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HE MAJOR AUTOIMMUNE DISEASES, INCLUDING RHEUMATOID ARTHRITIS,
systemic lupus erythematosus, multiple sclerosis, type 1 diabetes mellitus,
psoriasis, and inflammatory bowel disease, share epidemiologic, clinical, and
therapeutic features. In each of these diseases, chronic and often intermittent inflam-
mation contributes over time to the destruction of target organs that house inciting
antigens or are the sites of immune-complex deposition. For some of these disorders,
such as inflammatory bowel disease, the contribution of autoimmune mechanisms is
questioned, but the overlap of genetic associations that have been identified during
the past 5 years suggests a shared immune pathogenesis. At the same time, genetic
data also support some distinct pathways of pathogenesis for the various disorders.
Although the adaptive immune system has long been a focus of attention, innate
immune mechanisms are now viewed as being central to the pathogenesis of these
disorders. In addition, the concept of quantitative thresholds for immune-cell signal-
ing has emerged in the past decade as a potential way of understanding how multiple
genetic factors of relatively small effect may combine to create a state of susceptibility
to autoimmune activation. The new genetic findings have also emphasized that the
identification of the environmental components that interact with host genetic fac-
tors will be critical in developing a deeper understanding of autoimmunity, as well as
new approaches to prevention and treatment.

GENETICS OF HUMAN AUTOIMMUNE DISEASE —
THE STATUS QUO

Genomewide association studies (see Glossary) have opened up an exciting new win-
dow on the genetics of complex diseases.® Perhaps nowhere have such studies been
more fruitful than in the area of autoimmune diseases: more than 200 genetic loci
have been shown to be associated with one or more autoimmune disorders.22° In
many cases, the precise causal alleles or genes that drive these associations have not
been identified. Nevertheless, some loci that show associations with multiple dis-
eases belong to categories of associated genes that, in turn, implicate the involve-
ment of particular functional pathways. These include the intracellular signaling
that drives the activation of T and B cells, signaling by cytokines and cytokine recep-
tors, and pathways that mediate innate immunity and microbial responses (Table 1).
Although the majority of genomewide association studies have focused on case series
of European ancestry, studies of other populations show that some associations are
observed across populations, and such associations point to pathways that may be
particularly important in disease pathogenesis. Each new genetic finding can sug-
gest multiple hypotheses that need to be fit into an overall scheme of pathogenesis.

In this review, we will focus on recent findings from genomewide association
studies that are most robust, that most clearly implicate a disease mechanism, or
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that suggest a new diagnostic or therapeutic ap-
proach. Nevertheless, it should be emphasized
that for most of these disorders, genes within the
major histocompatibility complex (MHC) have by
far the strongest single genetic effect, and many of
these associations have been known for de-
cades.?” It is likely that most of these genetic as-
sociations reflect the immunoregulatory effects
of the HLA molecules themselves, although the
exact mechanisms that underlie these effects are
still a matter of some debate. Therefore, although
the MHC is not a major focus of our discussion,
the new genetic findings in autoimmunity must
always be considered in the context of the impor-
tant contributions of the HLA complex to disease
susceptibility and pathogenesis.

AUTOIMMUNITY — A COMPLEX
QUANTITATIVE TRAIT

The original idea of autoimmunity derives from
Paul Ehrlich’s realization that a functional immune
system must have “horror autotoxicus,” which he
conceived as having “certain contrivances” that
would prevent immune attack against the self.2®
Recent genetic findings emphasize that these “con-
trivances” are multiple and complex. Several
decades of increasingly sophisticated basic im-
munologic studies in mice have provided an ele-
gant platform for interpretation of the genetic
data and hypothesis generation. It is convenient to
divide the immune system into innate and adap-
tive systems, although in reality they are highly
integrated and interdependent. The innate im-
mune system is phylogenetically older and is de-
signed for immediate engagement of pathogens by
a highly conserved set of pattern-recognition re-
ceptors, such as toll-like receptors, coupled with
a prompt defensive response by the cell. In con-
trast, the adaptive immune system consists pri-
marily of T and B cells, which use highly diverse
receptor systems selected somatically for antigen
recognition (T-cell receptor and surface immuno-
globulin, respectively) that can recognize millions
of distinct foreign antigens, and by the formation
of immunologic memory. This immediately rais-
es the problem of selecting functional receptors
that do not lead to uncontrolled self-reactivity.
Self-reactive B and T cells are a normal compo-
nent of the immune system, but they are kept in
check by a variety of mechanisms, many of which
appear to be altered by genetic loci implicated in
autoimmunity (Fig. 1). Some are central mecha-
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Glossary

Allele: One of two or more versions of a genetic sequence at a particular location
in the genome.

Genomewide association study: An approach used in genetics research to
look for associations between many (typically hundreds of thousands)
specific genetic variations (most commonly single-nucleotide polymor-
phisms) and particular diseases.

Kinase: An enzyme that transfers a phosphate group to a substrate.

Locus: The specific chromosomal location of a gene or other DNA sequence
of interest.

Loss-of-function mutation: A mutation that decreases the production or function
of a protein (or does both).

