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Peptidylarginine Deiminase Autoimmunity and the 
Development of Anti–Citrullinated Protein Antibody in 
Rheumatoid Arthritis: The Hapten–Carrier Model
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Charlotte Mariot,1 Marielle Martin,1 Pierre Lafforgue,3 Jean-Marc Busnel,4 and Jean Roudier2

Objective. The presence of autoantibodies to citrullinated proteins (ACPAs) often precedes the development of 
rheumatoid arthritis (RA). Citrullines are arginine residues that have been modified by peptidylarginine deiminases 
(PADs). PAD4 is the target of autoantibodies in RA. ACPAs could arise because PAD4 is recognized by T cells, which 
facilitate the production of autoantibodies to proteins bound by PAD4. We previously found evidence for this hapten–
carrier model in mice. This study was undertaken to investigate whether there is evidence for this model in humans.

Methods. We analyzed antibody response to PAD4 and T cell proliferation in response to PAD4 in 41 RA patients 
and 36 controls. We tested binding of 65 PAD4 peptides to 5 HLA–DR alleles (DRB1*04:01, *04:02, *04:04, *01:01, 
and *07:01) and selected 11 PAD4 peptides for proliferation studies using samples from 22 RA patients and 27 con-
trols. Peripheral blood lymphocytes from an additional 10 RA patients and 7 healthy controls were analyzed by flow 
cytometry for CD3, CD4, CD154, and tumor necrosis factor expression after PAD4 stimulation.

Results. Only patients with RA had both antibodies and T cell responses to PAD4. T cell response to peptide 8, a 
PAD4 peptide, was associated with RA (P = 0.02), anti-PAD4 antibodies (P = 0.057), and the shared epitope (P = 0.05).

Conclusion. ACPA immunity is associated with antibodies to PAD4 and T cell responses to PAD4 and PAD4 pep-
tides. These findings are consistent with a hapten–carrier model in which PAD4 is the carrier and citrullinated proteins 
are the haptens.

INTRODUCTION

The influence of HLA–DRB1 genes on the development of 
rheumatoid arthritis (RA) has been known since 1969, when it 
was observed that lymphocytes from RA patients do not stimu-
late each other in mixed lymphocyte cultures (1). Since that time, 
HLA–DRB1 genes and their products have been characterized, 
and their function, peptide presentation to CD4+ T cells, has been 
identified. HLA–DRB1 polymorphism has been described, and it 
has been shown that HLA–DRB1 alleles associated with RA share 
a similar motif, called the shared epitope, in the third hypervariable 
region of their DRβ1 chains (2).

Similarly, the definition of RA has continued to improve with 
regular revisions of classification criteria. The American College 

of Rheumatology (ACR)/European League Against Rheumatism 
(EULAR) 2010 criteria include the presence of RA- specific anti–
citrullinated protein antibodies (ACPAs) (3). ACPAs recognize 
citrulline residues on many different proteins (4–9). Citrulline is a 
modified form of arginine obtained after a posttranslational mod-
ification called deimination and carried by enzymes called pep-
tidylarginine deiminases (PADs) (4). ACPAs are present in >75% 
of patients with RA. They often precede the development of RA.

However, how shared epitope–positive HLA–DRB1 genes 
contribute to the development of RA is still unknown. It has been 
suggested that shared epitope–positive HLA–DRB1 alleles might 
bind citrullinated peptides to present them to T helper cells spe-
cific for citrullinated proteins (10). However, extensive HLA–DR 
peptide binding data from our previous study and others showed 
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no evidence of preferential binding of citrullinated peptides to 
shared epitope–positive HLA–DR alleles (11–13).

