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Introduction

Summary

Immune-mediated inflammatory diseases (IMIDs) are characterized by
response, which
inflammation. Together, they account for a high disease burden in the
population, given that they are usually chronic conditions with associated
co-morbidities. Examples systemic lupus erythematosus,
rheumatoid arthritis, Crohn’s disease and type 1 diabetes. Since the advent
of genome-wide association studies, evidence of considerable genetic overlap
in the loci predisposing to a wide range of IMIDs has emerged.

dysregulation of the normal immune leads to

include

Understanding the genetic risk and extent of genetic overlap between IMIDs
may help to determine which genes control which aspects of the different
diseases; it may identify potential novel therapeutic targets for a number of
these conditions, and/or it may facilitate repurposing existing therapies
developed originally for different conditions. The findings show that
autoantibody-mediated autoimmune diseases cluster more closely with each
other than autoantibody-negative diseases such as psoriasis, psoriatic
arthritis, Crohn’s disease and ankylosing spondylitis which, instead, form a
seronegative genetic cluster. The genetic clustering largely mirrors the
known response to existing biological therapies, but apparent anomalies in
treatment response are discussed.

Keywords: arthritis (including rheumatoid arthritis), autoinflammatory
disease, genomics, inflammation, systemic lupus erythematosus

autoantibodies that help to classify and diagnose disease.
They also share evidence of systemic inflammation as a

Immune-mediated inflammatory diseases (IMIDs) is an
umbrella term that encompasses a number of common,
chronic and complex disorders, characterized by a dysregu-
lation of the normal immune response which leads to
inflammation in target organs and, usually, systemic effects
as well. Examples include type 1 diabetes (T1D), Crohn’s
disease (CD), systemic lupus erythematosus (SLE), rheu-
matoid arthritis (RA), systemic sclerosis (SSc), multiple
sclerosis (MS) and psoriasis, but this list is not exhaustive.
Together, IMIDs have an estimated incidence of 80 per
100 000 person-years and affect 3-5% of the population
[1]. As these are chronic diseases, they result in significant
health care, personal and societal costs.

The abnormal immune response against self-antigens
that occurs in these conditions can lead to characteristic

mediator of organ damage, with many showing elevated
serum markers such as C-reactive protein (CRP) and eryth-
rocyte sedimentation rate (ESR).

Interest has grown in understanding the conditions as a
whole, as treatments have emerged that target inflamma-
tory pathways common to more than one disease, thereby
providing opportunities for drug repurposing. It has also
been recognized that understanding the genetic overlap
between these diseases may inform which diseases should
be targeted for trials of emerging immune therapies, given
that genetic evidence has been found to double the chance
of a new treatment being brought successfully to market
[2]. In this narrative review, we will consider some exam-
ples of how genetics has improved our understanding of
the overlap between IMIDs, and some examples of how
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that might impact clinically, focusing largely upon muscu-
loskeletal IMIDs as exemplars.

Familial genetic clustering of IMIDs

It has been recognized for some time that autoimmune
diseases cluster in families. For example, a recent
population-based family study using the Taiwan National
Health Research Database reported that the relative risk of
SSc in first-degree relatives of patients with SLE was 5-4
[95% confidence interval (CI) = 3-37-8-65); that of RA
was 2-66 (2-28-3-11); and that of T1D was 1-68 (1-22—-2-32)
[3]. A meta-analysis of five IMIDs (RA, SLE, autoimmune
thyroid disease, MS and T1D) conducted in 2013 found
that familial clustering occurred in all five conditions, with
autoimmune thyroid disease being the most frequent con-
dition in first-degree relatives of index cases with an IMID,
followed by SLE and RA [4]. Such familial clustering could
arise as a result of shared genetic or environmental
susceptibility factors across autoimmune diseases.

There is evidence for shared environmental susceptibility
factors [5], and these include cigarette smoking, micro-
biota, gender and alcohol, among others. Specific examples
include the fact that autoimmune diseases such as RA, SLE
and SSc are more common in women, cigarette smoking
increases the risk of seropositive RA [6] and SLE [7]
and crystalline silica has been reported to be associated
with RA [8], SLE [9] and SSc [10]. An accumulation of
exposure to multiple environmental risk factors could cul-
minate in disease, but they are even more likely to trigger
immune-mediated inflammation in genetically susceptible
individuals.

