnormal protein citrul-
lination may contribute to the pathogenesis of TBI. In addition to changes in pro-
tein structure (and thus function), citrullination can have profound effects on 
protein antigenicity through the creation of epitopes that are potentially neo-anti-
genic (Vossenaar et  al. 2004). This phenomenon is observed in MS, where the 
citrullination of MBP prompts myelin degeneration due to a loosened aggregation 
of lipids in the sheath structure (Musse et al. 2008). Citrullination of MBP also 
increases its susceptibility to degradation by proteinases, including cathepsin D. 
This degradation leads to the formation and release of antigenic, citrulline-contain-
ing peptides, which are presented to peripheral T cells (C. Bradford et al. 2002). In 
healthy neural tissue, a small fraction of total myelin basic protein contains citrul-
linated residues; however, this amount increases threefold in multiple sclerosis and 
presumably occurs at novel sites within the protein, inducing a targeted T-cell 
response (Anderton 2004; Tranquill et al. 2000). As noted, citrullinated epitopes 
are the hallmark of the adaptive immune response in rheumatoid arthritis, such that 
anti-citrullinated protein antibodies serve as a diagnostic biomarker for this disease 
(Hensvold et al. 2002).

Two other proteins identified here, glucose-regulated protein 78 and amphiphy-
sin, have also been identified as autoantigenic. Citrullinated glucose-regulated pro-
tein 78 is recognized as an autoantigen in type 1 diabetes, where it is secreted by 
pancreatic beta cells, prompting the production of autoantibodies (Rondas et  al. 
2014). Anti-amphiphysin autoantibodies have been identified in several neurologi-
cal disorders, including encephalopathy and myelopathy. It is possible that the 
immune response against amphiphysin is triggered by antigenic citrullinated epit-
opes. While this type of immune response targeted to neural tissue can be harmful, 
the brain may also benefit from immune responses following injury. This benefit 
could involve regulation of localized inflammation and rebuilding of the blood- 
brain barrier by the immune-modulating “glial scar,” a post-injury collection of 
astrocytes, microglia, macrophages, and extracellular matrix molecules (Rolls et al. 
2009). Future research should address the possible detriments and benefits of a 
citrullination-mediated immune response in neural tissue following injury, includ-
ing aspects of localized inflammation and immune clearance.

It is not currently understood how the acute, mechanical impact of TBI leads to 
chronic pathology that can last anywhere from months to years following injury. 
Protein modifications shared between TBI and neurodegenerative disorders may 
point to a mechanistic link between physical injury and sustained dysfunction. 
Specific changes in protein structure and function, seen as early as 5 days following 
TBI, could lead to the pathological symptomatology mirrored in diseases such as 
Alzheimer’s and multiple sclerosis. Revealing the specific proteomic effects of 
citrullination could provide mechanistic insight into how acute injury translates into 
chronic neurodegeneration. We propose that protein citrullination represents a criti-
cal mechanistic link between acute physical injury and long-term pathology. Further 
investigations of TBI-induced citrullination will lend insight into the biological 
mechanisms of this injury and may also point to proactive measures to counteract 
long-term pathogenesis.
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rhGFAP Recombinant human glial fibrillary acidic protein
rhPAD Recombinant human peptidylarginine deiminase
RT-PCR Reverse transcription polymerase chain reaction
SP Senile plaque
β2-MG β2-microglobulin

17.1  Introduction

Peptidylarginine deiminases (PADs) are a group of posttranslational modification enzymes 
that citrullinate (deiminate) protein arginine residues in a calcium ion- dependent manner. 
Enzymatic citrullination abolishes the positive charges of native protein molecules, inevi-
tably causing significant alterations in their structure and functions. Protein citrullination 
is important for the formation of the cornified layer of the skin that covers the human body. 
Despite this beneficial function, protein citrullination can also be detrimental as its accu-
mulation in the brain is a possible cause of Alzheimer’s disease (AD). In this chapter, we 
introduce PADs and their protein citrullination function now considered critical for 
advancing research on aging and neurodegenerative disorders, especially AD.

Numerous posttranslational modification enzymes participate in age-associated dis-
eases. However, little attention has been paid to one of these groups, the peptidylargi-
nine deiminases (PADs, EC 3.5.3.15) (Kubilus et  al. 1980; Rogers and Simmonds 
1958; Kubilus and Baden 1983; Ishigami et al. 1996). The function of PADs is to citrul-
linate (deiminate) protein arginine residues in a calcium ion- dependent manner, yield-
ing citrulline residues. Enzymatic citrullination abolishes the positive charges of native 
protein molecules, inevitably causing significant alterations in their structure and func-
tion (Imparl et al. 1995; Lamensa and Moscarello 1993; Tarcsa et al. 1996). Protein 
citrullination plays an important physiological role in the cornification, which thickens 
the protective layer of the skin that covers the human body (Senshu et al. 1995, 1999). 
However, this modification also has detrimental functions in which its accumulation in 
the brain constitutes a possible cause of Alzheimer’s disease (AD) (Ishigami et  al. 
2005), prion diseases (Jang et al. 2008, 2010, 2012), Parkinson’s disease (Lange et al. 
2011), and multiple sclerosis (Moscarello et al. 2007). Research on PADs and citrulli-
nated proteins is devoted to untying the threads of this pathway precisely and usefully 
in the expectation of contributing to humanity’s capacity for healthful longevity. This 
chapter describes the current state of studies on the expression of PADs and protein 
citrullination, understanding of which is critical for advancing research on neurodegen-
erative disorders, especially AD.

17.2  Peptidylarginine Deiminases (PADs)

The group of enzymes collectively called PADs convert protein arginine residues 
into citrulline residues in the presence of calcium ions (Kubilus et al. 1980; Rogers 
and Simmonds 1958; Kubilus and Baden 1983; Ishigami et al. 1996). Early reports 
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described three types of PADs termed “PAD I” or “epidermal type,” “PAD II” or 
“muscle type,” and “PAD III” or “hair follicle type,” each of which differs in their 
relative activity toward synthetic substrates such as benzoyl-l-arginine ethyl ester 
(BAEE) or benzoyl-l-arginine (Bz-l-Arg), antigenic properties, and distribution in 
mammalian tissues (Watanabe et  al. 1988; Terakawa et  al. 1991). Subsequently, 
cDNA cloning analyses revealed the existence of five isoforms of PADs (PAD1, 
PAD2, PAD3, PAD4, and PAD6) in rodents (Ishigami et al. 1998). These isoforms 
displayed nearly identical amino acid sequences, which are conserved with approxi-
mately 59–71% homology (Tsuchida et al. 1993; Ishigami et al. 1998; Watanabe 
and Senshu 1989; Nishijyo et al. 1997; Rus’d et al. 1999), but appeared to have dif-
ferent tissue-specific expression, as shown by reverse transcription polymerase 
chain reaction (RT-PCR) or Northern blot analysis (Ishigami et al. 2001). Rat PAD1 
mRNA was detected only in the epidermis and stomach; that of rat PAD3 appeared 
mainly in the epidermis, ovary, and hair follicles, whereas rat PAD2 and PAD4 were 
more widely expressed, for example, in the epidermis, lung, spleen, stomach, kid-
ney, ovary, and uterus (Fig. 17.1). The epidermis was the only tissue in which four 
PAD mRNAs were identified, indicating that PADs play functionally important 
roles during terminal differentiation of epidermal keratinocytes.

All five types of PADs noted above have been cloned in humans to date, i.e., 
PAD1 (Guerrin et al. 2003), PAD2 (Ishigami et al. 2002), PAD3 (Kanno et al. 2000), 
PAD4 (Nakashima et al. 1999), and PAD6 (Chavanas et al. 2004). However, the 
tissue specificity of these human PADs is poorly delineated. PAD3 was found in 
both the inner and outer root sheaths of the hair follicles, where citrullination of 
trichohyalin occurs in the process of keratinization (Kanno et al. 2000). PAD4 was 
present in human myeloid leukemia HL-60 cells induced to differentiate into granu-
locytes by retinoic acid and later found in peripheral blood granulocytes (Nakashima 
et al. 1999; Asaga et al. 2001). Recently, identification of the PAD4 gene and citrul-
linated proteins in tissue samples from patients with rheumatoid arthritis (RA) 
strongly suggested that these are major factors in the pathogenesis of RA (Suzuki 
et al. 2003; Liu et al. 2011). In fact, PAD4 was named an autoantigen in some RA 
patients based on recognition of the conformation-dependent epitopes of PAD4 
(Takizawa et al. 2005; Zhao et al. 2008; Halvorsen et al. 2008). Moreover, anti-
citrullinated protein/peptide antibodies, such as anti-cyclic citrullinated peptide 
(anti-CCP) antibodies (Serdaroglu et  al. 2008) and anti-mutated citrullinated 
vimentin (anti-MVC) antibodies (Wagner et al. 2009), displayed a strong sensitivity 
and specificity that contributed to the diagnosis of RA.

17.3  Detection of All Citrullinated Proteins

To promote a study of PAD and citrullinated proteins, it was essential to establish a 
method that would detect all citrullinated proteins. However, because PAD replaces 
the imino group, which is double bonded to the guanidino carbon atom of arginine 
residues, with an oxygen atom, radioisotopic techniques are not really applicable 

17 Update on Deimination in Alzheimer’s Disease



296

for our purposes here despite their usefulness for the detection of kinases, phospha-
tases, acetylases, etc. Therefore, we have developed a sensitive method for locating 
citrulline residues in proteins by generating an antibody that binds specifically to 
chemically modified citrulline residues. For that purpose, we modified citrulline 
residues in enzymatically deiminated histones by incubation with diacetyl monox-
ime and antipyrine in a diluted H2SO4 and H3PO4 mixture and used that substance 
as an immunogen in rabbits (Senshu et al. 1992). The resulting rabbit polyclonal 
antibody was further affinity purified using a modified citrulline column. Chemical 
modification of citrullinated residues is based on one of the known color reactions 
of citrulline (Zarabian et  al. 1987; Boyde and Rahmatullah 1980). However, the 
detailed chemical structure of the product has not been elucidated. Therefore, all 
citrullinated proteins were detected by Western blot analysis (Fig. 17.2) and immu-
nohistochemical methods using this antibody. However, it was essential to modify 
citrulline residues by incubation of the membrane with diacetyl monoxime and anti-
pyrine in a strong acid mixture after transferring the electrophoresed proteins and 
specimen onto a slide glass. As little as 3–10 fmol of citrulline residues dotted onto 
the membrane were detectable regardless of the backbone protein molecules 
(Senshu et al. 1992). The establishment of this reliable methodology has led to the 
identification of multiple citrullinated proteins (Senshu et al. 1995; Ishigami et al. 
2005; Jang et al. 2008, 2010, 2011) and enabled the following experiments.

17.4  PAD Expression in the Central Nervous System (CNS)

Numerous proteases and posttranslational modification enzymes participate in neu-
rodegeneration such as that observed in patients with AD and Parkinson’s disease 
(Keller et al. 2000; Maccioni et al. 2001). Among the five isoforms of PAD, PAD2 
and PAD4 are known to occupy the CNS, although PAD2 is the main member of this 

Fig. 17.1 Expression of 
PAD1, PAD2, PAD3, and 
PAD4 transcripts in various 
rat tissue samples analyzed 
by RT-PCR. Expected sizes 
were 631 bp for rat PAD1, 
428 bp for rat PAD2, 
648 bp for rat PAD3, 
205 bp for rat PAD4, and 
788 bp for glyceraldehyde- 
3- phosphate 
dehydrogenase (GAPDH). 
Reproduced from Ishigami 
et al. (2001) with 
permission from 
Biomedical Research Press
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enzyme group that is expressed in the CNS (Kubilus and Baden 1983; Terakawa 
et al. 1991; Watanabe et al. 1988). Both of these isoforms are present in the myelin 
sheath, and hypercitrullination of myelin basic protein (MBP) has been shown to 
result in a loss of myelin sheath integrity in patients with multiple sclerosis 
(Moscarello et al. 1994; Wood et al. 2008; Musse et al. 2008). Moreover, PAD4, the 
nuclear isoform of this family of enzymes, is involved in histone citrullination in 
brain tissue of multiple sclerosis victims (Wakoh et al. 2009). Immunocytochemical 
studies have localized PAD2 in glial cells, especially astrocytes (Asaga and Ishigami 
2000; Vincent et al. 1992; Asaga and Ishigami 2001), microglial cells (Asaga et al. 
2002; Vincent et al. 1992), and oligodendrocytes (Akiyama et al. 1999). Additionally, 
PAD2 expression was later detected in cultured Schwann cells (Keilhoff et al. 2008). 
Because citrullinated proteins were rarely located in the enzyme-positive glial cells 
examined by using the anti-modified citrulline antibody method described above 
(Senshu et al. 1992), we assumed that PAD2 is normally inactive (Senshu et al. 1992; 
Boyde and Rahmatullah 1980; Jang et al. 2011). However, glial fibrillary acidic pro-
tein (GFAP) was highly susceptible to modification by PAD2 in excised rat brains 
deliberately left at room temperature (Asaga and Senshu 1993). Moreover, under 
hypoxic conditions (Asaga and Ishigami 2000) and during kainic acid-evoked neu-
rodegeneration (Asaga and Ishigami 2001; Asaga et al. 2002), PAD2 became acti-
vated in regions undergoing neurodegeneration and functioned to citrullinate various 

Fig. 17.2 Detection of citrullinated proteins by Western blot analysis using the anti-modified 
citrulline antibody. For the detection of citrullinated proteins, it is essential to modify citrulline 
residues by incubation of the membrane with diacetyl monoxime and antipyrine in a diluted H2SO4 
and H3PO4 mixture after transferring the electrophoresed proteins. Signals were detected in (a) the 
chemically modified membrane but not detected in (b) a membrane without chemical modifica-
tion. Lane 1, histones from calf thymus; lane 2, citrullinated histones; lane 3, human skin cornified 
cell lysate. Arrows indicate modified citrullinated histones (lane 2, 10–15 kDa) and citrullinated 
keratins (lane 3, 55–65 kDa)
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cerebral proteins, suggesting that protein citrullination occurs in neurodegenerative 
processes. These findings provided a clue that PAD2 normally remains inactive but 
becomes active and citrullinates cellular proteins when the intracellular calcium bal-
ance is upset during neurodegenerative changes.

17.5  Abnormal Accumulation of Citrullinated Proteins 
in Brains of AD Patients

The pathological presentation of AD involves the selective death of pyramidal neu-
rons and an accumulation of two main abnormal protein aggregates, senile plaques 
(SPs) and neurofibrillary tangles (NFTs) (Katzman 1986; Smith 1998). Although 
NFTs and SPs are found in many areas of the cerebrum, they are concentrated mainly 
in the hippocampus and cerebral cortex. The former site actually appears to be more 
important because pathological indices are first localized in that region (Maccioni 
et al. 2001). Our report indicates that levels of PAD2 are more than threefold higher 
in the hippocampus than the cortex of rat brains (Asaga and Ishigami 2000).

To elucidate the involvement of protein citrullination in the progress of AD, we 
examined whether citrullinated proteins are produced in the brains of patients with 
AD (Ishigami et al. 2005). By Western blot analysis using the anti-modified citrulline 
antibody, we detected citrullinated proteins of varied molecular weights in hippocam-
pal tissue from patients with AD but not normal humans (Fig. 17.3). Two of the citrul-
linated proteins were identified as vimentin and GFAP by using two- dimensional gel 
electrophoresis and MALDI-TOF mass spectrometry (Ishigami et al. 2005). Although 
citrullination of vimentin and GFAP seems to be much more specific than that of 
other intracellular proteins, whether this citrullination has physiologically important 
functions in the brains of AD patients is still unclear. However, vimentin and GFAP 
were highly susceptible to the attack of PAD2 in vitro; for example, citrullination of 
vimentin induced disassembly of intermediate filaments (Inagaki et al. 1989).

We also identified citrullinated MBP, which is an authentic marker of oligoden-
drocytes, in the AD-afflicted hippocampus (Ishigami et  al. 2005). Moreover, we 
found that PAD2 was localized to stage-specific, immature oligodendrocytes in the 
rat cerebral hemisphere in vitro (Akiyama et al. 1999). Elsewhere, PAD2 cDNA was 
highly expressed in myelin sheath assembly sites, as others reported after using a 
combination of subcellular fractionation and suppression subtractive hybridization 
(Gould et al. 2000). Moreover, the PAD enzyme and citrullinated MBP proved to be 
relatively enriched in immature myelin, and MBP citrullination played an important 
role in myelin development and the human demyelinating disease, multiple sclero-
sis (Moscarello et al. 1994, 2002). Many investigators have suggested that myelin 
breakdown may be a contributing factor to the pathological effects of AD (Bartzokis 
2004; Tian et al. 2004), possibly suggesting that MBP citrullination participates in 
myelin breakdown.

Interestingly, PAD2 was detected in hippocampal extracts from AD-positive and 
normal brains, but the amount of PAD2 was markedly greater in the AD tissue. 
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Histochemical analysis revealed citrullinated proteins throughout those hippocampal 
samples, especially in the dentate gyrus and stratum radiatum of the CA1 and CA2 
areas (Fig. 17.4). However, the hippocampus from normal brains did not contain 
measurable citrullinated proteins. Nevertheless, PAD2 immunoreactivity was ubiq-
uitous throughout both the AD-affected and normal hippocampal areas. Still, PAD2 
enrichment coincided well with citrullinated protein positivity. Double immunofluo-
rescence staining revealed that citrullinated protein- and PAD2-positive cells also 
coincided with GFAP-positive cells, but not all GFAP-positive cells were positive for 
PAD2 (Fig. 17.5). Like GFAP, PAD2 is distributed mainly in astrocytes. These col-
lective results, the abnormal accumulation of citrullinated proteins and abnormal 
activation of PAD2 in hippocampi of patients with AD, strongly suggest that PAD 
has an important role in the onset and progression of AD and that citrullinated pro-
teins may become a useful marker for human neurodegenerative diseases.

The mechanism(s) by which citrullinated proteins occur in the hippocampus dur-
ing AD remains unclear. PAD2 may only become activated, abundant, and func-
tional in the presence of AD because PAD2 content was shown to be notably higher 
in the hippocampi of persons with AD than in that of normal subjects. Although 
PAD2 was also present in hippocampal extracts from normal subjects, it remained in 
a steady state during which no enzyme activation occurred. For enzyme activation, 
the intracellular calcium concentration must become elevated. To the best of our 
knowledge, no other factors can regulate PAD activity in vivo or in vitro. A loss of 
neuronal calcium homeostasis leading to increases in the intracellular calcium con-
centration has been proposed to play a major role in hypoxic and ischemic brain 
injury (Hossmann 1999; Choi 1988). In fact, experimental results with simulated 
ischemia in a primary culture of astrocytes indicated that an influx of extracellular 

Fig. 17.3 Western blot analysis of citrullinated proteins and PAD2 in hippocampi from the brains 
of AD patients and normal controls. (a) Typical protein profiles detected by amido black staining. 
(b) Citrullinated protein profiles. (c) Immunoreactive PAD2 profiles. Lane 1, age-matched control; 
lane 2, brain section from an AD patient. Asterisk indicates the citrullinated myelin basic protein 
(MBP). Reproduced from Ishigami et al. (2005) with permission from John Wiley & Sons
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calcium contributes to astroglial injury during ischemia (Haun et  al. 1992). Our 
 former report showed that PAD2 activated and citrullinated various cerebral proteins 
under hypoxic conditions (Asaga and Ishigami 2000) and during kainic acid- evoked 
neurodegeneration (Asaga and Ishigami 2001; Asaga et al. 2002). Abnormal PAD 
activation resulted in random protein citrullination, which could then trigger the 

Fig. 17.4 Immunohistochemical staining of citrullinated proteins and PAD2. Hippocampal sec-
tions from brains of AD patients (a, c) and controls (b, d) were stained for citrullinated proteins (a, 
b) and PAD2 (c, d). (e) Higher magnification of a. Arrows indicate the citrullinated protein- positive 
cells. (f) Higher magnification of c. Arrows indicate the PAD2-positive cells. Gr granule cell layer, 
Mo molecular cell layer. Scale bars: a, b, c, and d = 500 μm; e and f = 50 μm. Reproduced from 
Ishigami et al. (2005) with permission from John Wiley & Sons
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onset of neurodegenerative disease. Therefore, the development of an inhibitory 
drug specific for PAD could conceivably prevent the onset and progression of 
neurodegeneration.

17.6  Citrullination Sites of GFAP and Detection 
of Citrullinated GFAP in AD Brains

Citrullinated (cit-) GFAP was identified in hippocampi from AD patients by using 
2-DE analysis and MALDI-TOF mass spectrometry (Ishigami et al. 2005). Although 
human GFAP contains many arginine residues, specific citrullination site(s) of GFAP 
in AD brains have been uncovered. At first, to reveal the substrate specificity of 
PADs, we prepared recombinant human GFAP (rhGFAP) and recombinant human 
PAD1 (rhPAD1), rhPAD2, rhPAD3, and rhPAD4. rhGFAP was incubated with 
rhPAD1, rhPAD2, rhPAD3, and rhPAD4, and cit-rhGFAP was detected by Western 
blot analysis using the anti-modified citrulline antibody (Ishigami et  al. 2015).  

Fig. 17.5 Identification of citrullinated protein-positive and PAD2-positive cells by double immu-
nofluorescence staining. Sections of AD hippocampus were double immunostained with a mono-
clonal anti-GFAP antibody and polyclonal anti-modified citrulline IgG or polyclonal anti-human 
PAD2 antibody. The primary antibodies were visualized with anti-rabbit Alexa Fluor 488™ 
(green) and anti-mouse Alexa Fluor 594™ (red). (a and d) Alexa 488 (green) for citrullinated 
protein (a) or PAD2 (d). (b and e) Alexa 568 (red) for GFAP. (c and f) Merged views for (a/b) and 
(d/e). Arrows indicate coincident positions. Scale bar = 5 μm. Reproduced from Ishigami et al. 
(2005) with permission from John Wiley & Sons
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While rhPAD1 scarcely citrullinated rhGFAP, rhPAD2 specifically citrullinated rhG-
FAP. rhPAD3 and rhPAD4 exerted no effect on citrullination of rhGFAP. Thus, PAD2 
must be a unique player in citrullination of GFAP in the astrocytes of AD brains.

Next, eight independent anti-cit-rhGFAP monoclonal antibodies were developed. 
Among them, CTGF-1221 reacts specifically with cit-rhGFAP and, notably, with 
brain extracts from AD patients but not with rhGFAP (Fig. 17.6) (Ishigami et al. 2015). 
To determine the citrullination site of cit-rhGFAP, the cit-rhGFAP was digested with 
trypsin, and the citrullinated peptides were affinity purified with the anti-cit-rhGFAP 
monoclonal antibody CTGF-1221. By MS/MS analysis, two arginine residues (R270 

Fig. 17.6 Characterization of anti-cit-rhGFAP monoclonal antibodies. The specificities of the cit- 
rhGFAP monoclonal antibody CTGF-1221 were determined by Western blot analysis. Lane 1, 
rhGFAP; lane 2, cit-rhGFAP; lane 3, brain extract from AD patients. Reproduced from Ishigami 
et al. (2015) with permission from John Wiley & Sons

Fig. 17.7 Citrullination sites in cit-rhGFAP identified by MS/MS analysis. Underscored sequences 
were assigned to GFAP-derived peptides by a Mascot MS/MS ion search. Arginine (R) with a red 
circle (R270 and R416) indicates a citrullination site and recognized site with the anti-cit-rhGFAP 
monoclonal antibody CTGF-1221. Reproduced from Ishigami et al. (2015) with permission from 
John Wiley & Sons
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and R416) were shown to be citrullinated in cit-rhGFAP and recognized with the 
 anti-cit-rhGFAP monoclonal antibody CTGF-1221 (Fig. 17.7).

We further investigated whether CTGF-1221 is applicable for immunohisto-
chemical staining, clarifying that cit-GFAP was detected in the hippocampus of AD 
brain tissue and that the cit-GFAP-positive cells could be morphologically identified 
as astrocytes (Fig. 17.8). Taken together, in the hippocampi of AD brains, PAD2 is 
solely responsible for the citrullination of GFAP in astrocytes. The anti-cit-rhGFAP 
monoclonal antibody CTGF-1221, which reacts with R270Cit and R416Cit of cit-
hGFAP, could be useful for immunohistochemical research and diagnosis of AD as 
well as other neurodegenerative diseases.

Fig. 17.8 Immunohistochemical staining of cit-GFAP, Aβ, and phosphorylated tau. Hippocampal 
sections from AD and non-AD brains were stained with the anti-cit-rhGFAP monoclonal antibody 
CTGF-1221, anti-human Aβ (11–28; 12B2) monoclonal antibody, and anti-human phospho/PHF- 
tau (AT8) monoclonal antibody, respectively. Scale bars = 200 μm; 20 μm in insets. Reproduced 
from Ishigami et al. (2015) with permission from John Wiley & Sons
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17.7  Age-Related Changes of PAD2 in the Mouse Brain

Understandably, abnormal protein citrullination by PAD2 has been closely associ-
ated with the pathogenesis of neurodegenerative disorders such as AD.  Protein 
citrullination in these patients is thought to develop during the initiation and/or pro-
gression of the disease. However, the contribution of the changes in PAD2 levels 
and consequent citrullination during developmental and aging processes remained 
unclear. Therefore, we measured PAD2 expression and localization in the brain dur-
ing those processes (Shimada et al. 2010).

PAD2 mRNA was expressed in the brains of mice after 15 days of embryonic 
development, and GFAP mRNA expression first became evident just 1 day later 
(Fig. 17.9). Our previous reports indicated that PAD2 appeared mainly in glial cells, 
especially astrocytes (Asaga and Ishigami 2000, 2001), microglial cells (Asaga 
et  al. 2002), and oligodendrocytes (Akiyama et  al. 1999). However, because we 
detected PAD2 earlier than GFAP, PAD2 must be expressed in cells other than glial 
cells. Microtubule-associated protein (MAP 2) and neurofilament 3 (Nef3) were 
also expressed at an early embryonic stage in amounts that increased slightly until 
birth and remained almost constant until postnatal day 7 (Fig. 17.9). Thus, PAD2 
expression did not correlate with GFAP, MAP2, or Nef3 expression, indicating that 
PAD2 must appear at specific but still unknown stages and conditions of glial and 
neuronal cell differentiation. In addition, no citrullinated proteins were detected 
during this developmental process.

In the cerebral cortex, cerebellum, and hippocampus, PAD2 mRNA expression 
increased significantly as the mice aged from 3 to 30 months old (Fig. 17.10). That 
is, PAD2 mRNA levels at the 30-month-old mark were 1.5-fold to 1.6-fold higher 
than in 3-month-olds. Although GFAP mRNA expression also increased significantly 
during aging, the increase in GFAP did not correlate closely with that of PAD2, as 
GFAP in 30-month-old mice was 2.7-fold to 4.7-fold higher than that in 3-month-
olds, far exceeding the increase in PAD2. Moreover, Nef3 mRNA expression did not 
change during aging. Because the change of PAD2 expression levels during aging did 
not correlate with those of GFAP or Nef3, PAD2 must be expressed only at certain 
times and under appropriate conditions by neuronal cells and glial cells, including 
astrocytes (Asaga and Ishigami 2000, 2001), activated microglial cells (Asaga et al. 
2002), and stage-specific immature oligodendrocytes (Akiyama et al. 1999). Again, 
no citrullinated proteins were detected during this aging process.

17.8  Localization of PAD2 in the Cerebral Cortex, 
Cerebellum, and Hippocampus

Immunohistochemical staining of PAD2, GFAP, and MAP 2 provided new insight 
into the characteristics of PAD2-positive cells in the cerebral cortex, hippocampus, 
and cerebellum of 3-month-old mice (Fig. 17.11). In the cerebral cortex and hip-
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Fig. 17.9 Developmental changes in PAD2, GFAP, MAP 2, and Nef3 mRNA expression levels in 
the whole brains of mice. (a) RT-PCR of PAD2, GFAP, MAP 2, and GAPDH. (b–d) Quantitative 
RT-PCR analysis of PAD2 (b), GFAP (c), and Nef3 (d). Data from quantitative RT-PCR are shown 
as the percentage of each value with postnatal day 30 taken as 100% and representing a mean ± SEM 
of five animals. *p < 0.05 compared to 15–19 days of embryonic life and 1–3 or 7 days after birth. 
**p < 0.05 compared to 15–19 days of embryonic life and 1–3 days after birth. Reproduced from 
Shimada et al. (2010) with permission from John Wiley & Sons
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Fig. 17.10 Age-dependent changes in PAD2, GFAP, and Nef3 mRNA expression in the brain. 
Total RNA from the cerebral cortex, cerebellum, and hippocampi of 3-, 6-, 12-, 24-, and 30-month- 
old mice was prepared. Quantitative RT-PCR analysis of PAD2 (a), GFAP (b), and Nef3 (c) was 
carried out. As the endogenous control, GAPDH was quantified simultaneously to normalize each 
raw data set. Data are expressed in percentages as values in the hippocampi of 3-month-old mice 
as 100% and represent a mean ± SEM of five animals. *p < 0.05 compared to 3-month-old mice. 
**p < 0.05 compared to 6-month-old mice. †p < 0.05 compared to 12-month-old mice. ††p < 0.05 
compared to 24-month-old mice. Reproduced from Shimada et al. (2010) with permission from 
John Wiley & Sons
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pocampus, PAD2-positive signals were detected in neuronal cell bodies that  
co- stained with MAP 2 but not in dendrites. Not only was MAP 2 staining positive 
in both the neuronal cell bodies and dendrites, but cells in the cerebral cortex, hip-
pocampus, and cerebellum co-expressed MAP 2 and PAD2. However, GFAP-
positive cells, which are considered to be reactive astrocytes, were PAD2-negative 
in the cerebral cortex, hippocampus, and cerebellum.

In the cerebellum, PAD2-positive staining was present on morphologically char-
acteristic Purkinje-like cells along dense granule cell layers that were not positive 
for either MAP 2 or GFAP. To confirm that these were actually Purkinje cells, we 
performed double immunostaining with PAD2 and calbindin-D-28K (calbindin), a 
known marker of Purkinje cells that is limited to localization in those cells (Servais 
et al. 2005; Whitney et al. 2008). Calbindin staining was evident as a light magenta 
coloration on the alkaline phosphate substrate (Fig.  17.12). These Purkinje cells 
appeared as huge round-shaped cell bodies located between the bottom of the mol-
ecule layer and surface of the granule cell layer of cerebellar tissue. PAD2 was 
stained brown by 3,3′-diaminobenzidine (DAB) used as a chromogenic substrate 
(Fig. 17.12). Double immunostaining enabled the detection of both calbindin and 
PAD2 in the same Purkinje cells from the cerebellum, thus assuring the existence of 
PAD2 in clearly identified Purkinje cells of the cerebellum. Additionally, the char-
acteristic localization of PAD2, GFAP, and MAP 2 in the cerebral cortex, hippocam-
pus, and cerebellum did not change during aging from 3 to 30 months. Thus, PAD2 
was localized in neuronal cells of the cerebral cortex and Purkinje cells of the cer-
ebellum (Shimada et al. 2010).

17.9  PAD2 in Purkinje Cells of the Cerebellum

PAD2 has been shown to be expressed in Purkinje cells of the cerebellum (Shimada 
et al. 2010). The cerebellum functions as the center of learning and control over 
motion, sensory input, and cognition. Purkinje cells of the cerebellum are the sole 
output neurons and are important as the integrators and fine-tuners of diverse input 
signals (Cheron et  al. 2008). Accumulated evidence indicates that the dynamic 
movement of Ca2+ plays a key role in the function of Purkinje cells (Matsushita et al. 
2002; Erickson et al. 2007). Intracellular Ca2+ concentrations become elevated via 
voltage-dependent calcium channels of plasma membranes or inositol-1,4,5- 
trisphosphate- dependent Ca2+ release from intracellular Ca2+ storage sites such as 
the endoplasmic reticulum (Cheron et  al. 2008). Elevations in intracellular Ca2+ 
activate intracellular signal cascades, leading to functional events such as neu-
rotransmitter release (Cheron et al. 2008). Importantly, the PAD enzyme requires an 
intracellular Ca2+ level about a 100-fold higher than normal for its activation (Inagaki 
et al. 1989). Because Purkinje cells store large amounts of Ca2+ corresponding to 
physiological stimuli (Matsushita et al. 2002), those intracellular Ca2+ concentra-
tions can conceivably become elevated transiently in specific, limited areas, such as 
near the endoplasmic reticulum and plasma membrane. When such a condition 
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Fig. 17.11 Immunohistochemical staining of PAD2, GFAP, and MAP 2 in the cerebral cortex, 
hippocampus, and cerebellum of 3-month-old mice. Each brain section was stained with a PAD2 
(a and b), GFAP (c and d), and MAP 2 (e and f) antibody. The square area of g–i in a and b, j–l in 
c and d, and m–o in e and f was magnified for presentation in g–i, j–l, and m–o, respectively. 
Arrows indicate typical stained objects. Scale bars = 1 mm in a–f and 100 μm in g–o. Reproduced 
from Shimada et al. (2010) with permission from John Wiley & Sons
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prevails, PAD2 enzymes would become activated and citrullinate various proteins, 
leading to cell death (Asaga et al. 1998). In fact, quantities of PAD2 and citrulli-
nated proteins have been shown to increase in the brain in vivo during abnormal 
conditions such as scrapie infection in mice (Jang et al. 2008) and AD in humans 
(Ishigami et al. 2005).

17.10  Aspects of PAD2 Expression and Protein Citrullination 
in Neurodegenerative Disorders

The mechanism by which citrullinated proteins occupy the hippocampus during AD 
remains unclear. PAD2 may only become activated, abundant, and functional in the 
presence of AD, because the amount of PAD2 was notably higher in the hippocampi 
of people with AD than in those of normal subjects. Although the mechanism of 
transcriptional regulation for PAD2 in AD brains remains unclear, dibutyryl cAMP, 

Fig. 17.12 Identification of PAD2-positive cells in the cerebellum by double immunostaining. 
Sections of the cerebellum from 3-month-old mice were double immunostained with PAD2 and 
calbindin. (a) Alkaline phosphate substrate as a chromogenic substrate (light magenta) for calbin-
din; (b) 3,3′-diaminobenzidine (DAB) as a chromogenic substrate (brown) for PAD2; (c) double 
immunostaining of PAD2 and calbindin; (d) mouse and rabbit IgG were used for control staining. 
Arrows indicate Purkinje cells. Scale bar = 100 μm. Reproduced from Shimada et al. (2010) with 
permission from John Wiley & Sons
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a membrane-permeable cAMP analog, induced gene and protein expression levels of 
PAD2 and PAD3 in human astrocytoma U-251MG cells via cAMP-PKA signaling, 
suggesting that cAMP-PKA signaling might be involved in the induction of PAD2 in 
AD brains (Fig. 17.13) (Masutomi et al. 2016). Although PAD2 was also present in 
hippocampal extracts from normal subjects, it remained in a steady state during 
which no enzyme activation occurred. For enzyme activation, the intracellular cal-
cium concentration must become elevated. To the best of our knowledge, no other 
factors can regulate PAD activity in  vivo or in  vitro. A loss of neuronal calcium 
homeostasis, leading to increases in the intracellular calcium concentration, has been 
proposed to play a major role in hypoxic and ischemic brain injury (Hossmann 1999; 
Choi 1988). An influx of extracellular calcium could contribute to astroglial injury 
during ischemia, as suggested on the basis of experimental results with simulated 
ischemia in a primary culture of astrocytes (Haun et al. 1992). Our reports showed 
that PAD2 activated and citrullinated various cerebral proteins under hypoxic condi-
tions (Asaga and Ishigami 2000) and during kainic acid-evoked neurodegeneration 
(Asaga and Ishigami 2001; Asaga et al. 2002). Clearly, from the amount of evidence 
now available, abnormal PAD activation, which results in random protein citrullina-
tion, has the potential to trigger a neurodegenerative disease such as AD.
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Chapter 18
Deimination in Multiple Sclerosis: The Bad, 
the Good, and the Ugly

William R. Meador, John R. Rinker, and Anthony P. Nicholas

18.1  Introduction

Multiple sclerosis (MS) is a chronic, autoimmune, demyelinating, and degenerative 
disease that affects the central nervous system. The majority of patients are diag-
nosed between the ages of 20 and 40, and it is a leading cause of disability among 
young adults (Hauser and Goodin 2015; Lavery et al. 2014). MS typically presents 
with acute attacks of neurologic symptoms such as weakness, imbalance, vision 
loss, or numbness that are called “relapses,” and these occur early in the course of 
the most common form, historically known as relapsing-remitting MS (RRMS). 
Over time, increasing numbers of relapses contribute to disability accumulation 
(Fig. 18.1). At 19 years of disease duration, 75% of RRMS patients will have devel-
oped a more progressive course, whereby their worsening occurs in a steady decline 
and with fewer relapses (Confavreux and Vukusic 2006), a disease process histori-
cally known as secondary progressive MS (SPMS). In contrast, about 15% of 
patients will have progressive neurologic decline from the start, and this has been 
referred to as primary progressive MS (PPMS) (Lublin and Reingold 1996). In a 
2013 effort to align the nomenclature with the underlying pathological changes, 

W.R. Meador (*) 
University of Alabama at Birmingham, Birmingham, AL, USA
e-mail: wmeador@uab.edu 

J.R. Rinker
University of Alabama at Birmingham, Birmingham, AL, USA 

The Birmingham VA Medical Center, Birmingham, AL, USA
e-mail: jrinker@uabmc.edu

A.P. Nicholas 
Department of Neurology, University of Alabama at Birmingham  
and The Birmingham Veterans Administration Medical Center, Birmingham, AL, USA 
e-mail: nicholas@uab.edu

mailto:wmeador@uab.edu
mailto:jrinker@uabmc.edu
mailto:nicholas@uab.edu


318

these diagnoses were renamed simply relapsing MS (RMS) and progressive MS 
(PMS) along with other, more subtle changes in diagnostic terminology that are 
beyond the scope of this chapter (Lublin et al. 2014).

