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Potential protein targets of the peptidylarginine deiminase 
2 and peptidylarginine deiminase 4 enzymes in rheumatoid 
synovial tissue and its possible meaning

Introduction
Peptidylarginine deiminase (PAD) belongs to a family of calcium-dependent enzymes that convert 
arginine residues of proteins into citrulline. These enzymes are expressed in most mammalian tis-
sues, with the most common PAD2 enzyme widely distributed throughout human and murine tis-
sues (1). This isoform is responsible for the majority of PAD activity, and the importance of PAD2 has 
been demonstrated by the observation that all PAD activity is abrogated in the PAD2 knockout mouse 
(2). Protein citrullination is an important pathophysiological mechanism in rheumatoid arthritis (RA), 
which is supported by the evidence that patients with RA produce antibodies against modified cel-
lular components known as antiperinuclear factor (APF). These autoantibodies are specific to RA, and 
their immunochemical specificity is directed against filaggrin. The APF antibody was identified using 
normal epithelial cells of the oral mucosa as the antigenic source and rheumatoid serum (3-5). The 
anti-citrullinated peptide (CCP) antibodies were identified many years later and are considered as early 
markers of RA (6-10). Therefore, the importance of citrullinated epitopes in rheumatoid pathogenesis 
has continued to increase, and the molecular significance of citrullination has been tested in vitro 
using various approaches. Because of these studies, it is known that fibrinogen, vimentin, enolase, 
collagen, and other proteins are post-translationally modified (11-14) through their arginine residues 
being deiminated and transformed into citrulline. This steric change modifies the electrostatic proper-
ties of peptides, resulting in an increase in immunogenicity and changes that intensify the interaction 
of target proteins with certain pockets of Class II major histocompatibility complex (MHC) molecules 
(DR4 0401). By this mechanism, a modified protein increases its probability of being presented in a 
restricted peptide repertoire as an autoantigen (15, 16).
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Abstract

Objective: The molecular mechanism of citrullination involves the calcium-dependent peptidylarginine deiminase (PAD) family of 
enzymes. These enzymes induce a stereochemical modification of normal proteins and transform them into autoantigens, which in 
rheumatoid arthritis trigger a complex cascade of joint inflammatory events followed by chronic synovitis, pannus formation, and 
finally, cartilage destruction. By hypothesizing that PAD2 and PAD4 enzymes produce autoantigens, we investigated five possible 
synovial protein targets of PAD enzymes. 
Material and Methods: We measured PAD2, PAD4, and citrullinated proteins in 10 rheumatoid and 10 osteoarthritis synovial bi-
opsies and then assessed the post-translational modifications of fibrinogen, cytokeratin, tubulin, IgG, and vimentin proteins using 
a double-fluorescence assay with specific antibodies and an affinity-purified anti-citrullinated peptide (CCP) antibody. The degree 
of co-localization was analyzed, and statistical significance was determined by ANOVA, Fisher’s exact test, and regression analysis. 
Results: The principal results of this study demonstrated that citrullinated proteins, such as fibrinogen, IgG, and other probed pro-
teins, were targets of PAD2 and PAD4 activity in rheumatoid synovial biopsies, whereas osteoarthritis biopsies were negative for this 
enzyme (p<0.0001). An analysis of citrullination sites using the UniProtKB/Swiss-Prot data bank predicts that the secondary structure 
of the analyzed proteins displays most of the sites for citrullination; a discussion regarding its possible meaning in terms of patho-
genesis is made. 
Conclusion: Our results support the conclusion that the synovial citrullination of proteins is PAD2 and PAD4 dependent. Further-
more, there is a collection of candidate proteins that can be citrullinated.
Keywords: Peptidylarginine deiminase 2, peptidylarginine deiminase 4, rheumatoid arthritis, synovial membrane
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Considering the fact that PAD2 and PAD4 iso-
forms are overexpressed in rheumatoid sy-
novial tissue (17-20), it appears reasonable to 
infer that an antigenic stimulation may arise 
at a synovial level. Therefore, this study aimed 
to assess potential protein targets of PAD2 and 
PAD4 enzymes in rheumatoid synovial tissue. 

