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Rheumatoid arthritis (RA) is one of the most common autoimmune diseases. As with other complex
traits, genome-wide association studies (GWASs) have tremendously enhanced our understanding of
the complex etiology of RA. In this review, we describe the genetic architecture of RA as determined
through GWASs and meta-analyses. In addition, we discuss the pathologic mechanism of the disease
by examining the combined findings of genetic and functional studies of individual RA-associated genes,
including HLA-DRB1, PADI4, PTPN22, TNFAIP3, STAT4, and CCR6. Moreover, we briefly examine the
potential use of genetic data in clinical practice in RA treatment, which represents a challenge in medical
genetics in the post-GWAS era.
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1. Genetic aspects of rheumatoid arthritis

Rheumatoid arthritis (RA) is one of the most common forms of
autoimmune arthritis, affecting approximately 0.5–1.0% of the
world’s population. The serum of most RA patients contains auto-
antibodies, such as rheumatoid factor (RF) or anti-citrullinated
protein antibodies (ACPAs), the presence of which constitutes
one of the new classification criteria for RA revised in 2010 [1].
Although RF is also present in other autoimmune diseases and
immunological conditions, such as chronic infection and inflam-
mation, ACPAs have a higher specificity, suggesting a central role
for citrulline as an antigenic determinant in this disease [2]
(Fig. 1). This suggests that autoimmunity to citrullinated proteins
may be the hallmark of RA pathogenesis. However, the rest of RA
patients lack these autoantibodies, suggesting a heterogeneity in
the disease etiology. In clinical practice, the appearance of biolo-
gics that target inflammatory cytokines has dramatically
improved the outcome of RA, although some patients still suffer
destructive arthritis that leads to disability. The limitations of
current RA therapies underscore the need for further investigation
of disease pathogenesis and identification of new therapeutic
targets.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.07.085&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.07.085
mailto:ykochi@src.riken.jp
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http://www.sciencedirect.com/science/journal/0006291X
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Fig. 1. Citrullination of arginine residues by PADI enzymes.
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As with other complex traits, evidence from familial studies
suggests that RA is caused by a combination of genetic and envi-
ronmental factors. For instance, a recent population-based epide-
miologic study in Sweden demonstrated that the familial odds
ratio for RA is approximately 3 in first-degree relatives of RA
patients and 2 in second-degree relatives [3]. In addition, higher
concordance rates in monozygotic twins over dizygotic twins sug-
gest the involvement of genetic factors [4–6]. The heritability of a
disease, which is defined as the contribution of genetic variation to
variation in the liability of that disease, has been estimated at
around 60% in RA by the above-mentioned studies.

The establishment of a comprehensive catalog of common
genetic variants in human populations by the HapMap project
[7], as well as significant recent advances in genotyping technol-
ogy, now enable searching of the entire genome at once for risk loci
for complex diseases. This methodologic approach, now broadly
known as the ‘‘genome-wide association study (GWAS),’’ has
greatly advanced understanding of the genetic background of com-
plex traits such as RA. In contrast, with a few exceptions, such as
cigarette smoking, infections, and diet, little is known about the
role of environmental factors in the development of RA. Although
environmental aspects of RA are beyond the topic of this review,
readers are referred to other excellent articles [8,9].
2. HLA-DRB1 gene

Since the first evidence suggesting the involvement of human
leukocyte antigens (HLAs) in RA was reported in 1969 [10], poly-
morphisms in the HLA region have been at the center of genetic
studies of RA. That study demonstrated reduced lymphocyte
responses in autologous mixed cultures of cells from RA patients,
suggesting that polymorphisms in HLA genes (which encode the
major histocompatibility complex [MHC] molecules that present
antigens to T cells) are shared among patients [10]. Subsequently,
serologic studies showed that the frequency of the HLA-DR4 sero-
type is higher in RA patients compared with control subjects
[11,12]. Other serotypes, such as DR1, are also associated with
increased risk for RA, although the increase in risk is moderate
compared with that of DR4 [13]. Sequencing of HLA-DRB1, which
encodes the polymorphic b-chain of the DR molecule, revealed that
the prominent subtypes of DR4 differ between populations. For
example, Europeans harbor the ⁄04:01 and ⁄04:04 DRB1 alleles
and East Asians harbor the ⁄04:05 allele. In addition, several sub-
types of the DR4 allele, such as ⁄04:02 and ⁄04:03, were shown
to protect against the disease. These observations led to the
hypothesis that a conserved epitope (i.e., QKRAA/QRRAA/RRRAA)
spanning amino acid residues 70–74 in the third hypervariable
region of the b chain (which is now referred to as a ‘‘shared epitope
[SE]’’) is associated with RA susceptibility [14]. Although this SE
hypothesis is generally accepted, there have been several attempts
to reclassify or refine it. Recently, two studies demonstrated that
the amino acids at residues 11 and 13 are also independently asso-
ciated with the disease, which may explain the higher risk associ-
ated with DR4 (⁄04:01/⁄04:04/⁄04:05) compared with DR1 (⁄01:01)
[15,16].