While screening human protein chips in order to identify new 
autoantibodies in RA, we found that PAD4, one of the 5 isoen-
zymes of PADs, was the target of autoantibodies in ACPA- positive 
and - negative RA (14,15). This implied the existence of T cells 
capable of facilitating the production of IgG anti- PAD4. PAD4 is an 
enzyme that binds and citrullinates multiple proteins. Thus, B cells 
specific for PAD4 might internalize PAD4 and any associated sub-
strate and present peptides of PAD4 and its substrates to T helper 
cells. In other words, PAD4, because it binds many proteins, could 
behave as a carrier and aid in the development of antibodies to 
the proteins it binds and citrullinates that behave as haptens. We 
demonstrated this point in normal mice: after immunization with 
PAD4 or PAD2, they developed IgG autoantibodies to citrullinated 
fibrinogen peptides (16).

In this study, we addressed the question of whether the same 
hapten–carrier mechanism triggers the production of ACPA in 
patients with RA. We looked for evidence of recognition of PAD4 
by antibodies and T cells in patients with RA, patients with psori-
atic arthritis (PsA), and healthy controls. Having both a proliferative 
response and an antibody response to PAD4 was characteristic 
of RA. We identified a peptide of PAD4, peptide 8, that triggered T 
cell proliferation in 40% of the patients with RA and whose recog-
nition was associated with antibodies to PAD4, shared epitope–
positive HLA–DR alleles, and RA.

PATIENTS AND METHODS

Patients. We tested 41 patients with RA and 25 patients 
with PsA from the rheumatology unit at Sainte Marguerite Hos-
pital (Marseille, France) and 11 healthy controls from the staff of 
the laboratory and the rheumatology unit. RA patients fulfilled 
the ACR/EULAR 2010 criteria and had ACPA titers higher than 3 
times the upper limit of normal (3). PsA patients fulfilled the Classi-
fication of Psoriatic Arthritis Study Group criteria (17). HLA–DRB1 
typing of all patients and controls was performed by polymerase 
chain reaction/sequence- specific oligonucleotide analysis (18). 
IgG anti–cyclic citrullinated peptide antibodies were detected 
using a second- generation enzyme- linked immunosorbent assay 
(ELISA) (Immunoscan RA Mark 2; Euro- Diagnostica). Rheumatoid 
factor (RF) was detected by ELISA using an Orgentec kit. The 
baseline characteristics of the subjects are presented in Supple-
mentary Tables 1 and 2, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41189/ 
abstract.

Proteins. Human PAD4 was produced in a baculovirus 
expression system (ProteoGenix) and purified. PAD4 activity and 
autocitrullination status were tested, and a T cell  proliferation 
assay was then performed. Human fibrinogen (Merck Millipore) 

was incubated in a buffer containing 1M Tris HCl (pH 7.4), 100 
mM CaCl2, and 50 mM dithiothreitol at a concentration of 1 
mg/ml with rabbit PAD2 protein (Sigma- Aldrich). Citrullination 
was performed for 2 hours at 37°C. Noncitrullinated fibrinogen 
was treated identically, except that water was added instead 
of PAD.

Synthetic peptides of human PAD4. Peptides were syn-
thesized using a solid- phase system (Neosystems) and purified 
(>70%). We synthesized 65 20- mer peptides, encompassing res-
idues 1–663 of wild- type PAD4 (residues S55, A82, and A112, on 
locus NM_012387) and overlapping on 10 amino acids. Residues 
S55, A82, and A112, which can be polymorphic, were detected 
in their native, unmutated forms on peptides 5–6, 8–9, and 11–12, 
respectively.

Detection of anti- PAD4 antibodies. Plates were coated 
with 0.5 μg of human PAD4 and blocked with 2% bovine serum 
albumin (BSA). Sera were diluted 1:100 and incubated on plates. 
After washing, peroxidase- conjugated anti- human IgG or IgM was 
added. Optical density (OD) was read at 405 nm. Background 
OD was obtained by adding each serum to a well without protein. 
Positive sera were defined as those with OD values higher than 
twice the background OD for IgG and higher than 3 times the 
background OD for IgM.