Material and Methods

Rheumatoid arthritis and control synovial tissue
Tissue samples were obtained during joint re-
placement for prosthesis surgery, and 10 biopsies 
from patients with a mean age of 41.2±13.1 years 
and who met the American College of Rheuma-
tology (ACR) criteria for RA classification (21) were 
analyzed. There were six females and four males 
with 10 years of evolution (range, 3–13 years), 
three with functional class (FC) III, five with II, one 
with I, and one was not defined by the ACR classi-
fication of functional status in RA (22). All patients 
were positive for rheumatoid factor and anti-CCP, 
were under treatment with a low dose of ≤5 mg 
prednisone, and received methotrexate with 
a mean dose of 12.5 mg (range, 7.5–17.5 mg). 
Additionally, 10 biopsies were obtained from 
patients with osteoarthritis (mean age, 54.2±7.1 
years), wherein six patients were females and four 
males. They were included as controls, none of 
them had anti-CCP antibodies, and one was pos-
itive for rheumatoid factor at an irrelevant con-
centration; furthermore, these patients under-
went knee surgery for osteoarthritis, all of them 
received analgesics and/or NSAIDs, and obesity 
was the accelerating factor for knee osteoarthritis 
(23, 24). In all cases, signed informed consent was 
obtained, and the bioethics committee at our in-
stitution approved this protocol. 

Purification and labeling of affinity-purified an-
ti-CCP antibodies 
An anti-CCP serum sample obtained from a pa-
tient with RA and who displayed high anti-CCP 
antibodies according to ELISA (25) was used to 
purify high-affinity antibodies in the following 
manner: serum was incubated in a commercial 
ELISA microwell plate (Axis-Shield Diagnostics 
Ltd.; Dundee, Scotland), and the anti-CCP-
bound antibodies were then eluted from the 
polystyrene CCP-coated plates after a 2-h incu-
bation with 0.2 M glycine–HCl at pH 2.8. The 
eluted antibodies were then neutralized with 1 
M Tris at pH 9.5. The recovered antibodies were 
concentrated using a Centricon® centrifugal 
device (Merck Millipore Co.; Billerica, MA, USA). 
One fraction of the high-affinity-purified an-
ti-CCP antibodies was labeled with horseradish 
peroxidase (HRP) (Sigma; St. Louis, MO, USA) 
using the method described by Abrameas 
with our own modifications. The molar ratio of 
the high-affinity-purified antibodies to peroxi-

dase was 1:10 (26, 27). Another fraction of the 
affinity-purified anti-CCP antibody was used to 
perform the double-fluorescence assays.

Immunohistochemistry 
Slides containing 4-μm sections of the syno-
vial tissue were dewaxed, permeabilized, and 
washed three times with PBS. Endogenous 
peroxidase was then blocked with horse se-
rum that had been inactivated at 56°C. The tis-
sues were incubated with purified human IgG 
(precipitated from normal human sera with 
ammonium sulfate and IgG was purified using 
HiTrap protein G HP columns) to neutralize the 
presence of possible rheumatoid factor activity 
in the synovial tissues. After three washes, the 
tissues were incubated for 1 h with the mono-
clonal antibody or affinity-purified human 
autoantibodies diluted in 10% fetal calf se-
rum/PBS (anti-citrulline antibody, cat. 231246, 
Calbiochem, Darmstadt, Germany; 1:100 dilu-
tion), anti-PAD2 antibody (PA5-19474, Pierce 
Antibody products, Thermo Fisher Scientific 
Inc.; Rockford, IL, USA; 1:30 dilution), and an-
ti-PAD4 (Pierce PA5-12236; 1:30 dilution). After 

multiple washes with PBS, the slides were then 
incubated for 1 h with HRP-labeled goat an-
ti-human IgG. After additional washes, a color 
reaction was induced using 3,3’-diaminobenzi-
dine–0.06% H2O2 (Sigma; San Louis, MO, USA), 
and the reaction was stopped with 2 N sulfuric 
acid. All assays were performed in duplicates. 
In the case of the HRP-labeled anti-CCP, the 
immunohistochemistry was direct and did not 
rely on the use of a secondary antibody.

Double-fluorescence labeling assays
To assess the presence of citrullinated pro-
tein in the synovial tissue, we co-localized the 
possible target proteins using the following 
steps. Citrullinated proteins were tagged as 
green through a 120-min incubation with an 
unlabeled and affinity-purified anti-CCP anti-
body, followed by a 120-min incubation with 
a FITC-labeled secondary antibody (ab4220 or 
ab68881, Abcam; Cambridge, MA, USA). After 
each incubation, the slides were washed three 
times with PBS. The target protein was tagged 
as red by overnight incubation with specific 
antibodies against fibrinogen (Abcam ab666), 

Table 1. PAD enzymes and citrullinated protein expression in the synovial tissues of patients 
with rheumatoid arthritis (RA) and osteoarthritis (OA) as controls

Biopsies PAD2 positive PAD4 positive CP positive Citrulline positive

RA (n=10) 10 (100%) 7 (70%) 10 (100%) 10 (100%)

OA (n=10) 0 0 0 1 (10%)

p <0.0001 <0.003 <0.0001 <0.002

CP: citrullinated proteins; PAD: peptidylarginine deiminase; RA: rheumatoid arthritis; OA: osteoarthritis

Fisher’s exact test (two tailed).

