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Abstract

Rheumatoid Arthritis (RA) is a common autoimmune disease with a strong genetic
component.Numerous aberrant immune responses have been described during the evolution of the
disease. In later years the appearance of anti-citrullinated protein antibodies (ACPAs) has become a
hallmark for the diagnosis and prognosis of RA. The posttranslational transformation of arginine
residues of proteins and peptides into citrulline (citrullination) is a natural process in the body, but
for unknown reasons autoreactivity towards citrullinated residues may develop in disposed
individuals. ACPAs are often found years before clinical manifestations.ACPAs are present in about
70% of RA patients and constitute an important disease marker, distinguishing patient groups with
different prognosis and different response to various treatments. Inside the HLA region, someHLA-
DRB1alleles are strongly associated with their production.Genome-wide association studies in large
patient materials have defined a great number of single nucleotide polymorphisms (SNPs) outside of
the HLA region that are associated with ACPA positive RA. The SNPs are generally located close to or
within genes involved in the immuneresponse or signal transduction in immune cells.Some
environmental factorssuch as tobacco smokingarealso positively correlated with ACPA production. In
this review we will attempt to describe the genes and loci associated with ACPA positive RA or ACPA

negative RA and to clarify their potential role in the development of the disease.
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Introduction

Autoimmune diseases are phenotypically heterogeneous.Some are organ-specific such as type-1
diabetes, myasthenia gravis and Graves’ disease,and others are systemic as Systemic Lupus
Erythematosus (SLE), Sjogren’s diseaseor Rheumatoid Arthritis (RA).They are all multifactorial
diseases, with a complex interplay between genes and environment. The principal susceptibility
genes are located in the major histocompatibility complex,the HLA region in humans.InRA patients,
the susceptibility is primarily associated with certain HLA-DRB1alleles(1). Most recently, associations
with HLA-B and HLA-DP have been demonstrated when combining 6 large independent genome-wide
datasets(2). Genome-wide associationstudies (GWAS) using single nucleotide polymorphisms (SNPs)
have indicated that in addition to genes in the HLA region, a multitude of other genes may be
involved in disease susceptibility,in particular genes encodingimmune regulatory factors (3). Among

environmental factors, tobacco smokinghas been shown to be associated with RA(4).

Rheumatoid arthritis is the most common chronic inflammatory arthritis affecting 0.5 to 1% of adults
in developed countries (5).Three times more women than men are affected and the mean age-of-
onset is about 50 years(6). The presence of anti-citrullinated protein antibodies (ACPAs) has become
an important diagnostic and prognostic criterion for RA, and it has been suggested that ACPA
positivity or negativity may define different disease entities(7, 8).In order to take into account the
importance of ACPAs for the diagnosis of RA, new classification criteria for RA were established in
2010 (9). In this review the possible role of candidate genes for the development of ACPA positive
(ACPA+) RA will be discussed.The overviewrepresents an update of a review in French published
previously by one of us (10), extended to take into accountrecent GWAS data and to integrate the

present knowledge on genes involved.

Pathophysiology

Targets of autoantibodies

The presence of autoantibodies, in particular rheumatoid factor (RF) and anti-citrullinated peptide
antibody (ACPA),is awell-established indicator of RA disease severity.The antibodies may precede the
onset of the disease by many years (11-13). RF is a classical pathogenic marker consisting of IgM and
IgAantibodies directed against the Fc fragment of IgG. ACPAs seem to be more specific and sensitive

for diagnosis of RA and are also better predictors of poor prognostic features such as progressive



joint destruction. Although ACPAs have a good specificity for RA diagnosis, about 95%, the sensitivity
is somewhat lower, 67% (14). The corresponding figures for RF are 85% and 69%, respectively.
Clinical studies show that RA patients with both RF and ACPAs differ from the so-called autoantibody
negative patients in term of disease activity, structural severity and response to various

treatments(12, 15).

Citrullination

Citrullination of proteins is a post-transcriptional modification featuring the conversion of a positively
loaded arginine residue into the neutral citrulline, see figure 1. This conversion may alter the three-
dimensional structure of proteins and also generate neo-epitopes on peptides presented by HLA
molecules. Citrullination of proteins is a constitutive phenomenon in many tissues, in particular
observed in the normal epidermis. It is caused by an enzyme called peptidyl-arginine deiminase
(PAD) with 5 isoforms expressed differently in various tissues(16). Citrullination may also be induced
under inflammatory conditions in the synovium of patients with rheumatoid arthritis or in the upper
airways of smokers (17).Among the proteins in the joint that undergo citrullination can be mentioned
fibrin, vimentin, fibronectin and alpha enolase(18). Studies in experimental animals show that
citrullinated peptides are generated constitutively in dendritic cells and macrophages, and in B cells
after engagement of the antigen receptor(19). Citrullinated peptides fit in general better into HLA-DR
molecules because charged arginine residuesare replaced by neutral citrulline residues. In disposed
individuals a loss of immune tolerance to citrullinated proteins and peptides may develop because T-
cells in the periphery are confronted with peptide-HLA complexes against which they have not been
tolerized in the thymus.T cells from ACPA positive RA patients recognize citrullinated vimentin
peptides in vitro restricted by HLA-DR4and similar findings have been made in HLA-DR4 transgenic
mice(20). It has been shown that peripheral B lymphocytes from a majority of RA patients are able to
produce ACPA after non-specific stimulation in vitro(21). The production of antibodies was mainly
detected in cultures from patients with HLA-DR alleles associated with RA. Interestingly, B cells from
about one third of normal subjects carrying these HLA-DR alleles, but without family history of RA,

also produced ACPA antibodies in vitro.