18.2  MS Epidemiology

Since its first, well-organized description in 1865 by Charcot, MS has been increas-
ingly recognized as a significant cause of disability in young people around the 
globe (Lavery et al. 2014; Compston 2004). MS is currently thought to affect at 
least 350,000 individuals in the United States and about 2.5 million people through-
out the world, with the majority of patients diagnosed between 20 and 49 years of 
age (Hauser and Goodin 2015). In high prevalence areas, MS affects 2 out of 1000 
people with an incidence of 6 per 100,000 (Wynn et al. 1990). The overall preva-
lence of MS has been increasing since the mid-twentieth century due in part to 
improved detection and diagnostic capabilities, as well as an increase in incidence. 
This increase has been found almost exclusively in women living with MS and has 
resulted in a change in the female-to-male ratio of 1.9 in the mid-twentieth century 
to 3.2 in the early twenty-first century (Orton et al. 2006). Many reports have refer-
enced this increase in female preponderance as support for an environmental or 
modifiable factor that may influence who develops MS.

RRMS
SPMS
PPMS

Time

D
is
ab

ili
ty

Fig. 18.1 Time course and disability of various MS phenotypes. The three primary clinical pat-
terns of MS disease activity are relapsing-remitting (RRMS), secondary progressive (SPMS), and 
primary progressive (PPMS). Over time (x-axis), progression of disability (y-axis) differs between 
the three disease forms. For RRMS patients (orange dashed line), the clinical course is highlighted 
by acute attacks of disability that can return to baseline but sometimes do not. Most of these RRMS 
patients will progress to SPMS (blue dashed and dotted line), who worsen over time but no longer 
have distinct attacks. This pattern can mirror PPMS patients (green line), who slowly develop dis-
ability over time, without having clear attacks from the onset
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18.3  MS Pathology

MS pathology is driven by an abnormal response of both innate and adaptive 
immunity within the central nervous system (CNS), with lesions typically 
occurring within the cerebral hemispheres, posterior fossa structures, and spinal 
cord. Central in this role, CD4+ T helper lymphocytes drive the inflammatory 
disease process early after they undergo activation by antigen-presenting cells 
(APC), with the most evident homeostatic disruption that of a dysregulation of 
Th1 and Th17 cells (Nuyts et al. 2013). An as-yet unrecognized process acti-
vates these autoreactive lymphocytes, so that the immune system targets myelin 
and causes pathogenic demyelination within the CNS.  T helper lymphocytes 
then activate cytotoxic CD8+ lymphocytes and the innate immune system to 
cause local destruction of CNS tissue (Serafini et al. 2006). Astrocytes within 
the acute lesion are damaged and even release pro-inflammatory cytokines to 
promote further injury. Loss of astrocyte function results in a more permeable 
blood-brain barrier (BBB), thereby aiding the infiltration of more inflammatory 
cells and cytokines into the CNS (Brosnan and Raine 2013). In subacute or 
resolving lesions, astrocytes can take on a reparative role through extending 
processes to ensheathe vulnerable axons, absorbing harmful components such 
as glutamate, restoring the extracellular matrix, and even serving as pluripotent 
cells to promote regeneration of supportive cells. Chronic lesions later show 
astrogliotic scarring within the lesion and reactive astrocytes along the border of 
the lesion that are proposed to act as a wall between injured and healthy tissue 
(Brosnan and Raine 2013).

Over the past decade, increasing awareness has developed on the role of B cell 
lymphocytes in the pathogenesis and propagation of disease in MS (Blauth et al. 
2015). Since the 1940s, it has been well established that unique gamma globulin 
populations, representing pathologic immunoglobulin populations known as oligo-
clonal bands (OBs), are present in the spinal fluid of most patients with MS and 
serve as a useful diagnostic tool (Kabat et al. 1942). The exact antigenic targets of 
these immunoglobulins are relatively unknown and appear to be inconsistent from 
patient to patient, but the presence of OBs confers a worse prognosis in patients 
with MS (Rojas et al. 2012). In a condition known as clinically isolated syndrome 
(CIS), in which a patient develops a single demyelinating event without complete 
fulfillment of MS diagnostic criteria, high numbers of OBs indicate that these indi-
viduals are more likely to convert to MS (Dalla Costa et al. 2015). These observa-
tions clearly support a role for plasma cells, the terminal lineage of B cell 
lymphocytes, as playing an instrumental role in MS pathogenesis. However, there 
are likely other roles played by B cells, such as antigen presentation, which 
contribute to disease activity in MS as well.
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18.4  Basic Tenants of MS Treatments

The treatments available for RMS focus on reducing disease activity, thereby reduc-
ing disability, improving quality of life, and reducing symptom burden. The first 
FDA-approved medication for RMS disease modification in the United States was 
interferon beta-1b in 1993 (The IFNB Multiple Sclerosis Study Group 1993). Since 
that time, 12 additional, unique medications have been FDA approved in the United 
States (Table 18.1), with the earlier approved medications tested against placebo and 
most of the more recent trials using active comparator arms. Many of the medications 
currently approved have unique mechanisms of action, but they all act by altering the 
immune system in a manner to reduce immune system-driven disease activity in the 
CNS. The trials utilized for FDA approval have exclusively used designs that compare 
active treatment annualized relapse rates to placebo or active comparator annualized 
relapse rates (Piehl 2014). All of the approved medications have shown some benefit 
in secondary end points such as reduction of disease burden as measured by MRI, 
improved quality of life, and disability, although to a lesser degree.

One area that historically had repeatedly failed therapeutic development was that 
of PMS or progressive disability within RMS patients (Segal and Stuve 2016). 
Recent trials testing B cell-targeted therapy have shown promise in progressive dis-
ease and resulted in approval of the first treatment for PMS in 2017 (Sorensen and 
Blinkenberg 2016). Other areas of MS treatment that have been poorly addressed 
include fatigue management, cognitive decline, prevention of the development of 

Table 18.1 Disease-modifying therapies approved for treatment of human MS patients  in the 
United States

Agent
Date(s) 
approved Mechanism of action

interferon beta-1b 1993, 2009 Impairs migration of lymphocytes and shifts lymphocyte 
populations to less inflammatory cells

interferon beta-1a 1996, 2002, 
2014

Impairs migration of lymphocytes and shifts lymphocyte 
populations to less inflammatory cells

glatiramer acetate 1996 Amino acid combination aimed at shifting lymphocytes to 
less inflammatory populations and modulates antibody 
production

mitoxantrone 2000 Impairs immune cell production
natalizumab 2004 Blocks alpha-4 integrin resulting in reduced lymphocyte 

entry into CNS
fingolimod 2010 Blocks S1P1 receptor that results in prevention of egress 

of lymphocytes out of lymphoid tissue
teriflunomide 2012 Dihydroorotate dehydrogenase inhibitor which results in 

reduced production of lymphocytes
dimethyl fumarate 2013 Activates Nrf2 pathway resulting in impaired lymphocyte 

activity
alemtuzumab 2014 CD52 monoclonal antibody that results in destruction of  

T and B lymphocytes
daclizumab 2016 Interleukin-2 receptor antagonist that results in diminished 

lymphocyte activity
ocrelizumab 2017 Anti-CD20 humanized monoclonal antibody depletes  

B cells
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SPMS, and various other symptomatic features of MS.  Although several FDA- 
approved drugs can reduce relapse rates and residual disability in RMS (Piehl 
2014), this success has proven harder to achieve with progressive MS.

18.5  Progressive MS

Progression in MS is a pattern of neurological worsening which is distinct from 
the more easily recognized relapsing-remitting course (Fig. 18.1). The most dis-
tinguishing characteristic of progression is the time course. Unlike relapses, 
which occur abruptly, worsen over a period of days to weeks, and then spontane-
ously remit, progression is an insidious and continuous process, in which disabil-
ity accumulates gradually, over months to years, without sustained regression of 
symptoms. The worsening in progressive MS is often recognized in retrospect, as 
the rate of deterioration is such that patients who live with progressive MS may 
adapt to a worsening symptom, such as leg weakness or gait impairment, without 
realizing at the time that the process is unrelenting. In acknowledgment of pro-
gression being one of the major patterns of disability accumulation in MS, pro-
gressive subtypes of MS (PPMS, SPMS, progressive relapsing) were included in 
the first consensus definitions of MS clinical subtypes in 1996 (Lublin and 
Reingold 1996). The subtypes were distinguished by (1) the presence or absence 
of relapses in the overall disease course and (2) the sequence of progression rela-
tive to relapses. PPMS was defined as insidious progression from symptom onset, 
with no relapses during the disease course. SPMS described a progressive course 
following a period of relapsing- remitting disease. Progressive relapsing disease 
denoted a primary progressive course in which relapses first occurred after the 
onset of progression.

Another characteristic that distinguishes progression from relapses is its predi-
lection for certain clinical phenotypes. The most common pattern takes the form of 
a progressive myelopathy, affecting the spinal cord primarily (Kremenchutzky et al. 
2006). As progression becomes evident, patients develop a spastic paraparesis or 
quadriparesis. Mobility is almost inevitably impaired, and reliance on assistive 
devices such as a cane, walker, or wheelchair becomes necessary. Symptoms of 
neurogenic bladder and bowel may also develop. This most common progressive 
phenotype is well captured in the disability scale most widely used to describe MS 
disability, the Expanded Disability Status Scale (EDSS), and in its precursor, the 
Disability Status Scale (DSS) (Kurtzke 1983). While the lower scores on the EDSS 
are determined by fluctuations in various neurological functional systems (vision, 
brain stem function, motor systems), which also happen to reflect the symptoms 
most common to MS relapses, scores in the intermediate range and higher are 
largely determined by impairments in ambulation. In fact, once a score of 6 is 
reached (reflecting requirement of unilateral assistance to ambulate), scores are 
determined entirely by ambulatory impairment and, at scores from 7.5 to 9.5, by 
loss of functional independence.
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Although progression most commonly presents as a progressive myelopathy, 
other functions may also be involved (Bermel et  al. 2010). Cognition is another 
domain commonly affected by progression, but due at least in part to the difficulty 
in measuring cognitive impairment characteristic of MS and the insensitivity of the 
EDSS in capturing cognitive worsening, cognitive progression in MS is less well 
recognized by clinicians. Progression may affect other domains as well, including 
vision and cerebellar function, but due to the preponderance of the myelopathic 
picture in progressive MS and the insensitive instruments for measuring progression 
in these other functional systems, they are also under-recognized by clinicians, if 
not by patients.

The division of MS into relapsing and progressive subtypes led in part to the 
refinement of clinical trial design for investigative therapies in MS. Relapse-related 
end points such as annualized relapse rate and time to first on-treatment relapse 
have been the principal metric by which success in disease modification is mea-
sured. Having criteria which separated “progressive” from “relapsing,” patients 
enabled investigators to enrich study populations with subjects who were prone to 
relapse while excluding subjects with slowly worsening (progressive) disease. A 
small number of trials for relapsing MS have demonstrated sustained change in dis-
ability as measured by the EDSS as the primary outcome measure in phase 3 trials 
(Coles et al. 2012; Jacobs et al. 1996), but demonstrating a benefit in disability accu-
mulation has remained a higher bar for efficacy in such clinical studies.

As phase 3 trials began to be designed around patients with progressive subtypes 
of disease, change in disability was used as the accepted primary end point. 
Numerous clinical trials followed, testing drugs that had been successful in cohorts 
of relapsing MS patients, including interferon preparations, glatiramer acetate, and 
rituximab (Cohen et  al. 2002; Secondary Progressive Efficacy Clinical Trial of 
Recombinant Interferon-beta-1a in MS (SPECTRIMS) Study Group 2001; Hawker 
et al. 2009; Leary et al. 2003; The North American Study Group on Interferon beta-
 1b in Secondary Progressive MS 2004; Wolinsky et al. 2007). Those few studies 
that have been able to demonstrate a benefit used either a composite end point to 
demonstrate worsening (Hartung et  al. 2002) or enrolled a subject population 
enriched with markers of inflammatory disease, such as gadolinium-enhancing 
lesions on brain MRI (European Study Group on Interferon-1b in Secondary 
Progressive MS 1998). A principal result of these numerous failed trials has been 
refined strategies in clinical research design for progressive MS, such that progres-
sive patients with characteristics most likely to respond to immune modulation are 
preferentially selected for inclusion (Ontaneda et al. 2015). The fruits of this atten-
tion to trial design have been two recent successful phase 3 trials for progressive MS 
involving ocrelizumab (Montalban et al. 2016) and siponimod (Kappos et al. 2016). 
Both drugs are mechanistically similar to drugs known to be effective in relapsing 
MS but previously unsuccessful in progressive MS (ocrelizumab depletes B cells 
much the same as rituximab, while siponimod functions similarly to fingolimod). 
These recent successful trials lead one to at least a couple important conclusions 
regarding the progressive phase of the disease. First, disability accumulation in pro-
gressive MS is at best an inflexible, downstream effect of inflammatory activity 
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occurring behind the blood-brain barrier and at worst a primary degenerative pro-
cess which is not influenced by immune modulation. Second, patient selection is a 
key determinant of whether a phase 3 study in progressive MS is likely to be 
effective.

Perhaps the most important consideration arising from the difficulty in complet-
ing a positive trial in progressive MS is whether the mechanisms by which disease- 
modifying drugs prevent relapses are even capable of having an effect on the 
progressive disease process. Several observations lend credit to this concern. First, 
a widely cited observational study of the natural history of untreated MS in France 
raised the question of whether the progressive phase of MS is “amnestic” to, or 
independent from, the relapsing phase of the disease (Confavreux et al. 2000). The 
factor which most accurately predicted the point of transition from relapsing to 
progressive disease was the age of the patient, regardless of disease duration. 
Furthermore, when survival curves between relapsing and progressive cohorts were 
compared, the DSS milestone of 4 (meaning moderate disability with some ambula-
tory impairment, not yet requiring assistance) appeared to be the point beyond 
which the clinical trajectory of both relapsing-onset and progressive-onset patients 
was superimposable. The authors suggest this apparent dissociation of relapses 
from the progressive phase of the disease implies a fundamentally different sub-
strate to account for worsening due to relapses versus worsening due to 
progression.

A similar natural history study out of North America also found dissociation 
between the relapsing phase of MS and the progressive phase (Kremenchutzky et al. 
2006). Interestingly, the number of relapses experienced did not appear to influence 
the trajectory of disability accumulation once subjects reached the progressive 
phase of the disease, even when the relapsing phase of the disease consisted of only 
a single relapse.

Yet another pair of studies probed the question whether aggressive immune sup-
pression could influence the natural history of relapsing versus progressive disease 
(Coles et  al. 2006). Investigators used the monoclonal antibody alemtuzumab a 
potent monoclonal antibody which depletes CD52-positive cells, which include 
most T cells, B cells, and monocytes. In two separate cohorts, one a group of patients 
with early RMS and another with established progressive disease, relapsing subjects 
were found to not only experience a sustained cessation of relapses but also stabili-
zation of the EDSS score. However, in a cohort of PMS subjects, the treatment 
appeared to have little effect on disability accumulation, even in the absence of 
relapses. In other words, progression continued, despite near-complete eradication 
of the adaptive immune system in the peripheral circulation. The implication, thus, 
is that even highly effective therapy targeting the peripheral immune system has 
little measurable effect on the PMS disease process.

How, then, can the phenomenon of progression best be explained? The most suc-
cinct explanation is that there is a lack of consensus on what the underlying drivers 
of PMS may be or if it even represents the same process from patient to patient. 
Theories to explain progression can be broadly divided into inflammation-driven 
and inflammation-independent processes (Kutzelnigg and Lassmann 2014). It is 
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important to note that while pathological studies of CNS tissue from MS patients 
reveal a spectrum of inflammation, demyelination, oligodendroglial cytopathy, and 
neurodegeneration, there are some general distinctions between patients with RMS 
versus PMS.

Examination of white matter lesions from PMS patients commonly reveals a rim 
of macrophages and activated microglia with an inactive central area (Prineas et al. 
2001). This contrasts with the more active cellular infiltrates and extensive myelin 
destruction of the acute lesion, more common in early RMS (Brück et al. 1995). 
Demyelinating plaques in the gray matter (especially in the cerebral cortex) are 
more abundant in PMS as compared to RMS. The most common gray matter plaques 
are subpial, extending from the meninges down into the cortex. Despite the lower 
density of myelin in gray matter, demyelination of gray matter myelin is extensive, 
and both axonal injury and neuronal death can be observed in gray matter plaques 
(Peterson et al. 2001). The widespread cortical demyelination seen in primary and 
secondary progressive MS is also thought to contribute to focal gray matter atrophy 
in PMS, which has also been shown to correlate with clinical measures of 
disability.

One potentially important relationship between cortical demyelination and the 
inflammatory characteristics of PMS is the development of B cell follicles in the 
meninges of progressive patients (Lovato et al. 2011). These structures may interact 
extensively with the underlying cortex and may be responsible for much of the cor-
tical demyelination and atrophy in progressive disease (Howell et al. 2011). The 
proportion of B cells found in MS lesions are known to increase with disease dura-
tion; thus, the establishment of what may amount to permanent foci of inflammation 
within the meninges of MS patients offers one possible explanation for why immune 
modulators are unable to produce measurable benefit in PMS. These meningeal fol-
licles become established behind the blood-brain barrier and thus are insulated 
against drugs which act primarily in the peripheral circulation. Another immuno-
logical change seen in progressive MS which occurs behind the blood-brain barrier 
is the development of widespread microglial activation in the radiologically normal- 
appearing white matter (NAWM). Such widespread changes provide possible bases 
for diffuse axonal loss, inefficient neural functioning, and resistance to immune- 
modulating therapy (De Stefano et al. 1999; Kutzelnigg et al. 2005; Seewann et al. 
2009; van Horssen et al. 2012).

An alternate or perhaps complementary theory for the pattern of worsening in 
PMS is the notion that the slow accumulation of disability and the accelerated loss 
of brain volume are due to a neurodegenerative process which is independent of 
autoimmunity. One argument holds that due to the loss of trophic support provided 
by myelin to the axons it supports, the axons eventually succumb to a metabolic 
deficit that cannot be sustained without the support of myelin. Excitotoxic injury is 
another theory that may explain axonal loss as a by-product of the inflammatory 
milieu adjacent to the exposed axon (Pitt et al. 2000). However, not all axonal loss 
can be accounted for by its proximity to known regions of focal demyelination. 
Pathological studies of tissue remote from active demyelination have found axonal 
dropout which cannot be accounted for by active inflammation or from  Wallerian- type 
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degeneration. A study of postmortem tissue from 55 MS patients found a dispropor-
tionate loss of small-diameter fibers, especially in corticospinal and sensory tracts 
(DeLuca et al. 2004). One theory that accounts for this axonal destruction that is 
remotely located from active inflammation attributes the axonal loss to diffuse mito-
chondrial injury. Dysfunctional mitochondria may lead to an energy deficit, which 
disproportionately affects small-diameter fibers by inducing oxidative free radical 
damage (Trapp and Stys 2009).

The process by which relapsing MS, a lesion-centric, inflammatory condition, 
transitions into PMS, with its widespread involvement of the brain and spinal cord 
and outwardly less inflammatory phenotype, remains an important gap in the under-
standing of progression in MS. While theories that bridge these two clinically dis-
tinct disease phases continue to evolve, continued investigation into how these two 
phases bridge to one another will require attention and investigation.

18.6  Deimination in Animal Models and Humans with MS

Deimination, or citrullination, is when arginine amino acids are converted to citrul-
lines by the peptidylarginine deiminase (PAD) family of enzymes (Nicholas and 
Bhattacharya 2014). In the brain, this process was first discovered to occur with 
myelin basic protein (MBP), in which a fulminant process of acute demyelination 
(Marburg type) caused 18 of 19 arginines in MBP to be converted to citrullines 
(Wood et al. 1996). (For a more detailed discussion on deimination of MBP, see 
Chap. 19) In fact, deimination was shown to initiate a process of increased myelin 
unraveling, mirroring an immature isoform of MBP, and ultimately resulted in a 
widespread autoimmune reaction with eventual brain degeneration (Boggs et  al. 
1999; Cao et al. 1999; Moscarello et al. 1994; Pritzker et al. 2000).

In our studies of an animal model of MS known as murine experimental autoim-
mune encephalomyelitis (EAE), we found evidence of increased deimination of 
both MBP and the astrocyte marker glial fibrillary acidic protein (GFAP) (Nicholas 
et al. 2005), with previously unforeseen pathology (Fig. 18.2). Using an established 
monoclonal antibody (F95) against natural and synthetic citrullinated proteins 
(Nicholas and Whitaker 2002), numerous, small, previously unrecognized “patches” 
of citrullinated proteins were discovered throughout EAE brains, while EAE spinal 
cords showed similar but much larger lesions. Using dual-color immunofluores-
cence, these lesions were found to contain citrullinated MBP and were surrounded 
by astrocytes immunoreactive for both GFAP and F95. These lesions became evi-
dent about the time EAE mice became symptomatic and increased in size and num-
ber with increasing disease severity. In some sections of the spinal cord, but not 
brains of severely debilitated EAE mice, a widespread gliotic response was seen, 
with astrocytes containing citrullinated GFAP spread throughout the gray and white 
matter. Western blot analysis of acidic proteins from the brains and spinal cords of 
EAE mice had higher levels of multiple citrullinated GFAP isoforms as compared 
to controls, with more F95-positive bands in the EAE brains versus spinal cords. 
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(For a more detailed discussion on deimination of GFAP, see Chap. 20) In any case, 
our results first raised the possibility that citrullination of both GFAP and MBP may 
contribute to the pathophysiology of EAE and that the brains of EAE mice may 
contain more pathology than what was previously realized. Using a different citrul-
line detection method, similar findings were seen in EAE spinal cords in a second 
report (Raijmakers et al. 2005).

One study that temporarily stagnated enthusiasm for further examining a role for 
deimination in EAE and MS was when no difference in disease severity was found 
between control mice with EAE and transgenic mice in which the PAD2 isoform 
was knocked out (Raijmakers et al. 2006). In this study, PAD2 was preferentially 
scrutinized primarily because it was known to be the most abundant PAD isoform in 
the CNS (Akiyama et al. 1990; Watanabe et al. 1988). However, using the F95 anti-
body, we refuted these findings by showing that deimination persisted in the spinal 
cords of PAD2 knockout mice with EAE (Bradford et al. 2014a), suggesting that 
another PAD isoform such as PAD4 may have been responsible for the continued 
deimination in these animals without PAD2. In support of a role for PAD4 in the 
pathophysiology of demyelinating disease was a study showing that citrullination of 
nucleosomal histones by PAD4 was increased in the NAWM from MS patients and 
animal models of demyelination and that translocation of PAD4 into the nucleus 
was attributable to elevated tumor necrosis factor-alpha (Mastronardi et al. 2006). In 
addition, the development of transgenic mice that overexpressed PAD2 showed that 
these animals spontaneously developed a demyelinating disease with increased 
citrullination of MBP and clinical worsening over time (Musse et al. 2008). In sup-
port of the deleterious effects that protein deimination plays in the CNS, the first 
generation of PAD inhibitors was shown to reverse or prevent disability in four 
separate EAE animal models, including autoimmune and transgenic mice that rep-
resented both acute and chronic forms of demyelination (Moscarello et al. 2013). 

Fig. 18.2 In EAE mice brains, immunoreactive lesions were seen as extracellular patches of 
citrullinated proteins (red) surrounded by GFAP-immunoreactive astrocytes (green). The lesion in 
a (arrow) is magnified in b, showing that a plaque, known to contain deiminated MBP, is sounded 
by astrocytes, whose processes project into the lesion and demonstrate co-localization (yellow) for 
GFAP and deiminated proteins. cc, cerebral cortex; hf, hippocampal formation. Scale bars = 50 μm 
(Modified from Nicholas et al. 2005; Bradford et al. 2014a)
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These findings suggest that blocking deimination may also serve as a novel future 
treatment for both relapsing and progressive MS phenotypes in human patients.

Although we previously demonstrated increased deimination of both MBP and 
GFAP in EAE mice (Nicholas et al. 2005), the protein with the greatest deimination 
in our studies of human brains with progressive phenotypes of MS was GFAP, with 
evidence of pathology extending into normal-looking white and gray matter 
(Nicholas et al. 2004). In fact, GFAP was first discovered decades ago as the main 
protein constituent of chronic MS lesions and thus was considered to be the morpho-
logic basis of astrogliosis ever since (Eng 1980). Unfortunately, a study of the tem-
poral changes in brain protein deimination of humans with MS is problematic and 
primarily limited to autopsy material, so most of these investigations were performed 
on MS specimens from individuals with more progressive forms of the disease.

Unlike our findings of profound deimination within active demyelinating lesions 
in EAE brains and spinal cords (Nicholas et al. 2005), our first study of autopsy 
human brain specimens from American SPMS patients with chronic, advanced dis-
ease (Nicholas et al. 2004) showed predominantly “burned-out” plaques, primarily 
consisting of fibrous scar tissue and devoid of deimination, except within a few 
astrocytes remaining adjacent to the central blood vessels of old inactive lesions 
(Fig. 18.3a). However, when examining the NAWM, heavy citrullination was unex-
pectedly seen in the SPMS specimens as compared to controls. In SPMS brain sam-
ples, but not in normal brains, long fibers of co-localized GFAP and citrullinated 
proteins were seen, extending from the NAWM into the gray matter (Fig. 18.3b), 
and increased numbers of astrocytes containing citrullinated proteins and GFAP 
were also present at the junction between the gray and white matter in SPMS brains 
(Nicholas et al. 2004). In a similar study of SPMS patients from the UK, where 
some of the postmortem specimens had lesions that were still somewhat inflamma-
tory, evidence for deimination of both GFAP and MBP were demonstrated using 
multiple techniques, including matrix-assisted laser desorption/ionization-ion 
mobility separation and tandem mass spectrometry (Bradford et  al. 2014b). 
However, Western blot analysis of brain proteins from the NAWM of more advanced 
patients primarily showed upregulation of multiple citrullinated GFAP isoforms in 
SPMS brains as compared to controls (Nicholas et al. 2004; Bradford et al. 2014b). 
In fact, citrullination was most pronounced in SPMS specimens at the plaque inter-
faces and was shown to co-localize with GFAP immunoreactivity using dual-color 
immunofluorescence (Fig. 18.3c). These data raise the possibility that citrullination 
of GFAP and the role of astrocytes containing it contribute to the pathophysiology 
of humans with MS, perhaps even more so in the progressive forms of the disease.

In one study of live humans, significantly higher GFAP levels were shown in the 
cerebrospinal fluid of MS patients compared to control subjects, which was most 
pronounced in SPMS patients, although GFAP was also significantly increased in 
RRMS patients during relapses as well (Malmeström et al. 2003). These findings 
were in contrast with earlier studies that only found elevated GFAP levels in MS 
patients who were severely disabled (Albrechtsen et al. 1985; Noppe et al. 1986; 
Petzold et al. 2002). Unfortunately, these studies did not specifically measure the 
amounts of citrullinated GFAP.
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One way to measure citrulline in the brains of live humans is with proton mag-
netic resonance spectroscopy (MRS). In a MRS study of patients with early onset 
MS, increased citrulline was more often detected in demyelinating lesions and the 
NAWM of diseased patients, compared to normal controls (Oguz et al. 2009), but 
this method was unable to determine what specific proteins were deiminated and 
how many peptidyl-citrullines each one contained. It is also unclear if this method 
is able to differentiate between free citrulline and peptidyl-citrulline, where only the 
latter is a product of deimination mediated by PAD enzymes. As a result, the detec-
tion of deiminated brain proteins, their locations, identities, and number of peptidyl- 
citrullines per protein during the time course of live patients with differing 
phenotypes of MS still remains to be fully studied.

18.7  Deimination in Humans with MS: The Bad, the Good, 
and the Ugly

As previously noted, properly studying the progression of brain protein deimination 
throughout the time course of humans with MS is problematic due to the lack of 
technology to study this process in live patients, as well as the lack of biological 
specimens from patients with typically nonlethal CIS and RRMS. Although there 

Fig. 18.3 Using dual-color immunofluorescence and the F95 monoclonal antibody against 
peptidyl- citrulline, examination of chronic SPMS brains and co-localization (yellow) of GFAP 
(green) and deiminated proteins (red) were often seen (a) in astrocytes encircling a central blood 
vessel within the cores of “burned-out” plaques, suggesting an important role for deiminated pro-
teins in distal astrocyte filaments and foot processes. In NAWM from these same patients (b), 
radiations of GFAP/F95-positive immunoreactive processes extended from the white matter (bot-
tom) into the gray matter (top). However, the most intense GFAP/F95 co-localization was observed 
(c) in SPMS white matter (upper left) at the interface adjacent to old plaques (lower right), sug-
gesting that deiminated GFAP in this location may have served to help wall off inflammatory 
lesions in an earlier, more active phase of this disease. Scale bars = 50 μm (Modified from Nicholas 
et al. 2004; Bradford et al. 2014a)
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are a number of various MS phenotypes as already discussed, the majority of 
patients start probably with CIS and then progress to RMS and later to PMS 
(Fig. 18.1). Using EAE as a surrogate for active disease (i.e., RMS), we have devel-
oped a working hypothesis regarding the progression of brain protein deimination 
in MS (Fig. 18.4).

In early disease (Fig. 18.4a), we propose that utilizing a leaky BBB, peripheral 
inflammatory cells enter the brain parenchyma and participate in the demyelinating 
process, in part mediated by deimination of MBP. A more thorough discussion of 
the role of deiminated MBP in demyelinating disease is discussed in Chap. 19, but 
if EAE can be used as a surrogate for early inflammatory demyelinating disease 
(Fig. 18.2), we have clearly shown that the small extracellular lesions in the white 
matter of these animals contain deiminated MBP (Nicholas et al. 2005). In order for 
this process to occur, dormant PAD enzymes must be activated, perhaps due to 
increased calcium levels resulting from local hypoxia in these pathological areas 
(Trapp and Stys 2009).

In response to this pathology, PAD in local astrocytes then becomes activated, 
and these glial cells enlarge, perhaps in part due to deimination of intermediate fila-
ments such as vimentin and GFAP (Fig. 18.4b). A more thorough discussion of the 
role of astrocytic deiminated GFAP in response to brain injury is discussed in Chap. 
20, but again, if EAE can be used as a surrogate for inflammatory MS, we have 
clearly shown that the small extracellular lesions in the white matter of these ani-
mals (Fig. 18.2) are surrounded by astrocytes that express co-localization of GFAP 
and deiminated proteins. Although astrocytes are critical to the health of neurons 
and participate in the formation of the BBB, following CNS injury, these cells are 
also known to become hypertrophic and extend and intertwine their processes to 
form a mesh-like network that attempts to seal off the injured area (Sofroniew 
2009). Since intermediate filaments like vimentin and GFAP have been shown to 
unwind in vitro when deiminated (Inagaki et al. 1989), perhaps this process contrib-
utes to the cytoskeletal changes that take place in astrocytes under these conditions 
(see Chap. 20, Fig. 20.6).

As a result, it can be theorized that deimination within astrocytes is a normal 
response to brain injury, not only to help enhance nutrition to and expel waste from 
struggling neurons but also to phagocytize extracellular debris and shuttle it out of 
the brain and into the bloodstream and cerebrospinal fluid, due to the anatomical 
associations of these glial cells with the BBB and ventricular surfaces, respectively. 
To support this idea in MS, MBP-containing myelin vesicles prepared from rat 
brains, as a model of degraded myelin, were shown to be phagocytized by rat 
 astrocytes in culture (Gaultier et al. 2009). In addition, highly enriched astrocyte 
cultures derived from active demyelinated MS lesions of postmortem human adult 
brains and spinal cords showed an increased proliferating capacity of these cells, as 
compared to astrocytes derived from similar non-lesioned and normal brain and 
spinal cord regions (De Groot et al. 1997).

In one case of a patient with rapidly worsening MS, postmortem analysis proved 
that hypertrophic astrocytes in early and active lesions phagocytize myelin and axo-
nal debris, as well as internalize other glial cells (Morcos et al. 2003). However, in 
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areas that lacked significant inflammation within the adjacent NAWM and within 
late remyelinating lesions, astrocytes were found to still be active in myelin and 
axonal debris phagocytosis, with no evidence of cellular internalization. These find-
ings led the authors to conclude that hypertrophic astrocytes not only play an 

Fig. 18.4 Theoretical progression of deimination in early (a), middle (b), and late (c) stages of 
multiple sclerosis. As the disease process starts (a, “the bad”), peripheral white blood cells (small 
blue stars) enter the white matter (wm) of the brain via “Dawson’s fingers,” leaky blood vessels 
(red tubes) emerging from the ventricular surfaces (light blue lines). Part of the autoimmune reac-
tion may be against hyper-deiminated myelin basic protein (MBP, yellow), which may contribute 
to the extracellular debris found in inflammatory, demyelinating plaques. At this stage, a few non-
reactive astrocytes (thin green stars) are found at the ventricular surface and the junction (jnx) 
between the gray matter (gm) and white matter (wm). In response to this invasion (b, “the good”), 
around the plaque (yellow oval), astrocytes (green cells) become noticeable or “reactive” and 
enlarge, perhaps in an attempt to phagocytize the extracellular debris, containing deiminated pro-
teins such as MBP (yellow), and shuttle it back into the bloodstream. However, if the autoimmune 
reaction continues unabated, more peripheral white blood cells (small blue stars) enter the brain, 
overwhelming the local astrocytes and the demyelinating plaques enlarge. At this stage, more 
astrocytes (green cells) become apparent at the ventricular surface (bottom) and at the gray matter 
(gm)-white matter (wm) junction (jnx). Many of these cells then send projections (green lines) 
containing deiminated glial fibrillary protein (GFAP) into the normal-appearing white matter 
(NAWM), perhaps in an attempt to shuttle the debris to the ventricular surfaces and out of the brain 
into the cerebrospinal fluid. If the disease process progresses further (c, “the ugly”), a demyelinat-
ing plaque may be replaced by a burned-out scar (gray oval), in which a few remaining reactive 
astrocytes (green cells) remain adjacent to its central blood vessel (red tube). At this point, other 
reactive astrocytes (green cells) outside of the old plaques have sent extensive networks of projec-
tions (green lines) containing deiminated GFAP throughout the NAWM, as well as into the gray 
matter (gm). The highest concentrations of this deiminated GFAP seem to surround the plaques, 
perhaps in a futile attempt to wall off the spreading demyelinating process

W.R. Meador et al.