Figure 1. Detection of peptidylarginine deiminase (PAD)  expression in the synovial tissue by 
immunohistochemistry. In the coronal panels, biopsies of osteoarthritis (OA; controls) are nega-
tive. The middle panels show rheumatoid arthritis (RA) biopsies at 10× magnification. The basal 
panels show RA biopsies at 20× magnification
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cytokeratin (Sigma K8.13, Prod. C6909), IgG, 
vimentin (Cell Signaling D2H3), and β-tubu-
lin (Abcam ab21057), followed by a 120-min 
incubation with a rabbit anti-human Texas 
Red-labeled antibody (IgG-TR: sc-3920, Santa 
Cruz Biotechnology; Paso Robles, CA, USA). Fi-
nally, the slides were counterstained with DAPI, 
mounted, and evaluated under a fluorescence 
microscope using the appropriate filters for the 
dyes.

Statistical analyses 
Data were processed using the GraphPad Prism 
software (GraphPad Software Inc.; CA, USA) for 
the non-parametric assays, such as ANOVA and 
Fisher’s exact test. Regression analyses were 
performed using Pearson’s test. A p value <0.05 
was considered statistically significant.

Results

PAD2 and PAD4 expression exclusive to rheuma-
toid synovial tissues
PAD2 and/or PAD4 enzymes were expressed 
in the synovial tissues of all patients with RA 
(100%). In sharp contrast, all of the OA controls 
tested negative for these enzymes, and the 
differences between both the groups were 
significant (p<0.0001). In rheumatoid synovial 
tissue, PAD2 was expressed in the 10 biopsies 
of RA with a strong signal by immunohisto-
chemistry assays; however, PAD4 expression 
was faint, and it was present in seven synovial 
biopsies. Notably, PAD expression was detect-
able at a range of levels, particularly at the sy-
novial border and in some biopsies along the 
villi. Moreover, PAD expression was particularly 
prominent along the inflammatory infiltrates 
as well as in specific cells, such as fibroblast-like 
synoviocytes (Figure 1 and Table 1).

PAD enzymes citrullinate synovial proteins 
This study also aimed to assess whether PAD2 
enzyme could convert the residues of target 
proteins into citrulline in situ. Current results 
suggest that PAD2 and PAD4 are functional en-
zymes because they induced post-translation-
al modifications of target proteins as suggest-
ed by the immunohistochemical tag induced 
by the anti-CCP antibody. A subset of the bi-
opsies exhibited a widespread distribution of 
post-translationally modified proteins that cor-
related well with citrullinated areas that were 
identified by anti-citrulline antibodies. There-
fore, the presence of these three immunore-
agents (PAD2/PAD4, CP, and citrulline) suggests 
that the citrullination process depends on PAD 
activity, which was developed in the following 
locations: within villi, fibroblast-like cells, and 
inflammatory infiltrates (Table 2).

Table 2. Localization of PAD2 and PAD4 enzymes and citrullinated proteins (CP) in synovial of 
rheumatoid arthritis (RA) patients

RA biopsies (n=10)

Localization In villi In fibroblast-like cells In inflammatory infiltrates

PAD2 8 (80%) 2 (20%) 6 (60%)

PAD4 8 (80%) 2 (20%) 6 (60%)

CP 8 (80%) 5 (50%) 3 (30%)

CP: citrullinated proteins; PAD: peptidylarginine deiminase; RA:  rheumatoid arthritis

Figure 2. Double-fluorescence assays show the co-localization of tubulin and citrullinated pro-
tein (CP) in the synovial tissue of rheumatoid arthritis (RA). Circle of overlap cell figure in yellow 
that probably represents citrullinated tubulin. Note that tubulin is stained in red and CP in green; 
nuclei were counterstained by DAPI in blue