Twin, family and adoption studies in many IMIDs impli-
cate a strong role for genetics in susceptibility. For example,
concordance rates of RA in genetically identical monozy-
gotic twins are four to five times higher than in dizygotic
twins, who share ~50% of the same genes [11]. Indeed,
numerous candidate gene studies dating back to the 1970s
confirmed that the human leucocyte antigen (HLA) locus
is associated with susceptibility to many IMIDs and often
has the largest genetic effect [12—14]. The recent advent of
genome-wide association studies (GWAS) confirmed the
overlap in genetic loci contributing to disease and led to
the development of the Immunochip fine-mapping geno-
type array, containing 196 000 single nucleotide polymor-
phisms (SNPs) encompassing 186 regions of the genome
that show overlap between one or more IMIDs [15].

Genetic overlap of IMIDs

The genetic overlap between IMIDs can be illustrated by the
fact that of the > 100 genetic loci associated with RA, only two
appear specific to RA and not associated with other IMIDs:
PADIH4 and CCL21 [16]. PADI4 encodes the protein arginine
deiminase 4 (PAD4) enzyme, one of a family of enzymes

involved in post-translational citrullination of arginine amino
acid residues. Antibodies to citrullinated peptides (anti-citrulli-
nated peptide antibodies: ACPA) are characteristic of RA and
highly specific for it. A recent study suggests a mechanism by
which the PADI4 gene encodes the PAD4 enzyme. PAD4 citrul-
linates nuclear factor-kappa B (NF-xB) p65 directly and
enhances the interaction of p65 with importin a3, leading to
nuclear localization of p65 [17]. The PADI4 gene, containing
RA susceptibility variants, encodes a protein that interacts
more efficiently with p65 to enhance NF-«kB activity, a key
mediator of inflammation. Other IMIDs show specific associa-
tions; for example, variants in the insulin gene are associated
specifically with T1D and no other IMIDs. However, the vast
majority of associated variants are shared between IMIDs and
many map to immune-relevant genes [18].

Using results from GWAS of individual autoimmune dis-
eases, statistical methods have been developed to quantify
the extent of genetic overlap. For example, cross-phenotype
meta-analysis detects the association of a SNP of interest to
multiple phenotypes and, using this approach, 44% of SNPs
associated with seven IMIDs (coeliac disease, CD, MS, pso-
riasis, RA, SLE and T1D) were also associated with at least
one other IMID; only one variant, at the SH2B3 gene locus,
was associated with all seven diseases [19]. Distinct groups
of proteins were present near SNPs which predispose to the
same subset of diseases, thereby providing mechanistic
insight into the basis of shared disease risk and pathogene-
sis. For example, psoriasis overlapped most closely with CD,
while groups of genes associated with RA overlapped with
SLE, T1D and coeliac disease.

Interestingly, for some SNPs, opposing alleles were asso-
ciated with different autoimmune diseases. For example, at
the IL2RA gene locus, opposite alleles associated with RA
and TID, compared with SLE. Another study used co-
localization methods in four IMIDs (RA, T1D, MS and
coeliac disease) and reported that 33 of 90 regions (37%)
were associated with two or more diseases and identified
novel disease associations in 11 regions associated
previously with one or more of the three other disorders
[20]. Only two SNPs (6q23, TNFAIP3 gene locus and
19p13.2, ICAM1/TYK?2 locus) were associated with all four
diseases, although in both cases three diseases showed
co-localization to the same SNP, with a different SNP in
the same region associating with the fourth condition.

While compelling evidence exists for genetic overlap, the
practical difficulties of estimating the extent of true genetic
overlap should be recognized. First, different samples sizes
have often been studied in different conditions, leading to
variation in statistical power for drawing firm conclusions
regarding associations, particularly for low-frequency risk
alleles with modest effect. This leads to difficulty in inter-
preting whether a particular phenotype is associated (or
not) with these loci, although Bayesian statistical methods
are now available that can mitigate against such issues [21].
Secondly, true overlap requires the signal of association to
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be identical, but there are examples of differences even at
the same locus; for example, different association signals
are observed at the IL23R locus for psoriasis and psoriatic
arthritis (PsA) [22]. While the use of the Immunochip has
conferred substantial benefits over previous GWAS plat-
forms, fine-mapping of disease-associated regions is often
still required in many cases to confirm identical association
across diseases.