331

important role in the pathogenesis of MS lesions but also later may exert a continued 
deleterious effect upon brain tissue in the absence of significant inflammation 
(Morcos et al. 2003). In a postmortem study of 16 PMS spinal cords, brain regions 
surrounding demyelinated plaques showed strong evidence that astrocytes in these 
areas develop chronic alterations in their crucial functions with regard to maintain-
ing neuronal metabolism, oligodendrocyte survival, and synaptic transmission and 
thus contribute to the unchecked, slow, and extensive expansion of demyelination 
that occurs in the absence of acute inflammation (Lieury et al. 2014). As a result, it 
can be suggested that the normal beneficial effect of protein deimination in astro-
cytes can become destructive if left unchecked (Fig. 18.4c). In order to wall off the 
spreading demyelination, a meshwork of astrocytic processes surrounds the inflam-
matory lesion (Sofroniew 2009), and we have shown that this area contains the 
highest concentration of deiminated GFAP (Fig. 18.3c). As the disease advances to 
a more progressive stage (Fig. 18.4c), inflammation in these older plaques burn out, 
leaving behind a fibrous scar. The only evidence of deimination left behind is within 
a few lingering astrocytes surrounding the central blood vessel (Fig.  18.3a). 
However, at this point, the NAWM becomes also heavily inundated with fibers con-
taining deiminated GFAP (Fig. 18.3b), perhaps disrupting the normal functioning of 
this tissue and thus contributing to the pathology of PMS in the absence of active 
inflammation.

18.8  Summary and Conclusions

The present review provides a possible mechanism for the role of brain protein 
deimination in the pathophysiology of MS as the disease progresses over time. 
More research needs to be done in order to clarify and validate or disprove this 
theory. However, if confirmed, these mechanisms suggest that blocking deimination 
may provide a novel future treatment for both relapsing and progressive MS pheno-
types in human patients.
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Chapter 19
Turning White Matter “Inside-Out” by Hyper-
deimination of Myelin Basic Protein (MBP)

George Harauz

19.1  Introduction

The myelin sheath of the nervous system provides trophic and metabolic support to 
underlying axons and facilitates faster action potential transmission by saltatory 
conduction. In the mammalian central nervous system, the classic isoforms of 
myelin basic protein (MBP) are essential to the development and maintenance of 
the sheath. These proteins are multifunctional by virtue of being intrinsically disor-
dered and thus conformationally dynamic and adaptable, with multiple associations 
with membranes and other proteins that are modulated by combinatorial post- 
translational modifications. The enzymatic deimination (citrullination) of the pre-
dominant adult 18.5-kDa splice isoform of MBP is associated with myelin in both 
the healthy and developing brain and with myelin from patients afflicted with mul-
tiple sclerosis (MS). In this disease, hyper-deimination of MBP can arise initially 
due to cytodegenerative triggers affecting the oligodendrocyte-neuron complex and 
can become irreversibly self-propagating. We review here the extensive evidence 
that an initial aberrant calcium influx leading to up-regulation of peptidylarginine 
deiminases is probably a central, if not key, molecular mechanism of the pathogen-
esis of MS and one that precedes the neuroinflammatory response. The loss of net 
positive charge of MBP caused by this modification changes the networking ability 
of MBP, and biophysical mechanisms can explain structural destabilization of 
myelin as an early molecular event in lesion formation. The inhibition of peptidyl-
arginine deiminases could serve as an additional disease-modifying therapeutic 
measure to ameliorate the demyelination cascade and the rate of disease progression 
and thus to maintain and prolong “neurological reserve” in MS patients.
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19.1.1  Myelin: The Basics and the Basic Protein

Myelin is a complex assembly of lipids and proteins that is an essential component 
of the central and peripheral nervous systems of higher vertebrates (Morell 1984; 
Lazzarini et al. 2004; Rasband and Macklin 2012). In the mammalian central ner-
vous system (CNS), myelin arises from oligodendrocytes that extend multiple 
membrane processes to ensheathe neuronal axons, forming compacted myelin inter-
nodes (Fig. 19.1) (Baumann and Pham-Dinh 2001; Trapp and Kidd 2004; Sherman 
and Brophy 2005). This “white matter” contains a high proportion of lipids (roughly 
70% by weight), primarily phospholipids (phosphatidylethanolamine, phosphati-
dylserine, phosphatidylcholine, the phosphatidylinositides), plasmalogens, galacto-
lipids (galactrocerebrosides and sulphatides), sphingomyelin, and cholesterol. The 
predominant protein families in adult CNS white matter are myelin basic protein 
(MBP) and proteolipid protein (PLP), of which there are different splice variants. 
Other proteins are found in lesser proportions: 2′3′-cyclic nucleotide 3′-phosphodi-
esterase (CNPase), myelin-associated glycoprotein (MAG), and myelin- 
oligodendrocyte glycoprotein (MOG), to name a few.

White matter is formed from birth and develops until the early twenties in 
humans: it is an intricate, heterogeneous network, and it is altered continuously 
throughout life (Miller et al. 2012; Young et al. 2013; Snaidero et al. 2014; Tomassy 
et al. 2014; de Hoz and Simons 2015). Despite this plasticity, though, the myelin 
proteins (including MBP) are by and large long-lived, along with other essential 
proteins such as lens proteins, nucleoporins, and histones (Toyama et  al. 2013; 
Friedrich et al. 2016). The myelin wrapping forces axonal ion channels to be clus-
tered at periodic nodes of Ranvier, and action potentials proceed more quickly via 
saltatory conduction (Castelfranco and Hartline 2016). Our focus in this chapter is 
on MBP because of its centrality in maintaining the CNS myelin of higher-evolved 
organisms (Nawaz et al. 2013).

In humans, multiple sclerosis (MS) is an enigmatic disease characterized by the 
active degradation and loss of CNS myelin (Compston and Coles 2002; Hauser and 
Oksenberg 2006; Trapp and Nave 2008; Lassmann and van Horssen 2011; Hauser 
et al. 2013; Lassmann 2014; Schaeffer et al. 2015). The causes of the disease are 
multifactorial, and the early cellular events that lead to the formation of an MS 
“plaque”, including regions of demyelination with neuroinflammation and infiltra-
tion of activated lymphocytes (B and T cells) and macrophages, as well as microg-
lia, are unknown. A clinical diagnosis of MS means that MS plaques are already 
well formed and visible by magnetic resonance imaging because of the compro-
mised blood-brain barrier. The disease has long been considered to be primarily an 
autoimmune disorder; indeed, MBP comprises several immunodominant epitopes 
that activate T cells (Wucherpfennig et al. 1997; Hansen et al. 2011). But the auto-
immune and neuroinflammatory viewpoint is gradually being modified to one of the 
disease being initially neurodegenerative (Stys 2010; Stys et al. 2012; Traka et al. 
2016). For these reasons, our work is devoted to unravelling the fundamental basis 
of myelin architecture and how it deteriorates during early MS disease progression 
(Harauz et  al. 2009; Harauz and Boggs 2013; Vassall et  al. 2015a). A detailed 
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Fig. 19.1 Schematic view of the overall organization of CNS myelin. Oligodendrocytes extend 
multiple membrane processes that wrap around several axons forming the compacted, internodal, 
myelin sheath of the central nervous system (CNS) (Baumann and Pham-Dinh 2001). Transmission 
electron micrographs of stained cross-sections of myelin show the juxtaposition of tens of spiral 
wrappings of the membrane. The major dense line (MDL) is the cytoplasmic compartment roughly 
2–3 nm in thickness and is electron-dense. The intraperiod line (IPL) is the extracellular space and 
roughly twice as thick as the MDL or slightly more. The major myelin proteins in the adult brain 
are the cytoplasmic 18.5-kDa MBP (14-kDa MBP in rodents) and the transmembrane proteolipid 
protein (PLP). Other minor myelin proteins include myelin-associated glycoprotein (MAG), 
myelin-oligodendrocyte protein (MOG), and myelin 2′,3′-cyclic nucleotide 3′-phosphodiesterase 
(CNPase). The lipid compositions of the cytoplasmic and extracellular membrane leaflets are dif-
ferent. The paranodal loops are larger, cytoplasmic compartments that maintain continuity with the 
oligodendrocyte cell body, and the oligodendrocyte and neuronal membranes interact at the peri- 
axonal region. During myelination, additional cytoplasmic channels traverse internodal myelin. 
The radial component of mature CNS myelin additionally maintains structural integrity. The nodes 
of Ranvier contain the ion channels that generate action potentials (Na+/K+-ATPases, Na+/Ca2+-
exchangers, and voltage-gated Na+-channels) and are not depicted here for simplicity. This figure 
has been adapted and redrawn from a previously published version (DeBruin and Harauz 2007). 
Figure courtesy of Ms. Zoë Martos
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understanding of multifaceted MBP at the molecular level is indispensable to 
understanding how the brain develops and works in general and specifically to deci-
phering how MS arises and proceeds.

19.1.2  The Dynamic and Combinatorial Molecular Barcode 
of Post-translational Modifications in Myelin Basic 
Protein (MBP)

In oligodendrocytes that form the CNS myelin sheath, diverse splice isoforms of 
the gene in the oligodendrocyte lineage (Golli) are differentially expressed 
(Fig. 19.2) (Campagnoni and Campagnoni 2008; Fulton et al. 2010a). The so-
called Golli proteins are first produced as the cells begin to differentiate. Then 
come the so-called classic splice isoforms as the oligodendrocytes become com-
mitted to forming prodigious amounts of myelin membrane lipids and proteins. 
The classic isoforms of myelin basic protein (MBP) range in nominal molecular 
mass from 14 to 21.5 kDa and are essential both to developing and to maintaining 
the structural and metabolic integrity of the CNS myelin sheath (Boggs 2006, 
2008a; Harauz et al. 2009; Harauz and Boggs 2013). The 18.5-kDa splice iso-
form predominates in the adult human and bovine brains and has been the most 
studied. In rodents, the 14-kDa splice isoform becomes more prominent in adult-
hood, although the 18.5-kDa protein is still essential to healthy myelination in 
these species (Palma et al. 1997).

The shiverer mouse line has an ablated gene missing several classic MBP exons 
and consequently sparse and poorly compacted myelin (Fig.  19.2) (Privat et  al. 
1979; Dupouey et al. 1979; Chernoff 1981). Indeed, even shiverer heterozygotes, 
which still have intact 18.5-kDa MBP but in lesser amounts, have been shown 
recently to display subtle myelination defects (Poggi et al. 2016). For this reason, it 
has long been accepted that the protein forms myelin internodes by adhesion of 
oligodendrocyte cytoplasmic membrane leaflets to each other and that this is its 
fundamental role. Yet, many in vitro and cell culture studies suggest that the protein 
participates also in dynamic processes such as cytoskeletal turnover at leading edges 
of membrane ruffles and processes, phosphoinositide sequestration, Fyn-SH3- 
mediated signalling pathways during myelin formation and restructuring, and regu-
lation of voltage-operated calcium channels (reviewed in (Boggs 2008a; Harauz 
et  al. 2009; Harauz and Boggs 2013; Vassall et  al. 2015a)). The late Dr. Mario 
Moscarello considered MBP to be the “executive” molecule of the myelin sheath 
(Moscarello 1997; Schachter et al. 2014), having long before expounded that its loss 
of function was pivotal in demyelination in MS (Wood et al. 1975). We have referred 
to MBP tongue-in-cheek as a “MyelStone” by the analogy that it organizes the CNS 
myelin membrane much like the basic histone proteins organize nuclear chromatin 
(Vassall et al. 2015a; Wenderski and Maze 2016).

There are two salient points to note about the 18.5-kDa MBP variant, which will 
henceforth be referred to simply as “MBP”. First, it is structurally polymorphic, 
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being an exemplary intrinsically disordered protein (IDP) (Boggs 2008a; Harauz 
et al. 2009, 2013; Harauz and Libich 2009; Vassall et al. 2015a). For most of the 
twentieth century, we have thought of all proteins as having a “function” defined by 
their three-dimensional “structure” which arises directly from their amino acid 
sequence. This conceptual framework works well for enzymes and other proteins 
whose arrangements have been determined primarily by X-ray crystallography. 
Since the start of the twenty-first century, we have come to realize that roughly a 
third of the eukaryotic proteome does not have such a rigid structure-function 

Fig. 19.2 The gene in the oligodendrocyte lineage (Golli) and classic MBP isoforms. (a) The gene 
in the oligodendrocyte lineage (Golli) consists of 11 exons in both the human and mouse species 
(Campagnoni et al. 1993; Pribyl et al. 1993; Campagnoni and Campagnoni 2008) with three tran-
scription start sites (TSS) and many developmentally regulated splice isoforms. The early develop-
mental Golli proteins arise from TSS1. The so-called “classic” isoforms arise primarily from TSS3 
and are denoted by Roman numerals. (b) The full-length 21.5-kDa classic MBP has a nontradi-
tional nuclear localization signal within its exon-II-encoded segment and will not be considered 
further here (Smith et al. 2012c, 2013). The 18.5-kDa classic MBP predominates in adult human 
and bovine brain, and in the developing mouse brain, and is synthesized at the outer membrane 
(Muller et al. 2013). In adult rodents, though, the 14-kDa isoform becomes predominant in com-
pact myelin (it arises from TSS2 and some unusual splicing events) (Rasband and Macklin 2012). 
Here, we consider mainly the 18.5-kDa isoform that we shall refer to simply as “MBP”. The shiv-
erer mouse is missing most of its classic MBP and is unable to form tightly compacted myelin. 
This figure has been adapted and redrawn from previously published versions (Harauz et al. 2004, 
2013; Harauz and Libich 2009; Harauz and Boggs 2013)
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relationship and should be considered as a new class of biological macromolecule, 
i.e. the IDPs (Uversky et al. 2000; Tompa and Fersht 2015; Tompa et al. 2015). Such 
proteins have a variety of binding partners, can undergo induced local disorder-to- 
order transitions (e.g. coupled folding and binding), and often act as hubs in signal-
ling and/or structural networks. A recent review entitled “The Dark Matter of 
Biology” encapsulates many of the properties of IDPs in general and of MBP in 
particular: diverse post-translational states with diverse (rare, transient, and weak) 
interactions (Ross 2016). Another appropriately whimsical view of MBP is that it 
constitutes the “dark matter of CNS white matter”.

Second, MBP is extremely basic because of its large proportion of arginyl and 
lysyl residues, and every splice isoform is further diversified by extensive and com-
binatorial post-translational modifications (PTMs) (Kim et al. 2003; Zhang et al. 
2012a). This extra degree of variability in MBP was already realized in 1969 only a 
few years after the protein’s first isolation (Martenson and Gaitonde 1969a, b). The 
most notable PTMs, which result in the reduction of MBP’s high net positive charge, 
are reversible phosphorylation of seryl and threonyl residues and irreversible deimi-
nation of positively charged arginine to neutral citrulline (Fig. 19.3). For the latter, 
we also use “citrullination” synonymously. Many of these modification sites are 
clustered in the most intrinsically disordered segments of the protein, particularly 
the N- and C-termini (Harauz and Libich 2009; Libich et al. 2010; Harauz et al. 
2013; Harauz and Boggs 2013). The pattern of PTMs changes during myelin devel-
opment and becomes aberrant in MS, particularly by hyper-deimination (Moscarello 
et al. 1994; Kim et al. 2003; Musse et al. 2008b). The structure-function repertoire 
of MBP is thus modulated by its PTMs, a feature common with most IDPs (Bah and 
Forman-Kay 2016). Specifically, charge reduction both locally and globally affects 
the conformational properties of IDPs significantly (Marsh and Forman-Kay 2010; 
Mao et al. 2010, 2013).

19.1.3  Whence and Whither MBP Deimination

As discussed in detail elsewhere in the first and in this second volume on Deimination 
in Human Health and Disease, protein deimination is an irreversible post- 
translational modification of positively charged peptidylarginine to uncharged 
peptidyl- citrulline (Cit). The modification is catalysed by Ca2+-dependent enzymes 
called peptidylarginine deiminases (PAD or PADI, EC 3.5.3.15), of which five iso-
forms (PAD1, PAD2, PAD3, PAD4/PAD5, and PAD6) are known in mammals 
(Vossenaar et al. 2003; Bicker and Thompson 2013; Gudmann et al. 2015; Tu et al. 
2016). The PAD2 isotype encoded by the Padi2 gene has the broadest tissue distri-
bution—it is the most abundant one found in the brain and glial cells, including 
oligodendrocytes, and is the one that deiminates MBP (Lamensa and Moscarello 
1993; Pritzker et al. 1999; Raijmakers et al. 2006; van Beers et al. 2013). The PAD4 
isozyme has also been demonstrated to be active in the brain and deiminates MBP 
in PAD2-knockout mice (Mastronardi et al. 2006; Wood et al. 2008). In this chapter, 
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we discuss the effects of deimination of MBP on its properties both in vitro and in 
myelin. The presence in myelin of the non-coded amino acid citrulline was first 
discovered over 45 years ago in the laboratory of Dr. Moscarello (Finch et al. 1971). 
The paper concluded with the statement: “Whether or not the presence of citrulline 
in a membrane protein has any functional significance remains to be determined”. 
Now, over 45 years later, we are still wrestling with the details, although we accept 
the pivotal significance of this PTM.

The diverse effects of deimination of MBP on its conformation and interactions 
were reviewed in detail almost a decade ago (Harauz and Musse 2007; Zand 2008; 
Boggs et al. 2008; Mastronardi and Moscarello 2008; Boggs 2008b), concurrently 
with appraisals of its involvement in MS pathogenesis (Moscarello et  al. 2002b, 
2007; Mastronardi and Moscarello 2008). Subsequently, new studies have focussed 
on understanding the extent of citrullination in MS and on the search for inhibitors 
of deimination as potential therapeutic measures (Wood et al. 2008; Musse et al. 
2008b, c; Moscarello et  al. 2013; Wei et  al. 2013; Bello et  al. 2013; Moscarello 
2014; Bradford et al. 2014b; Tu et al. 2016). Many of these later investigations were 
reviewed comprehensively in several chapters of the first volume of this series on 
protein deimination and some elsewhere (Nicholas and Bhattacharya 2014; 
Moscarello 2014; Nicholas et al. 2014; Bradford et al. 2014a; Yang et al. 2016).

Here, this foundation of literature provides the context into which to integrate 
recent biochemical and biophysical studies on the effects of deimination on MBP 
conformation and interactions (Ahmed et al. 2010; Bamm et al. 2010; Homchaudhuri 
et al. 2010; Smith et al. 2010, 2011, 2012b; Suresh et al. 2010; Boggs et al. 2011; 
Wang et al. 2011; Vassall et al. 2015a, 2016). It is becoming appreciated that bio-
physical considerations need to be integrated into models of myelination and remy-
elination (Ozgen et al. 2014, 2016; Chang et al. 2016; Micu et al. 2016). The aim 
here is to bring an additional reductionist and mechanistic viewpoint into the discus-
sion of MS, as is being done for amyloidogenic disorders such as Alzheimer’s and 
Parkinson’s diseases where one can find several thousand biochemical and biophys-
ical papers on prions, amyloid-β peptides, α-synuclein, or the microtubule- associated 
protein tau (e.g. Mor et al. (2016) and Šimic et al. (2016)).

19.2  Charge Components of MBP in Healthy and Diseased 
Myelin

19.2.1  Fractionation of White Matter MBP into Charged 
Components: The Deiminated Fraction or “C8 
Component”

Myelin basic protein can be extracted from brain or spinal cord white matter 
(myelin) by de-lipidation with organic solvents, acid solubilization, and ethanol 
precipitation. This preparation can be resuspended and further fractionated on a 
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cation-exchange column at alkaline pH (or by urea-alkaline tube gel electrophore-
sis), yielding a number of elution peaks containing charge components that are 
denoted as C1, C2, C3, C4, C5, and sometimes C6 (Chou et al. 1976; Cheifetz et al. 
1984; Cheifetz and Moscarello 1985; Moscarello et al. 1986; Wood and Moscarello 
1989; Wood et al. 1996; Wood and Moscarello 1997; Kim et al. 2003). These com-
ponents have been referred to as “charge isomers”, although the word “isomers” is 
too easily confused with “isoforms” and is not preferred.

The C1 component is the most highly positively charged, being modified only by 
N-terminal acylation; additionally, there may be single or double symmetric meth-
ylation of a highly conserved central arginyl residue, hR107  in the human 
170- residue protein (murine mR104, bovine bR106; Fig. 19.3) (Moscarello et al. 
1992; Wood and Moscarello 1997; Pritzker et al. 2000b). Successive components 
C2–C5 or C6 are reduced by a single unit of positive charge, due to a succession of 
PTMs. These modifications at different sites are primarily the aforementioned phos-
phorylation by diverse kinases, and deimination by PAD2, but also could include 
methylation, deamidation, glucosylation, and ADP-ribosylation (Wood and 
Moscarello 1997; Kim et al. 2003; Majava et al. 2010; Zhang et al. 2012a; Friedrich 
et al. 2016). There is no C7 component, and the unbound, flow-through fraction 
from the cation-exchange column was originally denoted simply as the C8 compo-
nent. This experimental fraction contains many proteins, not just MBP, and the latter 
population displays a mixture of assorted PTMs. The MBP from the flow-through 
fraction needs to be purified further by high-performance liquid chromatography 
(HPLC) for detailed compositional analyses (Wood and Moscarello 1989; Pritzker 
et al. 2000a, b).

19.2.2  Changing Proportions of Citrullinated MBP 
in the Developing and MS-Afflicted Brain

Whereas the 18.5-kDa MBP population isolated from the normal adult human brain 
is mainly MBP-C1 and roughly 20% MBP-C8, the MBP in early childhood 
(<5  years) human brain consists almost entirely of MBP-C8 (Moscarello et  al. 
1994). These quantifications were achieved from the ratios of MBP-C8 to MBP-C1 
elution peaks on cation-exchange columns, with some caveats to be mentioned 
below. The proportion of MBP-C1 increases and that of MBP-C8 gradually 
decreases during adolescence, concomitant with the timeline of full CNS myelin 
development over the first two decades of life (Miller et  al. 2012). Throughout 
adulthood, myelin undergoes continuous transformation and plasticity (Young et al. 
2013; Wang and Young 2014), but the MBP-C1/MBP-C8 ratios remain constant in 
the healthy brain until the seventh or so decade of life (Moscarello et al. 1994). With 
increasing age, both the activity of PAD2 and the amount of deiminated MBP (along 
with other proteins) also increase (Ishigami and Maruyama 2010; Shimada et al. 
2010; Bradford et al. 2014a, b; Friedrich et al. 2016). The point to keep in mind is 
that the MBP-C8 chromatographic fraction extracted from human or rodent brain is 
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still a heterogeneous population of this protein species and a fully inherent part of 
healthy developing and adult CNS myelin.

In MS, however, it was recognized that the severity of the disease correlates with 
the degree of deimination of MBP: there is roughly 20% MBP-C8 in un-afflicted 
brain; 35–45% MBP-C8 in most MS cases, meaning the most common relapsing- 
remitting pattern; and rising to 90% in an acute case of Marburg MS (Moscarello 
et al. 1994; Wood et al. 1996). The MBP-C8 from normal human brain has roughly 
six arginyl residues that are deiminated (Fig.  19.3 and Sect. 19.3.1) (Wood and 
Moscarello 1989). In our work, we have always assumed that these same sites 
would be the predominant ones modified in MBP-C8 from MS-afflicted tissue, 
although it can be expected that more arginyl residues are deiminated as the disease 
progresses in any one individual (Sect. 19.3.3). In the fulminating Marburg’s variant 
of MS, the proportion of MBP-C8 component was the same as in early childhood, 
and 18 of the 19 arginyl residues in this human 18.5-kDa protein were deiminated 
(ascertained by amino acid analysis), leading to the thesis that the protein’s PTM 
pattern is reverting to that found in an early developmental state (Wood et al. 1996).

Recognizing the substantial and deleterious impact of hyper-deimination of 
MBP, Dr. Moscarello posited early on that “unstable myelin structure due to altered 
lipid or protein composition may result in demyelinating diseases, such as multiple 
sclerosis” (Boggs and Moscarello 1978) and that “a primary defect in myelin basic 
protein is responsible for the initial changes in myelin in MS, and precedes the 
autoimmune response” (Wood and Moscarello 1997). Indeed, MBP deimination has 
been shown to precede the actual loss of myelin (Bradford et al. 2014a, b). Like 
rheumatoid arthritis (Suzuki et al. 2007; Hensvold et al. 2014; van Beers and Pruijn 
2014; de Smit et  al. 2014; Makrygiannakis 2014; Spengler and Scheel-Toellner 
2014), MS could be considered in part a “post-translational disease”, because this 
modification of MBP could explain many aspects of disease pathogenesis. This idea 
can be considered further by analogy of MBP’s physicochemical properties with 
those of other IDPs such as α-synuclein and the microtubule-associated protein tau 
that are implicated in other neurodegenerative disorders (Uversky 2014, 2015; 
Zienowicz et al. 2015). To understand how MBP deimination drives demyelination, 
we first discuss the fundamental ways by which MBP contributes to myelin archi-
tecture at the molecular level.

19.3  Molecular Aspects of MBP Deimination

19.3.1  The Arginyl Residues in 18.5-kDa MBP Can (Almost) 
All Be Deiminated

By amino acid analysis of the 170-residue human 18.5-kDa MBP isoform 
extracted from normal brain (cation-exchange chromatography followed by 
HPLC (high- performance liquid chromatography)), Wood and Moscarello 
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defined primarily six arginyl residues that were citrullinated: hR25, hR31, hR122, 
hR130, hR159, and hR170 (Fig. 19.3) (Wood and Moscarello 1989). In subse-
quent reviews, residue hR33 instead of hR31 was reported to be one these six 
primary citrullination sites and is the one denoted in Fig.  19.3 (Wood and 
Moscarello 1997; Moscarello 1997, 2014). In an extreme case, 18 of the 19 argi-
nyl residues of human 18.5-kDa MBP were deiminated in protein isolated from 
the brain of a patient who died of the fulminating Marburg’s variant of MS, ascer-
tained by amino acid analysis and quantitation of citrulline (Wood et al. 1996). 
These naturally deiminated forms of human MBP have been referred to specifi-
cally as hMBP-Cit6 (“C8”) and hMBP-Cit18 (“MC8”), respectively, in our earlier 
studies (Beniac et al. 1999, 2000). Here, the “C8” designation has now changed 
to refer to particular MBP forms per se, not just the heterogeneous flow-through 
fraction of cation-exchange chromatography. Later mass spectrometric analyses 
of natural human MBP charge components showed partial deimination at multi-
ple sites throughout the protein sequence (Kim et al. 2003). A newer report con-
firms this observation and is discussed separately in the Appendix (Friedrich 
et al. 2016).

Although it appears that, in principle, any free arginyl residue could be found and 
thus modified in MBP-C8 extracted from the brain, some in vitro experiments show 
that the protein’s environment is important because it affects its local or overall 
conformation and thus the accessibility of PAD target sites. The in vitro deimination 
of bovine brain bMBP-C1 component, using purified natural PAD2, yielded prod-
ucts that were then referred to as “bMBP-Citn” with “n” being the average number 
of citrulline residues per mole of MBP, but that were otherwise heterogeneous (in 
terms of precisely which arginyl residues were modified) (Lamensa and Moscarello 
1993; Pritzker et  al. 2000a, b). The methylation of hR107 (human 18.5-kDa 
sequence numbering, corresponding to bovine bR106 and murine hR104, Fig. 19.3) 
protected it from enzymatic citrullination, a type of antagonistic crosstalk (Pritzker 
et al. 2000b; Raijmakers et al. 2007; Fuhrmann et al. 2015; Fuhrmann and Thompson 
2016).

A more exhaustive analysis using recombinant PAD2 (Raijmakers et al. 2005) 
to deiminate human component hMBP-C1 in vitro showed that all arginyl residues 
except for hR54 (human 18.5-kDa sequence numbering, murine mR52, Fig. 19.3) 
were accessible to the enzyme under aqueous conditions (Wood et al. 2008). Yet 
this residue is partially deiminated in human brain MBP as shown by mass spec-
trometry, but can also be ADP-ribosylated (Kim et  al. 2003). A later study of 
bovine 18.5- kDa MBP identified five sites found to be endogenously deiminated 
in vivo (bR41, bR47, bR63, bR96, bR129) and more sites that could be deiminated 
by PAD2 in  vitro (bR23, bR29, bR31, bR41, bR47, bR52, bR63, bR78, bR96, 
bR106, bR112, bR129, bR158, bR161, bR168, br169) (Jin et al. 2013). Thus, it 
appears that almost all arginyl residues in 18.5-kDa MBP can be converted to 
citrulline, but there is a hierarchy of modification and crosstalk with other PTMs. 
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This putative crosstalk may represent conformational (steric) effects that are 
also  dependent on whether the protein is free or membrane associated, i.e. its 
environment.

19.3.2  Pseudo-deimination by Site-Directed Mutagenesis 
Mimics Natural Deimination, but the C8-Moniker 
Remains

Biochemical and biophysical studies such as fluorescence and magnetic resonance 
spectroscopy require well-defined and reproducible protein preparations. Our group 
has relied heavily on recombinant variants of the 168-residue murine 18.5-kDa 
MBP isoform, starting with the basic form that we now generally call “rmC1” 
because it is recombinant, murine, and unmodified by the bacterial host used to 
produce it (Bates et al. 2000). The in vitro deimination of rmC1 by purified PAD2 
has also yielded heterogeneous populations that were then referred to as “rmMBP- 
Citn” (Ishiyama et al. 2001).

To ensure homogeneity and reproducibility of our recombinant protein prepara-
tions in studying this PTM, we generated a quasi- or pseudo-deiminated variant 
formed by Arg/Lys →  Gln substitutions: mR23Q, mR31Q, mK119Q, mR127Q, 
mR157Q, and mR168Q (Bates et al. 2002; Musse et al. 2006). Note now the murine 
18.5-kDa sequence numbering—sequences are compared explicitly in Fig. 19.3 and 
in our recent review (Harauz and Boggs 2013). Moreover, we do not mean that lysyl 
residues are deiminated, since the hR122 in human MBP is replaced conservatively 
by bK121 and mK119 in the bovine and murine proteins, respectively. Like enzy-
matic deimination, each pseudo-deimination reduces the net positive charge of the 
protein by 1 unit. For the recombinant murine (“rm”) components, rmC1 has a net 
charge of +19 at neutral pH compared to +13 for rmC8. These latter constructs have 
a C-terminal LEH6-tag to facilitate purification by nickel affinity chromatography 
(Bates et al. 2000, 2002). We have recently removed this tag to yield new “untagged” 
preparations called UTC1 and UTC8 more suited for quantitative spectroscopic 
studies on the protein’s conformational transitions and interactions, particularly 
with divalent cations (Smith et al. 2010; Baran et al. 2010; Zienowicz et al. 2015; 
Vassall et al. 2015b, 2016). These variants have net positive charges of +20 and +14, 
respectively, at neutral pH.

Over the course of time, then, the “C8 component” designation has come in the 
literature to represent either purified naturally deiminated or recombinant pseudo- 
deiminated MBP per se, primarily for convenience in distinguishing “normal, 
healthy C1” and “MS disease-associated C8” (Bates et  al. 2003; D’Souza et  al. 
2005; D’Souza and Moscarello 2006; Musse et al. 2006; Homchaudhuri et al. 2010; 
Ahmed et al. 2010; Suresh et al. 2010; Boggs et al. 2011; Wang et al. 2011; Vassall 
et al. 2015b, 2016).
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19.3.3  Various Methods to Assess the Degree of Brain MBP 
Deimination

It should be noted again, though, that the nomenclature over the last few decades 
has not been consistent even when discussing natural protein preparations isolated 
from brain and that various C1 versus C8 comparisons in different papers have been 
based on ratios of peaks derived from (1) cation-exchange columns (Moscarello 
et  al. 1994; Wood et  al. 1996), (2) alkaline-urea slab or tube gel electrophoresis 
(Palma et al. 1997), or (3) HPLC (Wood and Moscarello 1989; Cao et al. 1999; 
Wood et al. 2008).

Immunolocalization studies of MBP-C8 have relied on antibodies raised against 
tetra-citrulline peptides (McLaurin et al. 1993; Moscarello et al. 1994; Wood et al. 
1996) or against deca-citrulline peptides (Nicholas and Whitaker 2002), the latter 
known as the F95 antibody (Nicholas et al. 2014; Bradford et al. 2014a, b). Both 
antibodies have been shown to detect deiminated MBP by ELISA (enzyme-linked 
immunosorbent assay), but can also detect other deiminated proteins in Western 
blots or tissue sections. Of note is the demonstration that high levels of citrullinated 
MBP can be detected immunohistochemically in areas of ongoing demyelination in 
human brain (Bradford et al. 2014b).

Although the 18.5-kDa MBP isoform has been the most studied, the smaller 
14-kDa isoform is also a major component of rodent CNS myelin and confounds 
quantification of PTMs by ratios of chromatographic elution peaks because the two 
protein populations are mixed in most brain extracts from experimental animals. 
Nevertheless, it has been concluded that both splice variants are similarly post- 
translationally modified, including an increase in proportion of less-cationic com-
ponents in an animal model exhibiting spontaneous demyelination, called the ND4 
mouse line (Mastronardi et al. 1996a, b; Palma et al. 1997). Referring to Fig. 19.3, 
it is interesting that the 41 amino acids encoded by exon-10 of Golli and that are 
missing in 14-kDa MBP compared to 18.5-kDa MBP contain only one arginyl resi-
due that could be deiminated (mR127). Thus, it could be expected that 14-kDa MBP 
would be as likely to contain citrulline as the 18.5-kDa splice variant.

We do not know to what extent any of the early developmental Golli proteins are 
deiminated. Studies of ageing and MS brain tissues by Western blotting and immu-
nolocalization using the anti-deca-citrulline F95 antibody show a generalized 
increase in relative amounts of deiminated proteins in general, and glial fibrillary 
acidic protein (GFAP) has specifically been identified as being thus modified 
(Nicholas et al. 2004, 2005, 2014; Ishigami et al. 2005; Bradford et al. 2014a, b). 
We mention in passing the full-length classic 21.5-kDa MBP isoform, which has a 
nuclear localization signal, yet unknown interaction partners in the nucleus and yet 
unknown PTM modification patterns (Smith et al. 2012c, 2013; Harauz and Boggs 
2013). A top-down proteomic analysis has shown that deimination of classic 14- 
and 18.5-kDa MBP isoforms occurs in species as divergent as rattlesnake and cattle 
(Zhang et al. 2012a). It is thus conceivable that the early developmental Golli and 
other classic MBP isoforms (like 21.5-kDa and 14-kDa) are also deiminated to 
some extent, but this information is still lacking.
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19.3.4  The “Executive” Molecule Has Protein-Protein 
Interactions Throughout Myelin

In the compacted, multilayered internode regions of CNS myelin, MBP adheres the 
cytoplasmic leaflets of the oligodendrocyte membrane to each other to form the 
major dense line observed in transmission electron micrographs of thinly sectioned 
tissue (Fig. 19.1) (Trapp and Kidd 2004; Inouye and Kirschner 2015). This line is 
only about 3 nm thick, and the protein forms a two-dimensional “molecular sieve” 
that restricts diffusion of some membrane proteins from paranodal loops into com-
pact myelin (Aggarwal et al. 2011; Kattnig et al. 2012; Bakhti et al. 2014). It is thus 
hard to envisage how protein-modifying enzymes can access membrane- associated 
MBP to generate the dynamic molecular barcode or even how it can act as a hub in 
protein-protein networks. The key is first that developing myelin is relatively open 
and second that mature myelin also has many noncompacted domains. Thus, there 
are many other places in myelin where MBP could still be accessible to protein-
modifying enzymes, such as in paranodal loops, outer loops, or around inner cyto-
plasmic channels that run through the structure (Fig. 19.1) (Velumian et al. 2011; 
Snaidero et al. 2014; Tomassy et al. 2014; Rinholm et al. 2016; Velte 2016). These 
regions are the commuter routes and suburbs of the myelin sheath, so to speak.

The mRNA for 18.5-kDa MBP has a 3′ untranslated region that directs it to the 
distal cell processes where the protein is synthesized and then quickly adsorbs to 
single leaflets of the oligodendrocyte membrane (Muller et al. 2013). The protein 
attaches primarily by strong electrostatic interactions and specifically via three 
amphipathic α-helical membrane-anchoring motifs (Fig. 19.4) (Harauz et al. 2009; 
Vassall et  al. 2015a). Here in this environment, before getting sandwiched by 
another membrane leaflet, the protein could potentially interact with cytoskeletal 
proteins such as actin and tubulin, signalling proteins such as Fyn-SH3, voltage- 
operated calcium channels, and calcium-activated calmodulin. All of these protein- 
protein associations have been studied in vitro, and co-localization with cytoskeletal 
and SH3-domain-containing proteins has been demonstrated in membrane ruffles of 
immortalized oligodendroglial cells in culture (Smith et al. 2011, 2012a, b; De Avila 
et al. 2014). Presumably, the protein could now be modified by kinases, for exam-
ple, as it would still be exposed to the cytosol when just adsorbed to a single mem-
brane leaflet.