Figure 3. Double fluorescence of rheumatoid synovial tissue (a), the axial panel represents the 
synovial edge, the green immunofluorescence corresponds to the synovial edge, the red fluo-
rescence corresponds to the staining by an antibody reactive against citrullinated proteins, and 
the overlap picture corresponds to the merged image where the red and green fluorescence has 
a significant correlation (r=0.846) (b), the panel represents a field with an inflammatory focus of 
the same biopsy 
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Protein candidates for citrullination
To address which proteins are the targets of PAD 
activity, we screened a group of five proteins us-
ing a double-fluorescence assay and were able 
to demonstrate a good degree of co-localization 
between candidate proteins tagged in red and 
citrullinated protein domains tagged in green or 
viceversa. Such a PAD activity induces an in situ 
protein citrullination that produces a yellow color, 
and a possible catalytic reaction was expressed as 

an “r” value. The image analysis yields the follow-
ing values: IgG, 0.993±0.0; fibrinogen, 0.846±0.06; 
vimentin, 0.771±0.01; β-tubulin, 0.806±0.05; and 
cytokeratin, 0.990±0.04. The tentative citrullina-
tion areas were mainly observed in the cytoplasm; 
however, the nuclear cellular domains (blue stain-
ing by DAPI) had lower values (0.353±0.12). Con-
sequently, the differences between nuclear and 
cytoplasmic citrullination were significant with a p 
value of <0.0001 (Figure 2-4).

Discussion
This study aimed to identify the possible pro-
tein targets of PAD activity in rheumatoid sy-
novial tissue. To accomplish this goal, a dou-
ble-fluorescence approach was used to detect 
the possible protein targets of PAD2 and PAD4 
enzymes in the synovial tissues of patients 
with RA. The primary results of this study can 
be summarized as follows: 1) PAD2 and PAD4 
were exclusively detected in rheumatoid syno-
vial tissue and 2) to demonstrate whether sy-
novial PADs were functional, an anti-CCP anti-
body was purified from rheumatoid serum and 
then used in immunohistochemistry and in a 
double-fluorescence assay to co-localize can-
didate substrates for PAD, including fibrinogen, 
IgG, β-tubulin, vimentin, and cytokeratin. The 
results of this assay suggested that a variety of 
proteins suitable for citrullination are potential 
targets of PAD2 and PAD4 enzymes. 

Various attempts to disclose the possible tar-
gets of PAD activity have been proposed (28), 
and on the basis of recent data, we know that 
PAD activity may exhibit a range of substrate 
specificities. For example, PAD2 citrullinates 
β/γ-actin, whereas PAD4 citrullinates the H3 
histone. Additionally, functional PAD2 and 
PAD4 isoforms are predominantly active in 
rheumatoid synovial tissue (29-31). Further-
more, the in vitro assays demonstrated that 
fibrinogen, α-enolase, and other PAD-mod-
ified proteins become autoantigens, and 
patients with RA produce autoantibodies 
against citrullinated peptides. Notably, some 
of these citrullinated peptides can be detect-
ed in vivo in synovial fluid (30). Considering 
the aforementioned results, we assumed that 
the citrullination process occurs in rheuma-
toid synovial tissue. It is important to note 
that all these works suggest that the citrulli-
nation process is developed in the synovial 
tissue or synovial fluid, and proteins, such as 
fibrinogen or vimentin, are stereochemical-
ly modified and become potential sources 
of autoantigens (32). The main limitation of 
this study and other studies is the limited 
number of samples. Another limitation is the 
lack of association between synovial citrulli-
nated proteins and HLA-DRB1 (shared MHC 
epitope) as reported by Verpoort et al. (33); 
finally, another limitation is that most of the 
studies indirectly demonstrated citrullination 
by an anti-CCP antibody rather than directly 
elucidating the changes in protein structure 
induced by citrulline that are demonstrated 
by magnetic resonance spectroscopy (32-34).

These results confirmed synovial PAD activity, 
suggesting that this catalytic mechanism is 
important in the pathophysiology of RA. Addi-
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Figure 4. Cell-by-cell analysis of the co-localization graph of various candidate proteins for citrullina-
tion. Above, a graph of the mean and SD of correlation obtained by the co-localization of green and 
red fluorescence expressed as r-value means. The sum of these values obtained from cytoplasmic 
co-localization in individual cells was compared with the values of nuclear (DAPI) co-localization
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tionally, we demonstrated that a few candidate 
targets of PAD activity were post-translationally 
modified in rheumatoid synovial tissue. Our 
results suggested that certain modified pro-
teins are potential triggers of autoimmune re-
sponses in patients with RA. Finally, taking into 
account the present results, some of the can-
didate proteins were further analyzed using 
citrullination-prediction analysis. For this pur-
pose, we used the UniProtKB/Swiss-Prot data 
bank to explore the distribution of accessible 
arginine residues in the secondary structures 
of the studied proteins. This analysis yielded 
the following results: the fibrinogen alpha 
chain displays 60% of the residues suitable for 
citrullination in its secondary structure and the 
fibrinogen beta chain displays 79% of the resi-
dues suitable for citrullination in its secondary 
structure distributed near the extreme N- and 
C-terminal ends, whereas vimentin displays 
only 42% of the residues suitable for citrullina-
tion in its secondary structure (Figure 5). 