Dysregulation of the Inmune response:

The presence of autoantibodies years before clinical manifestations points towards an important role

of the adaptive immune system in the early pathogenesis of RA, at least in the ACPA+ patients(22). T



cells are found abundantly in inflamed joints and autoreactive T cells have been identified within the
joints (23). RA is traditionally considered to be mediated by type 1 helper T cells, but the role of so-
called type 17 helper T cells is increasingly evoked (24). A great number of cytokines are produced by
such cells and TNF-a together with IL-17A provoke activation of synoviocytes and chondrocytes
(25).Humoral adaptive immunity is central in RA (26). Synovial B lymphocytes are localized in
aggregates together with T cells and in some tissues can be found ectopic follicles. The efficacy of
clinical treatment of antibodies towards CD20 suggests that their role is not limited to the production
of autoantibodies but also include production of certain cytokines (27). A great number of innate
effector cells are found in the synovial membrane and/or synovial fluid, and macrophages are
important as they release a multitude of inflammatory cytokines (28). ACPAs have been shown to
enhance NF-kB activity and TNF-a production in monocytes and macrophages by binding citrullinated
GRp78, expressed on the surface of these cells(29). Neutrophils and mast cells also contribute to the
synovitis by production of proteases and other inflammatory intermediates (30, 31). Many cytokines
contribute to the disease process and TNF-a plays an important role as mentioned above. Other
important cytokines are IL-6 and the IL-1 cytokine family (32) and much research has been dedicated
to unraveling the intracellular signaling pathways that regulate cytokine production (33, 34). The
synoviocytes also participate in the disease process as they develop a phenotype that contributes to
local cartilage destruction and sustains T and B cell survival (35, 36). Figure 3 shows schematically the

initiation of the immune response in RA and the inflammatory phase of the disease.

Genetic factors associated withACPA+ RA

Most of the factors described below and in table 1 have been defined in genome wide association
studies (GWAS). A metaanalysis of results from independent GWAS have permitted to accumulate
very large materials. Stahl and colleagues from Europe and North America have for instance first
done a metaanalysis on 5,839 autoantibody positive RA patients and 20,169 controls followed by
replication in an independent set of 6,768 patients and 8,806 controls, all of European descent (37).
Due to the largenumber of comparisons made, an association is only considered significant when p is
less than 5x10®. When the SNPs at risk are not located within a gene, the so-called GRAIL analysis has
been performed to assign the most probable candidate gene(s) in linkage disequilibrium with the
SNP (38). Kurreeman and colleagueshave recently used electronic health records to track RA patients
and obtain biospecimens for SNP analysis and antibody testing(39).In order to ensure European

ancestry, a great number of ancestry informative markers were used. This also permitted to define



patients and controls of other ethnic origins (e.g. Asians, Africans and Hispanics). A number of those

resultsare also reported in table 1.

HLA Genes

The association between HLA and RA was reported by several groups in the mid-seventies. A rather
weak association with HLA-B was first reported, and when cellular and serological methods for
defining HLA class Il antigens became available, the association with HLA-DR4 was found to be
stronger (40, 41). The possible associations with HLA-B were then considered to be due to linkage
disequilibrium between HLA-B and HLA-DR alleles. The development of molecular biology methods
revealed that a number of HLA-DRB1 alleles were associated with the disease and it was then
proposed that a shared epitope (SE) of the DRB1 chain (amino acid residues 70-74) was the main
factor causing the association between HLA-DRB1 and RA(1). These residues are located on the a-
helix of the DRB1 chain. In a very recent analysis (GWAS) on a large combined material of European
origin, amino acid polymorphisms were tested across the HLA class | and Il antigens (2). As shown in
table 1, four amino acid positions of HLA-DRP were important for the susceptibility to ACPA+ RA,
namely positions 11, 13, 71 and 74. The two latter are part of the so-called shared epitope on the a
helix (1) while the two others are located in the floor of the peptide binding groove, as shown in
Figure 2. All 4 amino acids have side-chains pointing into the groove and are thus important for the
peptide binding properties of the HLA molecule. On the basis of the polymorphisms of amino acids in
these four positions, the DRB1 alleles can be classified according to their association with ACPA+
RA.DRB1*04:01isthe most strongly associated, with an odds ratio of 4.44 in Europeans. The same
authors showed an independent association for HLA-B*08 that encodes an asparagine in position 9
and for a group of HLA-DP1 alleles that encodea phenylalanine in position 9 on the B chain. For both
molecules, position 9 is located in the floor of the peptide binding groove.A recent study in ethnically
mixed RA patients and controls suggested that also position 67 on the DRB1 chain was associated
withthe disease(42). It could be shown that this position is important for the binding of a citrullinated
vimentin peptide, a likely auto-antigen in RA.In non-European populations, additional HLA-DR alleles
may be associated. A recent study in Japanese showed no HLA association for ACPA- RA, and the
strongest association for ACPA+ RA was observed for DRB1*04:05(43). Interestingly, the data also
suggest significant and independent associations with other HLA loci than HLA-DRB1(HLA-DP, HLA-B
and HLA-C).

Non HLA Genes



The genes below are listed according to their position on chromosomes.