T cell proliferation assay. Mononuclear cells were isolated 
from 20 ml of heparinized blood with Ficoll- Histopaque (Sigma- 
Aldrich). Cells were cultured at a density of 106/ml in RPMI 1640 
with 10% self- serum in the presence of 1 μg/ml of human PAD4, 
human fibrinogen, or phytohemagglutinin or 5 μg/ml of PAD4 pep-
tide. After 6 days of culture at 37°C, the proliferative response to 
proteins was evaluated using a colorimetric bromodeoxyuridine kit 
(Roche Diagnostics) (19). Positive T cell responses were defined 
as OD values higher than twice the OD values for cells cultured 
without protein or peptide.

Purification of HLA–DRB1 molecules from lympho­
blastoid cell lines. The HLA homozygous lymphoblastoid cell 
lines JESTHOM (HLA–DRB1*01:01), SAVC (HLA–DRB1*04:01), 
YAR (HLA–DRB1*04:02), PEYSSON (HLA–DRB1*04:04), and 
MOU (HLA–DRB1*07:01) were cultured in RPMI 1640 with 10% 
fetal calf serum. Cells (2 × 109) were lysed in 10 mM Tris (pH 8), 10 
mM NaCl, 10 mM MgCl2, 1% Triton X- 100, 0.05 mg/ml DNase, 
and protease inhibitors. These homozygous cell lines were cho-
sen because they express 3 shared epitope–positive alleles, HLA–
DRB1*01:01, *04:01, and *04:04, and 2 shared epitope–negative 
alleles not associated with RA, DRB1*04:02 and DRB1*07:01. 
Total protein extracts were immunoprecipitated by anti–HLA–DR 
LB3.1 antibody covalently coupled on CNBr–activated Sepha-
rose 4B (Sigma- Aldrich). After washing, HLA–DR molecules were 

http://onlinelibrary.wiley.com/doi/10.1002/art.41189/abstract
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eluted in phosphate buffered saline (pH 2) with 0.5% octyl gluco-
side, neutralized in 1M Tris, and quantified (11).

HLA–DR peptide binding assay. ELISA plates were 
coated with 10 μg of PAD4 peptide/well and blocked in 1% 
BSA. One microgram of purified HLA–DR molecule was added 
to each well. After washing, bound HLA–DR was detected with 
biotinylated anti–HLA–DR antibody B8122 (Immunotech), fol-
lowed by peroxidase- conjugated avidin. Peroxidase- conjugated 
anti- mouse IgG and peroxidase- conjugated avidin were supplied 
by Sigma- Aldrich. OD was read at 405 nm. The binding of each 
of the purified HLA–DR alleles was assayed on ELISA plates 
coated with PAD4 peptides (each in duplicate wells). As a con-
trol, 2 wells were coated with a classic positive binder, influenza 
hemagglutinin peptide (PKYVKQNTLKLAT). Positive binding was 
defined as an OD value equal to the OD for the hemagglutinin 
peptide (11).

Flow cytometric analysis. Whole blood samples were 
obtained from patients and healthy donors and processed within 
24 hours. Two hundred fifty–microliter aliquots of whole blood from 
each subject were then incubated for 5 hours at 37°C with or with-
out 2 μg of PAD4. The aliquot without PAD4 was not treated with 
any stimulating agent but underwent the same incubation protocol 
and was used as a negative control. After incubation, an adapted 
PerFix- nc kit protocol (Beckman Coulter) was implemented, with 

125 μl of fixation reagent initially added to the mixture and left to 
react for 5 minutes at room temperature. Lysis and permeabiliza-
tion reagent (1.5 ml) was then added, and the mixture obtained 
was incubated for 15 minutes at room temperature. After a quick 
centrifugation step (at 500g for 5 minutes), the supernatant was 
discarded by aspiration. Fixed and permeabilized leukocytes 
were then stained in the dark for 1 hour at room temperature with 
150 μl of previously reconstituted dry and ready- to- use DURA-
Clone staining reagents (PC5.5- conjugated anti- CD3, Alexa Fluor 
750–conjugated anti- CD4, Alexa Fluor 700–conjugated anti–
tumor necrosis factor [anti- TNF], and phycoerythrin- conjugated 
anti- CD154) (all from Beckman Coulter). Cells were subsequently 
washed with 3 ml of final reagent, concentrated by a quick cen-
trifugation step (at 500g for 5 minutes), and finally reconstituted in 
250 μl of final reagent. The whole sample was then analyzed on 
a Cytoflex flow cytometer (Beckman Coulter) with an acquisition 
threshold set on CD4- positive events.