Theoretically, the steric shift induced by citrullina-
tion affects the electrostatic properties of the can-
didate proteins. This modification consequently 
affects the structure and relaxation dynamics of 
citrullinated proteins, causing the conformation-
al modification of native proteins to produce 
neo-epitopes. Notably, this phenomenon could 
be induced by calcium-dependent reactions, 
which is the case for PAD enzymes (35, 36). 

Our results support the conclusion that the 
synovial citrullination of proteins is PAD depen-
dent. Moreover, there is a collection of candi-
date proteins that can be citrullinated, and it 
appears possible that in some patients, the 
citrullination process can be initially triggered 
in the synovial tissue. Taking into account the 
results obtained in other studies, various tis-
sues, such as the gingiva and lung, may serve 
as post-translational locations of PAD enzymes. 
Consequently, this process can occur at multi-
ple sites in the bodies of patients with RA (37-
42). Regardless of where citrullination occurs, 
the result may be similar, representing a for-
midable source of autoantigens; nevertheless, 
despite the broad range of candidates proteins 
for citrullination as suggested by current re-
sults, the most important variable to trigger 
an autoimmune response is the high-affinity 
binding of citrullinated peptides to the class II 
molecules, followed by strong co-stimulatory 
signals and the appropriate cytokine feeding. 
Therefore, we can assume that citrullination is 
an important mechanism from the pathogenic 
perspective of rheumatoid autoimmunity.

Ethics Committee Approval: Ethics Committee approval 
was received for this study from participant institutions.

Informed Consent: Written informed consent was ob-
tained from patients who participated in this study.   

Peer-review: Externally peer-reviewed.

Author Contributions: Concept - A.B.S., M.R.R., M.E.P.P., 
M.A.B.S., R.H.E.; Collection and/or Processing - L.D.B., 
M.A.C.J., M.R.R., M.E.P.P.; Materials and Data - J.J.B.G., Super-
vision - E.A.D.; Writer and Critical Review - R.H.E., E.A.D. 

Conflict of Interest: No conflict of interest was de-
clared by the authors.

Financial Disclosure: This project was financially sup-
ported by PROMEP UAZ-CA5 Autoinmunidad.

References
1. Guerrin M, Ishigami A, Méchin MC, Nachat R, 

Valmary S, Sebbag M, et al. cDNA cloning, gene 
organization and expression analysis of human 
peptidylarginine deiminase type I. Biochem J 
2003; 370: 167-74. [CrossRef]

2. Keilhoff G, Prell T, Langnaese K, Mawrin C, Simon 
M, Fansa H, et al. Expression pattern of peptidy-
larginine deiminase in rat and human Schwann 
cells. Dev Neurobiol 2008; 68: 101-14. [CrossRef]

3. Nienhuis RFL, Mandema E. A new serum factor in pa-
tients with rheumatoid arthritis; the antiperinuclear 
factor. Ann Rheum Dis 1964; 23: 302-5. [CrossRef]

4. Sondag-Tschroots IR, Aaij C, Smit JW, Feltkamp 
TE. The antiperinuclear factor. 1. The diagnostic 
significance of the antiperinuclear factor for 
rheumatoid arthritis. Ann Rheum Dis 1979; 38: 
248-51. [CrossRef]

5. Hoet RM, Boerbooms AM, Arends M, Ruiter DJ, 
van Venrooij WJ. Antiperinuclear factor, a mark-
er autoantibody for rheumatoid arthritis: colo-
calisation of the perinuclear factor and profilag-
grin. Ann Rheum Dis 1991; 50: 611-8. [CrossRef]

6. Vossenaar ER, van Venrooij WJ. Citrullinated pro-
teins: sparks that may ignite the fire in rheuma-
toid arthritis. Arthritis Res Ther 2004; 6: 107-11. 
[CrossRef]

