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   Key messages    

 Rheumatoid arthritis (RA) can be subdivided in two  •
distinct disease entities based on the presence of anti-
citrullinated protein antibodies (ACPA).   
 Recent work suggests a role for CD4     • �    T-cells in the 
maturation of the ACPA response, which precedes the 
onset of ACPA    �    RA.   
 To understand disease pathogenesis and to establish  •
novel therapeutics, identifi cation of those CD4    �    T-cell 
populations critically involved in the development of 
ACPA    �    RA is required.    

 Rheumatoid arthritis (RA) is a destructive autoimmune disease 
that mainly aff ects synovial joints. RA patients can be subdivided 
in two distinct disease subsets based on the presence of anti-
citrullinated protein antibodies (ACPA). These two disease 
phenotypes are associated with diff erent environmental and 
genetic risk factors and clinical parameters. The HLA class II 
locus is the most important risk factor for ACPA-positive RA 
(ACPA �  RA). ACPA can be found up to 10 years before diagnosis 
and can be used as a predictive biomarker. During progression 
from breaking tolerance to a citrullinated protein to ACPA �  
RA, the ACPA response matures. Recent work implicates the 
HLA class II locus as a risk factor in the progression from ACPA 
positivity to ACPA �  RA. We now propose that this locus directly 
infl uences the maturation of the ACPA response, most likely 
via antigen-specifi c T-cells providing help to ACPA-producing 
B-cells allowing for maturation of the citrullinated protein-
specifi c autoantibody response. We present and discuss 
several models and underlying data, including antibody cross-
reactivity, molecular mimicry, and neo-antigen formation, that 
could explain the HLA – RA connection.   

 Key words:   Autoantibodies  ,   autoimmune diseases  ,   CD4-positive 
T-lymphocytes  ,   histocompatibility antigens class II  ,  rheumatoid 
arthritis

       Introduction 
 Rheumatoid arthritis (RA) is a chronic systemic infl ammatory 
disease characterized by extensive infl ammation of the synovial 
joints. About 1% of the Western population is aff ected by this 
disease, resulting in a large disease burden. In the past decades 
seminal work was performed on the drivers of the infl amma-
tory process, resulting in the development of a whole range of 
therapeutics that have greatly enhanced the quality of life of 
RA patients. Despite the identifi cation of crucial pathways and 
the implementation of novel therapeutics, little is known about 
the factors driving the initiation of RA and about why the 
infl ammation does not spontaneously resolve (1). 

 RA is considered an autoimmune disease. Autoantibodies are 
an important hallmark of RA, and several classes of autoantibod-
ies have been described that precede the development of RA. 
Th ese autoantibodies include rheumatoid factor, anti-citrullinated 

protein antibodies (ACPA), and the recently identifi ed anti-
carbamylated protein antibodies (2,3). 

 ACPA are of particular interest as these autoantibodies are 
highly specifi c for RA and can be found in about 50% of early RA 
patients. Th is makes ACPA an important early clinical biomarker, 
and ACPA status was therefore recently added to the new criteria 
used for the classifi cation of RA patients (4). In addition, ACPA �  
RA patients present with a faster rate of joint destruction. ACPA 
can therefore also be used as a biomarker for patients with a more 
severe disease phenotype and could be used to select those 
patients eligible for a more aggressive treatment (5). 

 Upon comparing ACPA-positive with ACPA-negative RA 
patients, it was noted that these patient groups diff er not only in 
clinical phenotype but also in genetic and environmental risk 
factors (6,7). It is therefore believed that these are two distinct 
disease subsets with a diff erent underlying pathogenesis. In this 
review we will focus on the ACPA-positive form of RA (ACPA �  
RA) as we will discuss the characteristics of the ACPA response 
and the infl uence of genetic risk factors.   

 ACPA, not just a biomarker  

 Pathogenic potential of ACPA 
 Because of the clear association between the rate of joint destruc-
tion and ACPA positivity, it has been suggested that ACPA may 
directly contribute to synovial infl ammation. ACPA-producing 
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B-cells are enriched in the synovial fl uid, which suggests local 
production of ACPA in the synovial fl uid and a direct role for 
ACPA and/or ACPA-producing B-cells in synovial infl ammation 
(8,9). 