As described previously, many IMIDs co-occur in the
same individuals or families. For example, seronegative
conditions such as ankylosing spondylitis (AS), CD and
psoriasis occur more commonly together than would be
expected by chance alone; such overlap of comorbidity
might imply a shared genetic or molecular aetiology, but
whether that is due to the same alleles predisposing to risk
to more than one disease (pleiotropy) or to a subgroup of
one disease carrying a higher genetic load for a second
disease (heterogeneity) has been unclear. For example,
patients with primary sclerosing cholangitis (PSC) develop
inflammatory bowel disease (IBD) bearing similarities to
UC. Possibly, the same alleles predispose to both conditions
or, in a subgroup of patients with PSC, UC develops
because these patients carry a higher burden of UC-
associated genetic variants. In a study designed to address
this question, Ellinghaus et al. [21] used genetic risk score
analysis to show that there was no evidence to support the
presence of a subgroup of PSC with a higher frequency of
UC risk factors but, rather, that the observed comorbidity
is more likely to occur due to genetic pleiotropy.

Some of the more interesting regions of overlap are dis-
cussed below to illustrate the lessons that can be learned
from understanding the shared genetic aetiology, focusing
upon loci with large effect sizes in multiple IMIDs where
some mechanistic understanding has been gleaned.

HIA

While most IMIDs show association with the HLA locus
(and it often confers the largest effect) there are notable
exceptions, including CD, where other loci have greater
effect sizes [23].

Given that class II HLA genes (DR, DQ) interact with
CD4" T cells [24], these cells are considered the primary driv-
ers of disease in IMIDs, with strong associations with such
genes; examples include classic autoimmune autoantibody-
associated diseases such as RA (HLA-DRBI) and T1D (HLA-
DQBI). By contrast, CD8 T cells are considered the primary
drivers of disease where the largest associations are with
HLA class 1 genes [25], examples of which are AS and PsA
(HLA-B27) and psoriasis (HLA-Cw*0602). Support comes
from studies showing enrichment of RA-associated SNPs
mapping to enhancers specific to CD4 T cells [26] and enrich-
ment of PsA-associated variants in CD8 T cells [22].

However, the evidence to support this is not consistent
throughout diseases; for instance, despite MS being

Genetics of IMIDs

associated strongly with HLA class II genes, the predomi-
nant lymphocytes present in lesions are CD8™ T cells [27].
Furthermore, multiple susceptibility variants may map to
different HLA genes in the region; for example, the primary
association in RA is at the HLA-DRBI gene at amino acids
13, 71 and 74, but variants within HLA-B and HLA-DP are
also associated [28]. Even when the same amino acid posi-
tion is associated with two diseases, the amino acid residues
may differ. For example, amino acid 97 within the HLA-B
gene is associated with both AS and PsA [29]. While an
asparagine residue at position 97 predisposes to both
diseases, a serine residue (the second most common at that
position) associates with PsA, but not AS.

The association with HLA molecules may imply an
infectious trigger to IMIDs, but the exact mechanism and
organism have yet to be defined in any condition.
Furthermore, coeliac disease, an IMID with a strong HLA
association, is triggered by the gluten component gliadin,
meaning that an HLA association does not exclusively
implicate an infectious trigger.

PTPN22

Many IMIDs have been associated with R620W of the
PTPN22 gene (notable exceptions being psoriasis, coeliac
disease, MS and UC). In mice, PTPN22 encodes the lymph-
oid tyrosine phosphatase (LYP), an important negative reg-
ulator of T cell receptor signalling [30]. While a number of
groups have investigated the functional consequences of
the genetic variation, the exact mechanism of action
remains controversial.

Some studies suggest that the R620W variation interferes
with the interaction between LYP and its substrate Lck,
causing reduced phosphorylation of LYP and contributing
to a gain-of-function inhibition of T cell signalling [31]. A
mouse model has shown that PTPN227~ T cells change
their cytokine profiles upon stimulation, with reduction in
IL-17 cells (disease-inducing) and a trend towards inter-
feron (IFN)-vy production instead; in combination with a
slight increase in regulatory T cell (T,,) numbers, the
reduction in IL-17 production decreased the disease activ-
ity of inflammatory arthritis [32]. Other studies suggest
that the variant is required to set the proper threshold for
forkhead box protein 3 (FoxP3)™ Tieg cell differentiation
[33], while other work in both murine models and human
subjects support a model whereby the risk variant acts
throughout B cell development to promote enrichment of
self-reactive specificities into the follicular mature versus
marginal zone B cell compartment [34]. Recently, Schickel
et al. [35] have reported that inhibition of either PTPN22
enzymatic activity or its expression by RNA interference
restored defective central B cell tolerance. Clearly, further
work on the functional consequences of the variant in dif-
ferent cell types and under different stimulatory conditions
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is still required to establish the most important pathways in
disease aetiology.