Study approval. All experimental protocols were approved 
by the Comité de Protection des Personnes, Sud- Méditerranée II, 
Ministère de l’Enseignement Supérieur et de la Recherche. Sam-
ples were collected under collection number DC- 2008- 327. All 
participants gave written informed consent.

Statistical analysis. Comparisons between groups for T 
cell and antibody assays were performed using Fisher’s exact test.

Figure  1. Antibody responses to human peptidylarginine deiminase 4 (PAD4) in patients with anti–citrullinated protein antibody–positive 
rheumatoid arthritis (RA; n = 41), patients with psoriatic arthritis (PsA; n = 25), and healthy controls (n = 11). Subjects were tested for IgM anti- 
PAD4 and IgG anti- PAD4 by enzyme- linked immunosorbent assay. Each antibody assay was performed in duplicate. The OD ratio was the 
ratio of the OD for a well with serum and PAD4 protein to the OD for a well with serum but without PAD4 protein. Positivity was defined as an 
OD ratio of >3 for IgM and an OD ratio of >2 for IgG (dotted lines). Symbols represent individual subjects; red lines indicate the mean OD ratio.
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RESULTS

Association of anti- PAD4 antibodies with ACPA- 
positive RA but not PsA or healthy controls. IgG anti- PAD4 
antibodies were detected in 11 (27%) of 41 patients with RA ver-
sus 1 (4%) of 25 patients with PsA and 0 of 11 healthy controls 
(both P = 0.004 by Fisher’s exact test) (Figure 1). IgM antibodies 
to human PAD4 were detected in 14 (34%) of 41 patients with RA 
versus 3 (12%) of 25 patients with PsA and 0 of 11 healthy con-
trols (both P = 0.01 by Fisher’s exact test) (Figure 1).

Positive IgM anti- PAD4 responses in RA patients are most 
likely caused by recognition of IgM- RF bound to IgG anti- PAD4 
antibodies by the peroxidase- labeled anti- IgM antibody used in 
the ELISA. Indeed, 11 of the 14 patients with RA who tested pos-
itive for IgM anti- PAD4 also tested positive for IgM- RF. Thus, we 
pooled IgM and IgG anti- PAD4 antibodies and referred to them as 
“anti- PAD4 antibodies.” Anti- PAD4 antibodies were present in 21 
(51%) of 41 patients with RA versus 4 (16%) of 25 patients with 
PsA and 0 of 11 healthy controls (both P = 0.0002 by Fisher’s 
exact test) (data not shown).

T cell responses to human PAD4 in patients with 
RA, patients with PsA, and healthy controls. Peripheral 
blood leukocytes from 41 patients with ACPA- positive RA, 25 
patients with PsA, and 11 healthy controls were tested for T 
cell proliferation in response to human PAD4 and human native 
and citrullinated fibrinogen by bromodeoxyuridine incorporation 
 (Figure  2). Nineteen (46%) of 41 RA patients versus 8 (32%) 
of 25 PsA patients and 4 (36%) of 11 controls had a prolifer-
ative response to PAD4 (both P = 0.35 by Fisher’s exact test 

 [nonsignificant  difference]). A proliferative response to citrulli-
nated fibrinogen was observed in 1 patient with RA (2.4%) and 
none of the PsA patients or controls.

To confirm that the proliferative response observed in periph-
eral blood leukocytes cultured with PAD4 was due to T cells, 
we analyzed samples from an additional 10 RA patients and 7 
healthy controls by flow cytometry. In this analysis, CD4+ T cells 
showed increased expression of CD154, a T cell early activation 
marker, and increased production of TNF, in whole blood samples 
stimulated with PAD4 (Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41189/ abstract).