Eventually though, the charge neutralization of the protein by adsorption to the 
phospholipid bilayer would facilitate condensation of two membrane leaflets to 
form a major dense line only about 3 nm thick (Trapp and Kidd 2004; Min et al. 
2009; Aggarwal et al. 2013; Lee et al. 2014, 2015; Ozgen et al. 2014; Snaidero and 
Simons 2014; Snaidero et al. 2014). We are still developing molecular models of 
how MBP can adsorb to the membrane, self-assemble with itself and with proteo-
lipid protein, and paste two membrane leaflets together to form compact myelin, 
and many details remain unknown (Fig. 19.4) (Ahmed et al. 2010; Kattnig et al. 
2012; Vassall et al. 2015a, 2016). The point here, though, is that MBP experiences 
different environments during myelinogenesis and even within fully formed, mature 
myelin, which is by no means a static entity.
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19.3.5  When and Where in CNS Myelin Does MBP Get 
Deiminated?

We do not know exactly when, or where, or why MBP is deiminated in differentiat-
ing oligodendrocytes and in mature myelin. Myelin proteomic analyses are over-
whelmed by the sheer overall quantities of MBP and proteolipid protein (Werner 
and Jahn 2010; de Monasterio-Schrader et al. 2012; Panfoli et al. 2014), and sub-
populations of citrullinated MBP would be difficult enough to detect by mass spec-
trometry because the mass change is only 1 Da (Hensen and Pruijn 2014; Clancy 
et al. 2016). Spatial mapping of myelin by emerging techniques of mass spectro-
metric imaging (Hanrieder et al. 2015; Lahiri et al. 2016) would particularly face 
this problem. At present, it perhaps would be the most insightful to combine 
approaches such as (1) immunohistochemistry of thinly sectioned myelin tissue 
using F95 (or even new anti-MBP-Citn antibodies yet to be created), (2) subcellular 

Fig. 19.4 Models of adhesion of inner oligodendrocyte leaflets by 18.5-kDa MBP. We envisage 
that MBP adopts a minimal hairpin conformation which would allow different α-helical segments 
to interact simultaneously with apposing membrane leaflets, possibly with an unspecific global 
topology. A hairpin-like structure could also allow any one of the α-helices to detach from the 
membrane and interact with other partners, whilst the other two α-helices remain tethered to 
apposing membrane bilayers. The α2-helix is an immunodominant epitope and is part of a putative 
molecular switch that contains an SH3 ligand (Bates et al. 2004; Musse et al. 2006; Vassall et al. 
2013; De Avila et al. 2014). The C-terminal domain containing the α3-helix “moonlights” as a 
target for calcium-activated calmodulin (Libich et al. 2003; Majava et al. 2008; Libich and Harauz 
2008a; Homchaudhuri et al. 2010; Majava et al. 2010; Bamm et al. 2011; Wang et al. 2011; Vassall 
et al. 2016). The N-terminal domain containing the α1-helix is sufficient to polymerize actin and 
tubulin in vitro and is a secondary target for calcium-activated calmodulin (Bamm et al. 2010, 
2011; Zienowicz et  al. 2015). Such protein-protein interactions would presumably happen in 
places where myelin is not fully condensed, e.g. at paranodal loops or in oligodendrocyte mem-
brane processes before compaction has occurred. For the 14-kDa isoform that lacks the α3-helix, 
the α1- and α2-helices suffice for the protein to compact myelin membranes. This isoform pre-
dominates in adult rodent myelin. The shiverer mouse MBP would only have the α1-helix (see 
Fig. 19.2). Deimination (at the six primary sites distributed across the 18.5-kDa protein sequence, 
Fig. 19.3) affects the disposition of the central α2-helix of MBP, representing an immunodominant 
epitope in MS, rising closer to the membrane surface and being less tilted (Musse et al. 2006; 
Musse and Harauz 2007; Ahmed et al. 2010). This figure is adapted with permission from refer-
ence (Vassall et al. 2015a)
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fractionation of myelin into microdomains by differential detergent extractions 
prior to proteomics (Gielen et al. 2006; DeBruin and Harauz 2007; Sonnino et al. 
2015; Aureli et al. 2015), (3) indirect mass spectrometric detection by fragmenta-
tion of citrullinated peptides in brain extracts (Jin et al. 2013), or (4) detection of 
general PAD activity (Hensen and Pruijn 2014). However, such “-omics” studies are 
exceptionally tedious, time-consuming, and expensive. Despite this current uncer-
tainty, it remains that MBP citrullination occurs to a significant extent in both the 
healthy developing and in the adult CNS (Kim et al. 2003; Friedrich et al. 2016).

We have hypothesized that the specific pattern of PTMs of MBP reflects its local-
ization in distinct membrane microdomains in healthy myelin and that citrullinated 
MBP may be involved in regular myelin remodelling in the normal adult (DeBruin 
et al. 2005, 2006; DeBruin and Harauz 2007; Harauz and Musse 2007). This idea is 
consistent with the ongoing realization that CNS myelin is plastic and dynamic in 
the healthy adult (Miller et al. 2012; Young et al. 2013; Snaidero et al. 2014; Tomassy 
et al. 2014; de Hoz and Simons 2015; Silbereis et al. 2016). In developing CNS 
myelin, the high degree of MBP deimination probably facilitates developmental 
plasticity (Wang and Young 2014; Pajevic et al. 2014). (The deimination of linker 
histones, analogously, decondenses chromatin (Christophorou et al. 2014).) In adult 
CNS myelin, the degree of MBP deimination must be in equilibrium with other 
PTMs (DeBruin and Harauz 2007; Harauz and Musse 2007). Although the foremost 
populations of MBP are stable and long-lived (Toyama et al. 2013; Friedrich et al. 
2016), MBP half-lives of a few weeks have been reported (Sabri et al. 1974; Quarles 
et al. 2006). The hierarchy, interplay, and crosstalk of deimination, phosphorylation, 
methylation, and racemization affect not only the protein conformation and degree 
of membrane adhesion on and between oligodendrocyte membranes in compact 
myelin but also MBP’s interactions with cytoskeletal and signalling proteins in vitro 
and in cultured cells (Harauz and Musse 2007; Homchaudhuri et al. 2010; Smith 
et  al. 2010; Boggs et  al. 2011; Vassall et  al. 2013, 2016; Friedrich et  al. 2016). 
Again, MBP appears to organize CNS myelin in much the same way that basic his-
tones organize chromatin (Vassall et al. 2015a; Wenderski and Maze 2016).

Specifically, the PAD2 isotype (the one that deiminates MBP) has been observed 
by immunoelectron microscopy to be found at myelin peri-axonal structures (Wood 
et  al. 2008), consistent with this notion. Presumably, other protein-modifying 
enzymes such as kinases could also modify MBP here, e.g. the phosphorylation of 
murine mT95 (human hT98, bovine bT97) within the segment mT92-mP93-mR94- 
mT95-mP96 (a putative SH3 ligand and part of a putative molecular switch; 
Figs. 19.3 and 19.4) by mitogen-activated protein kinases (MAP kinases) is regu-
lated by action potential generation in axons (Murray and Steck 1984; Atkins et al. 
1997; Atkins et al. 1999). Indeed, the recent demonstrations of cytoplasmic diffusion 
and even of mitochondrial movement within myelin, although slow, demonstrates 
that the structure is not an unassailable fortress and that where there is a cellular will, 
there is a cytoplasmic way for these enzymes to go to work (Velumian et al. 2011; 
Snaidero et al. 2014; Tomassy et al. 2014; Rinholm et al. 2016; Velte 2016).

Even wherever and whenever PAD2 can gain access to MBP, the enzyme is activated 
by calcium levels that are 100-fold higher than normal intracellular concentrations, 
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which must be as tightly regulated in developing and mature oligodendrocyte cell bod-
ies as in other cells. Indeed, classic MBP isoforms serve to inhibit voltage- operated 
calcium channels (VOCCs) in cultured and primary oligodendrocytes in cell culture 
(Smith et al. 2011). Interestingly, pseudo-deimination of the 18.5-kDa MBP did not 
have as strong a diminutive effect as the unmodified form, indicating that membrane 
association of this MBP isoform was essential per se and that the strength of attachment 
to the lipid bilayer was also important. These observations with the classic MBP iso-
forms stand in contrast to the early developmental Golli proteins that enhance VOCC 
activity (Paez et al. 2009a, b, c; Fulton et al. 2010b).

We have not further investigated the mechanism of VOCC inhibition by classic 
MBP, but surmise that it may involve competition of binding with the β2E subunit 
of the channel with anionic phospholipids, including phosphoinositides (Kim et al. 
2015a, b; Kim and Suh 2016). The overall calcium concentrations in the intracel-
lular compartments of mature myelin might differ from those of normal cells, but 
still must be controlled. In particular, calcium spikes must be highly localized in 
healthy oligodendrocytes. Indeed, it has recently been demonstrated that axonal 
action potentials can transiently raise Ca2+ levels in myelin via N-methyl-D-aspartate 
receptors (NMDARs) (Micu et al. 2006, 2016). Such influxes of intracellular Ca2+ 
from the peri-axonal space must generally be temporary and highly localized and 
might be part of a signalling process during myelination (Friess et al. 2016).

So how does an imbalance of intracellular calcium levels arise in the first place? 
In any one individual, there might be many independent and minor traumatic factors 
that, over a prolonged period, precipitate local cytodegenerative events that must 
include an abnormal and prolonged myelinic Ca2+-influx (through either VOCCs or 
NMDARs), which then activates the PAD enzymes (Stirling and Stys 2010; Ferretti 
et al. 2014; Lazarus et al. 2015; Tu et al. 2016). The incipient molecular events may 
include oxidative damage to myelin components due to reactive molecules such as 
extracellular haemoglobin (Bamm and Harauz 2014), “myelin mis-structuring” or 
“micro-amyloidogenesis” during development (Harauz and Boggs 2013; Vassall 
et al. 2015a), or “abnormal regulation of the fine nanostructure of myelin” (Micu 
et al. 2016). Proton-gated Ca2+-channels such as the TRP (transient receptor poten-
tial) family can allow Ca2+ entry into the cell under ischaemic conditions and occa-
sionally even spontaneously (Hamilton et  al. 2016; Saab and Nave 2016). 
Oligodendrocyte apoptosis then becomes a seed for myelin destruction and lesion 
formation (Lucchinetti et  al. 2000; Barnett and Prineas 2004; Lassmann 2004; 
Lassmann and van Horssen 2011; Moscarello et al. 2013; Lassmann 2014). Such 
scenarios have been presented more recently as an “inside-out” idea of MS pathogen-
esis (Stys et al. 2012; Stys 2013; Micu et al. 2016; Weil et al. 2016; Traka et al. 2016).

We might never be able to predict that the disease will arise in any individual, but 
here we can propose a mechanistic explanation of how demyelination can propagate 
when the normal levels of MBP deimination become disturbed. In order to link Dr. 
Moscarello’s “primary defect in MBP” to myelin destruction, we now change tack 
to discuss events first from a structural protein-centric perspective and then from a 
cell biological stance.
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19.4  Effects of MBP Deimination on Intra- 
and Intermolecular Associations

19.4.1  Deimination of MBP Affects Its Intrinsic “Unstructure”

The eukaryotic proteome comprises roughly a third of proteins whose conforma-
tions are in whole, or in significant part, “intrinsically unstructured or disordered”. 
The now-accepted term is “intrinsically disordered proteins” (IDPs) (e.g. (van der 
Lee et al. 2014; Yan et al. 2016; Uversky 2016)). These IDPs have dynamic confor-
mations and associations, being highly post-translationally modified, promiscuous 
(weak and transient interactions with diverse surfaces, protein partners, and small- 
molecule ligands, not always simultaneously), and multifunctional (Tompa and 
Fersht 2015; Tompa et al. 2015; Bah and Forman-Kay 2016; Ross 2016). Different 
interaction partners might interact at different times with the same target segment of 
an IDP, a phenomenon called “moonlighting”. These targets are referred to as 
molecular recognition fragments (MoRF) and potentially undergo disorder-to-order 
transitions upon binding.

A seminal paper by Uversky and colleagues identified MBP as an IDP on the 
basis of its charge-hydrophobicity profile (Uversky et al. 2000; see also Hill et al. 
2002; Harauz et al. 2004). The “structure” of MBP has thus been probed in this light 
in a variety of environments, aqueous, membrane mimetic, and membrane associ-
ated, and in complex with numerous other proteins: to define local and global 
disorder- to-order transitions and interaction motifs (Harauz et al. 2004; Zhong et al. 
2007; Libich and Harauz 2008a, b; Ahmed et al. 2009; Libich et al. 2010; Ahmed 
et al. 2010; Wang et al. 2011; Vassall et al. 2013, 2015b, 2016; De Avila et al. 2014; 
Zienowicz et al. 2015). This effort has solidified MBP as being a “poster protein” 
for this class (Harauz et  al. 2009, 2013; Harauz and Libich 2009; Vassall et  al. 
2015a). To understand myelin architecture in health and disease, we must think of 
MBP in this conceptual framework, especially examining how its myriad PTMs 
affect its networking properties.

Briefly, MBP has three amphipathic α-helical segments that associate with the 
surface of the phospholipid bilayer (examples of α-MoRFs (α-helical molecular rec-
ognition fragments)) and a loose tertiary conformation that is minimally a hairpin or 
paperclip shape (Fig.  19.4). Like other IDPs, its “tertiary structure” is really an 
ensemble of rapidly interconverting conformations that depend on environment, i.e. 
whatever its interaction partners are at the time. As the protein is synthesized on the 
ribosome, it will attach quickly to the inner face of the oligodendrocyte membrane. 
Thus, it experiences an environment of decreasing dielectric constant, which causes 
a shift in the conformational ensemble with small but measurable energy barriers 
(Vassall et al. 2015b, 2016). At some stage here, the protein is accessible to protein-
modifying enzymes, such as protein kinases and deiminases, as discussed above.

The combinatorial PTMs of MBP reduce its overall net charge and local charge 
distribution (e.g. at the central molecular switch) and will modulate the ensemble of 
conformations sampled by the protein and the interaction motifs that are exposed 
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(Mao et al. 2010; Marsh and Forman-Kay 2010; Babu et al. 2012). The environment 
of the protein is the most influential determinant of its secondary and tertiary struc-
ture composition, and the differences between unmodified and pseudo-deiminated 
recombinant forms appear to be more evident in a membrane environment, as 
probed by diverse spectroscopic approaches (Bates et al. 2002, 2003; Musse et al. 
2006; Ahmed et al. 2010; Boggs et al. 2011; Wang et al. 2011).

Recently, we have applied a number of complementary fluorescence-based tech-
niques to perform thermodynamic analyses of the conformational transitions that 
the protein undergoes as its environment changes (from aqueous to membrane asso-
ciated) and how pseudo-deimination and pseudo-phosphorylation affect the energy 
of these structural interconversions (Vassall et al. 2015b, 2016). The experimental 
design was based on untagged recombinant forms introduced above, the unmodified 
UTC1 and the pseudo-deiminated UTC8 (Smith et al. 2010). First, in increasing 
concentrations of trifluoroethanol to mimic the decreasing dielectric-constant envi-
ronment as the protein approaches the membrane, we showed that the unmodified 
UTC1 variant underwent transitions from a disordered extended ↔ intermediate 
compact ↔ α-helical extended form, with small but distinct energy barriers (Vassall 
et al. 2015b). This study was important because it demonstrated that MBP has an 
underlying, definable, morphological state even though it is so flexible.

In contrast, fluorescence-based thermodynamic analyses of the conformational 
transitions of the pseudo-deiminated UTC8 showed only slight differences in Gibbs 
free energy. Nevertheless, it was confirmed that there are distinct tertiary conforma-
tional differences by evaluating the kinetics of digestion with the protease cathepsin 
D (CatD, EC 3.4.23.5) (Vassall et al. 2016). This enzyme probes the accessibility of 
the two Phe-Phe pairs that are essential for membrane association of MBP in myelin 
(murine mF42-mF43 and mF86-mF87, Fig.  19.3), and the UTC8 variant was 
observed to be digested more quickly than UTC1 was. This result was consistent 
with previous protease digestion studies using CatD, and other proteolytic enzymes, 
on natural or enzymatically deiminated MBP-Citn preparations that were degraded 
faster (Cao et al. 1999; Pritzker et  al. 2000a, b; D’Souza and Moscarello 2006). 
Protein-protein interaction studies with the hexa-histidine-tagged rmC1 and rmC8 
constructs also showed changes in the binding of protein ligands such as calcium- 
activated calmodulin, for example (Libich et  al. 2003; Wang et  al. 2011; Vassall 
et al. 2016).

The apparently slight energy changes between the conformational ensembles of 
UTC1 and UTC8 could, in retrospect, be explained by the presence of only six 
pseudo-deiminated residues in the recombinant protein construct that was used. 
(These sites corresponded to those defined originally in hMBP-C8 from normal 
human brain (Wood and Moscarello 1989).) A much earlier study than our 2016 one 
had used enzymatically deiminated natural bovine bMBP-C1; with these protein 
preparations, it was found that there was a significant conformational switch 
between seven and nine (on average) citrullinations (Pritzker et al. 2000a) and that 
methylation of bR106 (bovine 18.5-kDa sequence numbering, human hR107, 
murine mR104) decreased the rate of enzymatic citrullination (Pritzker et al. 2000b). 
Thus, it is clear first that deimination of MBP alters the conformational ensemble 
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distribution of 18.5-kDa MBP, especially as the number of modifications increases. 
Second, it is seen that other PTMs such as methylation act antagonistically in a form 
of crosstalk (Raijmakers et al. 2007), as is being observed in the basic histone pro-
teins that compact DNA (Venne et  al. 2014; Zhang et  al. 2014; Fuhrmann et  al. 
2015; Fuhrmann and Thompson 2016). All in all, we suspect, but have yet to prove, 
that hyper-deimination of 18.5-kDa MBP beyond seven to nine sites pushes the 
protein beyond a major structural boundary (Vassall et al. 2016).

The deimination-induced conformational shifts in 18.5-kDa MBP have impli-
cations for MS pathogenesis in an intriguing way. Although seeming to act pri-
marily as a membrane adhesive, and as a hub in protein-membrane and 
protein-protein interaction networks (Harauz et  al. 2009; Vassall et  al. 2015a), 
D’Souza and Moscarello have observed an unusual and unexpected property of 
MBP: “self- proteolysis” (D’Souza et al. 2005)! They demonstrated that hMBP-
C1 (sic.) from MS tissue underwent autocatalytic cleavage at slightly alkaline pH 
and that it showed a faster time course of cleavage than hMBP-C1 isolated from 
normal individuals. The same phenomenon was observed with recombinant 
murine rmC1 (unmodified) and rmC8 (pseudo-deiminated), preparations that 
could not be considered contaminated by other proteases. The mechanism of this 
unusual autocatalysis has not been investigated further, to our knowledge, but we 
can hypothesize that naturally deiminated MBP-Citn would undergo progressive 
conformational conversions that would enhance its self-destruction (cf., (Di Salvo 
et al. 2013)).

One of the self-proteolytic fragments observed by D’Souza and Moscarello con-
sisted of residues hN84-hF89 (human 18.5-kDa sequence numbering, corresponding 
to murine mN81-mF86; Fig. 19.3), which is important because it is an immuno-
dominant epitope that activates T cells in MS (Wucherpfennig et al. 1997; Hansen 
et al. 2011). But in CNS myelin, the protein is generally associated with membranes 
that can presumably prevent its self-autolysis. Moreover, the immunodominant epi-
tope is one of the amphipathic α-helical membrane-anchoring segments of 18.5-kDa 
MBP (Bates et al. 2004; Libich and Harauz 2008a; Ahmed et al. 2010; Vassall et al. 
2013). Specifically, the two Phe-Phe pairs of 18.5-kDa MBP are embedded in the 
membrane (but not equivalently) and contribute to compaction and self-assembly 
(Bates et al. 2003; Aggarwal et al. 2013). How do these residues become exposed to 
proteases such as cathepsin D?

19.4.2  Deimination of MBP Diminishes Its Interactions 
with Myelin Membranes and Renders It More 
Susceptible to Proteolytic Degradation and Immune 
Recognition

The highly basic nature of MBP means that it readily associates with negatively 
charged phospholipid membranes and, by electrostatic and some hydrophobic asso-
ciations, maintains two inner leaflets of the oligodendrocyte membrane together in 
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close apposition to form the major dense line of the myelin sheath (Figs. 19.1 and 
19.4) (Boggs et al. 1982, 1997; Jo and Boggs 1995; Bates et al. 2003; Min et al. 
2009; Lee et al. 2014, 2015; Ozgen et al. 2014). One simple assay for this primary 
“function” of MBP is to observe the degree of aggregation of lipid vesicles (mim-
icking the composition of the cytoplasmic leaflet of oligodendrocytes) as MBP is 
added. As expected, net charge reduction due to deimination reduces the protein’s 
ability to do so (Moscarello et al. 1986; Wood and Moscarello 1989; Jo and Boggs 
1995; Boggs et al. 1997; Bates et al. 2002). The highly deiminated MBP fraction 
from the Marburg’s variant of MS (MC8 or hMBP-Cit18) even fragments the lipid 
vesicles (Boggs et al. 1999). Thus, hyper-deimination of MBP results in a loosening 
of the compact myelin multilayers in MS tissue. This overall structural destabiliza-
tion was dramatically illustrated (by immunoelectron microscopy) to delocalize 
MBP from the major dense line of myelin (McLaurin et al. 1993) and by atomic 
force microscopy to diminish the ability of the protein to stack lipid bilayers (Suresh 
et al. 2010).

By site-directed spin labelling (SDSL) and electron paramagnetic resonance 
(EPR) spectroscopy of membrane-reconstituted MBP, we have shown that the 
immunodominant epitope is within the highly conserved, central amphipathic 
α2-helical segment of MBP-C1 that lies on the surface of the bilayer, with the 
mF86-mF87 pair being most deeply embedded, penetrating up to 12  Å into the 
bilayer (refer to Figs. 19.3 and 19.4) (Bates et al. 2004). In the pseudo-deiminated 
rmC8 variant, this primary immunodominant epitope formed a more highly surface- 
exposed and shorter amphipathic α-helix (Musse et  al. 2006; Musse and Harauz 
2007). Moreover, cathepsin D digested lipid-associated rmC8 ~ 3 times faster than 
it did rmC1. Molecular details of the membrane association of this central 
 immunodominant epitope have been refined by solid-state NMR spectroscopy of 
membrane- reconstituted MBP (Zhong et al. 2007; Ahmed et al. 2010).

Subsequently, we evaluated the myelin membrane association of the 3rd 
amphipathic α3-helical segment of MBP, again by SDSL-EPR spectroscopy 
(Homchaudhuri et al. 2010). Pseudo-deimination across the protein sequence also 
rendered this segment exposed to the aqueous phase and thus more easily detached 
by calcium-activated calmodulin, thereby potentially affecting signalling pathways 
in myelin turnover (Fig. 19.4) (ibid.; see also Majava et al. 2010; Wang et al. 2011).

All in all, these combined biochemical and biophysical studies have provided 
atomic-level detail of membrane-anchoring segments of MBP and direct evidence 
of decreased MBP-membrane or altered MBP-protein interaction for the  deiminated 
form. These findings suggest a mechanism for initial loss of myelin stability: de-
compaction of the multilayered sheath by decreased electrostatic protein- membrane 
interactions and increased exposure of the two Phe-Phe pairs to digestion by 
enzymes such as cathepsin D, with ensuing digestion fragments that would no lon-
ger be able to adhere membrane leaflets together.

We can begin to envisage several consequences of this structural destabilization, 
starting a flowchart in Fig. 19.5. For example, de-compacted myelin can be more 
easily taken up by macrophages that would digest MBP, generating fragments to be 
presented on MHC class II molecules (Sospedra and Martin 2005; Lassmann and 
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van Horssen 2011; Lassmann 2014). A deiminated MBP that is detaching from the 
bilayer surface would be more susceptible to self-proteolysis (D’Souza et al. 2005) 
and to matrix metalloproteases such as stromelysin (MMP-3) that generate a 
17- residue peptide that can be easily accommodated by MHC class II molecules 

St
ru

ct
ur

al
 D

es
ta

bi
liz

a�
on

 &
O

ns
et

 o
f N

eu
ro

de
ge

ne
ra

�o
n 

N
eu

ro
in

fla
m

m
a�

on
 &

 A
ut

oi
m

m
un

ity
Ch

ro
ni

c
N

eu
ro

de
ge

ne
ra

�o
n 

Σ Diverse Gene�c & Environmental Factors
→ Cytodegenera�ve Triggers &

Oligodendrocyte Apoptosis  

Aberrant ↑ [Ca2+]intracellular &
Aberrant ↑ PAD2 ac�va�on

↑ Accessibility of exposed MBP-Citn to CatD
& MMPs; poten�ally MBP autocatalysis;

Uptake by macrophages &
↑ Genera�on of immunodominant epitopes

↑ Deimination of MBP at peri-axonal loops &
↓ Net posi�ve charge of MBP-Citn →

↓ Adhesion of membranes by MBP-Citn &
↓ Sequestra�on of phosphoinosi�des &

↑ Disintegra�on of mul�lamellar packing  

Nuclear transloca�on of PAD4  &
↑ Deimina�on of histones

Recogni�on of MBP epitopes & MBP-Citn
neo-epitopes by MHC-II & T-helper cells;
Cytokine release, neuro-inflamma�on,

astrocytosis (↑ GFAP-Citn);
↑ Ac�va�on of B-cells & ↑ TNF-α 

↑ Oligodendrocyte Apoptosis &
Con�nued aberrant ↑ [Ca2+]intracellular &
Con�nued aberrant ↑ PAD2 ac�va�on

Excessive demyelina�on; loss of trophic 
axonal support; axonal transec�on; brain

atrophy

↓ Vitamin B12 & ↓S-Adenosylmethionine;
↑ DNA demethylase ac�vity;

Hypomethyla�on of PAD2 promoter & over-
expression of PAD2 

↑ DNA demethylase ac�vity;
↑ NET forma�on & ↑ T-cell ac�va�on

↑ Expansion of peri-axonal myelin;
↓ VOCC regula�on 

Fig. 19.5 Domino-demyelination by hyper-deimination. An aberrant calcium influx that increases 
PAD2/PAD4 expression and activates the enzyme in oligodendrocytes leads to hyper-deimination 
of MBP and other proteins, with diverse deleterious effects that can be propagated via positive 
feedback to form a cascade of myelin destruction depicted here. We posit that perturbations of 
myelin structure interaction networks play a central role in demyelination, according to the thesis 
that “a primary defect in myelin basic protein is responsible for initial changes in myelin in MS, 
and precedes the autoimmune response” (Wood and Moscarello 1997). This figure is founded on 
schemes from references (Moscarello et al. 2007; Mastronardi and Moscarello 2008; Musse et al. 
2008b; Moscarello 2014). The domino image was obtained from Wikipedia
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(D’Souza and Moscarello 2006; Mastronardi and Moscarello 2008). There are also 
catalytic antibodies called abzymes that circulate in the serum of MS patients and 
recognize the immunodominant epitope (Ponomarenko et al. 2006; Belogurov et al. 
2008). Moreover, T cells can also recognize neo-epitopes on protein fragments 
derived from citrullinated MBP (Deraos et  al. 2008; Carrillo-Vico et  al. 2010; 
Moscarello et al. 2013; Yang et al. 2016). These autoimmune attacks contribute fur-
ther to myelin destruction. Finally, modifications to MBP by lipid-derived alde-
hydes (derived during the neuroinflammatory process) have similar effects to 
deimination (Cygan et al. 2011).

The continued structural destabilization of compacted myelin and provocation of 
autoimmune response in MS by exposure of an immunodominant epitope can thus 
become self-propagating (Fig. 19.5) (Matsuo et al. 1997; Husted 2006; Harauz and 
Musse 2007; Musse and Harauz 2007). So what initiates this process and can the 
CNS put a brake on it? We need to discuss first the wider protein-protein associa-
tions of MBP within myelin.

19.4.3  Equilibrium Disruption of Modified Variants 
and the Myelin Network by Hyper-deimination of MBP 
in MS

It has been proposed that MBP self-assembles on the inner leaflet of the oligoden-
drocyte membrane to form a “molecular sieve” that excludes integral membrane 
proteins from adjacent regions that “zipper” together to extrude excess cytoplasm 
and then seal the two leaflets together to form the major dense line (Aggarwal et al. 
2013; Bakhti et al. 2014). One intriguing finding was that the two Phe-Phe pairs 
within MBP appeared to mediate the protein-protein interaction, in addition to pen-
etrating into the lipid bilayer to anchor the protein as we had shown earlier (Bates 
et al. 2003) (Figs. 19.3 and 19.4). Further biophysical study is needed to see how 
these phenomena are linked, such as if decreased adhesion of the protein to the 
membrane leaflet will, in turn, affect its interactions with neighbouring proteins. 
There is already transmission electron microscopical evidence for this proposition, 
as we discuss next (Ishiyama et al. 2001; Hill et al. 2002; Harauz et al. 2004).

In our early electron microscopy studies of two-dimensional arrays of MBP 
variants formed on lipid monolayers of different compositions, pseudo-deimina-
tion at six sites (the rmC8 variant) and enzymatic deimination at an average of nine 
sites (rmMBP-Cit9) resulted in a different kind of ordering, a switch from closely 
packed fibrils to what appeared to be hexagonal close packing (Ishiyama et  al. 
2001; Hill et al. 2002; Harauz et al. 2004). Using pulse EPR spectroscopy (DEER, 
double electron-electron resonance), the group of Dr. Dariush Hinderberger in 
Mainz, Germany, and we have demonstrated that the distribution of rmC1 networks 
is neither entirely regular nor entirely random (Kattnig et al. 2012) and is similar 
for the less-charged rmC8 variant (Vassall et al. 2016). This result stands in contrast 
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to the results obtained by atomic force microscopy that showed a dramatically 
reduced ability of rmC8 to stack lipid bilayers compared to rmC1 (Suresh et al. 
2010). Considering these diverse data together, we argue that MBP deimination 
disrupts the arrangement of the molecular sieve and that this effect would be exac-
erbated by further citrullination beyond some boundary of seven to nine residues 
(Figs. 19.3 and 19.5). More recent high-resolution microscopical analyses empha-
size the importance of the lipid environment on the lateral organization of MBP 
and PLP in the myelin membrane (Ozgen et al. 2014, 2016).

In its putative cytoskeletal turnover roles, deiminated MBP has both a reduced 
ability to polymerize and bundle actin and to tether actin microfilaments to mem-
branes (Hill and Harauz 2005; Boggs et al. 2005, 2011; Ahmed et al. 2009; Bamm 
et al. 2010; Smith et al. 2012b). Associated with these functions is MBP’s role as a 
PIPmodulin—a protein that sequesters phosphoinositides such as PI(4,5)P2 and 
PI(3,4,5)P3—the interaction of deiminated MBP with these lipids is significantly 
decreased (Musse et al. 2008a). It has been suggested that phosphoinositide seques-
tration could release actin-severing proteins at the outer membrane processes 
(Boggs et al. 2012; Nawaz et al. 2015; Zuchero et al. 2015). Presumably, deimina-
tion of MBP could also modulate this function by affecting the number of phospha-
tidylinositol lipid molecules bound to each protein. There is also a structural 
consideration of the membrane per se. We have shown that 18.5-kDa MBP, incu-
bated with high proportions of phosphoinositides, can form tubular vesicles in vitro 
(Ishiyama et  al. 2001, 2002). These curious structures could reflect a membrane 
modelling function of MBP, an idea that has not further been explored. But changes 
in MBP’s barcode of PTMs affect this role as well.

Finally, it should be noted that the overall lipid composition of the myelin mem-
brane appears to become altered during demyelination, thereby affecting further the 
ability of all MBP isomers to maintain the sheath synergistically with other compo-
nents (Ohler et al. 2004; Min et al. 2011; Boggs et al. 2012; Lee et al. 2014, 2015; 
Ozgen et al. 2014; Frid et al. 2015). A recent biophysical study of membranes with 
altered lipid compositions demonstrated structural transitions from lamellar to 
inverted hexagonal phases (Shaharabani et al. 2016). It was proposed over a decade 
ago, on the basis of surface force measurements, that vesiculation of myelin 
 membranes occurred during the demyelination process (Ohler et  al. 2004). 
Moreover, the lipid compositions of the inner and outer membrane leaflets are dif-
ferent. In particular, MBP interacts strongly with the outer leaflet monosialogan-
glioside GM1 forming monomeric and oligomeric protein-lipid particles (Beniac 
et al. 1997, 1999, 2000; Ridsdale et al. 1997). The exposure of extracellular leaflet 
lipids such as GM1 would thus accelerate further the direct, physical fragmentation 
and disintegration of the planar bilayer structure myelin membrane (vesiculation). 
Again, the deiminated protein interacts differently than the unmodified one, form-
ing less-condensed assemblies (Beniac et al. 2000). Whereas the addition of MBP 
counteracts the spontaneous vesiculation of myelin-lipid vesicles in vitro (Fraser 
et al. 1986), the altered PTMs of the protein and the altered lipid composition of the 
myelin membrane in diseased myelin work synergistically to destabilize it.

19 Turning White Matter “Inside-Out” by Hyper-deimination of Myelin Basic Protein…



362

Deiminated MBP has been found in high levels specifically in active lesions in 
the brains of MS patients (Bradford et al. 2014b), not just in whole brain prepara-
tions (Kim et al. 2003; Friedrich et al. 2016). Although this hyper-deimination of 
MBP in MS might be indicative of normal remyelination attempts (as in the myelin-
ation process of the developing CNS), it seems more likely in adult myelin to con-
tribute directly to physical disintegration of the sheath and thus create a catastrophic 
feedback loop in the absence of other balancing developmental signals (Franklin 
2002; Sherman and Brophy 2005; Franklin and Gallo 2014; Kremer et al. 2016). 
For these reasons, we have projected a centrality of citrullinated MBP in the destruc-
tive cascade in Fig. 19.5. In many ways, MBP’s roles are like those of other IDPs 
involved in other neurodegenerative diseases in which protein-protein interactions 
are disrupted (Uversky 2014; Uversky 2015) or of IDPs exhibiting “conformational 
noise” in cancer (Mahmoudabadi et  al. 2013). To understand how potentially to 
attenuate this process, we now review the role of the PAD2 and PAD4 isozymes in 
MS pathogenesis.

19.5  Peptidylarginine Deiminases in Demyelinating Disease

19.5.1  Up-regulation of Peptidylarginine Deiminase Isozymes 
2 and 4 in MS and Animal Models of MS

The PAD2 isotype is the most abundant one found in the cytosol of oligodendro-
cytes, but its membrane-bound fraction in these cells is preponderant compared to 
the levels of soluble enzyme (Lamensa and Moscarello 1993; Pritzker et al. 1999; 
Moscarello et  al. 2002b). Moreover, phospholipid association reduces this iso-
zyme’s Ca2+ dependence by almost twofold (Musse et  al. 2008c). The three- 
dimensional structure of PAD2 has only recently been solved by X-ray 
crystallography, and it has been revealed that it binds up to six Ca2+ ions in a sequen-
tial manner (Slade et al. 2015). Continuing our earlier discussion of accessibility, 
PAD2 will act first on the protein that is found at myelin peri-axonal structures 
where it has, indeed, been immunolocalized (Wood et  al. 2008). Moreover, the 
membrane association of PAD2 would mean that it would encounter membrane- 
associated MBP quite readily. This same study has immunolocalized the enzyme to 
clusters in myelin, which was considered by the authors at that time to be suggestive 
of vesicular localization (ibid.).

Newer approaches of tissue preparation involve high-pressure freezing, auto-
matic freeze-substitution, and cryosectioning to preserve better the integrity of the 
myelin tissue (Möbius et al. 2010; Möbius et al. 2016; Weil et al. 2016; Velte 2016). 
Indeed, the vesiculation phenomenon has recently been observed in situ by cryo- 
electron microscopy (Weil et  al. 2016). Other developing microscopic imaging 
modalities may prove valuable in exploring further the relationship between PAD2 
and regions of the myelin membrane in the process of fragmentation (Velumian 
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et al. 2011; Christensen et al. 2014; D’Este et al. 2016; Cicerone 2016). Nevertheless, 
it can be appreciated from our discussion of myelin architecture (Fig. 19.1) that 
enhanced levels of PAD2 would modify MBP where accessible and gradually nib-
ble away at the molecular sieve (Figs. 19.4 and 19.5).