Chromosome 6q23

The 6q23 locus harbours multiple genes, including
TNFAIP3, OLIG3, IL20RA and IFNGR. Multiple variants in
the region have been associated with psoriasis, RA, juvenile
idiopathic arthritis (JTA), SLE, coeliac disease and MS, but
genetic studies alone were unable to determine which gene
in the region was being regulated by which variant in each
disease. Specifically, a deletion near the TNFAIP3 gene was
associated with SLE, but not RA [36]. Instead, three
different variants were associated with RA, but the most
associated genes mapped to a large region between
TNFAIP3 and three other genes [37,38].

Intergenic variants can control genes by physical interac-
tion with the gene due to the topology of folded DNA
within the nucleus. The DNA fragment containing 6q23
and its associated SNPs does not interact exclusively with
TNFAIP3, the closest gene, but also with IL20RA, located
680 kbp upstream, via chromatin looping. This indicates
that the region is likely to be a super-enhancer, controlling
the regulation of multiple genes [39].

Chromosome conformation capture approaches (as per
McGovern et al. [39]) can be used on a genome-wide scale,
and have shown that SNPs associated with disease do not
necessarily regulate the nearest gene, but sometimes skip
genes [40]. This has important implications for therapeutic
targeting and shows the limitations of genetic studies in
which SNPs are assigned arbitrarily to the nearest gene.
More such studies in cells derived from patients across a
variety of IMIDs need to be undertaken to annotate fully
the genes and pathways underpinning IMIDs, and may
lead to the identification of novel targets for drug develop-
ment or opportunities for repurposing existing drugs to
another indication where a common pathway is involved.

One of the difficulties of studying genetic function in
cells from patients is that of potential confounding from
drug-related effects. However, there are now a number of
BioResources available in many countries, in which healthy
volunteers have agreed to be genotyped and recalled
(according to genotype) to provide samples for cellular-
based functional assays. For example, the National Institute
for Health Research BioResource [41] is a multi-centre UK
cohort of thousands of volunteers (both with and without
medical conditions) who consent to be approached to
participate in studies, based on genotype.

Discordant risk associations

Numerous loci have been identified where the same SNP
shows strong associations between two conditions, but
in opposite directions; i.e. risk versus protective [42].
For example, PTPN22 and NOD2, two CD risk loci,
demonstrate protective effects in UC, which may represent

biological differences between the two conditions [23].
Similarly, the risk allele for RA and cardiovascular disease
at the IL-6 receptor (IL6R) gene locus protects against
asthma and vice versa [18]. This has important implica-
tions for therapies specifically targeting the gene, as protec-
tion from one autoimmune disease could, theoretically,
predispose to another. This is an emerging issue in cancer
therapy, where autoimmune conditions are developing
among patients receiving treatment with antibodies to
cytotoxic T lymphocyte antigen-4 (CTLA-4, a checkpoint
inhibitor) [43].

Genetic sharing between musculoskeletal IMIDs

Given that the musculoskeletal diseases share features,
including a clinical predilection for joint inflammation,
response to disease-modifying drugs (including steroids)
and immune-mediated inflammation, it might be expected
that these conditions would show more overlap than with
other non-musculoskeletal IMIDs. Figure 1 illustrates the
overlap of genetic association found in RA with JIA, PsA
and SLE and Supporting information, Table S1 lists which
of the RA-associated variants are associated with these
conditions.

The results reveal some surprising insights. For example,
JIA is more genetically similar to TID than RA [44]. PsA
and RA show very little genetic overlap, despite the fact
that both show similar response to tumour necrosis factor
(TNF) inhibition therapy [18]. Similarly, a large meta-
analysis of Immunochip data from six IMIDs (AS, coeliac
disease, IBD, psoriasis, T1D, RA) revealed a lack of correla-
tion between RA and AS [42]. Only five loci were found to
be shared between the two conditions and the genetic
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. RA & JIA
. ANKRD55,
Sl n IL2RA, COGS,
. % PTPN2, IL2RB
7 »
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Fig. 1. Illustration of genetic overlap between four musculoskeletal
immune-mediated inflammatory diseases (IMIDs), showing number
of gene regions associated across two or more conditions, with gene
names listed [16,22,67,78].