PTPN22 (1p13)

The PTPN22 gene encodes a tyrosine phosphatase (protein tyrosine phosphatase, non-receptor type
22), also called LYP. It negatively regulates activation of T and B cells via the T cell antigen receptor
(TCR) and B cell antigen receptor (BCR). One SNP (rs2476601), characterized by a C/T mutation in
position 1858, gives rise to the substitution of an arginine (R) by a tryptophan (W) in position 620 of
the protein, in the binding domain of LYP. The 620W variant, encoded by allele 1858T, seems to be
associated with a gain in catalytic function of LYP, resulting in a reinforcement of the negative
regulation of activation of T and B cells. This may result in a reduced negative selection of auto
reactive T and/or B precursors as well as in a reduced activity of regulatory T cells, thus promoting
autoimmunity. Several independent studies have reported an association between carriage of allele
1858T and susceptibility to ACPA+ RA (44). During the preclinical phase of rheumatoid arthritis,
carriage of allele 1858T is significantly associated with positivity of ACPAs (45). This allele is not found
in Asian populations (46), but a polymorphism in the promoter region seems to be associated with
RA in Chinese (47).A recent GWAS showed an association of another SNP located in the PTPN22

gene, rs6679677, in a European sample (48). A weaker association was found with ACPA- RA.

CD2, CD58 (1p13.1)

CD2 is a cell adhesion molecule with costimulatory properties. It is present on the surface of
peripheral T cells and some NK cells. The ligand is CD58, a member of the immunoglobulin
superfamily, present on antigen presenting cells. The ligation of CD2 and CD58causes activation of T
lymphocytes and NK cells.The SNP rs11586238 is about 50 kb upstream of theCD2gene and also close
to other important genes asCD58and IGSF(49).

TNFRSF14 (1p36)

The protein TNFSF14 is member 14 of the TNF receptor superfamily. The cytoplasmic region of this
receptor binds to several TRAF (TNF receptor associated factors) family members, which may
mediate signal transduction pathways that activate the immune response.The SNP rs3890745 is close
to the TNFRSF14 gene but is actually located in an intron of the MMEL1 gene, which codes for a
neutral endopeptidase. However, no polymorphism of this gene is suspected to be associated with

RA and the GRAIL analysis pointed to TNFRSF14 as the causative gene (39).

Peptidyl arginine deiminase, type 4 (PADI4) (1p36.13)



PADI4 is member of a family of 5 calcium dependent enzymesthat are expressed in various tissues,
responsible for transformation of arginine residues into citrulline.PADI4 is found in the cytoplasm of
monocytes, T and B cells, polynuclear neutrophils and eosinophils, as well as in natural killer cells.
The PADI4 enzyme may translocate into the nucleus of activated cells andit plays a physiological role
in regulating the transcriptional activity of numerous genes by counterbalancing the methylation of
arginine residues of histones. A number of SNPs have been defined that characterize PADI4
haplotypes influencing ACPA positivityin RA populations of Asian origin(46, 50). However, a
metaanalysis of all European studies failed to show an association between PADI4 haplotypes andRA

(51).

FCGR (Fc Fragment of IgG Receptor) (1q21-23)

Receptors for the Fc fragment of 1gG (FcyR) play an important role in the immune response. In
humans, eight FCGR genes are assembled in the 1g21-23 region. FcyRIlb (CD32B) is generally
considered to regulate negatively the activity of B cells. One non-synonymous SNP (rs1050501) in the
FCGR2Bgene causes the substitution of an isoleucine with a threonine in the transmembrane
segment (187 lle/Thr) of FcyRllb, affecting its immunoregulatory functions. A study carried out in
Taiwanese patients with RA showed an overrepresentation of allele 187-lle in the ACPA+ RA patient
group, in comparison with controls (52). FcyRllla (CD16) is generally considered to regulate positively
the activity of monocytes/macrophages. One non synonymous SNP (rs396991) in the gene FCGR3A
causes the substitution of a valine with a phenylalanine in position 158 (158 V/F) of FcyRllla, affecting
its immunoregulatory functions. A study carried out in Dutch patients with RA revealed an
association between genotype VV and susceptibility to in ACPA+ RAbut not of ACPA- RA(53). This
study was confirmed by a British group that also performed a metaanalysis showing an association
between VV genotype and ACPA + RA (54).Another metaanalysis showed an association between one

SNP (rs12746613) located on 1g23.3 near FCGR2A genes andRA (49).

Deletion of the Late Cornified Envelope gene (LCE3C_LCE3B del) (1q21.3)

The epidermal differentiation complex contains several genes that are expressed in different types of
epithelia such as skin, intestine and lung. An association was observed between patients homozygous
for the deletion of the above mentioned gene and ACPA+ RA in two cohorts of RA (55). The same

deletion is associated with psoriasis.

Protein tyrosine phosphatase, receptor type, C. PTPRC (1931.3)
This enzyme is member of the protein tyrosine phosphatase (PTP) family, essential regulator of T-

and B-cell antigen receptor signaling;it suppresses JAK kinases, and thus functions as a regulator of

8



cytokine receptor signaling. The SNP that has been shown to be associated with RA (rs10919563) is
locatedwithin a PTPRC intron, 35 kb away from a rare non synonymous SNP that alters PTPRC

splicing(49).

REL (2p13)
The protein c-Rel is a transcription factor that is a member of the Rel/NFKB family. The 'Rel domain,'
is responsible for DNA binding, dimerization, nuclear localization, and binding to the NFKB inhibitor.

C-Rel controls multiple steps in the development of regulatory T cells(56).

SPRED?2 (2p14)
The Sprouty-related EVH1 domain containing protein regulates growth factor induced activation of

the MAP kinase pathway in CD45+ hematopoietic cells(37).