The isozyme PAD4 is also found in brain tissue and is nuclear localized in oligo-
dendrocytes (Wood et al. 2008). Here, as in other cells, it functions in chromatin 
remodelling by deiminating histones (Arita et  al. 2006). Interestingly, the PAD2 
isozyme has also been found to operate in the nucleus, where it citrullinates histone 
H3 just as PAD4 does (Zhang et al. 2012b). This phenomenon has been reviewed in 
Fuhrmann et al. (2015) and Fuhrmann and Thompson (2016). Moreover, PAD2 has 
been found to be up-regulated in inflamed joints in rheumatoid arthritis, meaning 
that PAD4 is not exclusively operative in that disease either (Kinloch et al. 2008). 
The two isozymes are both implicated in the pathogenesis of MS with diverse 
effects that we review next.

The human disease MS is characterized by patches of demyelination in the brain 
and spinal cord (Compston and Coles 2002; Hauser and Oksenberg 2006; Popescu 
and Lucchinetti 2012). These MS white matter plaques consist of myelin sheath, 
macrophages containing undigested myelin fragments, microglia with phagocytosis 
of myelin, and axonal debris. Magnetic resonance imaging demonstrates these areas 
of neuroinflammation and demyelination as bright lesions (Neema et al. 2007). We 
have come to appreciate that normal-appearing white matter (NAWM) is already 
altered in the MS brain (Lassmann and van Horssen 2011; de Groot et al. 2013; 
Lassmann 2014), including by elevated PAD expression, activity, and citrullination 
of glial proteins such as MBP, GFAP, and histones (Nicholas et al. 2004; Mastronardi 
et al. 2006; Moscarello et al. 2013; Bradford et al. 2014a, b). In such tissue, the 
promoter for the gene that expresses PAD2 is hypo-methylated—hyper-methylation 
would silence this gene’s expression (Mastronardi et  al. 2007a; Calabrese et  al. 
2012). This phenomenon may reflect an epigenetic factor in susceptibility to MS 
(Zhou et al. 2014; van den Elsen et al. 2014).

The mechanism of recruitment of PAD4 into the deimination cascade may 
involve tumour-necrosis factor-α (TNFα), a pro-inflammatory cytokine (Mastronardi 
et al. 2006). Interestingly, the exposure of B cells to the immunodominant epitope 
of MBP (residues 85-99) induces production of TNF-α as well as of interleukin 6, 
as shown in cells derived from patients with relapsing-remitting MS (Nielsen et al. 
2016). The hyper-deimination of histones consequent to PAD4 nuclear transloca-
tion leads to irreversible changes in, and apoptosis of, oligodendrocytes in MS 
(Mastronardi et  al. 2006; Shanshiashvili et  al. 2012). Further effects of PAD4 
include the increased production of NET (“neutrophil extracellular trap”) that can 
reduce the activation threshold of T cells (Li et al. 2010; Moscarello et al. 2013). 
These cellular facets of myelin degeneration are linked to our structural consider-
ations in the flowchart in Fig. 19.5, which we collectively entitle “domino demye-
lination”. One key locus that we link to MBP hyper-deimination is oligodendrocyte 
apoptosis that has been argued as being incipient in MS lesion formation (Barnett 
and Prineas 2004; Locatelli et al. 2012; Moscarello et al. 2013; Traka et al. 2016).
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Clearly, then, the control of the degree of deimination of MBP by inhibitors of 
PAD expression or enzymatic activity is an attractive alternative to the predomi-
nant immunosuppressive strategies and may represent a means of slowing the deg-
radation of myelin and ameliorating the neurological consequences of the disease. 
The search for such potential therapeutic measures requires appropriate animal 
models in which PAD expression is demonstrably associated with the demyelinat-
ing phenotype.

19.5.2  Animal Models for Multiple Sclerosis Demonstrate 
Only Specific Aspects of the Disease, but Still 
Demonstrate the Importance of Deimination

Multiple sclerosis is a heterogeneous disease with high variability between indi-
viduals, although roughly four major patterns can be discerned: two comprise neu-
roinflammatory demyelination with macrophage or T cell infiltration; two pertain to 
loss of oligodendrocytes by apoptosis or other causes (Lucchinetti et  al. 2000; 
Lassmann et al. 2001). There are several animal models, but none of these truly 
recapitulates all aspects of the disease (Miller and Fyffe-Maricich 2010; Procaccini 
et al. 2015).

The autoimmune and neuroinflammatory facets of MS are generally probed in 
rodent and primate models of experimental allergic/autoimmune encephalomyelitis 
(EAE), in which administration of self-antigens, such as MBP or MOG fragments, 
precipitates the pathology (Terry et al. 2016). In such models, MBP deimination 
appears at first glance to be an epiphenomenon, meaning that it is observed, but is 
not the central mechanism underlying the demyelinating phenotype and may simply 
reflect increased apoptosis of glial cells (Nicholas et  al. 2005; Raijmakers et  al. 
2005; Raijmakers et al. 2006; Artemiadis and Anagnostouli 2010; Caprariello et al. 
2012). A different animal model exhibiting spontaneous demyelination is the ND4 
mouse line overexpressing the DM20 isoform of proteolipid protein (PLP) 
(Mastronardi et al. 1993; DeBruin et al. 2006). Increases in overall PAD activity and 
PAD mRNA levels have been observed in ND4 mice as demyelination progresses 
(Mastronardi et al. 1996a, b; Moscarello et al. 2002b). In another PAD2-knockout 
mouse strain, PAD2 was proved to be the particular isozyme responsible for MBP 
deimination in the brain (Raijmakers et al. 2006; van Beers et al. 2013). The co- 
involvement of PAD4 with PAD2 is suggested by the observation that histone H3 is 
also deiminated in both human MS brain and in the ND4 murine model for demy-
elinating disease (Mastronardi et  al. 2006; Wood et  al. 2008; Mastronardi and 
Moscarello 2008).

The animal model most pertinent to this discussion at present is a transgenic 
mouse line (PD2), containing multiple copies of PAD2 cDNA under the control of 
the MBP promoter (Musse et al. 2008b). Using previously established criteria, clini-
cal scores of neurological deficits were more severe in heterozygous PD2 mice than 
in their normal littermates. The increase in PAD2 expression and activity in white 
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matter was demonstrated by immunohistochemistry, reverse-transcriptase PCR 
(polymerase chain reaction), enzyme activity assays, and by the increased deimina-
tion of MBP. Light and electron microscopy revealed more severe focal demyelin-
ation and thinner myelin in the homozygous compared with heterozygous PD2 
mice. Quantitation of the disease-associated molecules GFAP and the glycoprotein 
marker CD68 (“cluster of differentiation 68”), as measured by immunoslot blots, 
were indicative of astrocytosis and macrophage activation. However, there was no 
apparent increase in lymphocytic infiltration, showing that the PD2 model was pri-
marily one of neurodegenerations. Concurrently, the elevated levels of pro- 
inflammatory cytokine TNF-α and nuclear histone deimination supported the 
contribution of increased PAD4 activity to the domino-demyelination cascade 
depicted in Fig. 19.5. Although a Padi2-knockout mouse line had previously been 
described in which the amount of citrullination in the CNS was diminished but in 
which there was no demyelination (Raijmakers et al. 2006), the PD2 overexpressing 
line supports the idea of a causal link.

The final animal model to note is one for toxic yet reversible demyelination, 
induced chemically by the copper-chelating compound cuprizone (bis- 
cyclohexanone oxaldihydrazone) (Torkildsen et  al. 2008; Gudi et  al. 2014; Praet 
et al. 2014). When cuprizone is added to the diet of rodents, apoptosis of oligoden-
drocytes is induced (potentially by affecting copper-dependent mitochondrial 
enzymes), and demyelination ensues. Restoration of a normal diet results in remy-
elination by resident oligodendrocyte progenitor cells. Although this model is not 
considered to reflect MS per se, it can serve to examine early molecular and cellular 
events that lead to oligodendrocyte apoptosis and potential mechanisms of remye-
lination (Miller and Fyffe-Maricich 2010). At time of writing, the presence of citrul-
linated proteins has not yet been reported in this animal model but could confidently 
be anticipated, and this matter should be explored by combined histochemical, 
immuno-microscopical, mass spectrometric imaging and magnetic resonance imag-
ing approaches to probe the time course and regional heterogeneity of demyelin-
ation patterns (Tagge et al. 2016). The recent demonstration of an “axo-myelinic 
synapse” and transient increases in intracellular calcium concentrations via NMDA 
receptors could provide further insight into where and how PAD2 is activated in vivo 
and on its immediate protein targets (Micu et al. 2006, 2016). Such studies would 
provide further evidence for MBP deimination being an early molecular event that 
precipitates demyelination, as opposed to being a bystander effect.

19.5.3  Myelin Membrane Vesiculation Proceeds Radially 
During the Demyelination Cascade

The domino-demyelination scheme depicted in Fig. 19.5 incorporates phenomena 
such as myelin vesiculation due to the loss of the net positive charge of MBP by 
hyper-deimination, leading to decreased membrane adhesion and a positive 
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feedback loop of increasing PAD2 activity. The vesiculation of myelin has been 
suggested several times in the past on the basis of quite disparate observations, as 
indicated above (Ohler et al. 2004; Wood et al. 2008). It has been demonstrated in a 
recent morphological study of brain tissue from EAE and cuprizone-treated mouse 
models and from rats that had been injected with anti-MOG (myelin oligodendro-
cyte glycoprotein) or anti-AQP4 (aquaporin 4), in addition to cuprizone-treated ani-
mals (Weil et al. 2016). The anti-MOG and anti-AQP4 treatments induce features of 
neuromyelitis optica (NMO), which is a proven autoimmune disease targeting glia, 
although not an appropriate model for MS (Popescu and Lucchinetti 2012, 2016). 
Nevertheless, Weil et  al. used high-pressure freezing for optimal preservation of 
brain tissue for sectioning before transmission electron microscopy and observed in 
all models that demyelination proceeded by fragmentation that started at the inner 
tongue and moved outwards. They correlated the demyelination with loss of MBP 
(and thus of MBP’s “adhesive function”) as observed by antibody labelling and with 
increases in intracellular calcium levels using the ionophore ionomycin to restore 
partially MBP’s membrane association. The molecular mechanism that they prof-
fered was that the calcium ions competed with MBP for PI(4,5)P2 and displaced the 
protein from the membrane.

In light of the extensive literature already reviewed here, it can reasonably and 
confidently be predicted that the increased intracellular calcium levels would acti-
vate PAD2 that would then deiminate MBP where it is most accessible, at inner 
loops, and that this would be the mechanism making the protein lose its adhesive 
function and disrupting its extensive networking. We argue here that the simple 
mechanism proposed by Weil et al. of MBP displacement by Ca2+ does not reflect 
the full range of molecular events (Fig. 19.5). There are several reasons to say so. 
First, the inner leaflet of the myelin membrane comprises other negatively charged 
phospholipids in far greater proportion than phosphoinositides with which MBP still 
interacts, as would any other peripheral membrane protein (Inouye and Kirschner 
1988; Bates et al. 2003; Lee et al. 2014; Whited and Johs 2015; Shaharabani et al. 
2016). Any diminished interaction with PI(4,5)P2 would not displace the protein 
from the membrane (Boggs et al. 2012). Second, zinc (Zn2+) is another divalent cat-
ion that is essential in the brain and found at high concentrations (at 50 μM in 
myelin) and stabilizes myelin by binding to MBP rather than  dislodging the protein 
from the membrane (Earl et al. 1988; Tsang et al. 1997; Smith et al. 2010; Baran 
et  al. 2010). Even monovalent cations enhance vesicular membrane adhesion by 
MBP in vitro by shielding the charges of the phospholipid headgroups (Jo and Boggs 
1995). So Ca2+ ions would not be expected simply to displace MBP, but do affect 
membrane structure. Third, deimination of MBP and GFAP has been demonstrated 
in EAE as noted above, in addition to the PD2 overexpressing mouse line that estab-
lished a causal link with demyelination (Nicholas et al. 2005; Raijmakers et al. 2005, 
2006; Musse et  al. 2008b; Artemiadis and Anagnostouli 2010; Caprariello et  al. 
2012; Wei et al. 2013; Moscarello et al. 2013; Bradford et al. 2014a). Fourth, deimi-
nation has been implicated in optical neurodegeneration in both humans and in the 
spontaneously demyelinating ND4 mouse line (Bhattacharya 2009; Enriquez-
Algeciras et al. 2013; Ding et al. 2014). Finally, the effects of MBP deimination on 
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one of its many functions (i.e. membrane adhesion) have already been studied exten-
sively and have led to detailed molecular mechanisms of physical destabilization 
and priming of an autoimmune response (Fig. 19.5) (Wood and Moscarello 1989; 
Whitaker and Mitchell 1996; Boggs et al. 1999, 2005, 2011; Cao et al. 1999; Bates 
et al. 2003; D’Souza and Moscarello 2006; Musse et al. 2006; Harauz and Musse 
2007; Musse and Harauz 2007; Ahmed et al. 2010; Vassall et al. 2016). These bio-
physical considerations already begin to explain how vesiculation occurs.

Again, it would be worthwhile to investigate and confirm PAD2 up-regulation 
and MBP deimination directly in other demyelination models such as cuprizone 
treatment and various PAD-knockout lines (Lewis and Nacht 2016), as well as in 
clinical situations of all demyelinating syndromes, including MS (Banwell et  al. 
2007; Oguz et al. 2009; Popescu and Lucchinetti 2012; Hardy et al. 2016). It cannot 
be overemphasized that there is overwhelming evidence that “demyelinating disease 
results from aberrant or excessive post-translational processing [of MBP]” (Wood 
and Moscarello 1997) and that the “post-translational modifications [of MBP] have 
an important role in both maintaining [myelin] membrane integrity and regulating 
metabolic reactions” (Moscarello 2014) (see also Harauz and Musse 2007; Harauz 
et al. 2009; Harauz and Boggs 2013). One cannot discuss tauopathies without refer-
ring to tau hype-phosphorylation (Šimic et al. 2016) or epigenetics without discuss-
ing histone modifications (van den Elsen et al. 2014; Wenderski and Maze 2016). 
Hyper-deimination of MBP caused by aberrant Ca2+ influx and up- regulation of 
PAD2 and PAD4 is equally a significant event in demyelinating diseases.

19.5.4  Potential Therapeutic Measures Targeting PAD 
Expression and Activity

One of the first anti-PAD compounds to be proposed was paclitaxel (a drug com-
monly used in cancer chemotherapy and clinically known as Taxol®), whose methyl 
ester sidechain (TSME) shares structural features with a synthetic PAD substrate, 
viz. the benzoyl-L-arginine ethyl ester (BAEE) (Pritzker and Moscarello 1998; 
Musse et al. 2008c). This compound has been shown to alleviate clinical symptoms 
in spontaneously demyelinating ND4 mice, potentially by competitive inhibition, 
but keeping in mind that the compound has many side-effects that might have been 
responsible for the amelioration of phenotype (Moscarello et  al. 2002a). Taxol’s 
beneficial effect in these mice was significantly enhanced in combination with vita-
min B12 as an exogenous methyl donor to promote re-methylation of the gene pro-
moter for PAD2, suggesting that PAD2 indeed was being the affected target 
(Mastronardi et al. 2007b). A similar synergy had previously been observed with 
interferon-β and vitamin B12 (Mastronardi et al. 2004).

More recently, the small molecule 2-chloroacetamidine (a PAD active-site 
inhibitor) dramatically attenuated disease in a number of animal models that were 
each reminiscent of the four major patterns of human MS: autoimmune, ND4, and 
the most recent PD2 mouse line (Moscarello et al. 2013). Because this compound 
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covalently modifies the enzyme, it is not suitable for clinical use, but several 
designer probes were then identified with potential for future evaluation (Wei 
et al. 2013; Bello et al. 2013). These compounds continue to be examined not only 
for MS but also other chronic neurodegenerative syndromes such as glaucoma and 
Parkinson’s, Alzheimer’s, and Creutzfeldt-Jakob diseases (Witalison et al. 2015; 
Subramanian et  al. 2015; Lewis and Nacht 2016; Tu et  al. 2016; Kuzina et  al. 
2016). For MS, alternative disease-modifying therapies that are not immunomod-
ulatory or anti- inflammatory, especially in the early stages of the disease after 
initial diagnosis, could contribute significantly to the health and well-being of 
individual patients in the context of personalized medicine and maintenance of 
overall brain health (Giovannoni et  al. 2016; Simone and Chitnis 2016; 
Winkelmann et al. 2016).

19.6  Deimination of MBP in Ageing and MS Brain

This chapter had been essentially completed upon the publication of a new pro-
teomic (mass spectrometric) analysis of the PTMs of MBP from autopsied brain 
material of 8 MS patients and 21 controls (Friedrich et al. 2016). Although these 
authors did not fractionate the extracted MBP into either splice isoforms or charge 
components, in contrast to the first comprehensive proteomic work performed 
13 years earlier (Kim et al. 2003), they extended their analysis to include a hitherto 
little-considered PTM of the protein—racemization of aspartic acid (L-Asp) in par-
ticular to alternate forms such as D-Asp, L-isoAsp, and D-isoAsp. Their data were 
also presented according to the subject’s age as well as disease state. The racemiza-
tion of residues such as Asp and Asn due to spontaneous cyclization reactions is 
especially prevalent in long-lived proteins such as lens proteins (Reissner and 
Aswad 2003; Truscott and Friedrich 2016). Myelin-associated proteins, including 
MBP, are considered to be long-lived (Toyama et al. 2013).

Both racemization and deimination per se were observed to be generally higher 
in MBP from older subjects. Twelve arginyl residues were converted to citrulline 
(hR25, hR31, hR33, hR49, hR65, hR97, hR107, hR130, hR159, hR162, hR169, 
and hR170, human 18.5-kDa sequence numbering as in Fig. 19.3) in control MBP. 
Most of these sites (but not all of them) were more likely to be deiminated in 
MS-MBP. Because the protein extracts were not fractionated by chromatography, 
we do not know the average number of citrulline residues per protein and how this 
number varied with age. Additionally, residues hR43, hR79, and hR122 were deim-
inated in MBP from brains of MS patients. Residue hR54 was not identified as 
being deiminated in these samples, unlike in other studies of MS brain tissue (Kim 
et al. 2003), but we note that this site is also ADP-ribosylated (ibid.) and recalci-
trant to enzymatic modification in vitro (Wood et al. 2008). Specifically, residue 
hR49 is noteworthy because its degree of deimination increased with age and 
moreover was accompanied by isomerization of hD48 to isoAsp48 in MS patients. 
It was suggested that this correlated pair of PTMs could potentially represent a 
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novel antigenic form, in addition to representing an instance of crosstalk of PTMs, 
as we have mentioned in the main text above.

It is intriguing that the residues in 18.5-kDa MBP most likely to be modified in 
MS brain (hD34 converted from L-Asp34 to D-Asp34, D-isoAsp34, or L-isoAsp34 
and the aforementioned pair hD48-hR49 to isoAsp48-Cit49) flank or lie just within 
the first of the protein’s three membrane-anchoring α-helices (the α1-helix in 
Figs. 19.3 and 19.4) and are sequestered within the lipid bilayer as previously dem-
onstrated spectroscopically (Bates et al. 2003; Harauz et al. 2009, 2013; Harauz and 
Libich 2009). Similarly, residue hD82 is significantly racemized in greater propor-
tion in aged control MBP and MS-MBP and lies within the α2-helix, a major 
immunodominant epitope (Bates et al. 2004; Musse et al. 2006; Musse and Harauz 
2007; Ahmed et al. 2010). The residue hQ147 that is more likely to be deamidated 
in MS-MBP lies within the α3-helix, another potential immunodominant epitope 
and the primary Ca2+-calmodulin binding site (Libich et  al. 2003, 2010; Majava 
et al. 2008; Libich and Harauz 2008a; Homchaudhuri et al. 2010). Friedrich et al. 
state that “Sites of racemization are generated by spontaneous processes which 
occur more rapidly in unstructured regions of a protein” (Friedrich et  al. 2016). 
Their observation of elevated degrees of racemization in the normally most struc-
tured regions of 18.5-kDa MBP, in or proximal to its membrane-anchoring α-helical 
MoRFs, perhaps reflects the aberrant extent of dissociation of the protein from the 
membrane in MS and the altered environment that it experiences (Figs. 19.4 and 
19.5) (cf., (Reissner and Aswad 2003)).

Continued and detailed proteomic analyses are needed to catalogue comprehen-
sively the PTMs of all MBP splice isoforms in healthy and diseased brains as a 
function of age. The study of Friedrich et al. is thus a welcome addition to our body 
of knowledge (Friedrich et al. 2016), but further information is needed on the num-
ber of individual MBP species and the pattern of PTMs that define each one. 
Particular attention must be given to normal-appearing white matter, not just lesions 
per se. Continued biochemical and biophysical investigations of the effects of these 
PTMs on MBP’s conformational states, and on its interactions with membranes and 
proteins, are also needed to define more fully this protein’s versatile and multifunc-
tional nature (Vassall et al. 2015a, 2016).

19.7  Conclusions

“Whether or not the presence of citrulline in [myelin basic protein] has any func-
tional significance remains to be determined” (Finch et al. 1971). This statement 
still holds true, to some extent. Deimination is an impactful modification of any 
protein and it cannot be without purpose. The deimination of MBP in normal, 
healthy CNS myelin has been suggested to reflect normal events of plasticity and 
restoration, but this conjecture remains to be proven. The hyper-deimination of 
MBP in the CNS represents an important early molecular change that precipitates 
the destabilization of myelin in MS brain white matter and contributes to feedback 

19 Turning White Matter “Inside-Out” by Hyper-deimination of Myelin Basic Protein…



370

loops that accelerate myelin destruction both by structural destabilization and by 
continued up-regulation of the peptidylarginine deiminases (Fig. 19.5).

The hyper-deimination of MBP in MS might reflect, in part, attempts at remyelin-
ation. These events ultimately fail because the molecular and cellular backdrop of the 
developing brain differs from that of the adult brain and because of the overwhelming 
cascade of consequences arising from the hyper-deimination: the PADs modify a host 
of target proteins in the CNS, with eventual apoptosis of oligodendrocytes.

We cannot prevent MS because we do not know the root causes. Nevertheless, 
the development of tissue-specific inhibitors of PAD expression and activity repre-
sents a promising avenue for treating the disease by ameliorating the symptoms 
caused by demyelination and neurodegeneration and enhancing remyelination and 
repair. We stress that a more detailed developmental mapping of myelin deimination 
and modification of crosstalk in situ, although technically difficult, is essential to 
our understanding of both the normal CNS white matter and the myriad neurode-
generative diseases that affect it, not just MS.
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Chapter 20
The Significance of Deiminated GFAP 
in Neurodegenerative Diseases with Special 
Emphasis on Alexander Disease

Michael Brenner and Anthony P. Nicholas

Abbreviations

AlzD  Alzheimer’s disease
AxD   Alexander disease
EAE   Experimental autoimmune encephalomyelitis
GFAP  Glial fibrillary acidic protein
IF   Intermediate filament
KO   Gene knockout
LC-MS/MS Liquid chromatography-tandem mass spectrometry
mass spec Mass spectroscopy
MBP  Myelin basic protein
MS   Multiple sclerosis
MW   Molecular weight
PAD   Peptidylarginine deiminase
rh   Recombinant human

20.1  Introduction

A primary impetus for interest in a role for deiminated proteins in neurodegenerative 
diseases has been suggested that deimination of myelin basic protein (MBP) is a pri-
mary step in the development of multiple sclerosis (MS) (reviewed in Chap. 19). 
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In brief, it is proposed that an unknown precipitating event causes increased 
peptidylarginine deiminase (PAD) activity, leading to deimination of MBP. This in 
turn results in disruption of the myelin structure, increased susceptibility of MBP to 
proteolysis, and release of MBP peptides that precipitate the autoimmune response 
that results in clinical symptoms. It was surprising, therefore, that a survey of proteins 
deiminated in MS, as well as in other CNS disorders, suggested that glial fibrillary 
acidic protein (GFAP) is the more predominant target. This finding raises the possibil-
ity that deimination of GFAP could have a general role in neurodegenerative disor-
ders. This chapter explores this premise, with special emphasis on Alexander disease 
(AxD) as a likely candidate for an effect, since this disease is caused by dominant 
mutations in the GFAP gene. We begin with a description of GFAP and AxD, and then 
review evidence that astrocytes are a major repository for PAD in the CNS, and finally 
that GFAP is a primary target of its activity in both normal conditions and in several 
neurodegenerative disorders. This is followed by a discussion of the possible physio-
logical effects of GFAP deimination and how these might influence disease states.

20.2  The GFAP Protein

GFAP is a member of the intermediate filament (IF) protein family, so called 
because the approximately 10 nm diameter of the polymers that they form is inter-
mediate between those of actin and tubulin (reviewed in Snider and Omary 2014; 
Koster et al. 2015). They are a large protein family, encoded by over 70 different 
genes. All have the same basic structure of a central alpha helical rod domain flanked 
by random coil head and tail domains (Fig. 20.1). The central rod domain is highly 
conserved among IFs in both length and sequence, whereas the head and tail 
domains have only limited conservation within IF subclasses. These subclasses 
include the acidic and basic keratins (types I and II); GFAP, vimentin, desmin, and 
synemin (type III); neurofilaments (type IV); nuclear lamins (type V); and the eye 
lens proteins CP49 and filensin (type VI). Except for the almost ubiquitously 
expressed nuclear lamins, presence of IF proteins is typically restricted to a particu-
lar cell type and may be developmentally regulated. GFAP is predominantly 
expressed in astrocytes, but is present at lower levels in other cell types, including 
liver stellate cells, enteric glia, Müller cells in the retina, and fibroblasts. The syn-
thesis of GFAP commences as astrocytes differentiate, and it is upregulated as part 
of the reactive response of astrocytes to almost any CNS perturbation, including 
injury or disease. It is a common misconception that cytoplasmic IFs like GFAP are 
responsible for maintaining cell shape; but instead, a primary function is to render 
cells resistant to shearing. Defects in IFs can produce extreme cell fragility, as seen 
in several skin blistering disorders, due to keratin mutations, or myopathies, due to 
desmin mutations. Other functions of IFs will be discussed later in the context of 
specific neurodegenerative diseases.

Polymerization of IF proteins into filaments follows different pathways depending 
on IF type (reviewed in Snider and Omary 2014; Koster et al. 2015). For example, 
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Fig. 20.1 Structure of GFAP with locations of arginines that have been found deiminated or 
mutated in AxD. The three open rectangular boxes (1A, 1B, 2) represent the helical rod domains 
of GFAP; these structural motifs are highly conserved among most intermediate filament proteins. 
The solid lines joining these segments are non-helical linker regions, and the solid lines at either 
end are the nonconserved, random coil, N-terminal, and C-terminal regions. The gray box before 
segment 1A is a nonconserved pre-helical sequence important for initiation of rod formation; the 
gray box at the end of segment 2 represents a highly conserved sequence that is critical for polym-
erization. Deiminated sites experimentally identified for GFAP are shown on the left. All were 
present in GFAP digested with PAD2 in vitro, while underlined sites were also identified in GFAP 
isolated from Alzheimer’s brains (all five underlined sites) or normal controls (all five except the 
R270 site). Deimination sites whose mutation produces AxD are displayed in red font. The 11 
arginine sites of the 47 present in human GFAP that are identified as mutated in AxD are shown on 
the right (the 59 other amino acid sites also identified as mutated in AxD have not been shown). 
The deimination sites were identified as reported by Jin et al. (2013), and R270 and R416 were also 
identified in vitro by Ishigami et al. (2015)
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the keratins initially form heterodimers containing an acidic and a basic member, 
whereas type III IFs can either homodimerize or form a heterodimer with another 
type III IF. In particular, GFAP and vimentin are present in astrocytes to varying 
extents and may form homodimers or heterodimers (reviewed in Pekny 2001; 
Brenner 2014). The dimers form by the alpha helical domains coiling around each 
other in parallel orientation, and then combine side by side in an antiparallel align-
ment, forming a tetramer lacking end-to-end polarity. Tetramer formation is believed 
to be extremely rapid under physiological conditions. The 10  nm filaments are 
formed by tetramers polymerizing both end to end and side by side. For analytical 
studies, fully formed filaments may be separated from smaller oligomers such as 
tetramers by centrifugation in a buffer containing Triton X-100 (Tang et al. 2010). 
Type III IFs are in dynamic equilibrium with soluble IF proteins, but the exchange 
rate has been estimated to be only about 1% per hour. The rapid disassembly and 
reassembly of IF networks that occur during cell division are believed to be con-
trolled by reversible phosphorylation of serine and threonine residues in the head 
region by cell cycle-dependent protein kinases.

20.3  Alexander Disease

AxD is a prime candidate for a disorder that might be affected by GFAP deimina-
tion. This astrogliopathy is a rare but usually fatal disease caused by dominant, 
gain-of-function mutations in GFAP (reviewed in Brenner et al. 2009; Prust et al. 
2011). Although the causative mutations are usually present from the beginning of 
life (Li et al. 2006a), clinical signs may appear at any age. These signs can differ 
markedly among individuals, but two general classes of AxD have been recognized 
(Prust et al. 2011). Type I AxD most commonly presents before 4 years of age with 
impaired physical and mental development, seizures, ataxia, and speech and swal-
lowing difficulties and is often accompanied by megalencephaly. Type II AxD can 
occur at any age but most often after 4 years and as late as old age. Unlike the type 
I class, developmental delay, seizures, and megalencephaly are not features of type 
II patients, but the two types share the common occurrence of ataxia and speech and 
swallowing difficulties. A very wide range of additional symptoms may also be 
present, including headache, sleep disturbances, vision problems, autonomic dys-
function and palatal myoclonus. Unifying the two forms, and the hallmark of the 
disease, is the presence of protein aggregates in astrocytes called Rosenthal fibers. 
These aggregates are composed of multiple different proteins, but their primary 
component is ubiquitinated GFAP (Heaven et al. 2016). Several animal models have 
been made to facilitate the study of AxD (Messing et al. 1998; Hagemann et al. 
2006; Tanaka et al. 2007; Wang et al. 2011). The two most widely used, and which 
will be mentioned later, are a mouse carrying a transgene producing elevated expres-
sion of wild-type human GFAP (Messing et al. 1998) and one carrying a knock-in 
mutation of the endogenous mouse GFAP gene that is homologous to a common 
human AxD mutation (Hagemann et al. 2006).
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20.4  PADs in Astrocytes

A prerequisite for GFAP deimination is the presence of PAD in astrocytes. Multiple 
studies not only support this location but also indicate that astrocytes are the pri-
mary repository of PAD in the CNS of rodents and man (Vincent et al. 1992; Asaga 
and Senshu 1993; Asaga and Ishigami 2000, 2001; Asaga et al. 2002; Ishigami et al. 
2005; Acharya et al. 2012; Bradford et al. 2014).

When the PAD isotypes present in the CNS were separately analyzed, multiple 
studies detected only PAD2 protein by immunohistochemistry or immunoblotting 
or PAD2 mRNA by RT-PCR (Asaga and Ishigami 2001; Asaga et al. 2002), whereas 
others (particularly more recently) have also observed the presence of PAD4 
(Acharya et al. 2012). When detected, PAD4 is found in neurons rather than astro-
cytes (Acharya et al. 2012). The inconsistent findings for PAD4 could be explained 
by a sensitivity issue, since Bradford et al. (2014) detected both PAD2 and PAD4 
mRNA in control human brain, but the level of PAD4 mRNA was about 100 times 
lower than that for PAD2. The predominance of PAD2 for protein deimination in the 
CNS, at least for the mouse, is supported by a failure to detect any deiminated pro-
tein in the brain or spinal cord of control mice or mice with experimental autoim-
mune encephalomyelitis (EAE) in which the PAD2 gene had been knocked out 
(Raijmakers et al. 2006). Subsequently, however, deiminated myelin basic protein 
has been observed in these mice, presumably due to PAD4 activity (Wood et al. 
2008). In striking contrast to the findings cited above, Shimada et al. (2010) found 
that PAD2 is present in neurons of the cerebral cortex and in cerebellar Purkinje 
cells, but not in astrocytes. As a note of caution, although the monoclonal antibody 
developed for this study was shown to yield a clean signal of the size expected for 
PAD2 in immunoblots of human and mouse brain extracts, it was not stated whether 
it was tested against extracts from the PAD2 gene knockout (KO) mouse or against 
PAD4. Finally, there has been a single report of the possible presence of PAD3 in 
chick astrocytes (Lange et al. 2011).

20.5  Deimination of GFAP

As might be expected from the predominant presence of PAD2 in astrocytes, GFAP has 
consistently been reported to be a major citrullinated protein in both normal (Fig. 20.2) 
and diseased human brains. Techniques used to document this identification have 
included double-label immunofluorescence, one- and two-dimensional (1D and 2D) 
immunoblotting, electron microscopy of immunogold labeling, and mass spectroscopy 
(mass spec) of samples isolated by 1D or 2D gel electrophoresis or by immunoprecipi-
tation for peptidyl-citrulline (Senshu et al. 1992; Nicholas and Whitaker 2002; Nicholas 
et al. 2003, 2004, 2005, 2014; Sambandam et al. 2004; Ishigami et al. 2005; Raijmakers 
et al. 2005; Bhattacharya et al. 2006; Grant et al. 2007; Jang et al. 2008, 2010, 2011; 
Nicholas 2011; Jin et al. 2013; Bradford et al. 2014; Ishigami et al. 2015). Of relevance 
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to AxD, Nicholas and Whitaker (2002) observed that many of the astrocytes staining 
for peptidyl-citrulline in normal human brain were subpial or perivascular, which are 
the same sites at which Rosenthal fibers preferentially accumulate in this disorder.

An unusual feature of the immunoblots of the Nicholas laboratory (Nicholas 
et al. 2003, 2004, 2014; Sambandam et al. 2004) is the observation of multiple spe-
cies staining for both GFAP and peptidyl-citrulline at apparent molecular weights 
(MWs) of about 55, 65, and 70 kDa, in addition to the expected band at 50 kDa 
(human GFAP MW is 49.9 kDa) (Fig. 20.3). Interestingly, the 50 kDa band stains 
most strongly for GFAP, but one of the more slowly migrating species stains stron-
gest for peptidyl-citrulline. Ishigami et al. (2015) have observed that some forms of 
citrullinated GFAP may migrate somewhat more slowly than the unmodified protein 
in an SDS-polyacrylamide gel, but this has not been reported in studies from mul-
tiple other laboratories. Possibly the more slowly migrating GFAP forms observed 
by the Nicholas laboratory were created during the 6-day, multistep procedure used 
in their studies to isolate the proteins for immunoblotting. If so, the relative peptidyl- 
citrulline staining intensities indicate that GFAP is much more prone to this altera-
tion when deiminated.

The level of deiminated GFAP, and more generally of peptidyl-citrulline, is ele-
vated in several neurodegenerative conditions. These include rodent EAE models 
(Nicholas et al. 2005; Raijmakers et al. 2005; Grant et al. 2007), MS (Nicholas et al. 
2004; Bradford et al. 2014), Alzheimer’s disease (AlzD) (Ishigami et al. 2005; Jin 
et al. 2013; Nicholas 2013; Nicholas et al. 2014; Ishigami et al. 2015), scrapie (Jang 
et al. 2008), Creutzfeldt-Jakob disease (Jang et al. 2010), and glaucoma (Bhattacharya 
et al. 2006). In the latter case, suggestive of a direct role for astrocytes was the find-
ing that primary human cultures responded to increased pressure by increasing their 
level of PAD2 and deiminated proteins. Cultured human primary astrocytes were 
also used by Sambandam et al. (2004) in their investigation of the effect of hypoxia 
on deimination. Immunoblotting indicated a large increase in both PAD2 and deimi-
nated GFAP in response to reduced oxygen. In contrast, although both PAD and 
deiminated proteins were observed primarily in astrocytes when rats were subjected 
to hypoxia by reducing the oxygenation of a perfluorochemical perfusate, there was 
no change in PAD levels in response to hypoxia (Asaga and Ishigami 2000). In 
 addition, the increased deimination was in a broad group of proteins migrating more 
slowly than GFAP on an immunoblot. An acute increase in GFAP deimination in 
response to seizures is indicated by elevated immunostaining of deiminated proteins 
in rat cerebrum astrocytes 2 h after kainic acid treatment (Asaga and Ishigami 2001). 
On the other hand, a decrease compared to controls in both PAD2 and deiminated 
proteins in astrocytes was observed 7 days after kainic acid treatment (Asaga et al. 
2002). Together, these observations suggest that PAD2 is rapidly activated in astro-
cytes following seizure activity, but then lost. This loss could be due to changes in 
intracellular calcium levels; or alternatively, the acute activation could be occurring 
in severely injured cells that leak calcium to activate PAD2 and then die. Deiminated 
GFAP has also been reported present in Parkinson’s disease, but it was not stated 
whether the level was increased over controls (Nicholas 2011). In AxD, large 
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increases in GFAP deimination have been indicated in both human patients 
(Fig. 20.3) and a mouse model (Figs. 20.4 and 20.5) (Nicholas et al. 2014).