As the importance of ACPAs in RA has become apparent over the
last decade, the strong association between SE alleles and the
appearance of ACPAs in RA patients has been demonstrated in mul-
tiple populations [17–20], suggesting that DR molecules encoded
by SE alleles are involved in the presentation of citrullinated pep-
tides to T cells (Fig. 2). This hypothesis is supported by the obser-
vation in human DR4-transgenic mice that the conversion of
arginine (positively charged) to citrulline (neutral) leads to a sub-
stantial increase in HLA-peptide affinity and subsequent activation
of CD4 T cells [21]. The molecular basis of these observations was
determined in a recent crystal structure analysis showing that cit-
rulline residues of peptides are accommodated within the electro-
positive P4 pocket of DRB1⁄04:01/04, whereas the electronegative
P4 pocket of the non-risk allele product ⁄04:02 are not accommo-
dated [22]. As the amino acid residues at positions 13 and 71 com-
prise the P4 pocket and directly contact the citrulline residue, the
nature of these residues may be crucial in the presentation of cit-
rullinated peptides and may explain the genetic association
between HLA-DRB1 and RA.

The primary citrullinated autoantigens that directly cause RA
are poorly defined because clinical laboratory testing of serum
samples from RA patients typically involves an artificial cyclic-cit-
rullinated peptide that reacts with multiple citrullinated self pro-
teins. However, fibrinogen, a-enolase, vimentin, immunoglobulin
binding protein (BiP), and type II collagen, all of which are
expressed in the synovial joint tissues, are potential candidates
[23]. The primary autoantigen may differ between individuals, as
a study examining patient serum samples showed that epitope
spreading with an increase in the recognition of citrullinated anti-
gens occurs before the onset of RA [24]. Differences in antibody
profile between patients could depend on other genetic and envi-
ronmental factors. Cigarette smoking is an environmental factor
that substantially increases the risk of ACPA appearance. Intrigu-
ingly, gene-environment interactions (defined as a departure from
a multiplicative model) between the HLA-DRB1 SE allele and smok-
ing have been reported [25–27]. Another study demonstrated that
the combination of smoking and genetic factors, including HLA-
DRB1, may determine the specificity of ACPAs in RA patients
[28,29].

The association between HLA-DRB1 and ACPA-negative RA has
been relatively understudied due to the higher prevalence of
APCA-positive RA. In Europeans, HLA-DR3 (DRB1⁄03:01) is associ-
ated with ACPA-negative RA [30,31]. A study of Japanese popula-
tions (in which the DRB1⁄03:01 allele is rare) indicated that both
ACPA- and RF-negative RA are associated with DR14 and the
HLA-DR8 homozygote [32]. These observations suggest that the
contribution of HLA-DRB1 alleles is distinctly different in ACPA-
negative RA. However, the lack of a specific serologic test for
ACPA-negative RA could result in heterogeneity in studies of differ-
ent cohorts. To overcome this problem, a recent study of ACPA-
negative patients that statistically adjusted for the clinical hetero-
geneity of ACPA-negative RA identified two independent associa-
tion signals in the HLA-DRB1 and HLA-B gene products: serine 11
(encoded by DRB1⁄03) and aspartate 9 (encoded by HLA-B⁄08),
respectively, providing additional evidence that ACPA-positive
and -negative RA are genetically distinct [33].
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3. Insights from GWASs