7. van der Helm-van Mil AH, Breedveld FC, Huiz-
inga TW. Aspects of early arthritis. Definition of 
disease states in early arthritis: remission versus 
minimal disease activity. Arthritis Res Ther 2006; 
8: 216. [CrossRef]

8. van Venrooij WJ, Zendman AJ, Pruijn GJ. Auto-
antibodies to citrullinated antigens in (early) 
rheumatoid arthritis. Autoimmun Rev 2006; 6: 
37-41. [CrossRef]

9. Taylor P, Gartemann J, Hsieh J, Creeden J. A sys-
tematic review of serum biomarkers anti-cyclic 
citrullinated Peptide and rheumatoid factor as 
tests for rheumatoid arthritis. Autoimmune Dis 
2011; 2011: 815038. [CrossRef]

10. Vossenaar ER, Després N, Lapointe E, van der 
Heijden A, Lora M, Senshu T, et al. Rheumatoid 
arthritis specific anti-Sa antibodies target citrul-
linated vimentin. Arthritis Res Ther 2004; 6: 142-
50. [CrossRef]

11. van Beers JJB, Raijmakers R, Alexander LE, Stam-
men-Vogelzangs J, Lokate AMC, Heck AJR, et 
al. Mapping of citrullinated fibrinogen B-cell 
epitopes in rheumatoid arthritis by imaging 
surface plasmon resonance. Arthritis Res Ther 
2010; 12: 219. [CrossRef]

12. Chandra PE, Sokolove J, Hipp BG, Lindstrom 
TM, Elder JT, Reveille JD, et al. Novel multiplex 
technology for diagnostic characterization of 
rheumatoid arthritis. Arthritis Res Ther 2011; 13: 
102. [CrossRef]

13. Goëb V, Thomas-L’Otellier M, Daveau R, Char-
lionet R, Fardellone P, Le Loët X, et al. Candidate 
autoantigens identified by mass spectrometry 
in early rheumatoid arthritis are chaperones 
and citrullinated glycolytic enzymes. Arthritis 
Res Ther 2009; 11: 38. [CrossRef]

14. Kidd BA, Ho PP, Sharpe O, Zhao X, Tomooka BH, 
Kanter JL, et al. Epitope spreading to citrullinat-
ed antigens in mouse models of autoimmune 
arthritis and demyelination. Arthritis Res Ther 
2008; 10: 119. [CrossRef]

15. Taneja V, Behrens M, Basal E, Sparks J, Griffiths 
MM, Luthra H, et al. Delineating the Role of the 
HLA-DR4 Shared Epitope in Susceptibility ver-
sus Resistance to Develop Arthritis. J Immunol 
2008; 181: 2869-77. [CrossRef]

16. Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, 
Loh KL, et al. A molecular basis for the association 
of the HLA-DRB1 locus, citrullination, and rheu-
matoid arthritis. J Exp Med 2013; 210: 2569-82. 
[CrossRef]

17. Vossenaar ER, Radstake TR, van der Heijden A, 
van Mansum MA, Dieteren C, de Rooij DJ, et al. 
Expression and activity of citrullinating pepti-
dylarginine deiminase enzymes in monocytes 
and macrophages. Ann Rheum Dis 2004; 63: 
373-81. [CrossRef]

18. De Rycke L, Nicholas AP, Cantaert T, Kruithof 
E, Echols JD, Vandekerckhove B, et al. Synovial 
intracellular citrullinated proteins colocalizing 
with peptidyl arginine deiminase as pathophys-
iologically relevant antigenic determinants of 
rheumatoid arthritis-specific humoral auto-
immunity. Arthritis Rheum 2005; 52: 2323-30. 
[CrossRef]

19. Darrah E, Giles JT, Ols ML, Bull HG, Andrade F, 
Rosen A. Erosive rheumatoid arthritis is asso-
ciated with antibodies that activate PAD4 by 
increasing calcium sensitivity. Sci Transl Med 
2013; 5: 186. [CrossRef]

20. Chang X, Yamada R, Suzuki A, Kochi Y, Sawa-
da T, Yamamoto K. Citrullination of fibronec-
tin in rheumatoid arthritis synovial tissue. 
Rheumatology (Oxford) 2005; 44: 1374-82. 
[CrossRef ]

21. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson 
DT, Bingham CO, et al. 2010 Rheumatoid Arthri-
tis Classification Criteria. An American College 
of Rheumatology/European League Against 
Rheumatism Collaborative Initiative. Arthritis 
Rheum 2010; 62: 2569-81. [CrossRef]