Missense mutation: The alteration of a single DNA nucleotide so that the result-
ing codon specifies a different amino acid.

Nonsense mutation: The alteration of a single DNA nucleotide so that the
resulting codon signals a termination of translation, thus leading to
truncation of the encoded protein.

nisms in the thymus and bone marrow that delete
or disable self-reactive clones; others are peripheral
and include specialized regulatory cells, such as
regulatory T cells.?®

Several mendelian disorders directly illustrate
the importance of these mechanisms. For exam-
ple, mutations affecting the transcription factor
autoimmune regulator lead to a relaxing of selec-
tion against self-reactivity by T cells in the thymus,
giving rise to a rare, aggressive autoimmune dis-
ease, autoimmune polyendocrine syndrome 1.3°
The autoimmune regulator controls the ectopic
expression of self-antigens within the thymus3?
and thus is critical to the negative selection of
T cells reactive with these antigens. Genetic stud-
ies indicate the presence of more limited defects
in selection against reactivity with self-antigens,
such as insulin, in the predisposition to type 1
diabetes.? In contrast to these defects in central
tolerance, a loss of the FOXP3 transcription fac-
tor in the mendelian disorder IPEX (immune
dysregulation, polyendocrinopathy, enteropathy,
X-linked)3233 causes aggressive autoimmunity as
a result of defects in the function of regulatory
T cells. A milder defect in the regulatory activity
of such cells may be caused by quantitative
changes in the expression of CD25 (IL2RA),3* en-
coding the receptor for interleukin-2, a cytokine
that is critical to the survival of regulatory T cells
and that such cells cannot produce themselves.?°
Analogous control mechanisms are active at nu-
merous checkpoints in the B-cell portion of the
immune system?* (Fig. 1). For example, pre-B cells
in the bone marrow are highly autoreactive but
become less so on differentiation into naive B cells
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Figure 1. Central and Peripheral Tolerance Mechanisms in the Adaptive Inmune System.

Selection against self-reactivity in developing T cells occurs in the thymus, where more than 98% of developing thymocytes die from
apoptosis because of excessive reactivity to self-peptides bound to major histocompatibility complex (MHC) molecules, followed by
positive selection for functionally competent effector T cells (CD4+ and CD8+) that are released into the periphery. The expression of
self-antigens in the thymus is genetically regulated by transcription factors, such as autoimmune regulator, or by genetic variation in
self-antigens themselves (e.g., insulin). The production of peripheral regulatory T cells (Tregs) is also under genetic control, exemplified
by the transcription factor FOXP3, the absence of which leads to severe autoimmunity. Alterations in genes affecting these various path-
ways may lead to quantitative as well as qualitative differences in the potential for self-reactivity of the repertoire of mature T-cell recep-
tors (TCRs). An analogous process of selection against self-reactivity by B cells occurs in the bone marrow, where self-reactivity is dra-
matically reduced as B cells transition out of the bone marrow into the peripheral B-cell population. Peripheral mechanisms for preventing
self-reactivity also exist. In this context, Tregs play a key role in T cells, where genetic alterations in interleukin-2 pathways may influence
the efficiency of Treg regulation. Multiple additional peripheral mechanisms contribute to keeping the immune response under control
during the activation of both B and T cells in the peripheral immune system, including extensive cross-talk between T cells and B cells,
as well as interactions with the innate immune system (not shown).

in the periphery, a process that is influenced by the Overall, these processes of selection and regu-
gene encoding protein tyrosine phosphatase non- lation of T and B cells are controlled by cell-signal-
receptor type 22 (PTPN22) and other genes associ- ing events that are normally active within a range
ated with autoimmunity.3® of potency that may vary among persons and
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among cell types, owing in large part to genetic
or epigenetic diversity in the population. This leads
to a general concept of immune responsiveness
and regulation as a trait that exists on a continu-
um (a quantitative trait), setting thresholds for cell
activation and response.?” Indeed, the original dis-
covery of the MHC, which encodes HLA, as a locus
controlling immune responses was described as a
quantitative trait — HLA-regulated immune re-
sponses are generally high or low, as opposed to
just absent or present (Fig. 2). For example, given
an antigenic stimulus of a given strength (say, pre-
sentation of self-antigen by self-HLA in the thy-
mus), responsiveness can vary among persons.
Such variability can result in more or less efficient
signaling in the T-cell receptor, leading in turn to
apoptosis and negative selection over a range of
self-reactivity. These events directly influence the
diversity of the mature T-cell repertoire after thy-
mic selection is complete. Similar quantitative ef-
fects are likely to be operating in cytokine path-
ways>* and in many signaling pathways in both the
adaptive and innate systems of the immune system.