In a GWAS, �1 million single-nucleotide polymorphisms (SNPs)
are simultaneously genotyped for affected patients (cases) and
non-affected individuals (controls). The null hypothesis of a GWAS
is that there is no association between a given SNP and disease sus-
ceptibility and is tested by comparing the allele frequency or geno-
type frequency between cases and controls. If the null hypothesis is
rejected with a genome-wide significance level, which is usually
set at a = 5 � 10�8, the genetic marker indicates the presence of a
causal variant(s) in the locus. Following the first GWAS, which
was performed in a Japanese population and covered only the gene
regions and not the intergenic regions [34], multiple GWASs have
been performed in worldwide populations. These individual
GWASs identified a number of RA-susceptibility loci, including
PADI4 [34], PTPN22 [35], TNFAIP3 [36], TRAF1/C5 [37], REL [38],
and CCR6 [39]. However, each of these studies lacked sufficient sta-
tistical power to detect loci that have a moderate effect size. To
overcome this limitation, meta-analyses of GWASs of both Euro-
pean and Asian populations were conducted, which increased the
number of risk loci [40,41]. More recently, a multi-ethnic meta-
analysis of GWASs was performed that involved collaboration
between 25 study groups worldwide and a total of over 100,000
subjects (29,880 RA cases and 73,758 controls) of European or
Asian ancestry [42]. This was the largest meta-analysis of autoim-
mune disease GWASs ever performed and identified 101 RA risk
loci.

Although a GWAS can identify disease risk loci, it can directly
identify neither the responsible genes nor disease-causing variants
in the loci. The disease-causing variants can affect the function of
the responsible genes by (1) introducing stop codons or frame-shift
mutations, (2) changing the amino acid sequence, (3) affecting
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alternative splicing, or (4) regulating the level of transcript expres-
sion. Among the 100 risk-associated SNPs in non-HLA RA risk loci,
only 16% are in linkage disequilibrium with missense SNPs, indi-
cating that the majority of causal variants in the risk loci affect
splicing or the level of gene expression. In fact, RA-risk SNPs were
found in 44 cis-acting expression quantitative trait loci (cis-eQTL)
identified in peripheral blood mononuclear cells [43], indicating
that disease-causing variants in the risk loci affect the expression
level of genes in cis. Similar observations have been reported for
other autoimmune diseases, indicating that the accumulation of
quantitative differences in risk genes leads to disease onset [44,45].

As the regulation of gene expression in cells of the immune sys-
tem, including T cells, B cells, and macrophages, is quite sophisti-
cated, the cis-eQTL effects may also be cell specific. Data from
recent human genome studies, such as the Encyclopedia of DNA
Elements (ENCODE) project, provide clues that may help elucidate
the underlying mechanism of cell-specific eQTL effects for many
loci identified in GWASs. Using omics data (e.g., genomic, epige-
nomic, transcriptomic) obtained via next-generation sequencing
technologies, the ENCODE project developed a comprehensive
‘‘parts list’’ of functional elements in the human genome that
included descriptions of regulatory elements that control cells
and the circumstances under which a given gene is active [46].
Analyses of non-HLA RA risk loci for enrichment in epigenetic chro-
matin marks revealed significant trimethylation of histone H3 at
lysine 4 (H3K4me3), which is a promoter- and enhancer-specific
modification associated with active transcription [47]. Among 34
cell types investigated, H3K4me3 peaks were particularly enriched
in primary CD4+ regulatory T cells (Treg cells) [42]. This observa-
tion suggests that a substantial proportion of RA risk variants are
involved in transcriptional regulation of genes in Treg cells and
that modulating the activity of Treg cells by targeting these
GWAS-identified genes could be used to treat RA.
4. RA risk genes and pathogenesis

As mentioned above, GWASs have identified more than 100 RA
risk loci. Although the effect of each individual locus is moderate
(e.g., the odds ratio for most individual alleles ranges between
1.1 and 1.3), detailed analyses of individual loci to identify dis-
ease-causing variants and to determine the effect of the identified
variants on responsible genes (e.g., gain-of-function or loss-of-
function) would enhance our understanding of the disease. Exam-
ples of RA risk genes and their role in the pathogenesis of RA are
discussed below.
4.1. PADI4