 Th e number of diff erent ACPA isotypes is a predictor of radio-
graphic damage (10). As diff erent isotypes can recruit diff erent 
immune eff ector mechanisms, this suggests that ACPA can con-
tribute to damage using multiple diff erent eff ector pathways. For 
example, stimulation of osteoclast precursors, cells involved in 
the degradation of bone, with ACPA has been reported to result 
in increased osteoclastogenesis (11). Supporting these reports, 
subclinical joint damage is already present in ACPA �  healthy 
subjects (12). Enhanced osteoclastogenesis could provide a direct 
link between the presence of ACPA and more severe joint 
destruction. Th is was also confi rmed in mice since injecting 
mice with experimental arthritis with ACPA aggravates arthritis 
severity (13). 

 Many antibody eff ector mechanisms are implicated in the 
recruitment and activation of infl ammatory cells. For instance, 
ACPA can form immune complexes with citrullinated proteins, 
which can activate infl ammatory cells and induce the production 
of TNF-alpha (14,15). Also, it was reported that ACPA are of low 
avidity when compared to other antibodies, and the presence of 
low-avidity ACPA is correlated with a faster rate of joint progres-
sion. Th ese low-avidity ACPA are particularly good in activating 
the complement system, and complement-mediated recruitment 
of infl ammatory cells could therefore be an important eff ector 
mechanism of ACPA (16 – 18). 

 Together, these data support the notion that ACPA are more 
than a biomarker for selecting patients with a more severe disease 
phenotype, as they could be directly involved in the infl ammatory 
process. It is therefore important to understand the evolution and 
characteristics of the ACPA response.   

 Citrullination 
 In 1964, it was fi rst shown that RA patients harbour very 
specifi c antibodies, which were called anti-perinuclear factor or 
anti-keratin antibodies (19 – 21). In a search for synovial targets to 
which these autoantibodies bind, fi brinogen and vimentin were 
identifi ed (22,23). Proteins can undergo many types of post-
translational modifi cations (PTMs). In 1998, it was demonstrated 
that the described autoantibodies only target citrullinated anti-
gens, hence their name anti-citrullinated protein antibodies 
(ACPA) (24 – 26). 

 Citrullination is a physiological process catalysed by a family 
of enzymes called peptidylarginine deiminases (PADI1-4). Th ese 
enzymes convert the positively charged amino-acid (aa) arginine 
to a novel uncharged aa called citrulline. Th is process is linked to 
several aspects of cell biology including apoptosis, necrosis, neto-
sis, and histone modifi cations. PADI enzymes require relatively 
high concentrations of calcium for their activity allowing citrul-
lination of the extracellular matrix when they are released from 
(dying) cells (27,28). 

 Several data indicate an important role for citrullination in 
ACPA  �  RA. Genome-wide association studies identifi ed SNPs 
in the region encoding the PADI4 gene that are associated with 
an increased risk to develop ACPA  �  RA (29). Also, smoking, 
the most important environmental risk factor, is described to 
associate with an increased PADI2 expression in bronchoalveolar 
lavage cells and bronchial mucosal biopsy sections (30). Finally, 
it was recently shown that RA patients can carry autoantibodies 
specifi cally targeting PADI enzymes, which can enhance the 
activity of these enzymes allowing them to function at lower 
calcium concentrations enabling enhanced citrullination of the 

extracellular matrix when they are released from (dying) 
cells (31).   

 The antigens targeted by ACPA 
 Since the identifi cation of the molecular nature of the antigens 
targeted, much work has been performed on identifying potential 
citrullinated proteins recognized by ACPA. Unfortunately, this is 
hampered by the characteristics of the ACPA response. Th e ACPA 
repertoire is highly diverse as it displays reactivity against many 
diff erent citrullinated proteins. Th is is explained both by the poly-
clonality of the ACPA response and by several reports that showed 
that ACPA molecules can directly cross-react between diff erent 
citrullinated antigens (9,32 – 34). 