AFF3 (2q11)
AFF3 is an RNA binding protein. It is a tissue restricted nuclear transcriptional activator preferentially

expressed in lymphoid tissue(57).

STAT4 (2932)
STAT4 is member of the STAT family of transcription factors which areessential for mediating

responses to IL12 in lymphocytes, and regulating the differentiation of T helper cells(58).

CD28 (2q33)
CD28 is a co-stimulatory molecule required for T cell activation. Its ligands are CD80 and CD86

molecules on antigen presenting cells(49).

CTLA4 (2q33)

TheCTLA-4 molecule belongs to an immunoglobulin superfamily expressed by activated T cells. CTLA-
4 binds to CD80/CD86 molecules expressed by antigen-presenting cells. It negatively regulates
activation of T cells by preventing the co-stimulatory CD28 molecules from binding to CD80/86
molecules (8). A study involving Dutch RA patients, together with a meta-analysis of published
studies concluded that there was an association between a SNP (rs3087243) of gene CTLA4 and
susceptibility to RA in ACPA+ Caucasoid patients, but not in ACPA- patients (59). A recent

metaanalysis in populations of European descent confirmed the association (48).

PX domain containing serine/threonine kinase (PXK) (3p14)



Phlox homology (PX) domains bind to phosphoinositides and PXK is a serine/threonine kinase. It
modulates Na-K ATPase enzymatic and ion pump activities. A SNP located in PXK gene (rs13315591)
is associated with ACPA+ RA(48).

Recombination signal binding protein for immunoglobulin kappa J region (RBPJ) (4p15)
RBPJ is a transcriptional regulator important in the Notch signaling pathway that can bind specifically
to the recombination signal sequence of immunoglobulin kappa type J segments. A significant

association between a SNP located in RBPJ gene (rs874040) and ACPA+ RA was identified(48).

IL2, 1L21 (4927)

The IL2 cytokine plays an important role for T cell homeostasis and survival. IL21 has a central role for
antibody mediated immune responses. It acts on NK cells, CD4+ T and B lymphocytes to induce
antibody production and mediate class switching. It also induces Th17 differentiation and Th17 T cells

are mediators of inflammation(60).

Ankyrin repeat domain 55; Interleukin 6 signal transducer (ANKRD55, IL6ST) (5qg11)

The function of the ANKRD55 gene is unknown. /L6ST is a signal transducer shared by many
cytokines, including interleukin 6 (IL6). A significant association is present between a SNP
(rs6859219) located near IL6ST gene and RA susceptibility (37). A significant association between a
SNP located in ANKRD55 gene (rs10040327) near IL6ST gene and ACPA+ RA was identified(48).

Beta-2-adrenergic receptor (ADRB2) (5q32-q34)

The ADRB2 gene encodes the B2 adrenergic receptor. The lymphocytes of patients with RA are
characterized in particular by a lesser expression of 2 adrenergic receptors, correlated negatively to
the activity of the disease. In German RA patients, a polymorphism causing a non-synonymous
mutation of codon 16 (Gly16Arg), characterized by the substitution of a glycine with an arginine, was
found to be associated with susceptibility to the disease as well as with a positivity of ACPAs (ACPA+
in 93 % of homozygotes for the allele encoding arginine compared with 75 % of homozygotes for the

allele encoding glycine) (61).

Allograft inflammatory factor 1 (AIF-1) (6p21.3)

Allograft inflammatory factor 1 (AIF-1) is a protein which plays a role in certain inflammatory and
autoimmune processes. It is notably overexpressed by mononuclear cells and fibroblast-like
synoviocytes in the joints of RA patients. The AIF-1 gene is located in the MHCclass Ill region. One

study looked for an association between a non-synonymous (Argl5Trp) single nucleotide
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polymorphism (rs2269475), located in intron 3 of isoform 2 of AIF-1 and RA in Polish patients. The T
allele of this polymorphism proved to be associated with susceptibility to ACPA+ RA (62). The same
group suggested recently that the SNP rs2259571 was associated with an active form of RA but not
with ACPA positivity(63).

PR domain containing 1(PRDM1) (6q21)
The protein acts as a repressor of beta-interferon gene expression. It binds specifically to a regulatory
element of the IFN beta gene promoter. A positive association was observed between rs548234 near

PRDM1 and ACPA+ RA (49)

TNFAIP3 (6q23)

Genome-wide studies have identified genetic markers associated with susceptibility toRA in region
6923 (64). Two SNPs (rs6920220 and rs10499194) were correlated to the status of the ACPAs(65).The
markers are close to the gene encoding tumor necrosis factor alpha-induced protein 3 (TNFAIP3).
TNFAIP3 is a negative regulator of NF-kB and is involved in inhibiting TNF-receptor-mediated

signaling effects.

T-cell activation RhoGTPase activating protein (TAGAP) (6g25)
The protein activates Rho GTPase-during T cell activation. A significant association has been

foundbetween a SNP located in TAGAP gene (rs394581) and ACPA+ RA (48, 49).

Chemokine (C-C motif) receptor 6 (CCR6) (6G27)

Member of the beta chemokine receptor family expressed by immature dendritic cells and memory T
cells, it is important for B-lineage maturation and antigen-driven B-cell differentiation, and it may
regulate the migration and recruitment of dendritic cells and T cells during inflammatory and
immunological responses. GWAS identified a significant association between a SNP (rs3093023)

located in CCR6 gene and RA susceptibility (37, 48).