Association of the shared epitope with anti- PAD4  
antibodies but not with T cell proliferation in response 
to PAD4. We studied the HLA–DR shared epitope status 
in the 77 subjects (including patients with RA, patients with 
PsA, and healthy controls) tested for antibody and prolifera-
tive response to PAD4. Twenty- five had antibodies to PAD4, of 
whom 16 expressed shared epitope–positive HLA–DR alleles. 
Fifty- two were negative for anti- PAD4, of whom 20 expressed 
shared epitope–positive HLA–DR alleles (P = 0.051 by Fisher’s 
exact test) (Figure  3). Thirty- one subjects had a proliferative 
response to PAD4, of whom 15 expressed shared epitope- 
positive HLA–DR alleles, and 46 subjects had no proliferative 
response to PAD4, of whom 21 expressed shared epitope–
positive HLA–DR alleles (P = 0.8 by Fisher’s exact test) 
 (Figure  3). Thus, the HLA–DR shared epitope is associated 
with anti- PAD4 antibodies, but not with anti- PAD4 proliferative 
response.

Figure 2. Proliferation of T cells in response to human PAD4, native fibrinogen (FB), citrullinated fibrinogen (cit FB), and phytohemagglutinin 
(PHA) in patients with RA, patients with PsA, and healthy controls. Proliferative response was evaluated by bromodeoxyuridine incorporation 
(n = 4 replicates per protein). The OD ratio was the ratio of the OD for a well with cells and protein to the OD for a well with cells but without 
protein. Positivity was defined as an OD ratio of >2 (dotted lines). Symbols represent individual subjects; red lines show the mean OD ratio. See 
Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41189/abstract
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Binding of PAD4 peptides to 5 different HLA–DR 
alleles. To help us identify potential T cell epitopes on PAD4, 
we tested the binding of 65 20- mer peptides of PAD4, overlap-
ping on 10 amino acids, to 5 purified HLA- DR molecules (HLA- 
DRB1*04:01, *04:02, *01:01, *04:04, and *07:01). Each purified 
HLA- DRB1 molecule bound 2–9 of 65 PAD4 peptides (Figure 4).

T cell proliferation in response to PAD4 peptides in 
RA patients and controls. We studied proliferative responses 
to the 11 20- mer peptides of PAD4 that we had found to be good 
binders of HLA–DRB1*04:01, *04:04, *01:01, *04:02, or *07:01 
in 22 RA patients, 16 PsA patients, and 11 healthy controls 
 (Figure  5). Proliferative response to peptide 22 (VRVFQATRG-
KLSSKCSVVLG), a peptide found to bind HLA–DRB1*04:01 only, 
was observed in 2 (9%) of 22 RA patients versus 2 (12.5%) of 16 
PsA patients and none of the 11 controls (both P not significant, 
by Fisher’s exact test).

Proliferative response to peptide 8 (DPGVEVTLTMKAASG-
STGDQ), a peptide that bound all 5 HLA–DRB1 alleles tested, 
was associated with RA. A proliferative response to peptide 8 was 
observed in 9 (41%) of 22 RA patients versus 3 (19%) of 16 PsA 
patients and 0 of 11 controls (both P = 0.02 by Fisher’s exact test) 
(Figure 5). A proliferative response to peptide 8 was  associated 

with the shared epitope, which was present in 9 (75%) of 12 
responders versus 15 (40%) of 37 nonresponders (P = 0.05 by 
Fisher’s exact test) (Figure 6). Proliferative response to peptide 8 
was associated with anti- PAD4 antibodies (P = 0.057 for respond-
ers versus nonresponders, by Fisher’s exact test) (Figure 6).