6 © 2018 British Society for Immunology, Clinical and Experimental Immunology, 193: 3-12



REVIEW SERIES: INFLAMMATION AND IMMUNE RESOLUTION

enrichment score was the lowest for any pairs of diseases in
the analysis. This implies that there are independent patho-
genic processes leading to joint inflammation in both
conditions.

A molecular taxonomy that positions an individual with
respect to the major pathophysiological processes contrib-
uting to risk has been proposed recently in diabetes [45].
One could hypothesize that musculoskeletal conditions
could also be reclassified according to the underlying
molecular pathways underpinning disease which, in turn,
might better inform therapy selection; this is a goal for
stratified medicine approaches.

Drug repurposing as an application of genetics

Despite advances in treatment, IMIDs remain associated
with increased morbidity and mortality and pose a huge
economic burden due to their chronicity. Traditional

Genetics of IMIDs

de-novo drug discovery approaches have failed to produce
large numbers of new drugs, despite large increases in
funding [46]. This has led pharmaceutical companies to
develop new strategies to improve productivity, one such
strategy being drug repurposing (see Box 1). In the
remainder of this review we will discuss how, for selected
biological therapies, knowledge of genetic susceptibility has
or could inform the understanding of drug efficacy.

IL-23 receptor and IL-17 inhibition

Genetic studies have consistently shown overlap between
psoriasis, PsA, AS and CD, with enrichment of common
susceptibility variants over and above that expected by
chance alone. For example, associations with the
TRAF3IP2, IL23R, ILI2B, TAGAP, ERAPI1/2, TNFAIP3,
TYK2, IFIHI, chromosome 22 and REL gene regions are
common to psoriasis/PsA and CD [22,23,47].

Box 1. Drug repurposing

o Also known as drug repositioning, drug reprofiling.

medication indication [1].

Methods of drug repurposing [3]
Drug-based

e Factors are used to identify drug similarities, e.g.:

O Chemical/biological structure.
o Side-effect profile.
O Other drug characteristics.

efficacy/adverse event profiles [4].

Profile-based

e Drug repurposing is the identification of new therapeutic targets for drugs which are different from their original

e By utilization of existing knowledge, drug repurposing can offer a cheaper and faster route to market than tradi-
tional drug discovery and has also been shown to have higher success rates [2].

e Predicated on the concept that similar drugs can be used in the treatment of the same condition.

e For example, the family of tumour necrosis factor (ITNF) inhibitor drugs differ in structure, but all have similar

e Aims to match drug target genes with disease-associated genes obtained from genetic studies.

e For example, the development of a monoclonal antibody inhibitor to proprotein convertase subtilizing/kexin 9
(PCSK9) following detection of a gain-of-function mutation in the gene encoding the protein in families with
hypercholesterolaemia [5].

e An example earlier in development is that of interferon (IFN)-a blockers, which have been developed to treat
systemic lupus erythematosus (SLE), partly on the basis of genetic evidence implicating IFN signalling pathways
in the aetiology [6]; a recent clinical trial has reported promising results for anifrolumab in moderate-to-severe
lupus [7].

Disease-based

Identify new therapeutic indications for existing drugs based on immunological, genetic and/or epidemiological
overlap between diseases and phenotypical similarities [3].

© 2018 British Society for Immunology, Clinical and Experimental Immunology, 193: 3-12 7
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IL23R is important in differentiation of Th17 cells,
which are characterized by their production of the proin-
flammatory cytokine IL-17. IL-23 is a heterodimeric cyto-
kine comprising two subunits: p40, which is also a subunit
of IL-12 and is targeted by ustekinumab (a human mono-
clonal antibody), and p19, which is expressed only in IL-23
[48]. Both the p19 mRNA and p40 subunits have been
found to be increased in cutaneous psoriasis and drive
excessive growth and abnormal differentiation of keratino-
cytes [49]. Ustekinumab has been found to be effective in
the treatment of refractory CD (both as induction and
maintenance therapy) in patients who fail anti-TNF treat-
ment [50] and is also effective in the treatment of psoriasis
and PsA.