 An increasing list of citrullinated proteins identifi ed within the 
synovial compartment and recognized by ACPA is now known, 
including proteins like collagen, vimentin, fi brinogen, enolase, 
fi bronectin, vinculin, and histones (22,35 – 38). It is therefore 
highly likely that a plethora of citrullinated proteins are recog-
nized by ACPA in the synovial compartment that could all con-
ceivably contribute to synovial infl ammation. However, due to 
the high degree of ACPA cross-reactivity, it is diffi  cult to identify 
those citrullinated antigens that play a critical role in the initia-
tion or development of ACPA �  RA.   

 Characteristics of the ACPA response 
 Th e presence of ACPA can precede RA onset by up to 10 years, 
without any clinical signs of arthritis (39,40). Interestingly, by 
comparing the characteristics of ACPA before and aft er disease 
onset, it has become clear that the ACPA response is, on average, 
not the same between these subjects. In RA patients, ACPA are 
increased in level, use more isotypes, display a diff erent glycosy-
lation pattern, and are more cross-reactive towards diff erent cit-
rullinated epitopes. Interestingly, the  ‘ maturation ’  of the ACPA 
response takes place before disease onset. Prior to the start of 
clinical symptoms a sharp rise in ACPA levels, isotype usage, and 
epitope recognition profi le is observed (41). 

 Th ese fi ndings are in line with the notion that before disease 
onset the ACPA response undergoes a  ‘ second hit ’ , which suggests 
a role for a matured ACPA response in the onset and the patho-
genesis of ACPA  �  RA. As an  ‘ immature ’  ACPA response can be 
identifi ed in serum up to 10 years before disease onset, this pro-
vides a potentially interesting therapeutic window for interven-
tions preventing maturation of the ACPA response. In a search for 
such interventions, it is important to understand the progression 
from ACPA positivity without disease in healthy subjects to 
ACPA  �  RA.    

 A role for CD4    �    T-cells  

 Genetic risk 
 Th e most important genetic risk factor for RA is the human 
leukocyte antigen (HLA) class II locus. Importantly, it was 
shown that the HLA class II locus is strongly associated with 
ACPA �  RA, not with ACPA –  RA (6). Th e HLA locus is associ-
ated with most autoimmune diseases. Th is locus, located in 
chromosomal position 6p21, contains many diff erent genes and 
is particularly well known for its strong linkage disequilibrium 
(LD) (Figure 1) (42).   

 The shared epitope hypothesis 
 In 1976, it was fi rst shown that the presence of HLA-DRB1 ∗ 04 
strongly predisposes to RA (43). Th e HLA-DRB1 gene is in LD 
with genes encoding the alpha and the beta chain of HLA-DQ 
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(HLA-DQA1 and HLA-DQB1), and these genes are inherited to-
gether in haplotypes. In 1986, the shared epitope (SE) hypothesis 
was postulated (44). Th is hypothesis assumes that the HLA asso-
ciation is explained by polymorphisms in the HLA-DRB1 
chain. Upon comparing diff erent HLA-DRB1 ∗ 04 alleles it was 
observed that these alleles diff er mostly in aa position 70-74 (45). 
Haplotypes encoding predisposing HLA-DRB1 alleles share the 
sequences QRRAA, QKRAA, and RRRAA at these positions 
and hence are collectively called HLA-SE alleles. It was postulated 
that this sequence directly infl uences peptide presentation or 
T-cell recognition (44,46). 

 Recently, the association of individual amino-acids with 
ACPA   �   RA was revisited by using a novel statistical approach 
leading to the formation of an  ‘ HLA-SE version 2.0 ’  hypothesis. 
Variations encoding amino-acids 11 and 13 of the HLA-DRB1 
chain explain, statistically, most of the genetic risk followed by 
 ‘ SE aa ’  71 and 74. Based on these four amino-acid positions, RA 
patients can be subdivided in 16 groups, each with their own 
genetic risk profi le (47). Th e three groups with the highest odds 
ratios still harbour HLA-DR-DQ haplotypes encoding the SE 
alleles derived from HLA-DRB1 ∗ 01, HLA-DRB1 ∗ 04, and 
HLA-DRB1 ∗ 10 alleles. 

