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Abstract

Purpose of review—To update progress made between December 2008 and November 2009 on
the role of the rheumatoid arthritis (RA) shared epitope (SE) in the etiology and pathogenesis of
RA.

Recent findings—New evidence has been recently presented to suggest that non-inherited HLA
antigens originating through pregnancy or exposure to maternal antigens in utero could contribute
to RA development in SE-negative women. An interaction between smoking and SE-coding non-
*04 HLA-DRBL1 alleles (particularly HLA-DRB1*01 and HLA-DRB1*10) was formally established
for the first time. Progress has been made in determining the relative contributions and the
interaction of the SE, PTPN22 and smoking in conferring the risk of anti-citrullinated protein
antibodies (ACPA)-positive and —negative RA. The autoantigen which ACPA recognize in a
significant number of RA patients has been identified as citrullinated a enolase and the importance
of genetic factors in ACPA-negative RA has been highlighted. Additionally, associations of RA
risk with several new genetic markers have been reported. Among them: 2 new MHC, non-
DRB1loci, a polymorphism marker in MHC class | polypeptide-related sequence A (MICA), an
allele of the Fcy receptor; a polymorphism marker in the p2 adrenergic receptor and a low-
inducible allele of the cytochrome P450 subtype 1A2.

Summary—While the mechanistic basis of SE-RA association remain an enigma, observations
made during the last year shed new light on the conditions in which the SE - alone or in
combination with other genes or environmental factors - affects the risk of RA and the phenotype
of the disease.
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Introduction

HLA-DRBL alleles that code a “shared epitope” (SE) — a five amino acid sequence motif in
residues 70-74 of the HLA-DR} chain - are associated with severe rheumatoid arthritis (RA,
references 1-4). The better-known SE-coding alleles include members of the HLA-DRB1*04
allele group (for example, *0401, *0404, *0405, *0408), HLA-DRB1*0101 or *0102, HLA-
DRB1*1402 and HLA-DRB1*1001. Additional alleles are listed in Table 1. The purpose of
this review is to discuss some publications in the past 12 months that could help advance our
understanding the role of the SE in RA.

The Shared Epitope Hypothesis — Work in Progress

The mechanism underlying SE-RA association is unclear. The common hypotheses attribute
it to presentation of arthritogenic antigens (5), or T cell repertoire selection (6). However, it
should be pointed out that data supporting antigen-specific responses as the primary event in
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RA are inconclusive. Additionally, several non-RA human diseases (7-12), and
experimental animal models of autoimmunity (13-16) have been shown to associate with
SE-coding alleles as well. Furthermore, the antigen-presentation hypothesis is difficult to
reconcile with SE allele-dose effects on RA penetrance and disease severity (discussed in
17).

Unlike the uncertain mechanism, the association itself has remained largely unchallenged
for more than two decades. One notable refinement of the proposed SE motif, however,
relates to position 70 of the DR chain. In addition to what has been long considered,
current evidence suggests that while glutamine or arginine in position 70, are indeed critical
for RA risk, aspartic acid in that position confers protection (18). To further define structure-
phenotype relationships on the DR 70-74 region, Carrier and associates (19*) have
recently studied the effect of the DERAA sequence (residues 70-74 encoded by several
HLA-DRBL alleles, including the RA-protective HLA-DRB*0402 allele) on disease
outcomes in patients with early arthritis. Their data showed that in patients without early
erosions, DERAA-coding DRB1 alleles were strongly protective against severe disease at 30
months. Thus, in addition to prior indications that aspartic acid in position 70 may reduce
RA risk, it now appears that it also may reduce disease severity. How this effect is consistent
with the antigen presentation theory remains a mystery.

It is estimated that up to 20% of RA patients are SE-negative. The possibility that non-
inherited maternal HLA antigens (NIMA) could explain RA development in these
individuals has been examined previously but yielded inconclusive results. In 2009,
however, two studies provided new evidence that could support a role for non-inherited
HLA antigens. Examining a large cohort of families from the North American Rheumatoid
Anrthritis Consortium, Guthrie et al. (20**) have found a significant association between RA
risk and HLA-DR4-coding NIMA in women less than 45 years of age, but not in older
women, or men. Along the same lines, a European group has recently demonstrated that
compared with healthy women, RA female patients had a higher frequency and higher levels
of HLA-DRB1*04 microchimerism (21**). The prevalence of non-inherited genes in larger
patient populations and their pathogenic mechanism are unknown.