PADI4 was the first RA susceptibility gene identified in a GWAS
of an Asian population [34]. PADI4 is a member of the peptidyl argi-
nine deaminase gene family and encodes an enzyme that converts
arginine into citrulline in a posttranslational modification (Fig. 1).
Although the physiological role of citrullination of proteins is not
well understood, the specific presence of autoantibodies to citrul-
linated proteins (i.e., ACPAs) in RA supports the hypothesis that cit-
rullination of autoantigens leads to autoimmunity in RA. Through
in vitro assays, we have shown that transcripts of the risk haplo-
type of PADI4 are more stable than transcripts of the non-risk hap-
lotype, suggesting that increased expression and function of PADI4
could increase the risk of developing RA. Interestingly, the effect
size of PADI4 variants on the risk of developing disease differs
between European and Asian populations, with greater effects
observed in Asian populations [48]. One possible explanation for
this genetic heterogeneity is the impact of environmental factors.
For example, we demonstrated that PADI4 variants exert an
epistatic effect in conjunction with cigarette smoking, especially
in males [49]. Because 40–60% of East Asian males smoke, com-
pared with 10–30% of European males, the higher effect size of
PADI4 in Asian populations may be partially explained by the
difference in smoking rates.

4.2. PTPN22

Among the RA-associated common variants outside the HLA
region that have been identified by GWASs, the missense variant
of the protein tyrosine phosphatase nonreceptor 22 (PTPN22) gene
has the strongest effect [50]. To date, this missense variant (PTPN22
R620W) has been associated with over 20 different autoimmune
diseases in European populations, including systemic lupus erythe-
matosus (SLE), type 1 diabetes, and Graves disease and is consid-
ered a common autoimmune gene [51]. Interestingly, this variant
is very rare or is not polymorphic in Asian and African populations
[52,53] and provides another example of genetic heterogeneity
among populations.

PTPN22 encodes lymphoid tyrosine phosphatase (LYP), which
dephosphorylates the phosphotyrosine residues of target proteins
in lymphocytes. The disease-associated variant exchanges the argi-
nine residue at position 620 in the proline-rich 1 motif to trypto-
phan. In vitro assays demonstrated that expression of the R620W
risk allele leads to interference with the physical association
between LYP and c-Src kinase (CSK), resulting in increased LYP
activity. Parallel to this observation, both T-cell receptor (TCR)
and B-cell receptor signaling were found to be reduced in the lym-
phocytes of risk allele carriers [54,55]. These observations suggest
that the R620W LYP variant is a gain-of-function mutant. However,
when this mutation was introduced at residue 619 of the murine
ortholog of human LYP, Pep (Pep_619W), the phenotype of the
knock-in mice was similar to that of Pep-deficient mice, character-
ized by splenomegaly and spontaneous germinal-center reactions
[56]. This observation suggests that in contrast to human
LYP_620W, murine Pep_619W is a loss-of-function variant. This
is also supported by evidence demonstrating that TCR signaling
is enhanced in both Pep-deficient and Pep_619W knock-in mice.
Interestingly, an autoimmune response was observed in B6�129
Pep_619W knock-in mice, suggesting that Pep_619W triggers
autoimmunity in mice in combination with other genetic factors
[57]. The conflicting observations in human and mouse studies
demonstrate the difficulty of translating findings from mouse mod-
els to human diseases (for a full review, see [58]).

4.3. TNFAIP3

Several GWASs almost simultaneously reported an association
between the tumor necrosis factor-a-induced protein 3 (TNFAIP3)
locus and RA [36] and SLE [59,60]. TNFAIP3 encodes the ubiqui-
tin-editing enzyme A20, which is a key player in the negative feed-
back regulation of NF-jB signaling. Two functional variants that
may cause the diseases have been identified to date, one of which
is a missense variant involving substitution of phenylalanine with
cysteine at amino acid position 127, which in vitro assays have
shown results in impaired A20 function [60]. The other variant is
a TT>A polymorphic dinucleotide located 42 kb downstream of
the TNFAIP3 promoter that reduces the avidity of NF-jB subunit
binding, resulting in reduced TNFAIP3 expression [61]. Both of
these variants impair the function of A20 and consequently aug-
ment NF-jB signaling. As these two variants are in linkage disequi-
librium, both may simultaneously contribute to disease
development. In mice, specific ablation of Tnfaip3 in myeloid cells
results in spontaneous development of a severe polyarthritis
resembling RA [62]. These mice have high serum levels of inflam-
matory cytokines, including TNF-a, which is consistent with sus-
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tained NF-jB activation in macrophages. Interestingly, A20 is fre-
quently inactivated by somatic mutations and/or deletions in B-
lineage lymphomas [63]. Similar observations have been reported
with somatic mutations in genes associated with lymphomas, such
as REL, FCRL3, and DDX6, in which common variants cause RA [42],
revealing contrasts in the etiologies of these diseases.
4.4. STAT4