 Notably, HLA-DRB1 ∗ 04-positive RA patients are also HLA-
DQ3-positive, and it has also been proposed that the predisposing 
eff ect of HLA-DR4 can be explained by its LD with genes encod-
ing for HLA-DQ3 (48). Th e HLA-DR/HLA-DQ linkage makes it 
diffi  cult to identify which of the two molecules is responsible for 
the association with RA. Th erefore, it is still unclear whether the 
HLA-DQ genes in linkage with the HLA-DR-encoding SE genes 
can be excluded from the association with ACPA    �    RA.   

 CD4    �    T-cells 
 HLA class II molecules are involved in presenting peptides to 
CD4    �    T-cells. HLA class II molecules contain a peptide-binding 
groove that can accommodate a wide range of peptide lengths. 
Th e part of the peptide that interacts with the binding groove is 
on average nine aa long. Th e aa side chains at positions 1, 4, 6, 7, 
and 9 interact with the corresponding pocket 1, pocket 4, pocket 
6, pocket 7, and pocket 9 in the peptide binding groove. Th e aa 
shaping the pockets are most polymorphic. Th erefore, each allele 
has a certain preference for accommodating particular aa in each 
of the pockets resulting in large diff erences the peptide ligands 
bound to diff erent HLA class II molecules. Positions 2, 3, 5, and 
8 of the peptide generally have a more upward confi guration and 
can interact with the T-cell receptor (TCR) (49).   

 HLA involvement in ACPA positivity or in ACPA-positive 
disease? 
 As mentioned above, the presence of ACPA can be found up to 10 
years before disease onset. Th is suggests that the progression to 
ACPA    �    RA involves two  ‘ hits ’ . Initially individuals are healthy 
and ACPA-negative. Aft er the  ‘ fi rst hit ’  they become positive for 
ACPA. Th en, presumably aft er a  ‘ second hit ’ , individuals progress 

from ACPA positivity to ACPA �  RA, which is accompanied by a 
maturation of the ACPA response. 

 Th e HLA class II locus is strongly associated with ACPA �  
RA, and understanding this association would provide impor-
tant insights in disease pathogenesis. Th e association suggests an 
involvement of antigen-specifi c CD4    �    T-cells. Th is is strength-
ened by genome-wide association studies that identifi ed many 
genes involved in the regulation of adaptive immune responses 
(50). In understanding the HLA class II association it is impor-
tant to understand if this locus contributes to either the fi rst or 
the second  ‘ hit ’  thought to accompany ACPA positivity or ACPA-
positive disease, respectively. 

 We know that CD4    �    T-cells are important for maturation of 
antibody responses. Maturation of antibody responses occurs in 
complex structures in lymph nodes called germinal centres 
(GCs). Th e formation of a GC critically depends on the interac-
tion between B- and activated T-cells (51,52). Within a GC, 
antigen-experienced T-cells produce cytokines that induce the 
proliferation and diff erentiation of stimulated B-cells. Also, dur-
ing proliferation somatic hypermutation occurs. During this 
process, mutations are introduced in the variable region of 
immunoglobulin molecules resulting in diff erent B-cell clones. 
Th ese clones are selected based on the interaction with follicular 
dendritic cells retaining antigens. Th e selection of  ‘ mutated ’  clones 
results in affi  nity maturation as the clones with the highest avidity 
for the antigen are selected. Th e low affi  nity of the ACPA response 
therefore suggests that ACPA-producing germinal centre B-cells 
do not undergo a stiff  selection observed for pathogen-directed 
B-cells, conceivably as a consequence of the relative abundance of 
citrullinated antigens, thereby allowing low-affi  nity B-cells to sur-
vive selection. Cytokines produced by activated T-cells are also 
required for class-switch recombination potentially leading to 
isotype-switching and a diff erent isotype usage (53,54). 

 As antigen-experienced CD4    �    T-cells are critically important 
for the generation of mature antibody responses, it seems likely 
that activated antigen-experienced (self-reactive) CD4    �    T-cells 
are involved in the maturation of the ACPA response. Impor-
tantly, recent evidence suggests that the HLA class II locus is not 
associated with the risk to become ACPA � , but with the risk to 
progress from ACPA �  to ACPA �  RA (55,56). Th is supports the 
hypothesis that the HLA class II locus is not directly involved in 
the formation of ACPA responses, but rather in its maturation, 
possibly via T-cells providing help to ACPA-producing B-cells 
before the precipitation of disease (Figure 2).    