The SE and Citrullinated Proteins

Genetic factors, with the SE being the strongest among them, play a significant role in RA
susceptibility. Intriguingly, despite the major role of genetic factors in RA susceptibility, the
concordance rate of this disease in monozygotic twins is only 15% (22). It has been
therefore hypothesized that while RA susceptibility is determined genetically, disease onset
may depend on non-genetic (i.e. environmental), epigenetic or posttranslational events.

Deimination of arginine to citrulline by peptidyl arginine deiminase (PADI) is one of the
better-characterized posttranslational protein modifications in RA. Several citrullinated
proteins have been identified in the disease (23-25). However, the significance of
citrullination remains unclear, because deiminated proteins have also been found in target
tissues of non-RA inflammatory diseases as well as non-inflammatory conditions (Reviewed
in 26).

Over the past few years, anti-citrullinated protein antibodies (ACPA) have been
convincingly shown to be specific serological markers for RA, particularly in SE-positive
patients. These observations have lead many to propose that ACPA may be playing a direct
pathogenic role in RA. Experimental data to support this hypothesis have been reported in
some arthritis models (e.g. 27,28). However, other animal studies have failed to demonstrate
direct involvement of anti-citrullinated proteins immunity in experimental arthritis (29-31).

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.
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In human RA, likewise, there is presently no conclusive evidence to directly implicate
ACPA as an effector mechanism in disease pathogenesis.

Relevant to the focus of this review, ACPA are found in SE-positive, but rarely in SE-
negative RA patients (32). Furthermore, a SE gene-dose effect on RA risk has been
documented in ACPA-positive RA patients (33). Based on these findings and a reported
high-affinity interaction between citrullinated peptides and SE-positive HLA-DR molecules
(34), it has been hypothesized that the association between SE and ACPA represents SE-
restricted presentation of citrullinated antigen(s). It should be noted however that: 1. The
identities of such putative antigens remain unknown; 2. There are no RA-relevant functional
data to substantiate this hypothesis to date; 3. A recent study has shown that antibodies
against PADI4 are also highly-specific for RA (35), raising the possibility that antigenically
diverse targets within the PADI pathway are peculiarly immunogenic and arguing against
antigen-specific effector role of ACPA; 4. Recognition of a sequence-independent post-
translational modification, rather than a bona fide antigenic epitope, is inconsistent with
what is widely considered MHC-restricted antigen specific recognition; 5. As discussed
above, the antigen presentation paradigm is inconsistent with the promiscuous SE-disease
association, and the observed SE gene-dose effects on disease susceptibility, penetrance and
severity (reviewed in 17).

The co-segregation of ACPA-positivity and SE-coding alleles among RA patients has
continued to attract research attention in 2009. Several studies focusing on the genetic basis
of ACPA-positivity or -negativity have been published. For example, one study (36**)
quantified the contribution of genetic risk factors, particularly the SE, to ACPA-positive
versus — negative RA by computing their heritability in 148 RA twin pairs in which at least
1 twin had the disease. Comparable heritability rates were found in the ACPA-positive and —
negative RA subsets. However, the presence of SE explained 18% of the genetic variance in
ACPA-positive individuals, but it contributed only 2.4% of the variance in the ACPA-
negative group. The authors concluded that while genetic predisposition plays a significant
role in susceptibility to both types of RA, the development of an ACPA-negative disease
depends on as yet unidentified non-SE genetic factors.

The identity of putative genetic modulators of ACPA positivity in RA has been reported by
Lundstrom et al. (37**). In that study, a case-control analysis of 1,352 RA patients and 922
controls revealed that DRB1*13 has a dual role: It protects against ACPA-positive RA, but
in combination with DRB1*03 it increase the risk of ACPA-negative disease. Partial
corroboration of the putative role of DRB1*03 was obtained in a recent study that carried out
a genome-wide association analysis of ACPA titers in RA (38). That study confirmed that
HLA is the most important gene region for ACPA in RA. Further, the two top single
nucleotide polymorphism (SNP) markers, which associated inversely with ACPA titer, were
found to be in moderate linkage disequilibrium with DRB1*03 alleles, which have been
previously found to associate with low ACPA titers (39).