An association between the signal transducer and activator of
transcription 4 (STAT4) gene locus and the autoimmune diseases
RA and SLE was first reported in a European population [64], and
this association has been repeatedly confirmed in GWASs in multi-
ple populations. An association between this locus and other auto-
immune diseases, including systemic sclerosis and Sjögren
syndrome, has also been reported [65]. Allelic expression analyses
revealed that STAT4 is overexpressed in carriers of the risk allele,
suggesting that an increase in the function of the STAT4 gene prod-
uct results in these autoimmune diseases [66]. Members of the
STAT family of proteins act as transcription factors; they are acti-
vated upstream by JAK proteins and mediate signaling associated
with many inflammatory cytokines. STAT4 plays a critical role in
type I interferon signaling. In fact, expression of the risk variant
of STAT4 is associated with greater IFN-a-induced gene expression
in peripheral blood cells of SLE patients [67]. STAT family members
also play essential and non-redundant roles in the differentiation
of Th1, Th2, and Th17 helper proinflammatory T cells. Both Th1
and Th17 cells are thought to be involved in autoimmune disor-
ders, as STAT4 is involved in the differentiation of Th1 cells
(Fig. 3). Interestingly, GWASs have revealed that STAT3, which
plays a role in the differentiation of Th17 cells, is associated with
the development of Crohn’s disease [68], psoriasis [69], and multi-
ple sclerosis [70]. Because Th17 cells are thought to play a signifi-
cant role in the pathology of these autoimmune diseases, the STAT3
variant may drive the activity of Th17 cells in these diseases. These
observations suggest that different helper T-cell subsets may play
the central role in different diseases in which the genetic factors
that drive the activity of each subset also differ.

4.5. CCR6

In a GWAS in a Japanese population, we identified an associa-
tion between the CAC chemokine receptor type 6 (CCR6) locus
and RA [39]. We then examined the CCR6 region for causal variants
and identified a dinucleotide polymorphism (CCR6DNP) in the 50-
flanking region that influences the binding of nuclear proteins
and enhances the transcriptional activity of CCR6. The risk allele
exhibits greater enhancing activity and the level of CCR6 transcrip-
tion is higher in cells with the risk genotype. CCR6DNP is also asso-
ciated with the positive status of IL-17A in the serum of RA
patients, suggesting that CCR6DNP influences the activity of Th17
cells. In the SKG mouse model of arthritis, which involves a muta-
tion in Zap70, Ccr6+Th17 cells are recruited into inflamed joints by
the Ccr6 ligand Ccl20. Administration of anti-Ccr6 blocking anti-
bodies substantially relieves the inflammation, suggesting that
Ccr6+Th17 cells play a role in the pathogenesis of arthritis [71].
Although these data strongly support the hypothesis that Th17
cells are involved in RA, an association between the CCR6 locus
and disease development has only been confirmed for Crohn’s
and Basedow’s diseases and not for other Th17-related diseases,
such as psoriasis and multiple sclerosis, in which the STAT3 variant
increases the risk, as mentioned above.

Because the gene is also expressed in other T-cell subsets, CCR6
can influence the activity of Treg and cd T cells. Recently, another
CCR6-expressing T-cell type, designated exFoxp3 Th17, was identi-
fied in a murine arthritis model [72]. In this model, CD25 lo Foxp3+
CD4+ T cells cease to express Foxp3 and undergo transdifferentia-
tion into Th17 cells. These exFoxp3 Th17 cells are more potent
osteoclastogenic T cells than are naïve CD4+ T cell-derived Th17
cells, although the roles of counterpart cells in humans is not clear.
Taken together, these observations suggest that the differential
effects of CCR6 variants in different autoimmune diseases may be
linked to the cells that drive the diseases.
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5. Missing heritability