 Towards a molecular basis for the HLA – RA 
association  

 T-cell selection and tolerance 
 Developing thymocytes undergo several rounds of selection re-
sulting in the removal of a large part of the self-reactive T-cell 
repertoire. 

  Figure 1.     Schematic representation of the HLA locus. Scheme shows the diff erent genes located in the class-I and class-II region of the HLA locus. 
Genes that encode classical HLA class I and class II molecules are indicated in black.  
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ACPA  �  RA. Th ese mechanisms are discussed in the next 
paragraphs.   

 Model 1: ACPA-producing B-cells did not receive help from 
self-reactive CD4    �    T-cells 
 As described, ACPA are highly cross-reactive both at a polyclonal 
and at a monoclonal level towards diff erent citrullinated self-
antigens. Likewise, we know that infection and subsequent apop-
tosis and necrosis can enhance the extracellular activity of 
PADI enzymes. Th erefore, during infection, pathogen-derived 
proteins can conceivably become citrullinated by human PADI 
enzymes. In addition, bacteria can carry enzymes with PADI 
activity and can citrullinate their own proteins (59 – 61). 

 It is therefore plausible that B-cells recognizing pathogen-
derived citrullinated proteins are initially helped by CD4    �    T-cells 
targeting (citrullinated) pathogen-derived epitopes. Th e self-
reactive nature of ACPA could result from subsequent epitope 

 Aft er selection, T-cells leave the thymus and migrate to lymph 
nodes awaiting their specifi c antigen, which is required for their 
activation. Despite selection, a small subset of self-reactive 
T-cells that are predominantly thought to be directed to low-
affi  nity self-antigens can escape negative selection and will 
become part of the peripheral T-cell repertoire (57). 

 Th e activation of naive T-cells is tightly regulated to prevent 
activation of potentially autoreactive T-cells. For proper activa-
tion, T-cells need to recognize their peptide – HLA complex 
and receive co-stimulatory signals from APCs. Th e expression of 
co-stimulatory molecules by APCs is tightly regulated and 
enhanced in response to pathogen-derived danger signals (58). 

 In RA, although other possibilities cannot be excluded, B-cell 
tolerance to self is apparently lost as ACPA are reactive to a wide 
variety of citrullinated self-proteins. However, it is unclear to what 
extent T-cell tolerance is lost. In Figure 3 several mechanisms are 
shown that could potentially explain the loss of B-cell tolerance in 

  Figure 2.     Schematic representation of the progression from healthy to ACPA �  RA. Th e HLA class II locus associates with the progression from 
ACPA positivity to ACPA �  RA. During this  ‘ second hit ’  the ACPA response matures as shown by isotype expansion, increased ACPA levels, and epitope 
spreading. Together it supports a role for the HLA class II locus in the maturation of ACPA.  

  Figure 3.     Models explaining loss of tolerance in RA. A: Infection and subsequent citrullination of microbial proteins results in the activation of 
microbe-directed T-cells. Th ese microbe-directed T-cells can provide help to B-cells specifi c for a citrullinated microbial protein resulting in the 
production of ACPA cross-reactive to citrullinated self-proteins. Microbial proteins could become citrullinated by human or by bacterial PADI enzymes. 
B: Infection with microbes that have proteins with a high degree of similarities with self-protein could activate self-reactive T-cells. Th ese self-reactive 
T-cells can subsequently provide help to B-cells specifi c for citrullinated self-proteins resulting in the production of ACPA. C: Th e amount of citrullinated 
proteins could be enhanced by smoking, infection with PADI-containing bacteria, polymorphisms within the PADI locus, or by anti-PADI antibodies. 
Enhanced citrullination of self-proteins occurs by several causes. Presentation of citrullinated neo-antigens by HLA-SE molecules activates citrulline-
directed CD4    �    T-cells that can help ACPA-producing B-cells. In each of the models antigens indicated in white are self-derived and antigens indicated 
in grey are pathogen-derived.  
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spreading from foreign- to self-proteins that can also become 
citrullinated. In this model, the HLA class II restricted T-cells 
are conceivably not directed to self, but rather to foreign citrulli-
nated epitopes, and T-cell tolerance was thus never breached 
(Figure 3A). 