SE-environment Interaction

As discussed above, it is widely believed that cooperation between genetic and
environmental factors is required for RA disease onset. Consistent with this model, a gene-
environment interaction between the SE and smoking has been reported by several groups
prior to 2009 (40,41). For example, a highly significant interaction between the SE and
smoking in RA risk has been reported by a Swedish group, particularly in SE homozygous
individuals (40). Similar conclusions have been reached by a more recent Danish study (41).
Different from the North European studies, early reports on SE-smoking interaction in US
populations had been inconclusive. However, in early 2009, a very large US study (42**)
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suggested that similar interactions exist in North Americans as well. Studying over 60,000
subjects, the authors have demonstrated strong gene-environment interaction between the SE
and smoking when stratifying by pack-years of smoking rather than by ever smoking. This
US study shows that the extent of the exposure is important and corroborates the role of SE-
smoking interactions previously observed only in North European patient populations. Thus,
there is compelling evidence for interaction between the SE and tobacco exposure in the
etiology of RA in different geographic locations across the globe.

Previously reported interactions between the SE and smoking have largely focused on the
DRB1*04 alleles. In a paper published in mid-2009 (43*), the spectrum of SE-coding alleles
was expanded to include DRB1*01 and DRB1*10. The study concluded that a strong
interaction between smoking and SE in the development of ACPA-positive RA exists in all
the SE-coding alleles tested (DRB1*04, DRB1*01 and DRB1*10). Whether other SE-
positive alleles (e.g. DRB1*1402) show the same interaction remains to be determined.

Previous studies have suggested that the interaction between the SE and smoking results
primarily in anti-citrulline immunity. In an attempt to formally address this question,
Morgan et al. (44*) examined the interactions between the SE, PTPN22 and smoking in the
development of ACPA-positive and — negative RA, in a cohort of approximately 5,000
patients and 3,700 controls. Their results suggested that while PTPN22 primarily associated
with ACPA-positivity, the SE was found to be independently associated with rheumatoid
factor.

The antigenic specificity of ACPA in gene-environment interactions has been examined in a
recent study (45**). Here, the authors determined to what extent autoimmunity to
citrullinated a-enolase accounts for the observed associations among smoking, SE, PTPN22
and ACPA. Antibodies to this autoantigen were found in 43-63% of ACPA-positive RA
patients. Citrullinated a-enolase reactivity marked a subpopulation with a very strong odds
ratio (OR) for RA development, when the combined effect of SE, smoking and PTPN22 was
considered. The ACPA-positive, citrullinated a-enolase-negative subpopulation showed a
much weaker OR. The authors concluded that citrullinated a-enolase is a specific
autoantigen that links smoking and genetic risk factors in RA.

The Ongoing Quest for Other Genes

Although the SE is the strongest known genetic factor in RA, it is clearly not the only one.
Over the past two decades there has been continuous effort to identify additional genetic risk
factors for RA, both within and without the HLA region. Notable studies published during
the past year are discussed below.

In a case-control study involving 855 RA patients and 977 controls, Vignal et al. (46*) have
identified 18 SNPs in 14 non-DRB1 HLA-region genes that showed strong association with
RA. After multivariate logistic regression analysis the model was narrowed down to DRB1
plus 3 markers, two of which were independent of DRB1 and one (DQA2) was found to be
in linkage disequilibrium with a SE-coding allele (HLA-DRB1*0101). Thus, in addition to
identifying new RA-associated SNPs, this study argues against a direct effect of the HLA-
DQ locus, a question which has long been a subject of controversy.

A recent study implicated another HLA-region gene, MICA (MHC class | polypeptide-
related sequence A), as an RA susceptibility locus (47*). Using both family-based and case-
control cohorts, a significant association between RA and MICA-250, independent from SE-
coding alleles was identified. Interestingly, MICA-250 was found to be in complete linkage
disequilibrium with a MICA functional variant previously shown to confer differential allelic
affinity between MICA and its receptor (NKG2D).
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Associations with FCGR (the locus that codes Fcy receptors) have been investigated in 2049
RA patients and 1156 controls by Robinson et al. (48) with particular attention to the
FCGR3A-158F/V genotype. A modest association (OR 1.2) with homozygosity for
FCGR3A-158F/V was found when all RA patients were analyzed. Somewhat stronger
association was found when men only were considered (OR 1.7). No evidence for
interaction with the HLA-DRB1 SE was found.