The increased amount of citrullinated GFAP in several neurodegenerative dis-
eases could simply reflect the increased levels of total GFAP produced by the reac-
tive astrocytes present in the disorder or could be due to greater deimination per 
GFAP molecule. This question was addressed by Raijmakers et al. (2005) in the 
case of the EAE mouse model by comparing the relative staining intensities for 
GFAP and comigrating peptidyl-citrulline on immunoblots of extracts from control 
and EAE mouse brain. Although not quantified, visually the signal intensity for 
peptidyl-citrulline increased markedly more than that for GFAP between the control 
and EAE samples, indicating a greater degree of citrullination per protein.

For most of these reports, citrullination of GFAP is inferred from correlation of 
the signal locations for GFAP and peptidyl-citrulline, rather than being directly 
demonstrated. Images obtained by immunostaining generally lack the resolution to 
distinguish between peptidyl-citrulline staining of GFAP filaments and more gen-
eral staining of astrocytes. This caveat of correlation persists even for the immuno-
gold staining for peptidyl-citrulline associated with astrocytic intermediate filaments 
(Jang et al. 2011), since it is possible that the staining was of a protein associated 
with GFAP rather than GFAP itself. For example, the same study observed localiza-
tion of PAD2, itself a substrate for deimination, with the GFAP filaments.

Fig. 20.2 Confocal 
microscopy of co-localized 
(yellow/orange) 
immunofluorescent 
staining for deiminated 
proteins with the F95 
monoclonal antibody 
against peptidyl-citrulline 
(red) and GFAP (green) in 
the cell body and processes 
of a protoplasmic astrocyte 
from the granular cell layer 
of a human cerebellum 
without known 
neurological disease. Scale 
bar = 50 μm [Modified 
from Nicholas and 
Whitaker (2002)]
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The same reservation of possible co-positioning applies to many of the 
experiments in which GFAP was presumed to be deiminated based on its identifica-
tion by mass spec in a region of a 1D or 2D gel that produced a peptidyl-citrulline 
signal, but the GFAP was not directly demonstrated to contain peptidyl-citrulline 
(Ishigami et al. 2005; Jang et al. 2008, 2010; Bradford et al. 2014). More direct 
evidence for the presence of citrullinated GFAP was obtained by Bhattacharya et al. 
(2006) by identification of GFAP by liquid chromatography-tandem mass spec-
trometry (LC- MS/MS) among proteins immunoprecipitated by an anti-citrulline 
antibody. However, in that study, controls were absent to address the possibility that 
GFAP was present in the immunoprecipitate as a nonspecific contaminant.

Although there are caveats concerning the conclusions in many of the individual 
studies demonstrating GFAP deimination, taken as a group, they provide compel-
ling evidence, given the multiple properties shared by the peptidyl-citrulline react-
ing protein and GFAP. These include general morphology in astrocytes, associated 
with astrocytic intermediate filaments, molecular weight, and isoelectric point. 
Most convincing, however, is the direct detection by several groups of deiminated 
arginines within GFAP by mass spec. Grant et al. (2007) searched for citrullinated 
proteins in spinal cord extracts of control and EAE model rats using the isobaric 
tags for relative and absolute quantification (iTRAQ) proteomic method (Ross et al. 
2004). They observed a deimination in the head domain of rat GFAP at R27. This 
arginine is conserved in human GFAP as R29, but human R29 has not been observed 
to be deiminated (see below), perhaps due to its different context (PTRHL in rat, 
PGRRL in human). The deiminated peptide was 1.3 times more abundant in the 
EAE extracts than in the controls, but it was not determined if this was due to an 
increase in citrullination per molecule or to an EAE-induced increase in total GFAP.

Fig. 20.3 Immunoblot for 
GFAP and citrullinated 
proteins (F95) from 
1-year-old (lanes 2–4) and 
2-year-old (lanes 5–7) AxD 
patients (lanes 3–6) and 
age-matched controls 
(lanes 2 and 7), using 
extracts from the cerebrum 
(lanes 2, 3, and 5) and 
cerebellum (lanes 4, 6, and 
7). Lane 1 contains 
molecular weight markers. 
The arrow depicts the 
expected position of 
human GFAP (50 kDa) 
[Modified from Nicholas 
et al. (2014)]
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Deimination of human GFAP in controls and AlzD brains was analyzed by Jin 
et al. (2013) using an LC-MS/MS method modified for detection of citrullinated 
proteins. The AlzD extracts revealed deimination at five sites, R30, R36, R270, 
R406, and R416. The control extracts also displayed deimination at each of these 
sites except for R270, but R270 was found deiminated in analysis of commercially 
obtained purified GFAP, suggesting its absence in the control extracts was a sensi-
tivity issue. Of these five sites, R270 is in coil 2B, whereas the others are in the head 
or tail domains (Fig. 20.1). No comparison was made between the level of citrulli-
nation at the several sites in GFAP from the AlzD and control brains, nor was the 
extent of deimination determined for any of the sites. The in vitro deimination of the 
commercial GFAP with purified PAD2 resulted in citrullination of these same five 
sites, plus 12 additional ones: R88, R105, R124, R126, R136, R173, R217, R258, 
R276, R286, R287, and R367 (Fig. 20.1). Unfortunately, the properties of this deim-
inated GFAP were not investigated. As noted in Fig. 20.1, mutation of some of the 
GFAP arginines subject to deimination causes AxD, raising the possibility that their 
chronic deimination could have AxD-like consequences.

Ishigami et al. (2015) used a different approach to identify citrullinated peptides 
in GFAP. Recombinant human (rh) GFAP was deiminated in vitro with rhPAD2  
and then used to generate monoclonal antibodies that recognized citrullinated 
GFAP, but not unmodified GFAP.  Surprisingly, when one of these monoclonal 
 antibodies was used to isolate peptides from a tryptic digest of deiminated rhGFAP, 
two different peptidyl-citrulline peptides were identified that have no apparent 
homology: FADLTDAAARNAELLR, which was citrullinated at R270, and 
TVEMRDGEVIKESKQEHKDVM, which was citrullinated at R416 (citrullination 
sites underlined; note that the R416 peptide had three missed cleavages). Both of 
these citrullination sites had previously been observed in vivo by Jin et al. (2013) in 
control and AlzD subjects. Although not remarked upon by the authors, the isolation 
of these two different peptides suggests two possibilities. One is that the monoclo-
nal antibody they used recognizes multiple peptidyl-citrulline sites rather than being 

Fig. 20.4 Immunostaining for citrullinated proteins in the cerebellum of (a) control mice versus 
(b) AxD model mice that overexpress GFAP. wm, white matter; gm, gray matter; ventricular sur-
face, bottom [Modified from Nicholas et al. (2014)]
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specific for GFAP citrullination; the other is that the antibody is specific for one of 
the peptide sites, and the other was present as a contaminant, since a negative con-
trol for their peptide isolation in which the antibody was omitted was not described. 
Accordingly, citrullinated GFAP cannot rigorously be concluded to be the target 
when this same monoclonal antibody stained AlzD brain but not control brain, 
although this is suggested by the staining being strongest in astrocytes.

20.6  Vimentin Deimination

Studies of GFAP KO mice have indicated that some of the functions of GFAP are 
subtle, whereas knockout of both GFAP and vimentin produces more profound 
effects (reviewed in Brenner 2014; Pekny et al. 2014). Thus, the functional conse-
quences of GFAP deimination could depend on whether vimentin is also deiminated. 
Since these two proteins are homologous type III IF proteins present in astrocytes, it 
is not surprising that deiminated vimentin has also been identified. Inagaki et  al. 
(1989) obtained extensive deimination in vitro using purified vimentin and PAD2.  

Fig. 20.5 Co-localization (yellow) of GFAP (green) and peptidyl-citrulline (F95 antibody, red) 
immunofluorescent staining in the telencephalon (a–c) near the cortical surface (top) and in the 
hippocampus (d–f) of GFAP-overexpressing transgenic mice demonstrate that the most reactive 
astrocytes were also immunopositive for deiminated proteins. Scale bars = 50 μm [Modified from 
Nicholas et al. (2014)]
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In vivo, immunoblotting has indicated the presence of citrullinated vimentin in rat 
uterus (Senshu et al. 1992), as an autoantigen in rheumatoid arthritis (Vossenaar et al. 
2004), in a human leukemia cell line treated with the calcium ionophore A23187 to 
activate PAD (Hojo-Nakashima et al. 2009), and in cultured differentiating osteoclast 
precursors (Harre et al. 2012). The latter study identified a single deimination site at 
R113, which is in coil 1A (Fig. 20.1); and Wang et al. (2016) identified deiminations 
in vimentin in synovial fluid of patients with rheumatoid arthritis at R270 and R273 
(both near the beginning of coil 2A) and R401 (near the end of coil 2A). Thus, none 
of the vimentin deimination sites identified in vivo is in the head domain, as was 
found in the in vitro study of Inagaki et al. (1989). Thus, selection of sites for deimi-
nation is influenced by the local environment. In the CNS, citrullinated vimentin has 
been detected in the brains of AlzD patients (Ishigami et al. 2005) and Creutzfeldt-
Jakob disease patients (Jang et al. 2010) by mass spec analysis of spots on a 2D gel 
comigrating with a peptidyl-citrulline immunostaining signal.

20.7  Biological Effects of Vimentin and GFAP Deimination

The first investigation of possible functional effects of deimination was the in vitro 
study of Inagaki et al. (1989). Data were primarily presented for vimentin, but simi-
lar observations were stated to have been made for GFAP. Purified, soluble mouse 
vimentin was deiminated to varying levels using purified PAD2 and then tested for 
its ability to polymerize. The extent of deimination was evaluated by amino acid 
analysis, and polymerization was assayed either by centrifugation or by electron 
microscopic visualization of filaments. These assays revealed that deimination to a 
level of about eight moles of citrulline per mole of vimentin resulted in complete 
inhibition of filament formation. Lower levels of deimination were examined only by 
the solubility assay, with the lowest amount, about one mole citrulline per mole 
vimentin, producing only a marginal effect. The amino acid composition of peptides 
produced from the highly deiminated vimentin revealed that a head domain peptide 
containing 12 arginines averaged about eight modified residues and a tail domain 
peptide had a deimination at R450, which is homologous to R416 in human GFAP 
(Fig. 20.1). No deimination was observed in the central rod domain. The inability of 
the deiminated vimentin to polymerize is consistent with this function being depen-
dent on arginine-rich regions in the N-terminal head domain (Shoeman et al. 2002), 
a requirement shared by GFAP (Chen and Liem 1994). The tail region deimination 
could also contribute to defective polymerization, since it occurs in an RGD sequence 
that is conserved among type III intermediate filament proteins and has also been 
found to have a role in filament formation (McCormick et al. 1993; Chen and Liem 
1994). Consistent with these in vitro results, in their study treating a human leukemia 
cell line with the calcium ionophore A23187, Hojo-Nakashima et al. (2009) observed 
that the filamentous vimentin network in affected cells collapsed around the nucleus. 
Although this collapse could be an indirect effect of the calcium ionophore, it is 
consistent with vimentin being a primary deiminated protein in these cells.
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In addition to its effect on polymerization, in vitro deimination of the head region 
of vimentin inhibited its phosphorylation, presumably due to dependence of the 
kinases on arginine residues for site recognition (Inagaki et al. 1989). Like deimi-
nated vimentin, phosphorylated vimentin is assembly incompetent. Several signal- 
regulated kinases phosphorylate serine and threonine residues in the head region of 
vimentin during mitosis, leading to the reversible dissolution of the filaments, a 
process that appears important for successful mitosis (Matsuyama et  al. 2013). 
Whether the inhibition of phosphorylation by deimination would compromise mito-
sis is unclear, since deimination itself may produce the disassembly of IFs, albeit 
irreversibly. On the other hand, phosphorylation of type III IFs facilitates binding of 
14-3-3 proteins (Li et al. 2006b), which in turn stimulates cell growth, migration, 
and malignancy (reviewed in Snider and Omary 2014), and it is questionable 
whether this effect of phosphorylation would be mimicked by deimination.

There are several caveats to drawing conclusions for the biological effects of GFAP 
deimination from the Inagaki et al. study. Although it was reported that similar effects 
on polymerization to those obtained for vimentin were also observed for GFAP, cen-
trifugation data for GFAP were presented for only a single time point in the deimina-
tion reaction, and there was no electron microscopic visualization of polymerization 
or determination of the deimination sites. These sites could differ between vimentin 
and GFAP, since the sequences of the head domains are not conserved. In addition, 
both the deimination and polymerization reactions were performed in vitro, which 
may not be predictive of conditions in vivo. For example, some altered vimentin and 
GFAP proteins that do not polymerize in vitro nevertheless do so in vivo and vice 
versa (McCormick et al. 1993; Chen and Liem 1994). Another concern is that the 
deimination was performed using soluble IF protein rather than filaments, whereas 
over 90% of the total GFAP in the brain is filamentous (Heaven et al. 2016). The 
authors do state that deimination of intact GFAP filaments leads to their dissociation, 
but no relevant data or experimental protocols were presented.

Perhaps the greatest concern for drawing biological consequences of GFAP 
deimination from the Inagaki et  al. study is that the level of GFAP deimination 
in vivo is not known. This question was not addressed by any of the studies demon-
strating GFAP deimination, including those using mass spec to directly identify 
peptidyl-citrulline in GFAP. If the level approached the eight moles of citrulline per 
mole of protein monomer that was primarily investigated by Inagaki et al., it might 
be expected that more extensive deimination would have been detected by the mass 
spec analyses. Also not addressed in the studies using in vivo tissues is the effect of 
GFAP deimination on its polymerization properties, but pertinent information can 
be extracted from some of the data presented. Several of the dual fluorescence 
immunostaining studies cited earlier show essentially identical morphologies for 
GFAP and peptidyl-citrulline signals (as examples, see Fig. 20.2 above and other 
images in Nicholas and Whitaker 2002; Nicholas et al. 2003, 2005; Nicholas 2011). 
In addition, the electron microscopic visualization of peptidyl-citrulline immuno-
gold staining indicated labeling of astrocyte filaments (Jang et al. 2011). Although 
caveats concerning interpretation have been mentioned earlier, these observations 
suggest that deiminated GFAP can be incorporated into normal-appearing filaments. 
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Furthermore, immunoblot data of Raijmakers et al. (2005) suggest that deiminated 
GFAP polymerizes with a facility similar to that of unmodified GFAP. In their study 
of GFAP deimination in a mouse EAE model, the distribution of deiminated GFAP 
was monitored between Triton X-100 soluble and insoluble fractions. Solubility in 
Triton X-100 is commonly used to separate polymerized IFs from monomers and 
small oligomers. Although the amount of each of these fractions loaded on the gels 
was not specified, the use of equal volumes for each fraction and the observation 
that generally about 10% of GFAP is Triton X-100 soluble (Heaven et al. 2016) sug-
gest that relatively similar percentages of each fraction were analyzed. If this was 
indeed the case, their data show that a large proportion of the deiminated GFAP is 
present in the insoluble fraction and thus retains its ability to polymerize.

Seemingly contrary data for the solubility of citrullinated GFAP was subse-
quently presented by this same group (Raijmakers et al. 2006), again using a mouse 
EAE model. Immunoblots for peptidyl-citrulline showed a much stronger signal 
corresponding to the size expected for GFAP in a Triton X-100 soluble fraction than 
in the insoluble fraction. However, in this instance, sonication was used to prepare 
the extracts, and the previous publication showed that this could result in the solu-
bilization of a significant fraction of otherwise insoluble GFAP. Thus, in the absence 
of immunoblotting for GFAP, which was not performed in this later study, no defini-
tive conclusion can be drawn from this result regarding the effect of citrullination on 
GFAP solubility.

There are several possible explanations for why these in vivo observations of 
polymerized deiminated GFAP differ from the absence of polymerization observed 
by Inagaki et al. (1989) described earlier. One possibility is that only a small frac-
tion of GFAP molecules may be deiminated. Although GFAP lacking its head 
domain cannot self-polymerize when expressed in cultured cells lacking cytoplas-
mic intermediate filaments, it can incorporate into filaments when expressed in 
vimentin-containing cells (Chen and Liem 1994), such as astrocytes that contain 
both of these IFs. Therefore, if only a minor fraction of GFAP is deiminated, it 
might similarly assemble into filaments with unmodified GFAP in vivo. Another 
possibility is that the extent of deimination per molecule is low. As mentioned in the 
earlier discussion, the failure to polymerize was noted for vimentin having about 
eight sites deiminated per molecule, whereas GFAP, with an average of only a single 
site deiminated, had almost normal polymerization. Finally, as also suggested ear-
lier, in vitro polymerization properties may not adequately reflect those in vivo.

20.8  Possible Functional Roles for GFAP Deimination 
in Brain Trauma and Neurodegenerative Diseases

Observations summarized above suggest that GFAP deimination has an important 
role in neurological diseases. These findings include (1) PAD2 appears to be the 
predominant PAD in the CNS and is primarily (if not entirely) localized to astrocytes, 
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(2) identification of GFAP as a major deiminated protein, and (3) increased levels of 
both PAD2 and GFAP deimination are seen in several neurodegenerative diseases. 
However, it is not known what role GFAP deimination has in neurodegeneration or 
even if it is positive or negative. Studies of GFAP KO mice have attributed multiple 
functions to GFAP, any one of which might be affected by its deimination (reviewed 
in Brenner 2014). These include contributing to structural support of the vasculature, 
regulation of blood flow, facilitating blood-brain barrier formation and maintenance, 
hippocampal long-term potentiation, cerebellar motor learning and long-term depres-
sion, sequestration of damaged tissue, glutamate transporter trafficking, and suppres-
sion of neurite extension and neuron proliferation in the adult brain. In addition, a 
recently discovered nonstructural role for GFAP is facilitating inhibition of chaper-
one-mediated autophagy by GTP (Bandyopadhyay et al. 2010). Since a phosphory-
lated form of GFAP has been implicated in this process, this function may be 
compromised by deimination. Chaperone-mediated autophagy may contribute to the 
progression of several neurodegenerative disorders, including Parkinson’s disease, 
AlzD, Huntington’s disease, and normal aging (Wang and Mao 2014).

Combined knockout of both GFAP and vimentin reveals additional functions 
that could be affected by their deimination (reviewed in Brenner 2014; Pekny et al. 
2014). These include vesicle trafficking, protection against mechanical stress, vol-
ume control, formation of the glial scar following injury, and suppression via Notch 
signaling of neural stem cell differentiation into astrocytes and neurons. Still other 
possible roles for GFAP can be inferred from analogy to vimentin and keratin inter-
mediate filaments, which have been discovered to participate in several signaling 
pathways involving growth, cell division, and apoptosis (reviewed in Snider and 
Omary 2014). In particular, Hsu et  al. (2014) observed that overexpression of 
vimentin partially alleviates apoptosis in Jurkat cells caused by activation of PAD2.

Whether GFAP deimination has a role in any of these functions has not yet been 
investigated, but an indication can be discerned from the more general question of 
whether GFAP itself has any role in neurodegenerative disorders. This has been 
addressed by using GFAP KO or GFAP/vimentin double KO mice in models of 
neurodegenerative diseases (Brenner 2014; Pekny et al. 2014). Despite increased 
levels of citrullinated GFAP in a mouse scrapie model, no effect on the disease was 
observed in a GFAP KO. Both harmful and helpful effects have been observed in 
several other mouse injury models. Deleterious effects of a GFAP KO or double KO 
of GFAP and vimentin have included a larger infarct size following ischemia, more 
rapid progression and severity of a Batten disease mouse model, and greater acute 
loss of synapses and increased healing time after traumatic injury. In AlzD model 
mice, increases in both plaque load and dystrophic neurites have been noted. 
Multiple studies have reported that deiminated GFAP increases in this disease 
(Ishigami et al. 2005; Jin et al. 2013; Nicholas 2013; Nicholas et al. 2014; Ishigami 
et al. 2015), although Acharya et al. (2012) reported that the increase in peptidyl- 
citrulline in AlzD is confined to neurons. Beneficial effects have been observed in 
several models of traumatic injury (see Chap. 16 for more details). These positive 
effects have included increased differentiation of astrocytes and neurons from 
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neural stem cells, better long-term behavioral recovery from spinal cord injury, and 
increased neuronal migration, axonal growth, and neurite extension.

The availability of PAD inhibitors and KO mice makes possible a more direct test 
of the role of deiminated GFAP. A PAD2 KO mouse was used by Raijmakers et al. 
(2006) to examine the impact of protein deimination on an EAE model of MS. They 
observed that the KO had no effect on disease onset, severity, or duration, despite 
being unable to detect protein deimination in the brain and spinal cord that was read-
ily apparent in wild-type EAE mice. These findings suggest that the GFAP deimina-
tion accompanying EAE has no role in the disease. A caveat for this conclusion is the 
report of Bradford et al. (2014) that spinal cords from EAE control and PAD2 KO 
mice stain equally for peptidyl-citrulline. This discrepancy may be due to the 
employment of different detection methods in these two investigations. Raijmakers 
et al. used an antibody against citrulline residues that are first chemically modified 
(the method of Senshu et al. 1992), whereas Bradford et al. used an antibody that 
directly recognizes peptidyl-citrulline (F95 antibody, Nicholas et al. 2014). The con-
clusion that deiminated GFAP has no role in EAE thus awaits further study, although 
its presence in the PAD2 KO mice would presumably require discovering that a PAD 
other than PAD2 is also present in astrocytes. The more general conclusion that 
deiminated proteins are without effect in EAE was challenged by Moscarello et al. 
(2013), who found that the general PAD inhibitor 2- chloroacetamidine provided 
strong protection in several mouse EAE models. This outcome was attributed to the 
presence of PAD4.

PAD2 KO mice were also used to evaluate the role of GFAP deimination in a 
mouse model of AxD. The mice used carried a combination of two genetic changes. 
One is a transgene expressing human GFAP (GFAPTG), and the other is an R236H 
alteration of the endogenous GFAP gene, which is homologous to the highly severe 
R239H AxD mutation. Each of these changes alone results in some characteristics 
of AxD, such as greater susceptibility to kainic acid induced seizures and production 
of Rosenthal fibers, but the mice live a normal life span. However, the GFAPTG/
R236H double transgenic mouse dies by about 30 days of age, apparently from sei-
zures (Hagemann et al. 2006). Combining the GFAPTG/R236H double transgenic 
mouse with the PAD2 KO significantly increased the survival time (p < 0.01) (A.N. 
and M.B., unpublished observations). In most instances, life span was increased 
about a week, but one mouse appeared still healthy when euthanized at 6 months of 
age. These indications that PAD2 has a deleterious effect on AxD progression were 
contrary to expectations. The in vitro studies of GFAP deimination (Inagaki et al. 
1989) and findings for MBP (Chap. 19) suggest that PAD2 activity would decrease 
GFAP polymerization and increase its degradation. Since elevated GFAP levels con-
tribute to AxD, probably through aberrant polymerization (Li et al. 2006a), GFAP 
deimination was expected to have a protective effect. A simple explanation of the 
contrary outcome is that chronic deimination of GFAP mimics the effects of disease-
causing mutations in AxD (see Fig. 20.1), but other mechanisms are possible. A 
practical consequence of this finding is that PAD2 inhibitors may extend survival of 
AxD patients, providing the first treatment available for this deadly disease.
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20.9  Conclusions, Conjectures, and Future Directions

PAD2 accounts for nearly all of the PAD activity in the CNS, and most of this PAD2 
is present in astrocytes. Multiple studies have identified GFAP as a primary PAD2 
target and have observed that the level of deiminated GFAP is markedly increased 
in a variety of CNS disorders. Presumably, deimination of GFAP provides some 
critical response to CNS disturbance, but how deimination affects GFAP function 
and its biological consequences await further investigation.

GFAP is one of the main IFs in astrocytes, a critical glial cell with anatomical 
and functional associations with neurons, cerebral blood vessels, and the ventricular 
system (Fig.  20.6a). A possible role for GFAP (and vimentin) deimination is to 
contribute to the reorganization of the cytoskeleton that occurs as part of the astro-
cytic reactive response (Fig.  20.6b). Following CNS injury, astrocytes become 
hypertrophic and may extend and intertwine their processes to form a mesh-like 
network that seals off the injured area (Sofroniew 2009). As a result, GFAP deimi-
nation could facilitate formation of this glial scar by causing depolymerization of 
the preexisting intermediate filaments. Two teleological considerations, however, 
militate against this role. The first is that the concentration of calcium present in 
reactive astrocytes, likely less than 250 nM (Matsuda et al. 1996; Cheli et al. 2016), 
is far below that required for half maximal activity of PAD2, which is about 
50 μM. Why would PAD2 have evolved such a high calcium requirement if its pri-
mary function was in conditions that support less than 0.5% of its maximum activ-
ity? Much higher calcium levels, up to about 100  μM, could be transiently 
experienced by the enzyme, if it were sequestered near a calcium channel (Csordas 
et al. 1999), but evidence for such a localization is lacking. The second teleological 
challenge is that if GFAP deimination were used for cytoskeleton rearrangement, 
the deiminated GFAP would need to be degraded and new GFAP synthesized prior 
to reformation of filaments. A more resource-sparing means for cytoskeleton 
 rearrangement would be reversible phosphorylation, as occurs during mitosis 
(Matsuyama et al. 2013).

Another possible function of GFAP deamination that is not subject to these con-
cerns is depolymerization of the filament network in the course of apoptosis 
(Fig.  20.6c). Although the intracellular calcium level may also be no more than 
250 nM when apoptosis is initiated in astrocytes (Matsuda et al. 1996; Takuma et al. 
1999), activation of caspases may lead to cleavage of calcium transporter and chan-
nel proteins resulting in breakdown of the calcium concentration gradient between 
the astrocytes and the cerebrospinal fluid (Orrenius et al. 2003), where the calcium 
concentration is about 1 mM. Dissolution of GFAP filaments has been observed in 
an astrocyte apoptosis model induced by treatment with 3-nitropropionate (Fukuda 
et al. 1998), although an effect of the drug itself cannot be ruled out. If excessive 
deimination of GFAP does result in astrocyte apoptosis, ultimately the same fate 
may eventually affect their associated neurons that may not be able to survive with-
out the critical assistance of these supporting glial cells (Fig. 20.6c).
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Both of these possibilities posit that deimination causes depolymerization of 
GFAP filaments, followed by rapid degradation of the deiminated protein. However, 
neither provides an explanation for the observed presence of deiminated GFAP in 
both diseased and control brains that is associated with normal-appearing interme-
diate filaments. Inagaki et  al. (1989) reported that highly deiminated GFAP was 
incompetent for self-polymerization in vitro. However, multiple studies have shown 
that altered forms of GFAP that cannot self-polymerize can nevertheless copoly-
merize with an excess of wild-type GFAP (Chen and Liem 1994; Der Perng et al. 
2006; Flint et al. 2012; Moeton et al. 2016). Thus, the deiminated GFAP visualized 
in normal-appearing filaments may be present as a low molar fraction of the total 
GFAP, or each deiminated GFAP monomer may have only one or a few citrullina-
tions. The origin and significance of this filamentous deiminated GFAP, however, 
are unclear. In control brain, it could be the product of a low background level of 
PAD activity or could identify cells that had recently experienced some perturba-
tion. In the injured brain, the elevated level of filamentous deiminated GFAP could 

Fig. 20.6 Theoretical functions of IF deimination in astrocytes. Under normal conditions (a), 
astrocytes (green) extend processes that interact with ependymal cells (light blue) lining the ven-
tricular system (top), endothelial cells of central nervous system blood vessels (red, bottom), and 
neurons (dark blue). Within astrocytes, IFs such as GFAP and vimentin (purple) are found in 
tightly wound fibrils that are critical to the cytoskeletal integrity of these cells. However, in 
response to injury (b), PAD enzymes are activated in astrocytes, resulting in IF deimination, in 
which peptidyl arginines are transformed to peptidyl-citrullines (yellow stars). Due to the loss of 
the positive charges on these arginines that contribute to salt bridges between the fibrils, IFs may 
unwind, which may then contribute to expansion of the intracellular IF matrix (purple arrows) 
resulting in astrocyte enlargement that may serve to enhance associations with neurons (to provide 
these cells nutrition and assist in dispelling waste), as well as with the cerebrospinal fluid and 
blood systems, possibly in an attempt to clear waste products and extracellular debris (black 
clouds) via phagocytosis (black arrows). Alternatively, deimination of IFs may be part of an apop-
totic program that includes collapse of the cytoskeleton (c) with condensation of nuclear material 
(black lines within orange ovals that represent cell nuclei) and blebbing off of extracellular debris 
for phagocytosis. Loss of astrocytic support could ultimately cause neuronal cell death (shrunken 
blue cell in panel c)
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mark cells in the early stage of an injury response; or conversely, deiminated GFAP 
could be the remnants from deimination-driven cytoskeletal reorganization or a 
failed apoptotic attempt. Finally, it is possible that the role of GFAP deimination is 
not to cause filament depolymerization at all, but instead is to alter the properties of 
the filaments, such as their interactions with other proteins. For these scenarios, the 
puzzle of why PAD evolved to act at less than 1% of its potential activity would 
remain. Alternatively, perhaps this is not the case, and some factor is to be discov-
ered that can substitute for calcium to activate the protein.

These uncertainties underscore the need for additional basic information about 
the functions of deiminated GFAP and the conditions under which it is produced. 
Data of interest include the fraction of GFAP deiminated in a given condition, the 
number of sites deiminated per molecule, the time course of deimination, effects of 
the observed deimination levels on GFAP polymerization and stability, and the 
effects of incorporation of deiminated GFAP on filament properties. Determining 
whether GFAP deimination has a role in glial scar formation or apoptosis, or in any 
of the multiple other activities attributable to GFAP enumerated above, can now be 
performed through the use of tools such as the PAD2 KO mice, PAD2-overexpressing 
mice, and PAD inhibitors. Studies performed to date indicate that GFAP deimina-
tion has a questionable role in the EAE mouse model of MS, but has a critical one 
in a mouse model of AxD.  Extending these approaches to other CNS disorders 
should produce findings relevant to both basic biological processes and for clinical 
application.
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Chapter 21
Treatment of Prostate Cancer Using 
Deimination Antagonists and Microvesicle 
Technology

Sigrun Lange, Sharad Kholia, Uchini S. Kosgodage, and Jameel M. Inal

21.1  Background

Cellular MV release and PAD-mediated protein deimination are calcium-dependent 
events that are elevated in a number of human diseases, including autoimmunity and 
cancer (Berckmans et al. 2005; Migliorini et al. 2005; Nomura et al. 2008; Antwi- 
Baffour et al. 2010; Anzilotti et al. 2010; Castellana et al. 2010; Mohanan et al. 
2012; McElwee et al. 2012; Nicholas et al. 2014). To address a putative interplay 
between these two mechanisms, we demonstrated in a recent prostate cancer study 
(Kholia et  al. 2015) that PAD enzyme activation affects MV biogenesis through 
deimination of cytoskeletal actins and nuclear histones. Therefore, PAD-mediated 
MV biogenesis reveals novel synergistic roles in cancer progression.

21.2  Cellular Microvesicles

Microvesicles (MVs) are phospholipid-rich vesicles that are ubiquitously released 
from the cell membrane of diverse cell types upon stimulation and/or apoptosis 
(Piccin et al. 2007; Raposo and Stoorvogel 2013; Fig. 21.1). MV release depends 
on calcium ion influx, which occurs either through pores created by sublytic 
complement or calcium released by the endoplasmic reticulum through various 
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Fig. 21.1 Electron 
micrograph of 
microvesicles (MVs). 
Transmission electron 
microscopy of purified 
MVs (arrows) released 
from metastatic PC3 
prostate cancer cells and 
isolated by differential 
centrifugation at 25,000 g 
for 90 min

Fig. 21.2 Cellular pathways to microvesicular release. Ca2+ influx via calcium channels, MACs or 
P2X7-gated calcium channels leads to a microenvironment with increased [Ca2+]i, resulting in the 
deactivation of cytoskeletal-associated enzymes, membrane instabilities and cytoskeletal protein 
degradation. Intracellular Ca2+ may also originate from organelles, in particular the endoplasmic 
reticulum (ER). (1) Flippase, floppase and aminophospholipid translocase are unable to maintain 
membrane asymmetry leading to increased external expression of phosphatidylserine. (2) The 
simultaneous activation of calpain by free Cai

2+ causes the degradation of the actin cytoskeleton, 
leading to the formation of the membrane bleb. (3) Mitochondrial stress can lead to MV formation 
via a different pathway to Ca2+ activation. Proapoptotic Bcl-2, Bax and Bak are inserted into the 
mitochondrial outer membrane causing an increase in membrane permeability. This lead to leakage 
of reactive oxygen species, cytochrome C and apoptosis-inducing factor into the cytoplasm and 
stimulation of the caspase cascade, resulting in cytoskeletal degradation and the formation of the 
apoptosome that in turn leads to apoptosis. If the ‘spill’ is relatively small and the damage is mini-
mal, the cell can use the apoptosome to form a MV and export the hazardous agents (pseudoapopto-
sis). Stimulation of FasL leads to the activation of caspase 8 and the subsequent activation of caspase 
3, resulting in the translocation of tBid to the mitochondrial membrane and the leaking of cyto-
chrome C, which leads to the formation of the apoptosome. The membrane bleb expresses receptors 
and proteins typical of the parent cell, enriched externally for phosphatidyl serine. (4) Internally, the 
bleb is enriched for actin and contains a sample of the ‘local’ cytoplasm components such as RNA, 
protein, peptide hormones and esterases. The bleb also contains undesirable components such as 
apoptotic agents, notably Ca2+

i which is enriched in MVs as a part of the cell’s calcium homeostatic 
mechanisms. The bleb finally pinches off, forming the MV (Modified from Inal et al. 2012)
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calcium channels on activated cells. This increase in cytosolic calcium results in 
cytoskeletal reorganisation, loss of membrane asymmetry, membrane blebbing 
and subsequent MV formation and release (Fig.  21.2). The cytoskeletal rear-
rangement is known to be facilitated by the activation of various enzymes, includ-
ing calpain, gelsolin, scramblase and protein kinase, and the simultaneous 
inhibition of translocase and phosphatases (Inal et al. 2012). MVs play physio-
logical roles as mediators of intracellular communication, such as transferring 
growth factors, microRNAs and enzymes between cells, and play roles in diverse 
processes such as differentiation, migration and angiogenesis (Ansa-Addo et al. 
2010; Muralidharan-Chari et al. 2010; Roos et al. 2010).

21.3  MVs in Cancer

Accumulative evidence implicates MVs in the pathogenesis of various diseases, 
including cancer, either directly or indirectly. The presence of MVs has been noticed 
in cancer patients since the 1970s (Friend et al. 1978), and elevated MV levels in the 
blood from cancer patients compared to healthy individuals has been demonstrated 
by various investigators (Ginestra et al. 1998; Kim et al. 2003; Zwicker et al. 2009). 
MV release has also been shown to aid tumour spread and survival as MVs transport 
various pathological growth factor receptors, soluble proteins and microRNAs 
(Muralidharan-Chari et al. 2010; Roos et al. 2010; Inal et al. 2012). Interestingly, 
MV shedding from cancer cells also aids increased active drug efflux and thus con-
tributes to their resistance to chemotherapeutic agents (Bebawy et al. 2009; Jorfi and 
Inal 2013). In addition, inhibition of microvesiculation has been shown to render 
cancer cells more susceptible to anticancer drug treatment (Jorfi and Inal 2013). 
Inhibition of microvesiculation has also been shown to reduce the dose of docetaxel 
required to limit tumour growth in vivo (Jorfi et al. 2015).