DISCUSSION

How HLA–DRB1 molecules contribute to the development 
of RA is unknown, but since they are associated with ACPAs and 
RA, it is likely that they influence the production of ACPAs. Indeed, 
HLA–DRB1 molecules present peptides to T helper cells to allow 
IgG antibody production. The classic hypothesis that the shared 
epitope binds citrullinated peptide suggests that RA- associated 
HLA–DRB1 molecules preferentially bind citrullinated peptides 
because of a P4 pocket rendered basic by the shared epitope. T 
helper cells recognizing citrullinated peptides presented by shared 
epitope–positive HLA–DRB1 alleles would then deliver specific 
help to B cells specific for individual citrullinated peptides, allowing 
the production of IgG antibodies to many citrullinated antigens. 
Preferential binding of citrullinated peptides to shared epitope–
positive HLA–DRB1 alleles was first suggested by a binding study 
performed on one vimentin peptide in citrullinated or native form 

Figure 3. Antibody response to PAD4 and proliferation of T cells in response to PAD4 in patients with RA (n = 41), patients with PsA (n = 25), 
and healthy controls (n = 11). Subjects were tested for antibody response to PAD4 and proliferative response to PAD4 and classified into 
the following 4 groups: negative for PAD4 antibody (Ab−) and positive for T cell proliferation (Tc+), positive for both PAD4 antibody and T cell 
proliferation, negative for both PAD4 antibody and T cell proliferation, or positive for PAD4 antibody and negative for T cell proliferation. Values 
are the number of shared epitope (SE)–positive subjects/total number of subjects in the indicated group. See Figure 1 for other definitions.
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(10) and later by binding and structural studies performed with 
a few highly selected peptides (20,21). However, thorough HLA–
DRB1 binding studies involving hundreds of peptides of fibrino-
gen, vimentin, collagen, or Epstein- Barr nuclear antigen 1 in their 
native or citrullinated forms found no evidence of preferential 

 binding of citrullinated peptides to shared epitope–positive HLA–
DRB1 alleles (11–13).

We have developed an alternative to the “shared epitope 
binds citrullinated peptides” hypothesis. Indeed, the development 
of RA is accompanied, sometimes preceded, by the emergence of 

Figure 4. Binding of peptidylarginine deiminase 4 (PAD4) peptides to 5 different HLA–DR alleles. The binding of each purified HLA–DR allele 
was assayed on enzyme- linked immunosorbent assay plates coated with 65 PAD4 peptides (each in duplicate wells). Two control wells were 
coated with a positive binder, hemagglutinin peptide. Positive binding was defined as an OD value equal to that for hemagglutinin peptide. 
Open boxes indicate no binding, red boxes indicate binding to a shared epitope–positive allele, and blue boxes indicate binding to a shared 
epitope–negative allele.
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IgG antibodies to PAD4 (the citrullinating enzyme) (14,15,22–26).  
This suggests the existence of T helper cells specific for PAD4  
in patients with RA. Since PAD4 binds and citrullinates multiple 
proteins, any protein bound and being citrullinated by PAD4 may 

benefit from the help of a classic hapten–carrier mechanism. 
Indeed, B cells specific for citrullinated residues on proteins bound 
to PAD4 could internalize and process the PAD4–citrullinated pro-
tein complex and present PAD4 peptides to T helper cells, which 

Figure 5. Proliferation of T cells in response to PAD4 peptides in patients with RA, patients with PsA, and healthy controls. Proliferative 
response was evaluated by bromodeoxyuridine incorporation (n = 4 replicates per peptide). The OD ratio was the ratio of the OD for a well with 
cells and peptide to the OD for a well with cells but without peptide. Positivity was defined as an OD ratio of >2 (dotted lines). Symbols represent 
individual subjects; red lines show the mean OD ratio. See Figure 1 for definitions.

Figure 6. Antibody response to PAD4 and proliferation of T cells in response to peptide 8 in patients with RA (n = 22), patients with PsA 
(n = 16), and healthy controls (n = 11). Subjects were tested for antibody response to PAD4 and proliferative response to peptide 8 and classified 
into the following 4 groups: negative for PAD4 antibody (Ab−) and positive for T cell proliferation (Tc+), positive for both PAD4 antibody and T cell 
proliferation, negative for both PAD4 antibody and T cell proliferation, or positive for PAD4 antibody and negative for T cell proliferation. Values 
are the number of shared epitope (SE)–positive subjects/total number of subjects in the indicated group. See Figure 1 for other definitions.
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would lead to the production of IgG antibodies to multiple citrul-
linated proteins. To demonstrate this point, we previously immu-
nized normal nonautoimmune mice with human and/or murine 
PADs and found that 20% of the mice developed anti–citrullinated 
fibrinogen antibodies in the absence of any T cell response to cit-
rullinated fibrinogen (16).