A negative yet important study on PADI4-RA association has been recently reported by Burr
et al. (49*). Polymorphisms in the PADI4 gene have been previously shown to correlate
with RA susceptibility in Eastern Asians, but their contribution to disease risk in Caucasian
populations remained unclear. In the largest study of its kind, this group enrolled over
19,000 UK subjects. No association with RA was demonstrated for the PADI4_94 SNP (as
well as 56 other PADI4 SNPs). While significant interaction between SE and PTPN22 was
detected in ACPA-positive RA patients, there was no interaction of the PADI4_94 SNP with
either PTPN22 R620W SNP or SE-coding alleles. Meta-analysis of five published studies
confirmed the lack of association between PADI4_94 and RA in European populations.

Another study (50) reported an association between 2 adrenergic receptor polymorphism
and RA. Specifically, strong associations were found with receptor variants expressing
arginine in position 16. Individuals with Arg16-coding alleles had earlier age of disease
onset and Arg16/Arg16 homozygosity was associated with greater incidence of ACPA.
Another interesting observation in this study is a possible interaction between Arg16 and the
SE in disease risk.

An intriguing study implicating another non-HLA genes in RA has focused on a member of
the cytochrome P450 gene family, CYP1A2 (51**). Cornelis et al. studied the association
between a common CYP1A2 polymorphism (=163 A>C) and RA in over 32,000 Korean
subjects. The OR of RA among carriers of a low-inducible allele was found to be 1.11 in
SE-negative individuals, 0.82 among SE heterozygotes and 0.32 in individuals homozygous
for SE-coding HLA-DRB1 alleles. The significance of these findings is dual: 1. CYP1A2
plays a role in oxidative stress, an aberration which has been long implicated in RA; 2.
CYP1A2 is a downstream effector enzyme in the aryl hydrocarbon receptor pathway, which
mediates the xenobiotic effect of various polycyclic aromatic hydrocarbons, including those
found in tobacco, and plays a role in autoimmunity in mice (6,7). If confirmed in other
ethnic populations, the finding reported by Cornelis et al.(51**) could open a new
investigative path in the search for mechanisms involved in gene-environment interaction in
RA.

Conclusion

The SE is the single most significant genetic risk factor for RA. Although the mechanistic
basis of SE-RA association is unknown, progress made in the past several years and new
observations made during the period reviewed here, help better mapping the main genetic
and environmental players which cooperate with the SE or antagonize it. The knowledge
recently gained could open new research directions that might help us better understand the
enigmatic role of the SE in the etiopathogenesis of RA.
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Abbreviations

ACPA anti-citrullinated protein antibodies

HLA human leukocyte antigen

MHC major histocompatibility complex

MICA MHC class | polypeptide-related sequence A

NIMA non-inherited maternal HLA antigen

OR odds ratio

PADI peptidyl arginine deiminase

PTPN22 protein tyrosine phosphatase type 22

RA rheumatoid arthritis

SE shared epitope

SNP single nucleotide polymorphism
References

1. Gregersen PK, Silver J, Winchester RJ. The shared epitope hypothesis. An approach to
understanding the molecular genetics of susceptibility to rheumatoid arthritis. Arthritis Rheum
1987;30:1205-1213. [PubMed: 2446635]

2. Turesson C, Schaid DJ, Weyand CM, Jacobsson LT, Goronzy JJ, Petersson IF, Sturfelt G, Nyhéll-
Wahlin BM, Truedsson L, Dechant SA, Matteson EL. The impact of HLA-DRB1 genes on extra-
articular disease manifestations in rheumatoid arthritis. Arthritis Res Ther 2005;7:R1386-1393.
[PubMed: 16277691]

3. Moreno I, Valenzuela A, Garcia A, Yélamos J, Sanchez B, Hernanz W. Association of the shared
epitope with radiological severity of rheumatoid arthritis. J Rheumatol 1996;23:6-9. [PubMed:
8838501]

4. Gonzalez-Gay MA, Garcia-Porrua C, Hajeer AH. Influence of human leukocyte antigen-DRB1 on
the susceptibility and severity of rheumatoid arthritis. Semin Arthritis Rheum 2002;31:355-360.
[PubMed: 12077707]

5. Wucherpfennig KW, Strominger JL. Selective binding of self peptides to disease-associated major
histocompatibility complex (MHC) molecules: a mechanism for MHC-linked susceptibility to
human autoimmune diseases. J Exp Med 1995;181:1597-1601. [PubMed: 7722439]

6. Bhayani HR, Hedrick SM. The role of polymorphic amino acids of the MHC molecule in the
selection of the T cell repertoire. J Immunol 1991;146:1093-1098. [PubMed: 1991960]