Given the central importance that the T helper type 17
(Th17) axis appears to have in mediating these seronegative
diseases, therapies targeting the IL-17 cytokine itself were
developed. Secukinumab is a monoclonal antibody IL-17A
inhibitor and has shown to be effective in cutaneous psori-
asis and autoimmune uveitis [51], AS [52] and PsA [53].
As IL-17 plays an important role in CD, it was predicted
that secukinumab would also be effective in the treatment
of that condition. However, a randomized double-blind
placebo-controlled trial studying the effect of secukinumab
versus placebo in 59 patients with moderate or severe CD
found that secukinumab was not only ineffective, but
caused worsening of disease and a higher frequency of
adverse events compared to placebo [54].

The reasons proposed to explain the lack of efficacy in
CD include issues with the study design and the complex
biology of Th17 [55]. For example, IL-17A is only one of
several cytokines produced by Th17 cells, and Th17 cyto-
kine production is not limited to T cells, with other sources
of IL-23 inducing IL-17A [56]. This suggests a complex
pathway and that blockade of IL-17A alone may not be suf-
ficient in CD, and that other members of the IL-17 family
may be involved. However, brodalumab, which blocks
additional IL-17 family members, produced similarly
disappointing results in trials in CD, despite efficacy in
psoriasis [57,58].

These findings show that genetic variants associated
with a disease can highlight a gene target for therapy, but it
cannot always be assumed that the downstream pathway
will also produce an effective drug if targeted. Targeting
downstream molecules of genetically associated disease
variants works in some situations, as in the case of IL-17
blockers and psoriasis, but not in others.

TNF-a inhibition

Similarly, TNFx is an immunologically relevant gene
encoding a proinflammatory cytokine which forms a piv-
otal pathway in several autoimmune diseases [59]. Block-
ade of the pathway has proved highly successful in RA, JIA,
psoriasis, PsA, CD and AS. However, anti-TNF drugs can

induce onset or worsening of MS. There are interesting
genetic parallels, as the rs1800693 variant of the TNFRSFI1A
gene is associated with increased risk of MS but is protec-
tive of AS [60]. Functional studies demonstrated that the
MS risk allele directs expression of a soluble form of TNF
receptor 1 (TNF-R1), which can block TNF, mimicking
the effect of anti-TNF medications. This illustrates how
manipulating a particular inflammatory pathway in one
condition might have negative consequences for another.

Interestingly, large and well-powered GWAS have not
confirmed a role for genetic variants within the TNF gene
with any of the conditions in which it has efficacy, although
it is downstream of many susceptibility genes that lie on
the same pathway. However, while RA and SLE show con-
siderable genetic overlap [61], TNF-inhibitor use in SLE
patients remains controversial. The primary concern is the
induction of lupus autoantibodies in patients treated
with TNF-inhibitors, causing drug-induced lupus-like syn-
dromes, based on data derived from experimental models
[62-64]. TNF-inhibitors may be beneficial in lupus patients
with predominant arthritis or nephritis; however, there is a
need for studies to be conducted on a larger scale to evalu-
ate the role of TNF-inhibitor therapy in SLE [62], and the
caution exercised in this example is supported by the effect
of TNF inhibition in MS above.

T cell inhibition

A further example of drug repurposing using disease-based
approaches relates to abatacept, given that variants in the
CTLA-4/CD28 gene region on 2q33 have been associated
robustly with multiple autoimmune diseases such as T1D,
RA and JIA [65-67]. Abatacept is a recombinant fusion
protein that inhibits T cell activation and comprises two
domains: the extracellular domain of human CTLA-4 and a
fragment of the Fc domain of human IgGl. It competes
with CD28 to bind with CD80/CD86, thereby modulating
the second co-stimulatory signal necessary for T cell activa-
tion [68].

Abatacept has been proved to be an effective treatment
in both RA [69] and JIA [70]. Given that CTLA-4 is also
associated with T1D, it might be predicted that abatacept
would be effective and, indeed, it has been shown to have a
beneficial effect at an early stage of T1D, with a slower
decline in B cell function and an estimated 6-9-month
delay in reduction of C-peptide [71]. However, T1D was
delayed, rather than prevented, leading to speculation that
T lymphocyte activation occurs around the time of disease
onset, but may lessen with time. In view of this, abatacept
has been proposed as a potential candidate for research in
prevention trials of T1D, or as a combination therapy.