Interferon regulatory factor 5 (IRF5) (7q32)

IRF5 belongs to a family of transcriptional factors which regulate, in particular, the system of type |
interferons. As a ligand of several toll-like receptors (TLRs 4, 5, 7/8 and 9), IRF5 plays a central role in
both innate and adaptive immunity, by activating, through nuclear factor kappa-B (NF-kB),
transcription of the genes of numerous pro-inflammatory cytokines such as TNF-a, IL-6 and IL-12p40.
After an initial negative study published in 2006 (66), a second case-control study looked for an

association between various SNPs located in gene IRF5 and susceptibility to RA, in patients from

11



Swedish (1530 cases and 861 controls) and Dutch (387 cases and 181 controls) cohorts. This study
revealed the promoting effect of a haplotype called H1 (frequent alleles of four SNPs) and the
protector effect of a haplotype called H2 (rare alleles of four SNPs) with regard to the risk of RA in
the Swedish cohort(67). The effect was more marked in ACPA- than in ACPA+ patients. Another case-
control study, supplemented by a meta-analysis of case-control studies published in 2007, confirmed
the existence of an association between various SNPs of the IRF5 gene and protection with regard to
the risk of RA, notably for one SNP (rs2004640). There too, this association was more marked in
ACPA- patients than in ACPA+ patients (68). A more recent GWAS found an association between the
T allele of a SNP located in IRF5 (rs10488631) and ACPA+ RA, but not with ACPA-RA in a European

population sample (48).

B lymphoid tyrosine kinase (BLK) (8p23)

This gene encodes a non-receptor tyrosine-kinase of the src family of proto-oncogenes that are
typically involved in cell proliferation and differentiation. The protein has a role in B-cell receptor
signaling and B-cell development.A significant association between a SNP located in BLK gene
(rs13277113) and ACPA+ RA has been shown(48). This association was also confirmed in a GWAS
performed in a Korean population sample of 801 cases of RA with either ACPA or RF antibodies

versus 757 controls (46).

Chemokine (C-C motif) ligand 21 (CCL21) (9p13)

CCL21 is a cytokine that inhibits hemopoiesis and stimulates chemotaxis. It is chemotactic in vitro for
thymocytes and activated T cells, and may also play a role in mediating homing of lymphocytes to
secondary lymphoid organs. The SNPrs2812378 is weakly associated with the presence of ACPA in RA
patients (37, 69).

Locus TRAF1-C5 (9g33-34.1)

The TNF receptor associated factor 1 (TRAF1) is a protein that associates with and mediates the
signal transduction from various members of the TNF Receptor superfamily. C5 (fifth component of
complement) geneis located close to the TRAF1 gene.Two SNPs close to these genes, (rs3761847 and
rs2900180), have shown to be positively associated with ACPA+ RA (65).Another SNP located in
TRAF1-C5 gene, rs10118357, was associated with ACPA+ RA (48).

IL2RA (10p15)

12



The interleukin 2 receptor alpha and beta chains, together with the common gamma chain,
constitute the high-affinity 1L2 receptor. A weak association with ACPA/RF positive RA has been
reported(37).

PRKCQ (10p15)
Protein kinase C theta is one of the PKC family members. It is a calcium-independent and
phospholipid-dependent protein kinase. This kinase is important for T-cell activation. It is required

for the activation of the transcription factors NF-kB and AP-1(70).

Recombination activating gene 1/TNF receptor-associated factor 6, E3 ubiquitin protein ligase
RAG1/TRAF6 gene (11p12)

RAG1 is involved in activation of immunoglobulin V-D-J recombination. TRAF6 is member of the TNF
receptor associated factor (TRAF) protein family;it mediates signaling from members of the TNF
receptor superfamily as well as the Toll/IL-1 family.A positive association was observed between the

SNP rs540386 within a TRAF6 intron and RA (49).

IKZF3 (17q12)
IKZF3(IKAROS family zinc finger 3) participates in regulation and proliferation of B cells. Mice lacking
the gene develop an SLE like syndrome. The SNP rs2872507 is associated with ACPA+ RA (39)

CD40 (20q13)
As a member of the TNF-receptor superfamily of costimulatory molecules, CD40 essential in
mediating a broad variety of immune and inflammatory responses including T cell-dependent
immunoglobulin class switching, memory B cell development, and germinal center formation. A
significant association between a SNP located in CD40 gene (rs4810485) and ACPA+ RA has been
found (48, 69).

Genetic factors associated withACPA- RA

The number of genes that have been found to be significantly associated with ACPA- RA is much
lower than for ACPA+ RA. This is probably due to the fact that only about 30 % of RA are ACPA- and
only one GWAS analysis on a rather small material (774 patients and 1079 controls) has addressed
specifically associations with ACPA- RA(71). Twin studies have shown that the heritability of the two

forms of RA is similar, about 66% (72). Many genes associated with ACPA- RA remainthus to be
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defined. It is characteristic for the polymorphism of these genes that they often are associated also
with other autoimmune diseases. The heritability contributed by HLA is relatively weak. A recent
study in UK showed a weak association with HLA-DR-SE alleles in RF positive, ACPA negative RA, but
no association with double negative RA (73).In Japanese, one study suggests several HLA-DR
associations in ACPA- RA (74) another study found no HLA association in ACPA- RA (44).Below we will

describe some of the non-HLA genes that have been identified in ACPA- RA.