 A well-known example in line with this model is found in 
celiac disease. Celiac disease patients oft en have autoantibodies 
targeting tissue transglutaminase. Th e pathogenic T-cells, 
however, do not target a self-protein, but are directed against 
food-derived gluten peptides that are deamidated by tissue trans-
glutaminase (62). Th us, in this case, the autoreactive B-cells 
attract T-cell help through the recruitment of T-cells recognizing 
non-self-proteins. In RA, several lines of evidence are in support 
of such a model. Some reports have suggested a role for 
 Porphyromonas gingivalis , an oral bacterium that contains a PADI 
enzyme. ACPA can cross-react between epitopes derived for 
bacterial and human citrullinated alpha enolase, and it is con-
ceivable in case enolase is involved in the breach of B-cell toler-
ance that the T-cells supporting  ‘ citrullinated enolase ’ -directed 
B-cell responses are directed against the bacterial protein (63). 
Also, treatment of Epstein – Barr virus (EBV)-transformed lym-
phoblastoid cell lines with calcium ionophores induces the 
activation of PADI enzymes leading to the citrullination of EBV-
derived proteins including the EBV antigen EBNA-1. Citrulli-
nated EBNA-1 was shown to be a target of ACPA that are 
cross-reactive to citrullinated self-antigens (64). Likewise, 
EBNA-1-specifi c CD4    �    T-cells are well described and likely to 
be present in many individuals (65,66). Nonetheless, as men-
tioned, it is unclear if ACPA were initially generated to bacterial/
viral proteins, and pathogen-directed T-cells that recognize 
(citrullinated) foreign proteins helping ACPA-producing 
B-cells have not been reported.   

 Model 2: Molecular mimicry-induced loss of tolerance 
 Th e production of ACPA could also result from provision of 
T-cell help by CD4    �    T-cells reactive to self-peptides. In this 
case, T-cell tolerance would be lost. Naive T-cells, as compared 
to memory or eff ector T-cells, require higher concentrations of 
antigen to become properly activated (67). Infection by patho-
gens induces the expression of co-stimulatory molecules and 
thereby lowers the strength of TCR signalling required to 
induce activation of naive T-cells. Molecular mimicry was 
therefore proposed as an important mechanism to activate 
naive T-cells expressing a T-cell receptor that could also recog-
nize autoantigens (68). Molecular mimicry occurs when a 
self-peptide closely resembles a pathogen-derived peptide. 
Infection by pathogens can then induce the activation of low-
affi  nity self-reactive T-cells that are cross-reactive to self-
peptides (Figure 3B) (69). Th ese self-reactive T-cells could 
provide help to B-cells targeting (citrullinated) self-proteins 
that present an epitope from the (citrullinated) self-protein 
aft er BCR-mediated antigen uptake. 

 Several pathogens have been implicated in triggering 
autoimmune diseases. In multiple sclerosis it was fi rst shown that 
human TCRs targeting the autoantigen myelin basic protein can 
cross-react with epitopes derived from diff erent pathogens 
including infl uenza A virus, EBV, herpes simplex virus, adenovi-
rus, and  Pseudomonas aeruginosa . Also in RA, several pathogens 
have been proposed to trigger disease onset, including EBV, 
 Proteus mirabilis , and  Mycoplasma  (70). For some of these 
pathogens sequence homology with human proteins has been 
proposed to be important. Th us far, however, human T-cells 
cross-reactive between citrullinated joint antigens and viral or 
bacterial antigens have not been described.   

 Model 3: Neo-antigen formation 
 Another possible mechanism that could explain loss of tolerance 
is the peripheral introduction of protein post-translation modifi -
cations (PTMs) that do not occur in the thymus (Figure 3C). Dur-
ing selection, T-cells targeting the native protein are negatively 
selected, but T-cells recognizing PTMs possibly escape the 
thymus and can potentially become activated in the periphery. 