7. Weyand CM, Hunder NN, Hicok KC, Hunder GG, Goronzy JJ. HLA-DRBL1 alleles in polymyalgia
rheumatica, giant cell arteritis, and rheumatoid arthritis. Arthritis Rheum 1994;37:514. [PubMed:
8147928]

8. Tait BD, Drummond BP, Varney MD, Harrison LC. HLA-DRB1 * 0401 is associated with
susceptibility to insulin-dependent diabetes mellitus independently of the DQBL1 locus. Eur J
Immunogenet 1995;22:289-297. [PubMed: 7495781]

9. Korendowych E, Dixey J, Cox B, Jones S, McHugh N. The influence of the HLA-DRB1 rheumatoid
arthritis shared epitope on the clinical characteristics and radiological outcome of psoriatic arthritis.
J Rheumatol 2003;30:96-101. [PubMed: 12508396]

10. Chan MT, Owen P, Dunphy J, Cox B, Carmichael C, Korendowych E, McHugh NJ. Associations
of erosive arthritis with anti-cyclic citrullinated peptide antibodies and MHC Class Il alleles in
systemic lupus erythematosus. J Rheumatol 2008;35:77-83. [PubMed: 18085741]

11. Doherty DG. Alllelic sequence variation in the HLA class Il genes and proteins in patients with
autoimmune hepatitis. Hepatology 1994;19:609-615. [PubMed: 8119685]

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holoshitz

Page 7

12. Dorak MT. Influence of the major histocompatibility complex on age at onset of chronic lymphoid
leukaemia. Int J Cancer 1996;65:134-139. [PubMed: 8567107]

13. Ollier WE. Dog MHC alleles containing the human RA shared epitope confer susceptibility to
canine rheumatoid arthritis. Immunogenetics 2001;53:669-673. [PubMed: 11797101]

14. Wen L, Chen NY, Tang J, Sherwin R, Wong FS. The regulatory role of DR4 in a spontaneous
diabetes DQ8 transgenic model. J Clin Invest 2001;107:871-880. [PubMed: 11285306]

15. Rosloniec EF. An HLA-DR1 transgene confers susceptibility to collagen-induced arthritis elicited
with human type Il collagen. J Exp Med 1997;185:1113-1122. [PubMed: 9091584]

16. Forsthuber TG. T cell epitopes of human myelin oligodendrocyte glycoprotein identified in HLA-
DR4 (DRB1*0401) transgenic mice are encephalitogenic and are presented by human B cells. J
Immunol 2001;167:7119-7125. [PubMed: 11739534]

17. Holoshitz J, Ling S. Nitric oxide signaling triggered by the rheumatoid arthritis shared epitope: a
new paradigm for MHC-disease association? Ann New York Acad Sci 2007;1110:73-83.
[PubMed: 17911422]

18. Mattey DL, Dawes PT, Gonzalez-Gay MA, Garcia-Porrua C, Thomson W, Hajeer AH, Ollier WE.
HLA-DRBL alleles encoding an aspartic acid at position 70 protect against development of
rheumatoid arthritis. J Rheumatol 2001;28:232-239. [PubMed: 11246655]

19*. Carrier N, Cossette P, Daniel C, de Brum-Fernandes A, Liang P, Ménard HA, Boire G. The

DERAA HLA-DR alleles in patients with early polyarthritis: protection against severe disease
and lack of association with rheumatoid arthritis autoantibodies. Arthritis Rheum 2009;60:698—
670. The 70-DERAA-74 sequence coded by allele DRB1*0402, which has been known to protect
against RA risk is shown here to reduce disease severity as well. [PubMed: 19248090]

20**. Guthrie KA, Tishkevich NR, Nelson JL. Non-inherited maternal human leukocyte antigen
alleles in susceptibility to familial rheumatoid arthritis. Ann Rheum Dis 2009;68:107-1009.
HLA4-DR4-coding NIMAs are shown to be over-represented in SE-negative RA female patients
with younger-onset of the disease, but not in older women or men. [PubMed: 18684745]

21** Rak JM, et al. Transfer of the shared epitope through microchimerism in women with
rheumatoid arthritis. Arthritis Rheum 2009;60:73-80. 42% of SE-negative female RA patients
had DRB1*04 microchimerism, compared to 8% of healthy women. DRB1*01 microchimerism
was found in 30% of SE-negative RA women, compared to 4% of healthy women. [PubMed:
19117368]