In this study, we investigated antibody and proliferative 
responses to PAD4 in the peripheral blood of patients with 
RA, patients with PsA, and healthy controls. Anti- PAD4 anti-
bodies were present in 21 (51%) of 41 patients with RA versus 
4 (16%) of 25 patients with PsA and 0 of 11 healthy controls 
(both P = 0.0002 by Fisher’s exact test). T cell proliferation in 
response to PAD4 was common in patients with RA, patients 
with PsA, and healthy controls. However, when associated with 
anti- PAD4 antibodies it was characteristic of ACPA- positive RA 
(P = 0.0009 for RA versus PsA or healthy controls, by Fisher’s 
exact test).

To identity the PAD4 peptides recognized by the T cells that 
proliferate in response to PAD4, we performed proliferation stud-
ies using 11 PAD4 peptides predicted to bind shared epitope–
positive HLA–DRB1 alleles. Samples from 22 patients with RA, 
16 patients with PsA, and 11 healthy controls were included. We 
identified one peptide of PAD4, peptide 8, that was recognized 
by 9 of 22 RA patients, 3 of 16 PsA patients, and no healthy con-
trols and another peptide of PAD4, peptide 22, that was recog-
nized by 2 of 22 RA patients, 2 of 16 PsA patients, and no healthy 
controls. Proliferative response to peptide 8 was associated 
with RA (P = 0.02 by Fisher’s exact test), the HLA- DRB1 shared 
epitope (P = 0.05 by Fisher’s exact test), and antibodies to PAD4 
(P = 0.057 by Fisher’s exact test).

These data suggest a model of the development of ACPAs in 
which T cells specific for PAD4 help, as expected, B cells specific 
for PAD4, leading to the production of IgG antibodies to PAD4, 
and, at the same time, B cells specific for citrullinated antigens 
that have internalized and processed the PAD4–citrullinated anti-
gen complex and present PAD4 peptides. This PAD4 hapten–
carrier model is only tentative. Indeed, flow cytometric analysis 
confirmed the presence of CD4+CD154+ cells in RA patient 
peripheral blood leukocytes stimulated with PAD4. However, we 
did not directly demonstrate that these CD4+ T cells help B cells 
specific for PAD4 and citrullinated antigens. We found immune 
responses to PAD4 in 27 of 41 RA patients and observed that 
having both T cell and antibody response to PAD4 is charac-
teristic of RA patients. Still, we found no evidence of anti- PAD4 
immunity in 14 of 41 RA patients, a finding possibly caused by 
immunosuppressive drugs used to treat RA or by lack of sensitiv-
ity of our detection tests. Besides, PAD4 may not be the only tar-
get of T cells capable of providing help to ACPA- secreting B cells. 
In this respect, any protein capable of binding and citrullinating 
peptides can be as relevant as PAD4 for activating T cells that can 
facilitate the production of ACPAs by the same hapten–carrier 
mechanism. This includes, for instance, PAD2, a PAD4 isoform 

also expressed in the RA synovium, or bacterial PADs that are 
not homologous to eukaryotic PADs but still bind and citrullinate 
peptides.

Our results suggest that a hapten–carrier mechanism, in 
which one of the candidate carriers is PAD4 and the haptens are 
the multiple proteins citrullinated by PAD4, may be at work in the 
development of ACPAs in RA. Thus, PAD4 stands at the center of 
the immunologic conflict leading to RA. The gene encoding PAD4 
is associated with RA in Asians and in some European populations 
(27). Finally, if anti–citrullinated protein immunity develops under 
the influence of T helper cells specific for peptide(s) of PAD pro-
teins, as opposed to citrullinated peptide(s) of multiple proteins, it 
improves the prospects for the prevention of RA by PAD peptide 
tolerization in high- risk individuals identified by their HLA–DRB1 
genotypes (18).
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