 Since ACPA are directed to citrullinated proteins, the presence 
of citrulline-reactive T-cells restricted to HLA-SE alleles has been 
proposed. Th e occurrence of citrullination in the thymus has 
been poorly studied. However, due to the tight association 
between citrullination and apoptosis, it is conceivable that citrul-
lination occurs in the thymus since thymic selection and apopto-
sis are strongly linked. 

 As mentioned, susceptibility is associated with the HLA 
haplotypes encoding HLA-DR molecules that harbour a shared 
epitope motif at position 70-74 of the HLA-DRB1 beta chain. It 
was suggested that this motif is directly involved in antigen pre-
sentation (44). Amino-acids 70 and 71 of the SE motif are particu-
larly interesting because they are part of the p4 pocket and are 
therefore important for peptide presentation to CD4    �    T-cells. It 
has been proposed that SE alleles predispose to RA because they 
have a more positively charged p4 pocket than non-HLA-SE 
alleles. Th e nature of the pocket would therefore prevent the 
accommodation of positively charged aa residues like arginine 
residues, while a neutrally charged citrulline residue would be 
accepted. Indeed, it has been shown for several peptides that the 
conversion of an arginine to a citrulline enhances the affi  nity of 
these peptides for the HLA-SE molecules (71). Th us, citrullina-
tion of proteins could potentially allow for the presentation of 
citrullinated peptides that cannot be presented in their native 
form. Th ese peptides could then be a target for citrulline-directed 
CD4    �    T-cells that escaped negative selection. 

 Th e cross-reactive nature of ACPA hampers the identifi cation 
of relevant citrullinated T-cell epitopes involved in helping 
B-cells. Currently, most work is performed on vimentin, aggre-
can, and enolase. Using epitope prediction soft ware, Vim59-71 
and Vim66-78 were identifi ed as potential T-cell epitopes with an 
arginine at p4. Upon immunization of HLA-DR4 humanized 
mice with cit-Vim59-78 (a peptide that combines the two 
epitopes) cit-Vim59-78-directed T-cells could be identifi ed 
(71,72). T-cells interacting with vimentin-peptide-containing 
tetramers can also be detected in small numbers in HLA-
DR4    �    healthy controls and RA patients with similar frequencies. 
Th ese T-cells have an activated phenotype (72,73). Similar obser-
vations were made for a mutated citrullinated aggrecan peptide 
cit-aggrecan84-103 G92Y  (73 – 75). 

 Future work should be focused on identifying the importance 
of these tetramer-reactive cell populations in RA since important 
questions are still unanswered. It is unclear if the studied T-cell 
epitopes can be generated upon processing of the citrullinated 
antigen, or if the sites of citrullination of the studied epitopes are 
truly citrullinated  in vivo . Furthermore, the presence of citrulline-
directed T-cells was, thus far, only shown using single-colour 
tetramer stainings. Th ese T-cells have not been isolated or clon-
ally expanded to study their peptide reactivity and their ability 
to help ACPA-producing B-cells. Th us, future research should 
aim at further investigating the relevance of these epitopes and 
citrulline-directed CD4    �    T-cells in ACPA �  RA.    

 Concluding remarks 
 In recent years, much work has been done on elucidating the 
long-known HLA class II association as an understanding would 
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likely off er critical insights in the pathogenesis of ACPA  �  RA. 
Recent insights in the HLA class II association are now reshaping 
our understanding of the contribution of this locus to the 
pathogenesis of ACPA �  RA. Excitingly, CD4    �    T-cells have been 
proposed to contribute to the eff ect of HLA class II on RA, and 
data in support of these hypotheses are accumulating. Many ques-
tions remain unanswered, including the exact role and relative 
importance of newly identifi ed autoreactive T-cell populations, a 
problem also faced in other autoimmune diseases including 
multiple sclerosis. Nevertheless, future studies in this area will 
likely off er novel insights in the pathogenesis of ACPA �  RA 
and the infl uence of the HLA class II locus in shaping the auto-
immune response. 
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