22. Silman AJ, MacGregor A, Thomson W, Holligan S, Carthy D, Ollier WER. Twin concordance
rates for rheumatoid arthritis: results of a nationwide study. Br J Rheumatol 1993;32:903-907.
[PubMed: 8402000]

23. Masson-Bessiere C, Sebbag M, Girbal-Neuhauser E, Nogueira L, Vincent C, Senshu T, Serre G.
The major synovial targets of the rheumatoid arthritis-specific antifilaggrin autoantibodies are
deiminated forms of the alpha- and beta-chains of fibrin. J Immunol 2001;166:4177-4184.
[PubMed: 11238669]

24. Matsuo K, Xiang Y, Nakamura H, Masuko K, Yudoh K, Noyori K, Nishioka K, Saito T, Kato T.
Identification of novel citrullinated autoantigens of synovium in rheumatoid arthritis using a
proteomic approach. Arthritis Res Ther 2006;8(6):R175. [PubMed: 17125526]

25. Chang X, Yamada R, Suzuki A, Kochi Y, Sawada T, Yamamoto K. Citrullination of fibronectin in
rheumatoid arthritis synovial tissue. Rheumatology 2005;44:1374-1382. [PubMed: 16105911]

26. Suzuki A, Yamada R, Yamamoto K. Citrullination by peptidylarginine deiminase in rheumatoid
arthritis. Ann NY Acad Sci 2007;1108:323-339. [PubMed: 17893996]

27. Kuhn KA, Kulik L, Tomooka B, Braschler KJ, Arend WP, Robinson WH, Holers VM. Antibodies
against citrullinated proteins enhance tissue injury in experimental autoimmune arthritis. J Clin
Invest 2006;116:961-973. [PubMed: 16585962]

28. Lundberg K, Nijenhuis S, VVossenaar ER, Palmblad K, van Venrooij WJ, Klareskog L, Zendman
AJ, Harris HE. Citrullinated proteins have increased immunogenicity and arthritogenicity and their
presence in arthritic joints correlates with disease severity. Arthritis Res Ther 2005;7:R458-467.
[PubMed: 15899032]

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holoshitz

Page 8

29. Vossenaar ER, Nijenhuis S, Helsen MM, van der Heijden A, Senshu T, van den Berg WB, van
Venrooij WJ, Joosten LA. Citrullination of synovial proteins in murine models of rheumatoid
arthritis. Arthritis Rheum 2003;48:2489-2500. [PubMed: 13130468]

30. Rubin B, Sgnderstrup G. Citrullination of self-proteins and autoimmunity. Scand J Immunol
2004;60:112-120. [PubMed: 15238080]

31. Duplan V, Foulquier C, Clavel C, Al Badine R, Serre G, Saoudi A, Sebbag M. In the rat,
citrullinated autologous fibrinogen is immunogenic but the induced autoimmune response is not
arthritogenic. Clin Exp Immunol 2006;145:502-512. [PubMed: 16907920]

32. Klareskog L, Ronnelid J, Lundberg K, Padyukov L, Alfredsson L. Immunity to citrullinated
proteins in rheumatoid arthritis. Annu Rev Immunol 2008;26:651-675. [PubMed: 18173373]

33. Huizinga TW, et al. Refining the complex rheumatoid arthritis phenotype based on specificity of
the HLA-DRBL1 shared epitope for antibodies to citrullinated proteins. Arthritis Rheum
2005;52:3433-3438. [PubMed: 16255021]

34. Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E. Cutting edge: the conversion of
arginine to citrulline allows for a high-affinity peptide interaction with the rheumatoid arthritis-
associated HLA-DRB1*0401 MHC class Il molecule. J Immunol 2003;171:538-541. [PubMed:
12847215]

35. Harris ML, et al. Association of autoimmunity to peptidyl arginine deiminase type 4 with genotype
and disease severity in rheumatoid arthritis. Arthritis Rheum 2008;58:1958-1967. [PubMed:
18576335]

36**. van der Woude D, Youngm A, Jayakumar K, Mertens BJ, Toes RE, van der Heijde D, Huizinga
TW, van der Helm-van Mil AH. Prevalence of and predictive factors for sustained disease-
modifying antirheumatic drug-free remission in rheumatoid arthritis: results from two large early
arthritis cohorts. Arthritis Rheum 2009;60:2262-2271. In this study the heritability of ACPA-
negative RA was compared to that of ACPA-positive disease. The results show that both ACPA-
positive and —negative diseases are affected by heredity. However, different from the ACPA-
positive group, in which SE-coding DRB1 alleles are strongly implicated, other, as yet unknown
genetic risk factor(s) appear to be involved in the ACPA-negative group. [PubMed: 19644846]