Neuropeptide S receptor 1 (NPSR1)(7p14.3)

The protein is expressed on various epithelial cells and is a member of the G protein-coupled
receptor 1 family. Increased expression in ciliated cells of the respiratory epithelium and in bronchial
smooth muscle cells is associated with asthma. Polymorphisms of the gene areassociated with
inflammatory bowel disease. The SNP rs324987 is associated with ACPA- RA and another SNP

(rs10263447) seems to be associated with disease activity (75).

Interferon regulatory factor 5 (IRF5) (7q32)
IRF5 has already been described above, as it is also associated with ACPA+ RA at least for some SNPs
(68).Several SNPs were associated preferentially with ACPA- RA, and IRF5 polymorphisms are also

known to be associated with SLE.

CLEC16A (16p13.1)

This gene is expressed in immune cells and codes for a C-type lectin with unknown function.
Polymorphisms of the gene are associated with other autoimmune diseases such as type-1 diabetes,
multiple sclerosis, juvenile arthritis and Addison’s disease. The SNP rs6498196 is associated with

ACPA- RA and not with ACPA+ RA in a Norwegian population (76).

Combined impact of susceptibility genes, homozygosity effect and gene interactions

Although more than 35 genetic loci for RA susceptibility have now been defined, the combined
heritability of the loci amounts to less than 20 % (39). Apart from the HLA system, the odds ratios for
association with other loci are small and only become significant in large materials. Some of the
missing heritability may be explained by homozygosity of recessive susceptibility alleles (77). Another
factor to take into account is possible interactions between genes. Some examples of this
phenomenon are given below. A more systematic analysis of multiple gene-gene interactions for RA

candidate genes have been presented as part of genetic analysis workshop 16 (78).
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Interaction PTPN22 (1p13)/HLA-DRB1
The PTPN22 gene has already been described. A significant interaction with HLA-DRB1-SE+ was found

in three large case-control studies (79).

Interaction glutathione s-transferase Mul deletion (GSTM1-null, 1p13.1)/HLA-DRB1:

The glutathione s-transferase participates in the elimination of reactive oxygen species and other
toxins. About 50 % of Europeans have a homozygous deletion of the GSTM1 gene. A significant
additive interaction of GSTM1-null and HLA-DRB1-SE+alleles for ACPA positivity has been shown in

two cohorts(80).

Interaction between 5-hydroxytryptamine (serotonin) receptor 2A (HTR2A)(13q14-q21)/HLADRB1

Serotonin is a neurotransmitter, which however also is important for regulation of immune
responses. Activation of serotonin receptors on antigen presenting cells reduces the production of
TNF-a.A significant additive interaction between HTR2A TC haplotype and HLA-DRB1-SE+alleles for
ACPA+ RA was observed in 3 independent cohorts and the results were confirmed by a

metaanalysis(81).

Genes and environment

A multitude of environmental factors influence RA development. Smoking is strongly associated with
ACPA+ RA, as shown in many studies and summed up in a metaanalysis (82). This may be explained
by an increased citrullination of proteins in the upper airways provoked by the smoke. Another factor
is periodontitis, because the pathogen Porphyromonas gingivalis has the capacity to citrullinate host
peptides by secretion of peptidylarginine deiminase (83). Other indications on possible

environmental factors may be found in a recent review on RA pathogenesis (22).

A word of caution in interpretation of genetic associations’

Genetic analyses generally assume that a multifactorial disease such as RA is due to numerous
genetic factors with minor, independent and cumulative effects (the disease appears above a
certainthreshold), and to environmental influences. Calculations involving a whole range of SNPs are

done under this hypothesis. This model, the so-called polygenic model, along with the concept of

The European Society for Human Genetics has adopted a text concerning multifactorial diseases and this
section is an extract of the text:
(https://www.eshg.org/fileadmin/www.eshg.org/documents/received/2010MultifactorialDiseases.pdf).

15


https://www.eshg.org/fileadmin/www.eshg.org/documents/received/2010MultifactorialDiseases.pdf

heritability was introduced by Fisher in 1918. In such a model, heritability of a trait measures the
contribution of genetic variability to total variability of the trait, within a population. It is based on
the hypothesis that genetic factors do not interact either with each other or with the environmental
factors. However, for human diseases such as RA, this hypothesis is false or at least unrealistic as
there obviously exist complex processes which underlie the pathophysiology, andenvironmental
factors are still poorly described. Many GWAS interpretation neglect to recall such important aspects
of the model applied. We have shown that, in addition, there is a huge gap between the detection of
a significant OR and the identification of the genetic variations actually involved in the RA
pathological process. Given the limited advances into understanding the mechanisms underlying the
HLA associations observed over 35 years, testinghypotheses like the role of specific amino-acid
positions for peptide binding as described above is important. In RA as in other multifactorial
diseases, GWAS have revealedlow-intensity signals (low odds ratio for the associated SNPs) thanks to
impressive size of patient samples used.Such numbers imply also that little selection was carried out
during sampling in terms of clinical and environmental homogeneity. As a consequence, it is very
likely that the etiological heterogeneity is very high in these samples.

Attempting to measure "missing heritability" is actually misleading as there is no way of measuring
either the importance or the nature of the missing information. A risk may be completely changed by
just one new piece of environmental information. A strong heritability does not imply that
environment only plays a minor role in the physiopathology of a disease. To illustrate this,an example
can be taken in a different domain:on the basis of a genome analysis, someone could be declared to
be at risk of developing leprosy although there is absolutely no risk if he or she is not exposed to the
mycobacterium. According to those who promote the concept of missing heritability, it would reveal
the "ground remaining to be covered" for the identification of all the genetic risk factors. However
this might be a wrong approach and the exploration of gene-gene and gene-environment
interactions using well characterized cohorts of patients in terms of clinical and environmental
factors might be the route to go rather than multiplying large-scale GWAS.