22. Hochberg MC, Chang RW, Dwosh I, Lindsey 
S, Pincus T, Wolfe F. The American College of 
Rheumatology 1991 revised criteria for the clas-
sification of global functional status in rheuma-
toid arthritis. Arthritis Rheum 1992; 35: 498-502. 
[CrossRef]

23. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, 
Fries JF, Cooper NS, et al. The American Rheu-
matism Association 1987 revised criteria for the 
classification of rheumatoid arthritis. Arthritis 
Rheum 1988; 31: 315-24. [CrossRef]

48

Badillo-Soto et al. PAD2 and PAD4 enzymes in synovial tissue Eur J Rheumatol 2016; 3: 44-9

http://dx.doi.org/10.1042/bj20020870
http://dx.doi.org/10.1002/dneu.20578
http://dx.doi.org/10.1136/ard.23.4.302
http://dx.doi.org/10.1136/ard.38.3.248
http://dx.doi.org/10.1136/ard.50.9.611
http://dx.doi.org/10.1186/ar1184
http://dx.doi.org/10.1186/ar1983
http://dx.doi.org/10.1016/j.autrev.2006.03.008
http://dx.doi.org/10.4061/2011/815038
http://dx.doi.org/10.1186/ar1149
http://dx.doi.org/10.1186/ar3205
http://dx.doi.org/10.1186/ar3383
http://dx.doi.org/10.1186/ar2644
http://dx.doi.org/10.1186/ar2523
http://dx.doi.org/10.4049/jimmunol.181.4.2869
http://dx.doi.org/10.1084/jem.20131241
http://dx.doi.org/10.1136/ard.2003.012211
http://dx.doi.org/10.1002/art.21220
http://dx.doi.org/10.1126/scitranslmed.3005370
http://dx.doi.org/10.1093/rheumatology/kei023
http://dx.doi.org/10.1002/art.27584
http://dx.doi.org/10.1002/art.1780350502
http://dx.doi.org/10.1002/art.1780310302


24. Altman RD. Criteria for classification of clinical 
osteoarthritis. J Rheumatol 1991; 27: 10-2.

25. Bizzaro N, Tonutti E, Tozzoli R, Villalta D. Analyti-
cal and diagnostic characteristics of 11 2nd- and 
3rd-generation immunoenzymatic methods for 
the detection of antibodies to citrullinated pro-
teins. Clin Chem 2007; 53: 1527-33. [CrossRef]

26. Herrera-Esparza R, Rodríguez-Rodríguez M, 
Pérez-Pérez ME, Badillo-Soto MA, Torres-Del-
Muro F, Bollain-Y-Goytia JJ, et al. Posttranslation-
al Protein Modification in the Salivary Glands of 
Sjögren’s Syndrome Patients. Autoimmune Dis 
2013; 2013: 548064. [CrossRef]

27. Avrameas S, Ternynck T. Peroxidase labelled 
antibody and Fab conjugates with enhanced 
intracellular penetration. Immunochemistry 
1971; 8: 1175-9. [CrossRef]

28. Zendman AJ, Raijmakers R, Nijenhuis S, Vossenaar 
ER, Tillaart Mv, Chirivi RG, et al. ABAP: antibody-based 
assay for peptidylarginine deiminase activity. Anal 
Biochem 2007; 369: 232-40. [CrossRef]

29. Darrah E, Rosen A, Giles JT, Andrade F. Pepti-
dylarginine deiminase 2, 3 and 4 have distinct 
specificities against cellular substrates: novel 
insights into autoantigen selection in rheuma-
toid arthritis. Ann Rheum Dis 2012; 71: 92-8. 
[CrossRef]

30. Wegner N, Wait R, Sroka A, Eick S, Nguyen KA, 
Lundberg K, et al. Peptidylarginine deiminase 
from Porphyromonas gingivalis citrullinates hu-
man fibrinogen and α-enolase: implications for 
autoimmunity in rheumatoid arthritis. Arthritis 
Rheum 2010; 62: 2662-72. [CrossRef]

31. Foulquier C, Sebbag M, Clavel C, Chapuy-Re-
gaud S, Al-Badine R, Méchin MC, et al. Peptidyl 
arginine deiminase type 2 (PAD-2) and PAD-4, 
but not PAD-1, PAD-3, and PAD-6 are expressed 
in rheumatoid arthritis synovium in close as-
sociation with tissue inflammation. Arthritis 
Rheum 2007; 56: 3541-53. [CrossRef]