37**. Lundstrom E, Kéllberg H, Smolnikova M, Ding B, Ronnelid J, Alfredsson L, Klareskog L,
Padyukov L. Opposing effects of HLA-DRB1*13 alleles on the risk of developing anti-
citrullinated protein antibody-positive and anti-citrullinated protein antibody-negative
rheumatoid arthritis. Arthritis Rheum 2009;60:924-930. The DRB1*13 allele has a dual effect: It
protects against ACPA-positive RA, while in combination with DRB1*03 it increases the risk of
ACPA-negative disease. [PubMed: 19333936]

38. Cui J, Taylor KE, Destefano AL, Criswell LA, Izmailova ES, Parker A, Roubenoff R, Plenge RM,
Weinblatt ME, Shadick NA, Karlson EW. Genome-wide association study of determinants of anti-
cyclic citrullinated peptide antibody titer in adults with rheumatoid arthritis. Mol Med
2009;15:136-143. [PubMed: 19287509]

39. Verpoort KN, van Gaalen FA, van der Helm-van Mil AH, Schreuder GM, Breedveld FC, Huizinga
TW, de Vries RR, Toes RE. Association of HLA-DR3 with anti-cyclic citrullinated peptide
antibody-negative rheumatoid arthritis. Arthritis Rheum 2005;52:3058-3062. [PubMed:
16200610]

40. Padyukov L, Silva C, Stolt P, Alfredsson L, Klareskog L. A gene-environment interaction between
smoking and shared epitope genes in HLA-DR provides a high risk of seropositive rheumatoid
arthritis. Arthritis Rheum 2004;50:3085-3092. [PubMed: 15476204]

41. Pedersen M, Jacobsen S, Garred P, Madsen HO, Klarlund M, Svejgaard A, Pedersen BV,
Wohlfahrt J, Frisch M. Strong combined gene-environment effects in anti-cyclic citrullinated
peptide-positive rheumatoid arthritis: a nationwide case-control study in Denmark. Arthritis
Rheum 2007;56:1446-1453. [PubMed: 17469102]

42** Karlson EW, Chang SC, Cui J, Chibnik LB, Fraser PA, Devivo I, Costenbader KH. Gene-
environment interaction between HLA-DRBL1 shared epitope and heavy cigarette smoking in
predicting incident RA. Ann Rheum Dis. Jan 16;2009 [Epub ahead of print] Studying over
60,000 North American subjects, the authors have demonstrated strong gene-environment
interaction between the SE and smoking when stratifying by pack-years of smoking rather than
by ever smoking. Prior studies in the US have failed to demonstrate interaction when individuals

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

with history of ever-smoking were compared. This US study shows that the extent of the
exposure is important and corroborates the role of SE-smoking interactions previously observed
only in North European patient populations.

43*, Lundstrém E, Kallberg H, Alfredsson L, Klareskog L, Padyukov L. Gene-environment interaction
between the DRB1 shared epitope and smoking in the risk of anti-citrullinated protein antibody-
positive rheumatoid arthritis: all alleles are important. Arthritis Rheum 2009;60:1597-1603.
Whereas previous studies have focused on HLA-DRB1*04 alleles, this study presents evidence
that SE-smoking interaction involves additional SE-coding alleles, which cover all SE motif
variants (QKRAA, QRRAA and RRRAA). [PubMed: 19479873]

44* Morgan AW, et al. Reevaluation of the interaction between HLA-DRB1 shared epitope alleles,
PTPN22, and smoking in determining susceptibility to autoantibody-positive and autoantibody-
negative rheumatoid arthritis in a large UK Caucasian population. Arthritis Rheum
2009;60:2565-2576. This study demonstrates for the first time that while PTPN22 is particularly
associated with ACPA, the SE is independently associated with rheumatoid factor. [PubMed:
19714585]

45** Mahdi H, et al. Specific interaction between genotype, smoking and autoimmunity to
citrullinated alpha-enolase in the etiology of rheumatoid arthritis. Nat Genet. 2009 Nov 8; [Epub
ahead of print] A subpopulation of ACPA-positive RA patients has been identified, which shows
antibody specificity to a citrullinated immunodominant epitope of a enolase. The combined
effect of the SE, PTPN22 and smoking showed strong interaction with anti-citrullinated o
enolase, producing an OR of 37 for RA.