This discussion recalls that, although GWAS and other studies are key elements in identifying new
genes involved and in suggesting new relevant pathways to explore in order to understand RA, the
estimated risks themselves are of poor value at individual level. This is especially important to
underline as a number of companies propose genetic tests directly to consumers via internet, many
of the tests being based on GWAS results and using risks calculationsfor establishing individual
susceptibilities; several of them offer tests for susceptibility to RA (84). In the light of the above
discussion of the interpretation and significance of risks derived from SNP testing caution is

necessary towards such tests as their clinical utility is not established.
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Conclusions

A large number of genes influences the development of RA. Most of the defined genes are associated
with ACPA+ RA that seems to be a disease entity different from ACPA- RA. The association with HLA-
DR is strong for ACPA+ RA, where specific residues characterize HLA-DR antigens that are associated
with RA, probably because citrullinated peptides fit well into the antigen-binding groove. In disposed
individuals, T and B cell autoimmunity to citrullinated peptides and proteins develops and this is
probably an important pathogenic factor. As shown in the figure 3, most of the genes associated with
ACPA+ RA are involved in T cell activation or in pathways in immune cells. Fewer genes have been
identified for ACPA- RA susceptibility, and the genes are often at the same time involved in other
autoimmune diseases. Further studies of the genetics of RA and the functional importance of
susceptibility genes are important because they may give clues to how this invalidating autoimmune

disease can be treated optimally.
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Legends to figures

Fig1
Post-translational conversion of the charged arginine residue to the uncharged citrulline residue.
The conversion is facilitated by the enzyme peptidyl arginine deiminase which is present in many

cells and tissues in the body. The conversion is enhanced in lung tissues of smokers (17).

Fig 2

Ribbon model of HLA-DR.

The model has been elaborated based on the 3L6F entry in the Protein Data Bank. The peptide
binding groove is shown and the four residues on the DR chain that were associated with ACPA+RA
in a large GWAS are highlighted (2). Another study in a mixed population suggested that also residue
67 is important, and this residue has been shown to interact with the binding of citrullinated

vimentin peptide(42). The USCF Chimera program was used to create the figure (85).

Fig 3

Schematic representation of initiation of the auto-immune response in RA and the inflammatory
phase.

The citrullination of peptides and proteins is an essential step in the initiation of the autoimmune
response. A large number of the genes associated with RA code for surface molecules important for
T-cell and B cell activation, as for example HLA, CD22, CD28, CD40, CD45, CD58, CTLA-4. Other genes
code for cytokines or for factors involved in various pathways, as indicated in the boxes. See also
table 1 and the text. After the initiation of an immune response towards citrullinated peptides and
proteins, a clinical disease usually develops, with inflammatory responses towards the cells of the
joints. Activated macrophages, neutrophils and cytokines are important actors in the destructive
process. RANKL (receptor activator of NF-kB ligand) has not been found to display a polymorphism

associated with RA, but is important for the destruction of bone tissue via activation of osteoclasts.
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Table 1:

Genes and proteins associated with anti-citrullinated peptide antibody (ACPA) positive RA

Gene Protein and its function SNP or allele Odds Ratio 95 % conf. Ref(s)

(localization) interval

HLA-DRB1 The polymorphic HLA-DRB1 chain presents together with the non-polymorphic a chain HLA-DRB1*04:01 4.44 4.02-4.91 (2)

(6p21.3) antigenic peptides to CD4+ T cells. HLA-DRB1*04:04, *04:05, *04:08, *10:01 | 4.22 3.75-4-75 (2)

Amino acids at position 11, 13, 71 and 74 determine the susceptibility to ACPA+ RA. HLA-DRB1*01:01, *01:02 2.17 1.94-2.42 (2)

HLA-DRB1*16:01 2.04 1.59-2.62 (2)
HLA-DRB1*04:03, *04:07 1.65 1.24-2.19 (2)
HLA-DRB1*09:01 1.65 1.29-2.10 (2)
HLA-DRB1*04:02 1.43 1.04-1.96 (2)

HLA-B HLA class | molecules present antigenic peptides to CD8+ T cells HLA-B*08 2.12 1.89-2.38 (2)

(6p21.3)

HLA-DPB1 The polymorphic HLA-DPB1 chain presents together with the non-polymorphic a chain Several alleles with Phe in position 9 1.40 1.31-1.50 (2)

(6p21.3) antigenic peptides to CD4+ T cells

PTPN22 Protein-tyrosine phosphatase (LYP) is a lymphocyte-specific intracellular phosphatase rs2476601 1.94 1.81-2.08 (37)

(1p13) involved in regulation of lymphocyte activation rs6679677 2.06 1.68-2.53 (48)

CD2, CD58 CD2 is a surface antigen expressed on T cells and NK cells rs11586238 1.13 1.07-1.19 (37)

(1p13) CD58 is the ligand of CD2

TNFRSF14 TNFRSF14 is a member of TNF receptor superfamily mediating signals induced by TNF | rs3890745 1.12 1.06-1.18 (37)

(1p36) receptor associated factors (TRAF)

PADI4 PAD is isoform 4 of a family of 5 enzymes responsible for the conversion of arginine Association in Asians but not in Europeans, see text (46, 50, 51)

(1p36.13) residues to citrulline residues

FCGR FcyR are receptor proteins for the Fc part of IgG, involved in the process of FCGR2B rs1050501 1.35 (Taiwanese) 1.09-1.66 (52)