The GWAS approach has proven to be a powerful means of iden-
tifying risk loci that control complex traits under the common
disease–common variant hypothesis, which assumes that common
variants of modest effect are responsible for common diseases [73].
However, it is becoming apparent that common variants can
explain only a small proportion of the heritability of these diseases.
In RA, the 100 risk loci identified outside the HLA region explain
only 5.5% and 4.7% of the total risk of developing the disease
(which involves both genetic and environmental components) in
Europeans and Asians, respectively [42]. An analysis of GWAS data
using a Bayesian inference approach estimated that hundreds to
thousands of associated loci harboring common causal variants,
including HLA-DRB1 and GWAS-identified loci, could explain only
�30% of the disease risk (about a half of heritability) [74]. The
remaining heritability could be explained by the effects of rare
variants, which are usually defined as minor allele frequencies <1%.
The signals from rare variants are difficult to detect in a conven-
tional GWAS because the majority of genetic markers used in this
type of study are common variants. However, the emergence of
next-generation sequencing technologies within the last 5 years
now enable resequencing of the entire genome. Among the rare
variants in the coding region, missense variants predicted to be
damaging are more prevalent than variants predicted to be benign,
whereas most common variants are predicted to be benign, consis-
tent with studies demonstrating that rare variants in coding
regions are under purifying selection [75]. This evidence suggests
that the contribution of each individual variant to disease develop-
ment should be higher for a rare missense variant than a common
missense variant, warranting the sequencing of protein-coding
regions based on priority. In a recent study attempting to deter-
mine the roles of rare variants in RA, deep exon sequencing of 25
biological candidate genes from GWAS-identified loci was per-
formed and resulted in the identification of an accumulation of
missense variants in the IL2RA and IL2RB genes [76]. A more com-
prehensive approach involves whole-exome sequencing, which
decodes all protein-coding genes. However, to date no study has
succeeded in identifying RA-associated rare variants using
whole-exome sequencing, primarily due to insufficient statistical
power. For example, a causal rare variant with a frequency of
0.2% and relative risk of 10 using a sample set of 200 cases and
200 controls has only 0.2% power to be detected at the conven-
tional GWAS significance threshold (a = 5 � 10�8) [75], indicating
that lower-cost sequencing technologies that provide greater
statistical power are needed to analyze rare variants.
6. Clinical use of genetic data in RA

In the final section of this review, we discuss the use of genetic
data in clinical practice as it pertains to treating RA. The use of
genetic data represents a challenge in the post-GWAS era because
RA is a very heterogeneous disease with an outcome that is diffi-
cult to predict. The heterogeneity of RA can be partially explained
by genetic factors; that is, the specific combination of genetic fac-
tors in an individual can determine the outcome of the disease. In
this context, GWAS data can be used to predict an individual’s dis-
ease phenotype. Phenotype prediction has been intensely investi-
gated in RA with respect to two outcomes: disease severity and
drug response.

The nature of progressive joint damage in RA varies consider-
ably between individuals. Patients who would experience more
rapid progression need more extensive therapy, such as the early
use of biologics. Disease severity can be quantified by assessing
and scoring the degree of joint damage using radiographic imaging.
Regression analyses can then be performed to test associations
between changes in radiologic scores and variant genotypes. The
most extensively investigated gene to date is HLA-DRB1, which
has also been shown to have the strongest effect on the severity
of disease [77–79]. In addition, several studies have reported
potential associations between various candidate genes and dis-
ease severity [80–84]. GWAS-identified loci have also been investi-
gated, and a recent analysis involving a Japanese cohort
demonstrated that polymorphisms in PADI4 are associated with
radiographic progression of RA [79]. More recently, a GWAS on
the radiological progression rate in autoantibody-positive RA
patients identified an association in an SNP at SPAG16 gene, which
is shown to be expressed in the synovial tissues of RA patients [85].
Although these lines of evidence indicate that genetic variants can
influence on the severity of disease, individual alleles of these
genes could not predict disease severity sufficiently for clinical
practice use due to their moderate effect.

Another important clinical phenotype that ideally should be
predictable based on genetic data is an individual’s response to a
drug. The advent of biologic therapies such as treatment with
anti-TNF antibodies has revolutionized the treatment of RA, but a
substantial proportion of patients (20–40%) will not respond to
these therapies. In addition, some patients who do not respond
to one biologic therapy (e.g., anti-TNF antibodies) may respond
to another (e.g., anti-IL-6R antibodies). Therefore, if the response
to a biologic agent can be predicted, unnecessary costs and poten-
tial side effects can be avoided. Several GWASs examining the
response to anti-TNF antibody therapy provided evidence suggest-
ing an association between drug response and genes involved in
signaling, including the CD84 locus [86–88]. However, as with
the prediction of disease severity, individual loci cannot suffi-
ciently predict an individual’s drug response. The observations
resulting from attempts to predict both disease severity and drug
response clearly indicate that single genetic factors are insufficient
for predicting clinical phenotype and that we need to establish a
polygenic approach in combination with analyses of environmen-
tal factors using appropriate statistical models.
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