46*. Vignal C, Bansal AT, Balding DJ, Binks MH, Dickson MC, Montgomery DS, Wilson AG.
Genetic association of the major histocompatibility complex with rheumatoid arthritis implicates
two non-DRBL loci. Arthritis Rheum 2009;60:53-62. This study identifies 2 new non-DRB1
susceptibility loci. It also presents evidence arguing against a role for the HLA-DQ locus in RA
susceptibility. [PubMed: 19116923]

47*. Kirsten H, et al. Association of MICA with rheumatoid arthritis independent of known HLA-
DRB1 risk alleles in a family-based and a case control study. Arthritis Res Ther 2009;11:R60. A
MICA SNP was found to be associated with RA risk independent of HLA-DRBL1 alleles and to be
in linkage disequilibrium with a previously identified functional MICA variant that shows
differential allelic affinity to NKG2D. If confirmed in other patient populations, the newly
reported marker could provide new functional insights into the role of non-SE loci in the etiology
of RA. [PubMed: 19409079]

48. Robinson JI, et al. Dissection of the FCGR3A association with RA: increased association in men

and with autoantibody positive disease. Ann Rheum Dis. 2009 Aug 20; [Epub ahead of print].

49*, Burr ML, et al. PADI4 genotype is not associated with rheumatoid arthritis in a large UK
Caucasian Population. Ann Rheum Dis. 2009 May 25; [Epub ahead of print] While its role in
Eastern Asian population has been confirmed, there is an ongoing debate to what extent the
PADI4 genotype is associated with RA in European populations. This large study provides
compelling evidence against such association in a UK cohort.

50. Malysheva O, Pierer M, Wagner U, Wahle M, Wagner U, Baerwald CG. Association between beta
2 adrenergic receptor polymorphisms and rheumatoid arthritis in conjunction with human
leukocyte antigen (HLA)-DRBL1 shared epitope. Ann Rheum Dis 2008;67:1759-64. [PubMed:
18267980]

51**. Cornelis MC, Bae SC, Kim I, EI-Sohemy A. CYP1A2 genotype and rheumatoid arthritis in
Koreans. Rheumatol Int. 2009 Jul 5; [Epub ahead of print] A low-inducible CYP1A2 allele was
found to be inversely associated with the number of SE-coding alleles in a Korean RA cohort.
The study implicates an oxidative stress-associated gene in the etiology of RA, thereby
supporting the long-postulated role of reactive oxidative species in the disease. The apparent
interaction with the SE is of particular interest given the known inducibility of cytochrome P450
enzymes by environmental pollutants such as cigarette smoke.

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.



Page 10

Holoshitz

LOTT-2C0x -€0x -
60ETx-GT -

G09Tx:C09T-TO9 T+ TCET -V TETx:CTE T TTE T LOET % 90E T GOE T+ ZEOC T TEOC T
“220CT+-T20CT-TOCT»-CCTTx-6TTTx-8TTTs-GTTTw-CTTT-0T T T-60TTZ80T T- T80T T 90T T~ GOTT-ZVOT T TVOTT-ZTOT To- TTOT T -G080 -GTH 0 -

STV T VTV T TTVTx- 0Tt T80V Te: LOV T~ GOV T 7OV T- TOY T-60 -

{0[0) 3 +

0CTo- LTV T ETYT-601T-90V T-COV T :6TH0x-0TH0x-8070x-G070x-7070-G0T0-20T0-TOT O +
0CY0x-LT¥0x-L070x-9010x-E070x -

OTH T CZET % 6TE T LTETx-GTE T STET# 80 T-VOE T COE T TOE T TCTT-02T T - 9T T T 20T T-E0T 0 V702010 -
TCY T 6TV Tx-TCVO0x -9TH0x-ETV0x-6010x-TOV0x +

HOUMO
vviavO

vvydda
IveYy
NAZSEE!
NAZSETe)
ELZSKo]
vvy3a
vVvarO

s9j9lle TYA-VIH Bulpod  ynow 3

8ouanbas pioe oulwy

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

-0/ 8y u1 saouanbas PI9. OUILWE UOWWOD

NIH-PA Author Manuscript

Curr Opin Rheumatol. Author manuscript; available in PMC 2011 May 1.