(1g21-23) phagocytosis and clearing of immune complexes FCGR3A rs393991 1.3 1.01-1.55 (53)
FCGR2A rs12746613 1.13 1.06-1.21 (49)
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LCE3C_LCE3B-del | Late cornified envelope genes located in the epidermal differentiation complex Homozygous deletion of gene associated | 1.51 1.09-2.13 (55)
(1921.3) with rs4112788

PTPRC PTPRC is member of the protein tyrosine phosphatase (PTP) family, CD45 rs10919563 1.14 1.06-1.22 (37)
(131.3)

REL c-Rel is member of NF-kB family important for Thl immune responses rs13031237 1.13 1.07-1.18 (37)
(2p13)

SPRED2 SPRED2 regulates activation of CD45+ hematopoietic cells via the Ras-MAP kinase rs934734 1.13 1.06-1.21 (37)
(2p14) pathway

AFF3 AFF3 is a tissue restricted nuclear transcriptional activator preferentially expressed in rs11676922 1.12 1.07-1.17 (37)
(2q11) lymphoid tissue.

STAT4 STAT4 is member of the STAT family of transcription factors rs7574865 1.16 1.10-1.23 (37)
(2g32)

CcD28 CD28 is a surface protein essential for T-cell proliferation and survival rs1980422 1.12 1.06-1.18 (37)
(2933)

CTLA4 CTLA-4 is a surface protein on T cells which transmits an inhibitory signal rs3087243 1.15 1.10-1.20 (37)
(2g33)

PXK PXK modulates Na,K-ATPase enzymatic and ion pump activities rs13315591 1.13 1.04-1.23 (37)
(3p14)

RBPJ RBPJ is a transcriptional regulator important in the Notch signaling pathway rs874040 1.18 1.12-1.24 (37)
(4p15)

L2, 1121 IL-2 and IL21 are cytokines Important for cellular immune responses rs6822844 1.11 1.05-1.19 (37)
(4927)

ANKRD55, IL6ST The function of ANKRD55 is unknown rs10040327 1.28 1.05-1.57 (44)
(5q11) IL6ST as a signal transducer shared by cytokines as IL-6 rs6859219 1.18 1.08-1.28 (37)
ADRB2 ADBR?2 is a Beta-2-adrenergic receptor Argl6 4.43 2.81-7.02 (61)
(5932-934)

AlF-1 AIF-1 is a cytoplasmic inflammation responsive protein expressed in joints from RA rs2269475 8.8 2.1-37.7 (62)
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(6p21.3) patients rs2259571 2.30 1.25-4.25 (63)

PRDM1 PRDM1 acts as a repressor of beta-interferon gene expression rs548234 1.10 1.05-1.16 (37)

(6g21)

TNFAIP3 The TNFAIP3 protein inhibits NF-kappa B activation as well as TNF-mediated apoptosis rs10499194 1.10 1.04-1.15 (37)

(6G23) rs6920220 1.22 1.16-1.29 (37)

rs5029937 1.40 1.24-1.58 (37)

TAGAP TAGAP has a function as a Rho GTPase-activating protein rs394581 1.10 1.04-1.15 (37)

(6G25)

CCR6 CCR6 is member of the beta chemokine receptor family expressed by immature rs3093023 1.11 1.06-1.16 (37)

(6q27) dendritic cells and memory T cells

IRF5 IRF5 is member of the interferon regulatory factor (IRF) family, a group of transcription rs10488631 1.25 1.14-1.37 (37)

(7932) factors with diverse roles

BLK BLK is nonreceptor tyrosine-kinase of the src family of proto-oncogenes rs13277113 1.15 1.00-1.33 (44)

(8p23) rs2736340 1.12 1.07-1.18 (37)

ccL21 CCL21 is a chemokine that inhibits hemopoiesis and stimulates chemotaxis, rs2812378 1.10 1.05-1.16 (37)

(9p13)

TRAF1/C5 The TRAF1 protein associates with and mediates the signal transduction from various rs3761847 1.13 1.08-1.18 (37)

(9g33-34.1) receptors of the TNFR superfamily rs2900180 1.28 1.13-1.44 (65)
C5 is the fifth component of complement rs10118357 1.19 1.05-1.34 (48)

IL2RA The interleukin 2 receptor alpha chain is part of the IL-2 receptor rs706778 1.11 1.06-1.17 (37)

(10p15)

PRKCQ Protein kinase C theta is one of the PKC family members rs4750316 1.15 1.09-1.22 (37)

(10p15)

RAG1,TRAF6 RAG1 is Involved in activation of immunoglobulin V-D-J recombination rs540386 1.16 p=6.1E-04 (49)

(11p12) TRAF6 is member of the TNF receptor associated factor protein family

IKZF3 (IKAROS family zinc finger 3) participates in regulation and proliferation of B cells rs2872507 1.10 p=1.7E-09 (39)

(17g12)
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CD40
(20q13)

CD40 is member of the TNF-receptor superfamily, essential in mediating a broad variety

of immune and inflammatory responses

rs4810485

1.23

1.11-1.37

(69)

The genes are sorted according to their chromosomal localization, except HLA genes that are on the top. Most of the data are derived from genome wide

association studies (GWAS) on large materials and concern patients and controls of European ancestry, except where indicated. As detailed in the text, most

of the genes are involved in T-cell activation, either coding for surface molecules on immune cells, cytokines or proteins participating in signal transduction

in immune cells.
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