Janus kinase inhibitors

Janus kinase (JAK) inhibitors provide a further example of
disease-based drug repurposing. The JAK family has four

8 © 2018 British Society for Immunology, Clinical and Experimental Immunology, 193: 3-12
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members — JAK1, JAK2, JAK3 and TYK2. While several
autoimmune diseases are associated with a variant in the
TYK?2 gene, only IBD is associated additionally with JAK2
gene variants [23]. Tofacitinib inhibits all the JAKs, is cur-
rently licensed for use in RA and is undergoing trials in sev-
eral other IMIDs [72]. While effective in these conditions,
treatment is associated with adverse events, including her-
pes zoster reactivation, dyslipidaemia and liver function
abnormalities. TYK2-specific blockers are in development
and, theoretically, may have greater efficacy, with fewer
adverse events.

Repurposing based on genetic studies: IL-6 receptor
inhibition

Tocilizumab is a monoclonal antibody targeting the IL-6
inflammatory pathway. The drug acts by blocking both
membrane-bound and circulating soluble IL-6R and reduc-
ing its proinflammatory effects. A SNP within the IL6R
gene changes an amino acid at position 358 from aspara-
gine to alanine. The alanine variant confers protection
from RA and T1D and each copy of the alanine variant
increases the level of soluble IL-6R by 35% [18,73]. The
mechanism appears to be that the alanine variant increases
proteolytic cleavage of the membrane-bound receptor, and
this increased shedding allows for binding and neutraliza-
tion of circulating IL-6. Given the efficacy of tocilizumab
in RA, there may be potential for repurposing in T1D.

Anti-cancer therapies

There is certainly a precedent for the repurposing of anti-
cancer therapies; for example, rituximab, a chimeric mono-
clonal antibody that causes B cell depletion by targeting
CD20 molecules on the surface of B cells [74], was devel-
oped originally to treat B cell lymphoma, but is now an
established treatment for various inflammatory conditions
such as RA, JIA and SLE; i.e. conditions in which B cells are
implicated in disease pathogenesis [75,76]. Furthermore,
methotrexate was also used primarily as a chemotherapeu-
tic agent until lower doses were found to be effective in RA,
JIA and PsA. Interestingly, in the largest GWAS of RA to
date, genes associated with RA were found to be enriched
in pathways targeted by anti-cancer therapies. For example,
alvocidib and palbociclib, developed for treatment of leu-
kaemia and lymphoma, target the CDK4 and CDK6 genes
(RA-susceptibility genes) [16]. Therefore, these genetic
studies may suggest new therapies for RA that have already
been proven safe for use in cancers, but which now require
efficacy testing in RA.

Concluding comments

In conclusion, understanding the similarities and differen-
ces in the genetic susceptibility to IMIDs is important to
identify the genes and pathways that mediate different

Genetics of IMIDs

aspects of autoimmune diseases. The first challenge is to
assign the associated SNPs accurately to the genes they reg-
ulate in order to define the pathways. This requires a num-
ber of functional genomics approaches including, but not
limited to, expression quantitative locus (eQTL) studies, in
which the genetic variants associated with disease also con-
trol gene expression; chromosome conformation studies to
identify the genes under control of intergenic variants; and
genome editing techniques to show the consequences of
harbouring a risk variant on cellular function. All such
studies need to be undertaken in different cell types and
under different stimulatory conditions, as gene expression
is controlled in either a tissue-specific or condition-specific
manner; for example, shared effects were found from only
approximately 25% of eQTLs examined in seven conditions
(MS, CD, UC, IBD as a whole, T1D, RA and coeliac dis-
ease) [77].

An understanding of these pathways can direct research
towards traditional de-novo drug discovery and can also be
used to inform drug repurposing studies, highlighting
opportunities for trials of existing medications for new
indications. While the development of novel therapies is a
slow process, with a new drug taking an average of 17 years
to reach the clinic, in the shorter term it is anticipated that
better molecular stratification of conditions with overlap-
ping clinical features could inform treatment selection and
precision medicine. For example, patients with enrichment
of genetic variants in genes in the B cell pathways might
respond more effectively to rituximab therapy, while those
with enrichment of the IL-23/IL-17 pathway may respond
more effectively to ustekinumab. The aim for the future is
to develop a predictive algorithm for patients to receive the
correct treatment at the right time using a precision medi-
cine approach, based on molecular classifiers, regardless of
the specific IMID, but moving towards so-called inflamma-
tion medicine.
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