21.4  PADs in Cancer

In patients suffering from malignant tumours, the overexpression of the PAD2 and 
PAD4 isozymes has been reported in blood and tissues (Nakashima et al. 1999; 
Wang et al. 2010; Cherrington et al. 2012). PAD4, which is commonly found in 
the nucleus (Asaga et al. 2001; Nakashima et al. 2002), is the only isozyme that 
contains a classic nuclear localisation signal and has been shown to translocate to 
the nucleus in response to tumour necrosis factor alpha (TNFα) upregulation 
(Mastronardi et al. 2006). PAD4 acts as a transcriptional co-regulator for various 
factors including p53, p300, p21 and ELK1, and this regulatory function may be 
mediated via deimination of the N-terminal tails of various histone proteins 
(Li et al. 2008; Tanikawa et al. 2009; Zhang et al. 2011). PAD4 plays a role in 
apoptosis as it regulates p53 gene activity during DNA damage by acting as a 
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co-mediator of gene transcription and epigenetic cross talk with histone deacety-
lase 2 (HDAC2) (Li et al. 2010). PAD4 is also co-localised with cytokeratin (CK), 
which is an established tumour marker and occurs in various isoforms, some of 
which are deiminated (Chang & Han 2006). Deiminated CK isoforms (Vossenaar 
et al. 2003; Ellsworth et al. 2008; Zwicker et al. 2009) become resistant to cas-
pase-mediated cleavage, which contributes to the disruption of apoptosis in can-
cer tumours (Chang & Han  2006). In addition, PAD4 acts as a cofactor in 
epidermal growth factor-mediated target gene activity, activating the expression 
of proto-oncogene c-fos (Zhang et al. 2011), interacting with p53 and influencing 
the expression of its target genes (Yao et  al. 2008; Li et  al. 2008; Tanikawa 
et al. 2009; Guo and Fast 2011). PAD4 is also linked with oestrogen receptor tar-
get gene activity via histone tail deimination (Wang et al. 2004). In spite of lack-
ing a classic nuclear translocation site such as that found in PAD4, both PAD2 and 
PAD3 have also been localised and detected in the nucleus (Lange et al. 2011; 
Cherrington et  al. 2012; Lange et  al. 2014; Kin Pong et  al. 2014). In addition, 
PAD2, which is the most widely expressed isozyme in the body (Watanabe 
et al. 1988), has been shown to deiminate histone 3 and play a role in gene regula-
tion in cancer cells (Cuthbert et  al. 2004; Cherrington et  al. 2012; McElwee 
et al. 2012; Zhang et al. 2012).

21.5  The Interplay of MVs and PADs in Prostate Cancer

Our recent study on PADs in prostate cancer (Kholia et al. 2015) showed that PAD2 
and 4 were present at significantly elevated levels in metastatic prostate PC3 cancer 
cells compared to a control benign (PNT2) prostate cell line (Kholia et al. 2015). 
Upon stimulating cells to microvesiculate, the nuclear translocation of PAD4 and 
that of PAD2, albeit at lower levels, was observed in the metastatic PC3 cancer cells 
(Fig. 21.3; Kholia et al. 2015). This nuclear translocation was prevented when the 
cells were pretreated with the PAD inhibitor Cl-Am prior to stimulating the cells for 
MV release (Fig. 21.3). Cl-Am also had a dose-dependent inhibitory effect on MV 
release in both PC3 (Fig. 21.4) and normal prostate control cell lines (PNT2) (Kholia 
et al. 2015). It still needs to be elucidated whether nuclear translocation of specific 
PAD isozymes is directly involved in MV release, as increased translocation of 
PAD4 was particularly observed. Another possibility is that the MV release cascade 
causing the translocation of PADs to the nucleus may cause upregulation in TNFα 
as part of the inflammatory response. The finding that PAD inhibition with Cl-Am 
was also observed to affect MV release from control prostate cells (PNT2) indicates 
a significant role for PAD activity in MV release in both cancerous and non- 
cancerous cells and impacts cell communication via this pathway in a variety of 
scenarios. As known, Cl-Am is a pan-PAD inhibitor, and thus it remains to be elu-
cidated which particular PAD isozyme plays the main role in the MV release mech-
anism or whether they are collectively involved with equally important, albeit 
slightly different, roles.

S. Lange et al.
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21.6  Deiminated Target Proteins Involved in MV Biogenesis

So far, the mechanism of MV release is known to be regulated by either influx of 
Ca2+ that is released by the ER or through Ca2+ that enters the cell through pores 
generated by sublytic complement (Inal et al. 2012) or through the various calcium 
channels (Salzer et al. 2002; Pizzirani et al. 2007) on activated cells (Fig. 21.2). This 
leads to calpain-mediated cleavage of a variety of cytoskeletal actin filaments, caus-
ing reorganisation of the cytoskeleton that in turn facilitates MV release (Lemoinne 
et al. 2014). During microvesiculation, both β- and F-actin stress fibres play impor-
tant roles in the redistribution of the actin cytoskeleton during the formation process 
of the MVs. This happens through the activation of Rho/Rho-associated kinase 
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Fig. 21.3 Nuclear PAD2 and PAD4 translocation is increased in PC3 cancer cells during microve-
siculation and reduced upon PAD inhibition. (a) PAD4 nuclear translocation is increased upon MV 
stimulation and reduced with PAD inhibitor (Cl-Am). (b) Nuclear preparations indicate increased 
expression of PAD2 and PAD4 by Western blot during BzATP-induced MV release in PC3 cells. 
Scale bars: 100 mm, Histone3: internal nuclear control (Modified from Kholia et al. 2015)
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(ROCK) pathways during apoptosis and thrombin stimulation (Coleman et  al. 
2001). Interestingly, in sera and synovial fluid from RA patients, deiminated β- and 
γ-actins have been detected (van Beers et  al. 2013; van Beers and Pruijn 2014). 
β-actin is one of six different human actin isoforms and is a cytoskeletal protein 
involved in cell structure and integrity, cell migration and movement (Bunnell et al. 
2011). β-actin has also been identified as a substrate for PAD2 in ionomycin- 
activated neutrophils (Darrah et al. 2012). Our prostate cancer study showed that the 
presence of deiminated β-actin increased in cells that were stimulated for MV 
release and that pretreatment with Cl-Am markedly decreased β-actin deimination 
(Fig. 21.5; Kholia et al. 2015). So far, our work implies that PAD-mediated deimi-
nation of target proteins that are involved in cytoskeletal rearrangement, such as 
β-actin, actin alpha 1 and glyceraldehyde-3-phosphate dehydrogenase, is an essen-
tial step for successful MV biogenesis. Upon PAD upregulation, as observed in 
cancer cells and in cells stimulated for MV release, increased deimination of cyto-
skeletal actin filaments probably aids the cytoskeletal reorganisation necessary for 
successful MV release. PAD inhibition using Cl-Am inhibits this deimination and 
renders the cytoskeleton less flexible, which significantly impacts the capability of 
effective MV formation and shedding (Fig. 21.6).
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Fig. 21.4 In PC3 cancer cells, the PAD inhibitor Cl-Am significantly reduces BzATP-stimulated 
cellular MV release in a dose-dependent manner, as compared to non-stimulated PC3 control cells. 
Cells pretreated with or without various concentrations of the PAD inhibitor Cl-Am were stimu-
lated with BzATP and incubated at 37 °C for 30 min. MVs were isolated and counted by nanopar-
ticle tracking analysis (NTA). The data are represented as the mean ± SEM of three experiments 
performed in triplicates. (**P  <  0.005 and ***P  <  0.001; one-way ANOVA) (Modified from 
Kholia et al. 2015)
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21.7  PAD Inhibitors in Synergy with Chemotherapeutic 
Drugs

Cytotoxic effects of the PAD inhibitors Cl-Am and F-Am on several other cancer 
cell lines (HL60, MCF-7 and HT-29) have been shown, while normal cells were not 
affected (Luo et al. 2006; Knuckley et al. 2008). In addition, PAD inhibitors have 
been shown to affect differentiation of HL60 and HT29 cells (Slack et al. 2011). 
PAD inhibitors in synergy with chemotherapeutic agents such as doxorubicin show 
increased cell cytotoxicity in cancer cells (Slack et al. 2011), and paclitaxel, which 
is used to treat neoplasms such as breast and ovarian cancers, can inhibit PAD2 
enzymatic activity (Pritzker and Moscarello 1998). The role PAD-mediated MVs 
release in this context had previously been overlooked until our prostate cancer 
study (Kholia et  al. 2015). MV release may act through both PAD2 and PAD4 
depending on target protein preference and thus act through both cytoskeletal and 
epigenetic pathways. Distinct substrate preferences have indeed been demonstrated 
for the different PAD isozymes (Tarcsa et al. 1996; Knuckley et al. 2010; Darrah 
et al. 2012; Assohou-Luty et al. 2014). In general, PAD4 shows more restrictive 
substrate specificity compared to PAD2 (Assohou-Luty et al. 2014). PAD4 seems to 
prefer sequences with highly disordered conformation, while PAD2 has a broader 
sequence specificity (Arita et  al. 2004), which might partly be reflected by the 
broader tissue expression of PAD2. In a study by Darrah et al. (2012), PAD4 was the 
only isozyme able to deiminate histone H3, while PAD2 was able to deiminate 
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Fig. 21.5 MV stimulation of PC3 cancer cells leads to increased β-actin deimination that is 
reduced upon PAD inhibition. PC3 cells were stimulated with BzATP to microvesiculate, and total 
deiminated proteins were immunoprecipitated using the F95 pan-deimination protein antibody 
(Nicholas and Whitaker 2002). Increased deiminated β-actin was observed in PC3 cells stimulated 
to microvesiculate with BzATP (Lane 3) compared to untreated, control PC3 cells (Lane 2). Upon 
treatment with 10 mM Cl-Am prior to MV stimulation, a significant decrease was observed in the 
levels of deiminated β-actin (Lane 1) compared to MV-stimulated cells (Lane 3). Equal amounts of 
protein extract immunoprecipitated with F95 were loaded as verified by Coomassie blue staining 
(not shown) (Modified from Kholia et al. 2015)
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β- and γ-actins. The selectivity of PAD inhibitors and chemotherapeutic agents is 
thus of great interest. We showed that Cl-Am and MTX exerted synergistic cyto-
toxic effects on PC3 cells compared to MTX alone and significantly reduced MV 
biogenesis and release (Kholia et al. 2015). This change in MV shedding will pre-
vent the cancer cells from carrying out active drug efflux through MV shedding and 
thus sensitize them to chemotherapeutic drugs (Fig. 21.6). Accordingly, other stud-
ies in our group show that neoplastic cells are rendered more sensitive to cancer 
drugs when MV biogenesis is inhibited (Jorfi and Inal 2013). Most recently we have 
also shown that MV inhibition via a calpeptin inhibitor or siRNA renders PC3 cells 
more susceptible to chemotherapy with docetaxel and limits tumour growth in vivo 
(Jorfi et al. 2015). This further points out the important role of MVs generation for 
tumour growth.

Fig. 21.6 The proposed role of PADs in microvesicular biogenesis and the potential therapeutic 
application of PAD inhibitors in anticancer therapy. PAD2 and PAD4 are cytosolic enzymes, 
which, during the course of cells being stimulated to microvesiculate (e.g. using BzATP stimula-
tion of P2X channels or NHS as a source of sublytic complement), by raised intracellular calcium 
levels, results in PAD enzymes (PAD2 and PAD4) translocating to the nucleus or remaining par-
tially in the cytosol (PAD2). These PAD isozymes play a potential novel role in the biogenesis of 
MV release. This may happen by influencing actin-cytoskeleton cleavage and actin rearrangement 
and/or by nuclear histone deimination affecting gene regulation through still unknown mecha-
nisms involved in microvesicle biogenesis. The pharmacological inhibition of PADs abrogates the 
release of MVs, and when combined with the anticancer drug methotrexate (MTX), works syner-
gistically to induce increased cytotoxic effects and apoptosis of PC3 tumour cells (Modified from 
Kholia et al. 2015)

S. Lange et al.
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21.8  MVs and PADs in the Spread of Tumorigenesis

MVs play various roles in cellular cross talk and act as carriers of active molecules 
that can have an effect at sites distal from the origin of MV release (Piccin et al. 
2007; Inal et al. 2013). Both PAD2 and PAD4 isozymes are expressed in patients 
with malignant tumours, and PAD expression is elevated in cancers, which may 
cause increased MV release and contribute to cancer progression (Kholia et  al. 
2015). Interestingly, the presence of PAD4 has been reported in the plasma of can-
cer patients without an explanation as yet of how it reaches that location (Chang and 
Han 2006). It is tempting to speculate how tumour cells might increase MV release 
in a PAD4-dependent mechanism through which the PAD enzymes may be pack-
aged in MVs and carried into plasma where they could then deiminate target pro-
teins such as antithrombin and aid in the spread of tumorigenesis indirectly. In the 
same vein, PAD enzymes may be packaged in MVs from non-cancerous cells in 
response to inflammation and elevated TNFα levels. For example, MVs may play a 
similar role in diseases such as RA, possibly explaining the unknown mechanism by 
which PAD molecules gain access to the extracellular space to deiminate extracel-
lular proteins such as collagen and fibrinogen (Anzilotti et al. 2006; Yoshida et al. 
2006; Zhao et al. 2008;). However, NETosis has also been suggested to be a method 
by which PAD4 can be released from cells to generate deiminated antigens (Jones 
et al. 2009; Dwivedi et al. 2012). One could postulate that PAD isozymes carried in 
MVs from different cells differ between physiological and disease states, vary 
between diseases and thus play important roles in both autoimmune diseases and 
cancer (Kholia et al. 2015).

21.9  Conclusion

Our recent studies have shown novel roles for PAD2 and PAD4 in the biogenesis of 
cellular microvesiculation (Kholia et al. 2015). MV release was significantly reduced 
in metastatic prostate PC3 cancer cells with the pan-PAD inhibitor Cl-Am, also mak-
ing them more susceptible to chemotherapeutic drugs (MTX). Significant reduction 
of deiminated actin and changes in PAD translocation were observed upon PAD 
inhibition with Cl-Am. PADs may thus affect MV biogenesis directly through deim-
ination of cellular actins and other cytoskeletal components, facilitating cytoskeletal 
rearrangement for effective MV biogenesis or indirectly, through histone deimina-
tion, as supported by observed changes in nuclear PAD translocation upon MV 
release and in response to pharmacological PAD inhibition. Epigenetic regulation 
via PAD-mediated histone deimination needs further elucidation in MV biogenesis. 
Increased MV shedding from cancer cells, facilitated in part by upregulated PAD 
expression, appears to be a protective mechanism of cancer cells, as this acts as a 
repellent for chemotherapeutic drugs such as MTX (Fig. 21.6). Ongoing work aims 
at further understanding the role of histone deimination in MV biogenesis, 
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identifying further deiminated target proteins and dissecting the roles of individual 
PAD isozymes. The use of targeted isozyme-selective PAD inhibitors to control MV 
release poses as promising combinatory therapies for various forms of cancers.
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Chapter 22
Citrullination in Inflammatory-Driven 
Carcinogenesis of the Colon

Erin E. Witalison and Lorne J. Hofseth

22.1  Inflammatory-Driven Carcinogenesis

When a cell is damaged or a foreign pathogen is detected, an acute inflammatory 
response is triggered to isolate the stimulus and prevent any further harm to the sur-
rounding cells. Inflammation is associated with increased blood flow to the inflamed 
tissues, allowing for the recruitment of pro-inflammatory cells that release cyto-
kines to aid in the destruction of pathogens and irreparably damaged cells (Green 
et al. 1990; Vane et al. 1994; Nathan 2002). Once the stimuli have been neutralized, 
typically inflammation will subside. In cases of excessive stimuli or where the 
inflammatory response does not abate, chronic inflammation can occur. As in acute 
inflammation, chronic inflammation causes the production of pro-inflammatory 
cytokines that release free radicals with the intent to target and kill invading patho-
gens (Wink et al. 1991; Seibert and Masferrer 1994). However, due to the prolonged 
exposure of cells to an environment with high levels of DNA-damaging free radi-
cals, many chronic inflammatory conditions are associated with a heightened risk 
for the development of cancer in the inflamed areas (Eaden et al. 2001; Hussain 
et  al. 2003). In this section, several chronic inflammatory diseases (caused by a 
variety of stimuli) and their associated cancers will be discussed (Fig. 22.1).
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22.1.1  Barrett’s Esophagus and Esophageal Cancer

To begin with, a condition called Barrett’s esophagus occurs after repeated exposure 
to stomach acid, which causes dysplasia in the epithelial cells lining the lower 
esophagus. The repeated exposure to acidic gastric fluids is often caused by a hiatal 
hernia where there is insufficient closing of the cardiac sphincter at the junction of 
the esophagus and the stomach, allowing for frequent acid reflux and heartburn 
(Shaheen and Richter 2009). The persistent injury to the cells results in an inflam-
matory response. Then, the squamous epithelial cells lining the esophagus respond 
to the acidic environment in an attempt to create a more acid-resistant esophageal 
lining (similar to the lining of the stomach). Unfortunately, chronic inflammation 
will eventually lead to varying degrees of dysplasia as the cells are exposed to DNA- 
damaging reactive oxygen and nitrogen species and change to a more columnar 
morphology (Shaheen and Richter 2009).

The duration and severity of the disease can significantly impact the risk of 
developing esophageal adenocarcinoma, which has a devastating 5-year survival 
rate of less than 25% (Shaheen and Richter 2009; Weston et al. 2000; Koppert et al. 
2005). In fact, patients with Barrett’s esophagus are about ten times more likely to 
develop esophageal adenocarcinoma than the general population without Barrett’s 
esophagus (Hvid-Jensen et al. 2011). Once Barrett’s esophagus has been diagnosed, 
the standard protocol is to repair the hiatal hernia to stop the reoccurring acid reflux, 
then monitor the affected areas of the esophagus with routine surveillance endosco-
pies with the collection of tissue biopsies to determine histological changes. The 
main treatment options for high-grade dysplasia currently are either the surgical 
removal of the esophagus or a series of ablation treatments to methodically destroy 
the dysplastic cells (Shaheen and Richter 2009). Yearly endoscopies are recom-
mended after the irregular cells have been successfully eliminated, in order to avoid 
the reoccurrence of Barrett’s esophagus and further prevent progression to esopha-
geal cancer (Shaheen and Richter 2009). Overall, Barrett’s esophagus is an example 
of a disease that is characterized by chronic inflammation, resulting in genetic and 
cellular alterations that contribute to carcinogenesis.

Fig. 22.1 Chronic inflammatory diseases progress to inflammation-associated carcinogenesis 
through three main steps. Chronic inflammation produces oxidative stress, which can damage 
DNA. The buildup of unrepaired DNA damage contributes to genomic instability and an imbal-
ance of tumor suppressor genes and oncogenes, giving rise to the inflammation-associated 
cancers
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22.1.2  Gastritis and Gastric Cancer

Another example of inflammation-driven carcinogenesis is chronic gastritis develop-
ing into gastric cancer. Chronic gastritis is a well-studied, precancerous condition that 
is commonly caused by Helicobacter pylori (H. pylori) infection (Chen et al. 2016). 
Up to 85% of patients with chronic gastritis have H. pylori infection and are, conse-
quently, at an increased risk of developing gastric cancer because H. pylori infection 
is strongly associated with gastric cancer (Chen et  al. 2016; Dooley et  al. 1989; 
Humans IWGotEoCRt 1994). The progression of gastritis to gastric cancer is initi-
ated with an infection of H. pylori, which triggers an immune response that becomes 
pro-inflammatory to destroy the bacteria. Then, as the H. pylori infection persists, 
chronic inflammation leads to a buildup of free radicals that damage surrounding 
cells. Also, within the cells that are damaged, imbalances of oncogenes/tumor sup-
pressors and cell proliferation/apoptosis often occur (Sipponen 2002). Finally, these 
cells become abnormal and form cancerous lesions. The H. pylori infection is not 
responsible for the progression from gastritis to gastric cancer, but it is responsible for 
the original immune response that causes gastritis (Chen et al. 2016).

The use of antibiotics to treat the H. pylori infection is administered during the 
early stages of gastritis and can prevent the development of gastric cancer (Humans 
IWGotEoCRt 1994; Sipponen 2002). However, when gastritis, which is character-
ized by continuous H. pylori infection, is left untreated, as in many patients from 
developing countries where antibiotics are not readily available, gastric cancer can 
develop over time (Sipponen 2002). The severity of chronic gastritis also contrib-
utes to the likelihood of tumorigenesis (Humans IWGotEoCRt 1994). The prompt 
treatment of the immune-stimulating H. pylori infiltration is ultimately crucial to 
suppress the pro-cancerous events that can lead to the initiation of gastric tumors.

22.1.3  Hepatitis and Liver Cancer

Hepatitis is inflammation of the liver that can be instigated by a number of stimuli, 
including viruses, parasites, drug metabolism, bacteria, and alcohol consumption. 
With viral infection being the most common source of hepatitis, viral hepatitis is 
caused by infection with any of the five known hepatitis viruses (hepatitis A-E) 
(World Health Organization 2016). Hepatitis B and C viruses are both known to 
cause chronic hepatitis, but there is a large difference in the percentage of patients 
that develop chronic hepatitis. Since hepatitis C is more virulent (approximately 80% 
of patients developing chronic hepatitis) than hepatitis B (only about 5% of patients 
develop chronic hepatitis), treatment for hepatitis C is critical (Chen and Morgan 
2006). Unfortunately, patients with viral hepatitis infection are often asymptomatic 
in the early stages of the disease, with initial diagnoses often occurring not until later 
stages when symptoms finally manifest themselves (McCaughan et al. 1992).
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Chronic hepatitis, as seen upon prolonged hepatitis C infection, causes repeated 
damage to the cells of the liver, which leads to cirrhosis (Chen and Morgan 2006). 
Cirrhosis causes scarring and irreparable damage to the liver, making liver trans-
plants an often necessary route, although the infection nearly always reappears if 
the virus has not been clinically cleared (Charlton 2001). About 10–15% of patients 
who have developed chronic hepatitis, as a result of at least 6 months of hepatitis C 
viral infection, are found to develop cirrhosis within 20 years of the initial infection 
(Chen and Morgan 2006; Tong et al. 1995). In turn, cirrhosis is shown to progress 
to hepatocellular carcinoma after about 30 years since the initial hepatitis C infec-
tion (Chen and Morgan 2006; Tong et al. 1995). Based on these clinical outcomes, 
the main goal of hepatitis C treatments is to stop this chronic inflammatory disease 
from progressing to cirrhosis and hepatocellular carcinoma. Combinations of anti-
viral treatments are the primary options for patients with persistent hepatitis C 
infection, yet the effects of therapeutics may not be enough to sustain clearance of 
the virus for at least 12 weeks to be considered clinically free of the virus or cause 
excessive treatment-related toxicity (Thompson and Holmes 2015). Even with the 
success of antiviral drugs, the damage from chronic hepatitis and cirrhosis may still 
be too much, contributing to the overall morbidity of the disease.

22.1.4  Pancreatitis and Pancreatic Cancer

Chronic pancreatitis differs from the previously mentioned chronic inflammatory 
diseases because it is most commonly caused by a lifestyle factor—alcohol con-
sumption. Chronic pancreatitis is characterized by severe abdominal pain and loss 
of pancreatic function, alongside numerous other symptoms (Fasanella et al. 2007). 
About 50% of chronic pancreatitis cases are directly related to heavy alcohol con-
sumption, and other factors, like genetics, can also increase susceptibility for the 
disease (Yadav et al. 2011; Pandol et al. 2011). The exact mechanism of how alco-
hol induces chronic pancreatitis remains unclear; nevertheless, it is postulated that 
alcohol metabolism may be an important contributor to the onset of the disease, and 
in general, alcohol may sensitize the pancreas to inflammation (Pandol et al. 2007, 
2011). Indeed, it has been shown that inflammatory signaling is triggered and leads 
to the advancement of acute pancreatitis to chronic pancreatitis (Pandol et al. 2007, 
2011). The increased activation of inflammatory mediators, like TNF-α and NF-κB, 
then causes the release of pro-inflammatory cytokines to attempt to combat the cel-
lular injury caused by heavy, prolonged alcohol consumption (Pandol et al. 2007; 
Gukovsky et al. 2008). Even with the moderation or cessation of alcohol intake, 
chronic pancreatitis and the associated pain may not subside due to irreparable dam-
age (Pandol et al. 2011).

As in other chronic inflammatory diseases, pancreatic cells that are exposed to 
oxidative stress from free radical interaction for an extended length of time (months 
to years) are prone to genetic aberrations that give rise to pancreatic cancer. 
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Pancreatic cancer has a high mortality rate with a 5-year survival rate of only 7% 
(National Cancer Institute, National Institutes of Health 2016). Therefore, the need 
for treatments for this chronic condition is very high to impede the progression to 
pancreatic cancer. However, currently, most chronic pancreatitis treatments are 
focused on managing the excruciating abdominal pain, while anti-inflammatory and 
antioxidant treatments are secondary (Fasanella et al. 2007).

22.1.5  Ulcerative Colitis and Colorectal Cancer

A final example of a chronic inflammatory disease that precedes inflammation- 
associated cancer is ulcerative colitis (UC). UC is an inflammatory bowel disease 
that affects the mucosal layer of the colon and rectum with clinical symptoms of 
rectal bleeding, pain, and diarrhea (Ford et al. 2013). Environmental factors, diet, 
and genetics play multifaceted roles in the onset of UC with an abnormal immune 
response and chronic inflammation (Ford et al. 2013; Ordás et al. 2012). Inducible 
nitric oxide synthase (iNOS) and cyclooxygenase-2 (Cox-2) are pro-inflammatory 
cytokines that serve as valuable, long-standing inflammatory markers for the diag-
nosis of UC (Singer et  al. 1996, 1998; Godkin et  al. 1996; Kimura et  al. 1998; 
Hendel and Nielsen 1997). In chronic UC, the production of reactive oxygen and 
nitrogen species increases, while antioxidant enzymes, like superoxide dismutase 1 
(SOD1), glutathione peroxidase 1 (GPx1), and catalase, are downregulated (Lih- 
Brody et  al. 1996; Ren et  al. 2014; Cetinkaya et  al. 2006; Sakthivel and 
Guruvayoorappan 2013). The imbalance between free radical production and anti-
oxidant enzymes creates an oxidative stress overload, which further contributes to 
the buildup of unrepaired DNA damage that is fundamentally involved in the pro-
gression to UC-associated colorectal cancer (CRC) (McKenzie et al. 1996; Marnett 
2000; Itzkowitz and Yio 2004).

As seen in other chronic inflammatory diseases, the risk of developing UC- 
associated CRC increases yearly for patients who have been suffering from the 
chronic form of the disease for more than a decade, with about two out of ten 
patients developing UC-associated CRC in their lifetime (Eaden et  al. 2001). 
Likewise, CRC is ranked highly in the United States as the second leading cause of 
cancer-related deaths in men and women (American Cancer Society 2015). The risk 
associated with the development of CRC is also dependent on the severity of the 
disease. Therefore, patients with moderate to severe UC have routine colonoscopies 
to determine that cancerous lesions have not appeared and are put on more effective 
therapeutics to manage the flare-ups of the disease, although many of these are 
accompanied with potentially severe side effects (Kavanagh et al. 2014; Hata et al. 
2003). Several new UC treatments and cancer preventatives are being tested that 
target protein arginine deiminases (PADs; discussed in Sect. 22.2), which are shown 
to be upregulated in animal and human samples of UC and CRC.
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22.2  Protein Arginine Deiminases and Citrullination

Protein arginine deiminases (PADs) are members of a family of isozymes that cata-
lyze citrullination. This posttranslational modification converts peptidyl-arginine to 
peptidyl-citrulline through a hydrolytic reaction (Arita et al. 2004; Knuckley et al. 
2010). The conversion of the cationic arginine to the neutral citrulline can affect the 
folding of individual proteins and can even disturb interactions between proteins 
(Knuckley et al. 2010; Tarcsa et al. 1996; Vossenaar et al. 2003). PAD sequence 
homology, tissue distribution, substrates, and the consequences of citrullination will 
be discussed throughout this section.

22.2.1  Organisms with PADs

In humans, there are five PAD isozymes (PAD1–PAD4, PAD6) with PAD6 being 
the only one without documented enzymatic activity (Rus’d et al. 1999; Ishigami 
et al. 2002; Chavanas et al. 2004; Raijmakers et al. 2007). Humans (Homo sapiens), 
mice (Mus musculus), and rats (Rattus norvegicus) all are known to share the five 
isozymes of PADs (Ying et al. 2009). PAD isozymes are also predicted to be found 
in other organisms, such as PAD2 in zebra fish (Danio rerio), frogs (Xenopus lae-
vis), chickens (Gallus gallus), and turkeys (Meleagris gallopavo) (Ying et al. 2009; 
Shimizu et al. 2014). PAD isozymes have not been detected in some lower organ-
isms like fruit flies (Drosophila melanogaster) and nematodes (Caenorhabditis 
elegans); however, PADs were discovered in the bacteria Porphyromonas gingivalis 
(see Chap. 7 for more details) (Shimizu et al. 2014; McGraw et al. 1999). Further-
more, there is a strong percentage of sequence homology (approximately 70–95%) 
between organisms that are found to express PADs (Vossenaar et  al. 2003). The 
sequence homology shared between different organisms has several benefits, includ-
ing similar tissue distribution and targeted substrates, as well as similar activity 
between organisms (e.g., humans and mice).

22.2.2  Tissue Distribution in Humans

The different PAD isozymes have individual yet overlapping distributions across an 
assortment of human tissues. PAD1 is found in the uterus, hair follicles, and the 
epidermis, while PAD3 is also expressed in hair follicles and the epidermis (Rus’d 
et al. 1999; Chavanas et al. 2006; Guerrin et al. 2003). Since PAD2 and PAD4 are 
found in inflammatory cells (i.e., monocytes, macrophages, neutrophils), they are 
found in numerous locations throughout the human body (Vossenaar et al. 2004). 
These sites of PAD2 and PAD4 expressions include the central nervous system 
(CNS), spleen, skeletal muscle, mammary glands, colon, and various tumor types 
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(Lamensa and Moscarello 1993; Watanabe et al. 1988; Watanabe and Senshu 1989; 
Chang et al. 2009). PAD6 is sometimes referred to as “ePAD” because of its expres-
sion in the early embryo, eggs, and ovaries (Chavanas et al. 2004; Kan et al. 2011).

22.2.3  Substrates

In addition to the multitude of tissues that can express the PAD isozymes, there is 
an assortment of substrates that PADs can target. PADs do not typically citrullinate 
total arginines found in the amino acid sequence of a protein, but certain arginines 
are more susceptible to citrullination. The amino acid sequence surrounding argi-
nine residues and the protein structure, as well as the overall number of arginines 
present, affects the probability of an arginine being citrullinated by PADs (Tarcsa 
et  al. 1996; Nomura 1992). As mirrored in their tissue distribution, PAD1/3 and 
PAD2/4 have individual and overlapping known substrates. For instance, PAD1 and 
PAD3 can citrullinate filaggrin, while PAD2 and PAD4 both target histones for 
citrullination (Senshu et al. 1995; Zhang et al. 2012; Kan et al. 2012). Then, sepa-
rately, PAD1 targets keratin, and PAD3 targets trichohyalin and vimentin (Senshu 
et al. 1995). Likewise, PAD2 also citrullinates actin and myelin basic protein in the 
CNS, while PAD4 can citrullinate substrates like nucleophosmin, nuclear lamin C, 
and p21 (Lamensa and Moscarello 1993; Hagiwara et  al. 2002; Tanikawa et  al. 
2012; Li et al. 2008). Furthermore, PAD6 does not have any known substrates, since 
its activity has not yet been discovered in mammals.

22.2.4  Consequences of Citrullinated Proteins

The seemingly minute posttranslational modification in the primary structure of 
proteins that happens as a result of citrullination can have a myriad of effects. Due 
to the varied tissue distributions and the diversity of substrates targeted by each 
PAD isozyme, these effects can be seen at the cellular and organismal level. For 
instance, citrullinated proteins can spawn an immune response because the improp-
erly folded protein structures are not recognized as “self,” which, in turn, causes the 
production of anti-citrullinated protein antibodies. Then, inflammation occurs in 
response to the presence of these antibodies (Khandpur et al. 2013). Anti-citrullinated 
protein antibodies are found in the blood from patients with rheumatoid arthritis 
(RA), and their presence serves as a valuable marker for diagnosing RA (Kolfenbach 
et al. 2010). Correspondingly, in UC patients, blood levels of anti-citrullinated pro-
tein antibodies are elevated to levels similar to what are seen in RA patients 
(Chumanevich et al. 2011). As discussed in detail later in this chapter, increased 
PAD expression is also implicated in the onset of UC and further concomitant with 
the progression to UC-associated CRC.
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Since PAD2 is found in tissues of the CNS, there is a distinct association with 
PAD2 and neurodegenerative diseases like Alzheimer’s disease (see Chap. 17) and 
multiple sclerosis (MS; see Chap. 18). In both diseases, the levels of PAD activity 
and citrullinated proteins increase significantly (Lamensa and Moscarello 1993; 
Ishigami et al. 2005; Méchin et al. 2007). As found in the brains of patients suffering 
from Alzheimer’s disease, there is a colocalization of activated PADs and citrulli-
nated proteins at sites of inflammation and neurodegeneration (Acharya et al. 2012). 
Moreover, the myelin basic protein (MBP) is the main target of PADs in MS patients, 
causing improper signal transduction due to the inversely proportional lack of cat-
ionic arginines and rise in neutral citrullines (Cao et al. 1999). The percentage of 
citrullinated MBP is indicative of the severity of MS in patients, further demonstrat-
ing the pathological consequences of citrullination catalyzed by PADs (Méchin 
et al. 2007; Wood et al. 1996). As such, PAD inhibitors are critical in attenuating the 
burden of PAD dysregulation and restoring physiological PAD functions (Fig. 22.2) 
(Witalison et al. 2015a).

22.3  Citrullination and Colitis

As a consequence of recruited pro-inflammatory cells carrying PADs (i.e., PAD2 
and PAD4) to sites of inflammation, PADs are implicated in many inflammatory 
diseases, including Alzheimer’s disease (Ishigami et al. 2005; Acharya et al. 2012), 
MS (Moscarello et al. 2013), RA (Jones et al. 2009; Bicker and Thompson 2013), 
and UC (Chumanevich et al. 2011; Chen et al. 2008). In fact, a haplotype of the 
PADI4 gene has been discovered to be linked to RA and UC genetic predisposition. 
This susceptibility locus is found at human chromosome 1p36, the location of the 
PADI4 gene (Cho et al. 1998; Suzuki et al. 2003). Yet, the onset of RA and UC is 
thought to be attributed to a combination of genetic, environmental, and immunity 

Fig. 22.2 PAD antagonists, like Cl-amidine, help tip the balance toward physiological PAD func-
tions by suppressing the diseases that are associated with aberrant PAD activity (Witalison et al. 
2015a)
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factors. In regard to PADs in RA, the citrullination of proteins and the production of 
anti-citrullinated protein antibodies have been very well-studied in cellular and ani-
mal models, as well as in patient-derived samples (Foulquier et al. 2007; Willis et al. 
2011; Chang et al. 2013; Damgaard et al. 2014). However, very few research groups 
have focused on exploring the role of PADs in UC.

Currently it has been established that the PADs are upregulated in cellular mod-
els of inflammation, murine models of colitis, and the tissues of UC patients 
(Chumanevich et  al. 2011; Witalison et  al. 2015b; Makrygiannakis et  al. 2006). 
Witalison et  al. have shown that using a pan-PAD inhibitor (Cl-amidine) caused 
suppression of inflammatory cell activation and protected epithelial cells from DNA 
damage in cellular and animal models of UC (Fig. 22.3) (Witalison et al. 2015b). 
Cl-amidine works by covalent modification of the active site of calcium-bound/
calcium-activated PADs (Luo et al. 2006) and, to date, has not demonstrated any 
off-target effects. It is recognized that Cl-amidine can work by inducing apoptosis 
in inflammatory cells to decrease the release of pro-inflammatory cytokines like 
iNOS (Chumanevich et al. 2011; Witalison et al. 2015b). Cl-amidine has also dem-
onstrated toxicity targeting pro-cancerous cell lines (HL-60, MCF-7, and HT-29), 
over differentiated or noncancerous cells lines (HL-60 granulocytes and NIH 3T3) 
(Slack et al. 2011). This selectivity is thought to occur, since pro-cancerous and pro-
inflammatory cells often have higher PAD levels (Chang et al. 2009; Chang and Han 
2006), therefore making the effects of Cl-amidine more pronounced than in benign 
cells not exhibiting PAD activity.