32. Damgaard D, Senoit L, Nielsen MF, Pruijn GL, 
Nielsen CH. Demonstration of extracellular 
peptidylarginine deiminase (PAD) activity in 
synovial fluid of patients with rheumatoid 
arthritis using a novel assay for citrullination 
of fibrinogen. Arthritis Res Ther 2014; 16: 498. 
[CrossRef]

33. Verpoort KN, Cheung K, Ioan-Facsinay A, van der 
Hel-van Mil AD, de vries-Bouwstra JK, Allaart CF, 
et al. Fine specificity of anti-citriullinated protein 
antibody response is influenced by the shared 
epitops. Arthritis Rheum 2007; 56: 3949-52. 
[CrossRef]

34. Holm A, Rise F, Sessler N, Sollid ML, Undheim 
K, Fleckenstein B. Specific modification of pep-
tide-bound residues. Anal Biochem 2006; 352: 68-76. 
[CrossRef]

35. De Ceuleneer M, Van Steendam K, Dhaenens 
M, Deforce D. Proteomics 2012; 12: 752-60. 
[CrossRef]

36. Gilmanshin R, Williams S, Callender RH, Wood-
ruff WH, Dyer RB. Fast events in protein folding: 
relaxation dynamics of secondary and tertiary 
structure in native apomyoglobin. Proc Natl 
Acad Sci USA 1997; 94: 3709-13. [CrossRef]

37. Libich DS, Harauz G. Backbone dynamics of the 
18.5 kDa isoform of myelin basic protein reveals 
transient alpha-helices and a calmodulin-bind-
ing site. Biophys J 2008; 94: 4847-66. [CrossRef]

38. Marchant C, Smith MD, Proudman S, Haynes 
DR, Bartold PM. Effect of Porphyromonas gin-
givalis on citrullination of proteins by macro-
phages in vitro. J Periodontol 2013; 84: 1272-80. 
[CrossRef]

39. Harvey GP, Fitzsimmons TR, Dhamarpatni AA, 
Marchant C, Haynes DR, Bartold PM. Expression of 
peptidylarginine deiminase-2 and -4, citrullinated 
proteins and anti-citrullinated protein antibodies in 
human gingiva. J Periodontal Res 2013; 48: 252-61. 
[CrossRef]

40. Makrygiannakis D, Hermansson M, Ulfgren AK, 
Nicholas AP, Zendman AJ, Eklund A, et al. Smoking 
increases peptidylarginine deiminase 2 enzyme 
expression in human lungs and increases citrullina-
tion in BAL cells. Ann Rheum Dis 2008; 67: 1488-92. 
[CrossRef]

41. Söderlin MK, Petersson IF, Bergman S, Svensson 
B. BARFOT study group, Smoking at onset of 
rheumatoid arthritis (RA) and its effect on dis-
ease activity and functional status: experiences 
from BARFOT, a long-term observational study 
on early RA. Scand J Rheumatol 2011; 40: 249-55. 
[CrossRef]

42. Fischer A, Solomon JJ, du Bois RM, Deane KD, 
Olson AL, Fernandez-Perez ER, et al. Lung dis-
ease with anti-CCP antibodies but not rheuma-
toid arthritis or connective tissue disease. Respir 
Med 2012; 106: 1040-7. [CrossRef]

49

Badillo-Soto et al. PAD2 and PAD4 enzymes in synovial tissueEur J Rheumatol 2016; 3: 44-9

http://dx.doi.org/10.1373/clinchem.2007.087569
http://dx.doi.org/10.1155/2013/548064
http://dx.doi.org/10.1016/0019-2791(71)90395-8
http://dx.doi.org/10.1016/j.ab.2007.07.009
http://dx.doi.org/10.1136/ard.2011.151712
http://dx.doi.org/10.1002/art.27552
http://dx.doi.org/10.1002/art.22983
http://dx.doi.org/10.1186/s13075-014-0498-9
http://dx.doi.org/10.1002/art.23127
http://dx.doi.org/10.1016/j.ab.2006.02.007
http://dx.doi.org/10.1002/pmic.201100478
http://dx.doi.org/10.1073/pnas.94.8.3709
http://dx.doi.org/10.1529/biophysj.107.125823
http://dx.doi.org/10.1902/jop.2012.120103
http://dx.doi.org/10.1111/jre.12002
http://dx.doi.org/10.1136/ard.2007.075192
http://dx.doi.org/10.3109/03009742.2010.541495
http://dx.doi.org/10.1016/j.rmed.2012.03.006