In addition, key regulatory and anti-inflammatory molecules are frequently 
 downregulated in UC, including antioxidant enzymes such as catalase, GPx1, and 
SOD1 (Ren et  al. 2014; Cetinkaya et  al. 2006; Sakthivel and Guruvayoorappan 
2013). Cl-amidine treatment rescued these antioxidant enzyme levels in a stimulated 
mouse macrophage cell line and in mice with chemically induced colitis (Witalison 
et al. 2015b). Correspondingly, Cl-amidine is capable of upregulating p53 expression 
in inflammatory and epithelial cell populations, further indicating individual mecha-
nisms of how Cl-amidine can suppress iNOS and DNA damage in inflammatory  
and epithelial cells, respectively (Chumanevich et al. 2011; Witalison et al. 2015b; 

Fig. 22.3 PAD inhibition, by Cl-amidine, successfully prevents the progression from ulcerative 
colitis to colitis-associated colorectal cancer. Cl-amidine inhibits chronic inflammatory markers 
(i.e., iNOS and Cox-2), oxidative stress, and DNA damage
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Cui et al. 2013). By using Cl-amidine (administered at an effective dose as low as 
5 mg/kg) as a treatment for chemically induced UC in mice, significant reductions in 
PAD levels and activity were also seen across multiple studies (Chumanevich et al. 
2011; Witalison et al. 2015b). In parallel with PAD inhibition, overall disease activity 
and inflammatory measures were subsequently reduced by Cl-amidine treatments. 
Taken altogether, experimental outcomes indicate that PAD inhibition is a promising 
target for UC drug development. Studies are currently underway to develop more 
potent, selective, and bioavailable compounds with the goals of better understanding 
the physiological and pathological roles of PADs and for future therapeutic testing  
on PAD-associated diseases (Bicker et al. 2012; Subramanian et al. 2015; Knight 
et al. 2015).

22.4  Citrullination and Colitis-Associated Colorectal Cancer

Many chronic inflammatory and fibrotic diseases of the gastrointestinal tract that 
have high PADs levels are at an increased risk for the initiation and progression to 
cancer. For example, patients with pancreatitis/pancreatic cancer and 
hepatitis/hepatocellular carcinoma are reported to have elevated plasma levels of 
PAD4 as compared to healthy control patients (Chang et al. 2009). Increased protein 
citrullination was also seen in a preclinical murine model of liver fibrosis that was 
attenuated by treatment with the PAD inhibitor Cl-amidine (Vassiliadis et al. 2013). 
Similarly, levels of PAD2 and PAD4 are higher in UC and associated CRC samples 
as compared to normal tissues (Chang et al. 2009; Chumanevich et al. 2011; Chang 
and Han 2006). UC patients are indeed at an increased risk of developing CRC 
(Eaden et al. 2001). CRC is the second leading cause of cancer-related deaths in 
both men and women in the United States and is characterized by several hallmarks 
of many forms of cancer, including mutations or deletions in p53 and tumor sup-
pressor miRNAs that regulate the cell cycle and apoptosis (American Cancer 
Society 2015; Brentnall et al. 1994; Burmer et al. 1992; Rogler 2014; Necela et al. 
2011; Young et al. 2012).

Based on a microarray analysis, Cui et al. demonstrated that the PAD antagonist 
Cl-amidine increased the putative tumor suppressor, miR-16 (Cui et al. 2013). MiR- 
16 is often downregulated in CRC and targets cell cycle regulators like Cyclin D1 
and Cyclin E1 (Young et al. 2012). Cl-amidine treatment was also found to signifi-
cantly upregulate miR-16 expression in human colon cancer cell lines. PAD inhibi-
tion by Cl-amidine and by PAD4 siRNA also caused cell cycle arrest at G1 in human 
colon cancer cell lines (Cui et al. 2013). To verify that Cl-amidine caused the G1 
arrest, miR-16 knockdown and overexpression were examined. The cells that had 
low levels of miR-16 did not produce G1 arrest after Cl-amidine treatment;  however, 
miR-16 overexpression caused G1 arrest even without Cl-amidine treatment (Cui 
et al. 2013). Interestingly, the effects of Cl-amidine were found to be dependent on 
the p53 status of the tested cell lines, and furthermore, Cl-amidine increased p53 
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expression in cells with a wild-type p53 status (Cui et al. 2013). Taken altogether, 
the cellular results further indicate that PADs suppress miR-16 to possibly prompt 
the progression to tumor initiation.

In a mouse model of UC-associated CRC, where prolonged duration of dextran 
sulfate sodium (DSS)-induced UC and a carcinogenic agent, azoxymethane (AOM), 
leads to tumorigenesis within 10 weeks, Cl-amidine-treated mice showed signifi-
cantly reduced tumor incidence and multiplicity. Since Cl-amidine was successful 
at stopping the development of tumors, the events leading up to carcinogenesis were 
investigated, including miR-16 expression. As corroborated by the cellular study 
that showed Cl-amidine rescued miR-16 expression, Cl-amidine increased miR-16 
expression and subsequently downregulated miR-16 cell cycle targets (Cyclin D1 
and Cyclin E1) at 5 weeks in the AOM/DSS mouse model of UC-associated CRC 
(Witalison et al. 2015c). In these mice, at 5 weeks after the start of the experiment, 
inflammation occurred in mice that were not treated with Cl-amidine, but tumors 
had not developed in any of the mice (Witalison et al. 2015c). Since tumors had not 
occurred yet at 5 weeks but were present at 10 weeks, this establishes the AOM/DSS 
mouse model of UC-associated CRC as a viable model to study pro-inflammatory/
premalignant and malignant environments and the events contributing to/resulting 
from tumorigenesis.
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Chapter 23
Development of the Protein Arginine 
Deiminase (PAD) Inhibitors

Aaron Muth and Paul R. Thompson

23.1  Introduction

The protein arginine deiminases (PADs) catalyze the hydrolysis of positively 
charged arginine residues to generate neutral citrulline (Fig. 23.1) (Jones et al. 2009; 
Fuhrmann and Thompson 2016; Fuhrmann et al. 2015). This reaction is a calcium- 
dependent process wherein calcium binding is necessary for the formation of the 
active site and results in a >10,000-fold increase in activity (Liu et al. 2011; Kearney 
et  al. 2005). There are five known PAD isozymes (PAD1–PAD4 and PAD6), of 
which only PAD1–PAD4 are catalytically active (Raijmakers et  al. 2007). These 
enzymes contain a high degree of sequence similarity; however, they are uniquely 
distributed throughout the body. PAD1 is principally expressed in the uterus and 
epidermis, PAD2 is expressed in most tissue and cell types, PAD3 is found in the 
skin and hair follicles, PAD4 is primarily expressed in neutrophils and other myeloid 
derived cells, and PAD6 is found in oocytes and embryos (Jones et  al. 2009; 
Fuhrmann and Thompson 2016; Fuhrmann et al. 2015).

Aberrant PAD activity and subsequent hypercitrullination has been extensively 
investigated primarily due to its role in disease development and progression. 
Specifically, aberrant PAD activity has been associated with a variety of autoim-
mune diseases, including rheumatoid arthritis (RA) (Luban and Li 2010), systemic 
lupus erythematosus (SLE) (Hakkim et al. 2010; Villanueva et al. 2011), ulcerative 
colitis (Chumanevich et  al. 2011a), and inflammatory bowel disease (IBD) 
(Makrygiannakis et al. 2006); a variety of neurodegenerative diseases (i.e., multiple 
sclerosis (MS) (Moscarello et  al. 2007; Musse et  al. 2008), Parkinson’s disease 
(Nicholas 2011), Alzheimer’s diseases (Nicholas 2013)); as well as certain types of 
cancer (Mohanan et al. 2012).
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With regard to specific isozymes, PAD4 represses the expression of p53 target 
genes, and its inhibition or knockdown triggers apoptosis in a variety of tumor- 
derived cell lines (Li et al. 2008). Notably, pan-PAD inhibitors decrease tumor bur-
den in models of breast and colon cancer (McElwee et al. 2012a; Witalison et al. 
2015a). PAD4 also contributes to NETosis, a pro-inflammatory form of cell death 
that is aberrantly upregulated in numerous autoimmune disorders including RA 
(Khandpur et al. 2013), atherosclerosis (Knight et al. 2014a), and lupus (Knight et al. 
2014b), and it is noteworthy that PAD inhibitors show efficacy in these and other 
inflammatory diseases (McElwee et al. 2012a; Knight et al. 2014a, b; Willis et al. 
2011; Willis 2012; Chumanevich et al. 2011b; Witalison et al. 2015b; Moscarello 
et al. 2013; Knight et al. 2013; Lange et al. 2011, 2014; Wang et al. 2012a).

Upregulated PAD2 activity is also linked to the development of certain cancers 
and inflammatory diseases (Jones et  al. 2009). Specifically, PAD2 is highly 
expressed in luminal breast cancers, and its expression positively correlates with the 
levels of the HER2 proto-oncogene (McElwee et  al. 2012a; Guertin et  al. 2014; 
Zhang et al. 2012). When PAD2 activity is inhibited in MCF10-DCIS cells, a breast 
cancer cell line, proliferation is decreased and apoptosis is increased (McElwee 
et al. 2012a). PAD2 activity is also upregulated in MS where it citrullinates myelin 
basic protein (MBP) leading to demyelination (Lamensa and Moscarello 1993).

PAD3 levels are elevated in spinal cord injury models, and pan-PAD inhibitors 
reduce apoptosis and tissue loss in these models (Lange et  al. 2011). Recently, 
PAD3 was shown to enter the nucleus and citrullinate histones to regulate gene 
expression in response to gonadotropin (Li et al. 2016); however, the broader role of 
this isozyme in gene regulation is only beginning to be explored.

PAD1 activity appears to be dysregulated in psoriasis; (Ishida-Yamamoto et al. 
2000) however, the actual function of this isozyme has not been deeply examined. 
The extent to which the PADs are involved in a variety of diseases is more fully 
summarized in several recent reviews and other chapters of this book (Jones et al. 
2009; Fuhrmann and Thompson 2016; Fuhrmann et al. 2015; Lewis et al. 2015; Tu 
et al. 2016).

Fig. 23.1 Hydrolysis of peptidyl-arginine (left) to peptidyl-citrulline (right), which is catalyzed 
by the protein arginine deiminases (PADs)
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Given the distinct roles of these isozymes in human disease and cell signaling, 
there is a pressing need to develop potent and isozyme-specific inhibitors for use as 
therapeutics and/or probes to decipher the full complement of processes regulated 
by these enzymes.

23.2  PAD Enzyme Structures

One of the keys in developing PAD inhibitors has been determining the crystal 
structures of this family of enzymes. The structures of PAD1 (Saijo et al. 2016), 
PAD2 (Slade et al. 2015), and PAD4 (Arita et al. 2004) are currently known; how-
ever, structures of both the inactive (apo) and active (holo) states have only been 
determined for PAD2 and PAD4. It is important to again note that calcium is 
required for the formation of the holo state (preferentially targeted by the irrevers-
ible inhibitors detailed later), while a new class of inhibitors has targeted the apo 
state. The most important difference between these two states is that the catalytic 
cysteine (C647 for PAD2 and C645 for PAD4) moves into the active site when 
enough calcium is present and the enzyme is in the holo state. These structures have 
contributed to the development of certain inhibitors and will certainly aid in future 
inhibitor development. The PAD1 crystal structure was found to have a very similar 
catalytic domain to PAD2 and PAD4 (Fig. 23.2), which was expected, since it pos-
sesses 50.2% amino acid similarity to PAD2 and 54.8% similarity to PAD4 (Saijo 
et al. 2016). However, even at high concentrations of CaCl2 (200 mM), only four 
Ca2+ions were found in the PAD1 monomer (Saijo et al. 2016). Additionally, the 
N-terminus of the N-terminal immunoglobulin-like domain (IgG-1) adopts a slightly 
different orientation in the structure of PAD1, relative to both PAD2 and PAD4, that 
precludes dimer formation (Saijo et  al. 2016). As all of the structures are deter-
mined, this information will be invaluable in not only improving potency but also 
isozyme selectivity, ultimately allowing us to better understand the biology associ-
ated with each PAD isozyme.

Fig. 23.2 (a) HoloPAD1 crystal structure with Ca2+ (purple, PDB ID: 5HP5). (b) HoloPAD2 
F221/222A mutant crystal structure with Ca2+ (yellow, PDB ID: 4N2C). (c) HoloPAD4 crystal 
structure with Ca2+ (orange, PDB ID: 1WD9)
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23.3  PAD Inhibitor Development

23.3.1  First-Generation Irreversible PAD Inhibitors

PAD inhibitor development began with the identification of 2-chloroacetamidine as 
a modest inhibitor of PAD4 (Stone et al. 2005). Specifically, it was identified as a 
covalent and irreversible inhibitor, which decreases enzyme activity in a time- 
dependent manner (Stone et al. 2005). In parallel, the Thompson group identified 
the PAD substrate benzoyl-l-arginine amide (BAA, Fig. 23.3a 1, PAD substrate) as 
a core scaffold (Kearney et  al. 2005) and showed that the terminal guanidinium 
could be replaced by either a chloroacetamidine or fluoroacetamidine warhead to 
generate the first-generation inhibitors F-amidine (Fig.  23.3a, 2) and Cl-amidine 
(Fig. 23.3a, 3) (Luo et al. 2006a, b). These two inhibitors were then found to cova-
lently modify the catalytic cysteine (C645 in PAD4, Fig. 23.3) conserved in all PAD 
isozymes. It is important to note that the chloroacetamidine warhead demonstrated 
higher reactivity with the cysteine thiol than the fluoroacetamidine warhead, which 
was expected (Luo et al. 2006a, b). These two warheads also found great utility due 
to their high stability at neutral pH for prolonged periods of time (>24 h) (Luo et al. 
2006a, b). These early inhibitors demonstrated that the chloroacetamidine warhead 
was more potent than the fluoroacetamidine warhead when evaluated against PAD1, 
PAD2, PAD3, and PAD4. Another key lesson learned from Cl-amidine (Fig. 23.3a, 
3) was in its efficacy in a variety of animal models. Specifically, Cl-amidine 
(Fig. 23.3a, 3) has shown utility in treating animal models of RA, lupus, ulcerative 
colitis, atherosclerosis, and breast cancer (Chumanevich et  al. 2011a; Khandpur 
et al. 2013; Knight et al. 2013, 2014c; Lange et al. 2011; Wang et al. 2012b; Causey 
et al. 2011; Knight and Kaplan 2012; Smith et al. 2014; McElwee et al. 2012b). 
Since PAD activity is dysregulated in all of these diseases, Cl-amidine (Fig. 23.3a, 
3) proved invaluable in demonstrating the disease relevance of the PADs and ulti-
mately the importance of developing inhibitors of these enzymes.

Fig. 23.3 (a) Development of PAD inhibitors F-amidine and Cl-amidine from benzoyl-l-arginine 
amide (BAA, 1). (b) PAD inhibition data for F-amidine (2) and Cl-amidine (3). (c) Co-crystal 
structure of F-amidine (2) bound to PAD4 (PDB ID: 2DW5)
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23.3.2  Preliminary Structure Activity Relationships (SARs) 
for F-Amidine and Cl-Amidine

After the initial discovery of F-amidine (Fig. 23.3a, 2) and Cl-amidine (Fig. 23.3a, 
3), a preliminary SAR was explored around the length of the side chain linker dis-
tance to the haloacetamidine warhead (Luo et  al. 2006b). Interestingly, the 
Thompson group found that a one carbon homologation (F4-amidine, Fig. 23.4, 4, 
and Cl4-amidine, Fig. 23.4, 5) resulted in the first PAD3-selective inhibitors (Luo 
et al. 2006b; Knuckley et al. 2010a). Specifically, these compounds demonstrated 
10- to 50-fold selective inhibition of PAD3 over PAD1 and PAD4 (Knuckley et al. 
2010a).

23.3.3  Enhanced Inhibition of PADs

After exploring the side chain linker length, the Thompson group then generated a 
SAR for the benzoyl moiety of F-amidine (Fig. 23.3a, 2) and Cl-amidine (Fig. 23.3a, 
3). This extensive SAR found that a carboxylic acid functional group at the ortho- 
position of the benzoyl moiety dramatically improved inhibition of PAD1–PAD4 
(o-F-amidine, Fig. 23.5a, 6, and o-Cl-amidine, Fig. 23.5a, 7) (Causey et al. 2011). 
The key to the enhancement in PAD4 inhibition appeared to be through enhanced 
interactions with the indole nitrogen of W347 and guanidinium group R374 
(Fig. 23.5b, which depicts the co-crystal structure of PAD4 bound to o-F-amidine, 
Fig. 23.5a, 6) (Causey et al. 2011). In particular, the gained interaction with W347 
(conserved in all of the PADs) appears to be key for the enhanced inhibition (Causey 
et al. 2011).

Fig. 23.4 Structures, IC50 values, and isozyme selectivity of the PAD3-selective inhibitors 
F4-amidine (4) and Cl4-amidine (5)
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23.3.4  Identification of Potent and Selective PAD4 Inhibitors

In an effort to identify potent PAD4 inhibitors, in 2011, the Thompson group 
screened a tripeptide library of haloacetamidine-based compounds (Jones et  al. 
2012). This proved fruitful as two hits were identified, TDFA (Fig. 23.6a, 8) and 
TDCA (Fig. 23.6a, 9), as potent and selective PAD4 inhibitors (Jones et al. 2012). 
Interestingly, this threonine/aspartic acid/ornithine haloacetamidine also appears to 
take advantage of a gained interaction with W347 in PAD4 to enhance inhibition as 
seen in Fig. 23.6b. It was also seen that this improved inhibition was gained through 
interactions with Q346, R374, and R639. In particular, the interaction with R639 
was noted as being of particular importance for PAD4-selective inhibition, as this 
residue is unique to PAD4 (Jones et al. 2012).

23.3.5  Discovery of the PAD4-Selective Inhibitor Streptonigrin

In 2010, the Thompson group utilized a derivative of F-amidine (2), rhodamine- 
conjugated F-amidine (RFA (26) discussed later), to conduct a fluopol-activity- 
based protein profiling (ABPP) high-throughput screen (HTS) assay (Knuckley 
et al. 2010b). Through this screen, streptonigrin (Fig. 23.7, 10) was discovered to be 
a potent, selective, and irreversible inhibitor of PAD4 (Knuckley et  al. 2010b; 
Dreyton et al. 2014). Currently, the binding location and residue of modification is 
unknown; however, SAR and mass spectrometric results suggest that covalent mod-
ification of its quinoline-5,8-dione Michael acceptor is necessary for enzyme inac-
tivation (Dreyton et al. 2014). Streptonigrin is known to inhibit a number of other 
cellular processes (i.e., inhibition of DNA and RNA synthesis) (Bolzan and Bianchi 
2001) and is highly cytotoxic across multiple cell lines (Dreyton et al. 2014). As 
such, we do not recommend its use as a probe of PAD4 activity. Nevertheless, since 

Fig. 23.5 (a) Structures and corresponding inhibition values for o-F-amidine (6) and o-Cl- amidine 
(7). (b) o-F-amidine (6) bound to PAD4 (PDB ID: 3B1T)
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its structure is significantly different from previous haloacetamidine-based inhibi-
tors, it presents an interesting scaffold for future modifications in an effort to 
improve selectivity.

23.3.6  Identification of PAD1-Selective Inhibitors

While many of the haloacetamidine-based inhibitors proved to be potent PAD 
inhibitors in vitro, the intracellular potencies of many of these compounds were 
relatively poor. One potential reason for this was thought to be the metabolic 

Fig. 23.6 (a) Structures and corresponding inhibition values for the PAD4-selective inhibitors 
TDFA (8) and TDCA (9). (b) TDFA (8) bound to PAD4 (PDB ID: 4DKT)

Fig. 23.7 Structures, 
kinact/KI values, and 
isozyme selectivity of the 
PAD4-selective inhibitor 
streptonigrin (10)
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instability of peptide-based inhibitors. In 2011, the Thompson group attempted to 
address this issue by utilizing d-ornithine or d-lysine in place of the typically used 
l-ornithine or l-lysine (Bicker et al. 2012). While the d-ornithine derivatives (D-F- 
amidine, Fig. 23.8, 11, and D-Cl-amidine, Fig. 23.8, 12) did demonstrate improved 
metabolic stability when administered to mice, they also proved to be fairly selec-
tive for PAD1 (8–400-fold selective) (Bicker et  al. 2012). Note that Cl-amidine 
(Fig. 23.3a, 3) is completely degraded in 2–4 h, whereas D-Cl-amidine (Fig. 23.8, 
12) was still present. With the elucidation of the PAD1 crystal structure, some light 
can now be shed on to the binding mode of these inhibitors, as well as aid in future 
inhibitor development.

23.3.7  Improving Efficacy in Cell-Based Assays

As mentioned above, many of these haloacetamidine-based inhibitors, which are 
predicated on a peptide core, have shown deficiencies in cell-based assays. This is 
primarily due to metabolic instability and/or cell permeability. In order to overcome 
the cell permeability issues that these intrinsically hydrophilic inhibitors present, 
the Wang group developed YW3-56 (Fig. 23.9, 13), which increased the hydropho-
bicity of the Cl-amidine scaffold (Wang et  al. 2012b). This was accomplished 
through replacement of the N-terminal benzoyl group with a naphthoyl moiety, as 
well as functionalizing the C-terminal carboxamide to the benzamide moiety. This 
resulted in improved cellular efficacy (U2OS cells EC50 ~ 2.5 μM) while maintain-
ing in vitro efficacy (PAD4 IC50 = 1–5 μM). These results indicated that increased 
hydrophobicity could further enhance intracellular efficacy and potentially translate 
to improved efficacy in certain animal models.

Fig. 23.8 Structures, kinact/KI values, and isozyme selectivity of the PAD1-selective inhibitors D-F- 
amidine (11) and D-Cl-amidine (12)
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This approach was further optimized through isosteric replacement of certain 
moieties found in peptide-based inhibitors. This led to the Thompson group replac-
ing the C-terminal carboxamide of Cl-amidine with a benzimidazole moiety yield-
ing the next-generation inhibitor BB-Cl-amidine (Fig.  23.10, 14) (Knight et  al. 
2015). They also replaced the N-terminal phenyl ring with a biphenyl moiety. 
Introduction of both these replacements causes a dramatic increase in overall hydro-
phobicity (Cl-amidine, Fig.  23.3a, 3, CLogP  =  −0.23 and BB-Cl-amidine, 
Fig. 23.10, 14, CLogP = 4.17) in hopes of improving cell permeability through pas-
sive diffusion. While demonstrating similar in  vitro efficacy to Cl-amidine 
(Fig. 23.3a, 3), BB-Cl-amidine (Fig. 23.10, 14) proved superior when evaluated in 
a variety of cell-based assays as well as different animal models (Knight et al. 2015; 
Ghari et al. 2016; Horibata et al. 2015).

Fig. 23.9 Structure, PAD4 
inhibition, and CLogP 
value for YW3-56 (13)

Fig. 23.10 Structure, PAD 
inhibition, and CLogP value 
for BB-Cl-amidine (14)
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23.3.8  Tetrazole-Based PAD Inhibitors

The isosteric replacement approach was also utilized to replace the C-terminal car-
boxamide of Cl-amidine with a tetrazole moiety (Fig. 23.11, 15–18) (Subramanian 
et al. 2015). While this class was not designed to improve cell permeability, it instead 
displayed a marked improvement in metabolic stability. This class of compounds was 
also interesting due to a marked increase in PAD inhibition across all isozymes for 
unsubstituted tetrazoles (Fig. 23.11, 15 and 16) (Subramanian et al. 2015). Interestingly, 
when the tetrazole was substituted with a tert-butyl group (Fig. 23.11, 17 and 18), a 
dramatic increase in PAD2 inhibition was observed (Subramanian et al. 2015). While 
these inhibitors did not demonstrate improved efficacy in cell-based assays, they do 
provide insight into enhanced PAD inhibition, specifically PAD2 inhibition.

23.3.9  Development of Reversible PAD Inhibitors

In 2015, a novel class of reversible PAD4 inhibitors was discovered. A screen of 
DNA-encoded libraries with PAD4 with and without calcium unveiled GSK121 
(Fig. 23.12, 19) as a potent inhibitor that bound to the apo state (inactive form) of 

Fig. 23.11 Structure and 
PAD inhibition of 
tetrazole-based PAD 
inhibitors (15–18)
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Fig. 23.12 Structures and IC50 values of reversible PAD inhibitors GSK121 (19), GSK199 (20), 
and GSK484 (21) in the presence and absence of calcium

Fig. 23.13 (a) F-amidine (2, magenta) bound to holoPAD4 (PDB ID: 2DW5) and GSK199 (20, 
orange) superimposed into holoPAD4. (b) GSK199 (20, orange) bound to apoPAD4 (PDB ID: 
4X8G) and F-amidine (2, magenta) superimposed into apoPAD4

PAD4 (Lewis et al. 2015). A detailed SAR led to the optimized compounds GSK199 
(Fig. 23.12, 20) and GSK484 (Fig. 23.12, 21), which demonstrated potent inhibition 
of PAD4 when low concentrations of calcium were used (0.2 mM) (Lewis et al. 
2015). Notably, when higher levels of calcium were used, potencies for both com-
pounds were reduced by ≥5-fold. These inhibitors were also found to selectively 
inhibit PAD4 by more than 35-fold as compared to other PAD isozymes. Kinetic 
analysis and co-crystal structures indicated that these inhibitors bound to the apo 
form of PAD4, which prevents the calcium-induced movement of Cys645 into the 
active site, yielding the active holo form of the enzyme.

The co-crystal structure of GSK199 (Fig. 23.12, 20) bound to PAD4 (Fig. 23.13) 
illustrates the unique binding of these inhibitors (Lewis et al. 2015). Specifically in 
the apo state (Fig. 23.13a), a unique binding region exists where D473 and H471 
can be accessed. While the aminopiperidine moiety of GSK199 (Fig. 23.12, 20) 
overlaps with haloacetamidine binding region, the two classes of inhibitors approach 
this binding region from different directions. In the presence of calcium (Fig 23.13b), 
this unique binding region for GSK199 (Fig. 23.12, 20) is closed off and not acces-
sible. The discovery of these inhibitors has demonstrated the importance of pursu-
ing compounds that bind to the apo state of all PAD isozymes.

23 Development of the Protein Arginine Deiminase (PAD) Inhibitors



456

23.3.10  Next-Generation PAD3 Inhibitors

While the first class of PAD3-selective inhibitors was discovered in 2010, the 
Ellman group identified a novel scaffold for potent and selective PAD3 inhibition in 
2015 (Jamali et al. 2015). Through a substrate-based fragment method, a hydantoin- 
containing, chloroacetamidine-based series of compounds were found to inhibit 
PAD3 selectively by >10-fold (Fig.  23.14, 22) (Jamali et  al. 2015). Through an 
extensive SAR, these inhibitors also demonstrated an increase in PAD3 potency as 
compared to Cl-amidine and F-amidine (Jamali et al. 2015).

Additional work by the Ellman group generated further improvements on PAD3 
potency and selectivity in 2016 (Fig.  23.15, 23–25) (Jamali et  al. 2016). These 
inhibitors explored the introduction of conformational constraints and amide 
replacement with different isosteres to enhance PAD3 inhibition. These inhibitors 
also demonstrated efficacy in a PAD3 cell-based assay, illustrating future utility in 
cell-based systems (Jamali et  al. 2016). This work along with the discovery of 
BB-Cl-amidine (Fig.  23.10, 14) has demonstrated that haloacetamidine-based 
inhibitors are viable in cell-based assays and aided in understanding the rules for 
their cell permeability.

Fig. 23.14 Structure, 
kinact/KI values, and 
isozyme selectivity of a 
hydantoin-based PAD3- 
selective inhibitor (22)

Fig. 23.15 Structure, IC50 values, and isozyme selectivity of PAD3-selective inhibitors (23–25)
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23.4  Animal Models of PAD-Related Diseases

An integral part of PAD inhibitor and probe development has been the development 
and evaluation of certain animal models of PAD-related diseases. To date, animal 
models have been developed for a variety of different PAD-related diseases; how-
ever, models of RA, SLE, atherosclerosis, thrombosis, and IBD have been exten-
sively investigated (Lewis and Nacht 2016).

23.4.1  Rheumatoid Arthritis (RA)

One of the most well-investigated deimination-related animal models is that of RA. It 
is known that PAD2 and PAD4 are released into the joint (i.e., synovial fluid) leading 
to the development of anti-citrullinated protein antibodies (ACPA) (Van Steendam 
et al. 2011; Puszczewicz and Iwaszkiewicz 2011; van Boekel et al. 2002; Masson-
Bessiere et al. 2001; Burska et al. 2014; Berlyne 1998; Swaminathan and Shah 2011). 
In 2011, a collagen-induced arthritis (CIA) model was treated with Cl-amidine 
(Fig 23.3a, 3) and demonstrated an ability to ameliorate arthritis (Willis et al. 2011). 
This was key to the development of irreversible PAD inhibitors, such as Cl-amidine 
(Fig  23.3a, 3), as decreased levels of citrullinated proteins were observed in both 
serum and synovial samples. This marked a significant find in the field, as a peptide-
based irreversible PAD inhibitor demonstrated efficacy, paving the way for future 
advancement. Specifically, BB-Cl-amidine (Fig.  23.10, 14) has demonstrated 
improved efficacy in the CIA model, potentially due to an improvement in cell perme-
ability and metabolic stability (Ghari et al. 2016). BB-Cl-amidine (Fig. 23.10, 14) also 
showed an ability to reduce expression of pro-inflammatory cytokines when coadmin-
istered with JQ1 (a bromodomain and extraterminal (BET) domain inhibitor) and was 
even able to reduce the effects of arthritis after onset (Kawalkowska et al. 2016).

23.4.2  Systemic Lupus Erythematosus (SLE)

The development of an animal model for SLE has also proved to be invaluable for 
both improving our understanding of PAD biology and also in the generation of 
PAD inhibitors and probes. SLE is of importance due to its role as an autoimmune 
disease also defined by the production of autoantibodies, which is also potentially 
due to abnormal NET formation (Hakkim et al. 2010; Brinkmann et al. 2004). While 
the exact role that NETs play (if any) is not completely understood (see Chap. 8), in 
a MRL/lpr lupus mouse model, both Cl-amidine (Fig. 23.3a, 3, 10 mg/kg) (Knight 
et al. 2013) and BB-Cl-amidine (Fig. 23.10, 14, 1 mg/kg) (Knight et al. 2015) treat-
ment led to a reduction in NETosis and disease severity, with BB-Cl-amidine 
(Fig. 23.10, 14) proving to the more potent of the two inhibitors. This data suggested 
that PAD inhibition could reduce symptoms of lupus in mice; however, the exact 
mechanism and particular isozyme necessary are not completely understood.
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23.4.3  Atherosclerosis

The development of animal models for atherosclerosis has garnered much interest 
in the PAD field due to its role in the mortality of patients with RA or SLE (Salmon 
and Roman 2008). It has also been identified that PAD4, citrullinated proteins, and 
NETs are found in atherosclerotic plaques (Sokolove et al. 2013). The role of the 
PADs in atherosclerosis was then further investigated utilizing the apolipoprotein- 
E- deficient (ApoE−/−) mouse model of atherosclerosis (Meir and Leitersdorf 2004). 
When treated with Cl-amidine (Fig. 23.3a, 3, 10 mg/kg), a decrease in NETosis was 
observed and ultimately a reduction in disease severity (Knight et  al. 2014a). 
However, in contrast to SLE treatment, if atheroma formation had already begun in 
the ApoE−/− mouse model, the effects of Cl-amidine (Fig. 23.3a, 3) treatment were 
drastically reduced (Knight et al. 2014a).

23.4.4  Thrombosis

Thrombosis is the formation of a blood clot inside a blood vessel, and NETs have 
been identified as playing a role in stimulating this process. This occurs by facilitat-
ing the deposition of fibrin, as well as promoting the activation of platelets (resulting 
in increased blood clots), as well as feeding back into this loop and promoting NET 
formation (Fuchs et al. 2010). Treatment of New Zealand Mixed (NZM) mice with 
Cl-amidine (Fig. 23.3a, 3) then led to a significant delay in thrombosis while inhibit-
ing NET formation, again suggesting a strong link between NETosis and thrombosis 
(Knight et  al. 2013). In addition, PAD4−/− mice lacked extracellular citrullinated 
proteins and provided protection from thrombosis while also demonstrating an abil-
ity to be rescued by the introduction of neutrophils, again demonstrating the link 
between aberrant PAD activity and thrombosis (Martinod et al. 2013).

23.4.5  Irritable Bowel Disease (IBD)

Similar to the diseases discussed above, PAD4 has been implicated in the onset and 
progression of IBD as well. Specifically, the presence of NETs has been identified 
in certain biopsy samples; (Savchenko et al. 2011) however, a study using mouse 
model lacking the PADs has not been reported, and so studying this link has proven 
challenging. This problem has been addressed partially through the treatment of the 
DSS-mediated model of colitis with Cl-amidine (Fig. 23.3a, 3, as low as 5 mg/kg) 
which led to a decrease in PAD activity and inflammation leading to a decrease in 
IBD severity (Chumanevich et al. 2011b).
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23.4.6  Other PAD-Related Conditions

As indicated above, these five diseases are not an exhaustive list of animal models 
developed for PAD-related diseases. While Cl-amidine (Fig. 23.3a, 3) has been used 
extensively in these five disease animal models, it has also shown efficacy in animal 
models of breast cancer (McElwee et al. 2012b), hypoxic ischemia (Lange et al. 
2014), diabetic wound healing (Fadini et al. 2016), and spinal cord injury and regen-
eration (Lange et al. 2011). Other PAD inhibitors such as YW3-56 (Fig. 23.9, 13) 
and 2-chloroacetamidine have demonstrated efficacy in animal models of hemor-
rhagic shock (He et al. 2016) and multiple sclerosis (MS) (Moscarello et al. 2013), 
respectively. The discovery of new PAD inhibitors and probes will continue to aid 
in the development of animal models of PAD-related diseases, while the current 
animal models have proven to be a key component in inhibitor development.

23.5  PAD Probe Development

23.5.1  First-Generation PAD Probes

The development of PAD probes soon followed the discovery of F-amidine 
(Fig. 23.3a, 2) and Cl-amidine (Fig. 23.3a, 3). Specifically, these inhibitors were 
conjugated with a fluorophore to give rhodamine-conjugated F-amidine (RFA, 
Fig.  23.16, 26) and rhodamine-conjugated Cl-amidine (RCA, Fig.  23.16, 27) 
(Knuckley et al. 2008). These probes were then found to efficiently label PAD4 and 
demonstrated their utility in the development of different assays which identified 
novel PAD2 and PAD4 inhibitors (Jones et al. 2012; Lewallen et al. 2014). These 
early probes also helped set the stage for building future PAD probes.

23.5.2  “Clickable” PAD Probes

The first-generation PAD probes RFA (Fig. 23.16, 26) and RCA (Fig. 23.16, 27) 
proved to be excellent starting points for developing a series of highly versatile 
“clickable” PAD probes that could be utilized both in vitro and in cellulo (Fig. 23.17, 
28–31) (Slack et al. 2011). These probes again utilized the F-amidine (Fig. 23.3a, 2) 
and Cl-amidine (Fig. 23.3a, 3) scaffolds and installed either an azide or alkyne func-
tionality at the 4-position of the phenylamide. This allowed these probes to then 
undergo a “click” reaction with either a fluorophore or biotin. The power of this 
versatility was observed in their ability to effectively label cellular PADs in cell 
lysates (Slack et  al. 2011). This scaffold demonstrated the ability to more fully 
investigate the biological roles and impact of the PADs. These probes also high-
lighted the differences between the chloroacetamidine and fluoroacetamidine 
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warheads. As discussed earlier, the chloroacetamidine warhead is more potent and 
produced more efficient labeling at lower concentrations; however, it also proved to 
be less selective when labeling cell lysates. These two lessons will greatly aid the 
development of potent and selective PAD probes and inhibitors going forward.

23.6  Conclusions

The development of PAD inhibitors was initially inspired by a known substrate that 
was modified to generate a class of irreversible inhibitors. These haloacetamidine- 
based inhibitors have gone through a variety of iterations and will continue to see 
improved potency and selectivity as the structures of each isozyme are uncovered. 
The use of HTS capabilities has proved invaluable, not only for the haloacetamidine- 
based inhibitors but also for identifying novel scaffolds which bind to allosteric sites 

Fig. 23.17 Structures of 
“clickable” PAD probes 
F-amidine-azide (28), 
Cl-amidine-azide (29), 
F-amidine-YNE (30), and 
Cl-amidine-YNE (31)

Fig. 23.16 Structures of the PAD probes RFA (26) and RCA (27)
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and both apo and holo states of these enzymes. These discoveries have also ushered 
in novel probes that have greatly aided in inhibitor development and in understand-
ing the physiological roles of the PADs in cell-based systems. These discoveries 
have demonstrated that treating diseases related to PAD dysregulation can be 
achievable through a variety of approaches.
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