INTRACELLULAR SIGNALING
PATHWAYS

Many of the genes that have recently been impli-
cated in autoimmunity contribute to immune sig-
naling pathways involving T-cell and B-cell recep-
tors, costimulatory molecules and cytokines, and
pattern-recognition receptors, such as toll-like re-
ceptors or nucleotide-binding oligomerization do-
main (NOD) receptors that are involved in innate
immune responses. Although the exact causative
alleles are not known in most cases, there are some
exceptions. For example, the causative change in
the intracellular phosphatase PTPN22 is almost
certainly due to a specific amino acid substitution
(of arginine by tryptophan) at position 620 of the
protein. This amino acid change disrupts binding
between PTPN22 and an intracellular kinase called
Csk (Fig. 3), and this in turn alters the responsive-
ness of both T and B cells to receptor stimulation.
Mice lacking Ptpn22 have dramatically increased
T-cell activation.?® Recent data indicate that a sim-
ilar phenotype of enhanced lymphocyte responsive-
ness is associated with the PTPN22 risk allele,3%-4°
although data from humans continue to con-
flict.#42 In any case, there is little doubt that altera-
tions in PTPN22 change the thresholds for recep-
tor signaling by T and B cells; the mechanism by
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Variable stimulus—response characteristics,
depending on genetic and epigenetic factors
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Figure 2. Stimulus—Response Thresholds and Immune Recognition
as a Quantitative Trait.

Cells of the adaptive immune system are selected for stimulus—response
characteristics over a range of values, and these may differ for different in-
dividuals or for different cells, depending in part on genetic or other host
factors that influence receptor signaling pathways. This can lead to individ-
ual variation in the overall thresholds of activation for a diverse array of im-
mune stimuli and effector responses, with associated susceptibility or re-
sistance to autoimmune disease. These threshold effects have been most
clearly shown for thymic and early B-cell selection events, but it is likely
that individual variation in stimulus—response characteristics influences
many signaling systems relevant to autoimmunity. BCR denotes B-cell re-
ceptor, and TCR T-cell receptor.

which they lead to autoimmunity remains unclear.
Furthermore, the consequences of a specific variant
may be different for various diseases. For example,
the PTPN22 620 tryptophan risk allele confers an
increased risk of a variety of humoral autoimmune
disorders, such as rheumatoid arthritis, thyroid
disease, type 1 diabetes, and many others,* but
protects against Crohn’s disease.® At the same
time, it has no effect on the risk of multiple sclero-
sis.** This same allele also appears to influence
the outcome for certain infectious diseases.*>*°
Thus, the genetics of PTPN22 shows the profound
effect of subtle changes in intracellular-signaling
thresholds on individual disease susceptibility.*?

The precise causative variations that have the
greatest effect on other intracellular-signaling
pathways involved in autoimmunity are much less
clear than for PTPN22, and in some cases the new
genetic findings have focused attention on newly
emerging signaling mechanisms. A good example
of this concerns the role of protein ubiquitination.
Analogous to protein phosphorylation, the addi-
tion and removal of ubiquitin from proteins is a
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Figure 3. Highly Simplified Scheme for Signaling by T-Cell Receptors, Emphasizing the Proximal Events in Signal Transduction.

After a T-cell receptor (TCR) is triggered by a peptide and major histocompatibility complex (MHC), one of the earliest events is activa-
tion of lymphocyte-specific protein tyrosine kinase (Lck) by removal of an inhibitory phosphate (phospho Y505) by membrane phospha-
tase CD45 and autophosphorylation of Lck at phospho Y394, as shown at the left of the figure. These events convert Lck to an active
state, in which it can phosphorylate substrates, such as 70-kD zeta-associated protein (ZAP-70) and immunoreceptor tyrosine-based
activation motif in the TCR complex itself. The risk allele of PTPN22 encodes an amino acid substitution (Arg620Trp) that disrupts binding
between PTPN22 protein and c-src tyrosine kinase (Csk). This disruption may either lower or increase the activation state of Lck, depending
on the experimental situation. A number of distinct downstream signaling pathways are regulated by Lck—-ZAP-70 signaling, including the
activation of kinases, such as mitogen-activated protein kinase 8 (MAPKS, or JNK) and MAPK p38 and extracellular signal-related kinase
1 and 2 (ERK1/2), activation of nuclear factor kB (NF-«B) through protein kinase C theta (PRKCQ), as well as calcium release and cyto-
skeletal reorganization. Genetic variants affecting CD45, PRKCQ, and c-Rel have also been associated with autoimmune diseases, which
emphasizes that multiple variants may contribute to subtle variation in signaling thresholds. A role for costimulatory molecules in T-cell
activation is also indicated at the right of the figure. In this case, genetic variation affecting a negative regulator of T-cell activation (e.g.,
CTLA4) can alter lymphocyte responses and predispose to autoimmunity. Many other such costimulatory molecules (not shown) have
been revealed as potential regulators of autoimmunity in genetic studies (see Table 1). DAG denotes diacylglycerol, IP3 inositol triphos-
phate, and PLC-y phospholipase C-y. Asterisks indicate gene products for which genetic associations with autoimmunity have been
documented.

common means of regulating immune signaling A large number of the signaling pathways that
pathways.#” Several of the genes associated with are implicated in autoimmunity have a component
autoimmunity have a role in regulating ubiqui- of ubiquitin-mediated regulation.*” This area of
tination (TNFAIP3), binding to ubiquitinated pro- investigation is likely to dramatically expand our
teins (TNIP1 and UBASH3A), or regulating enzy- understanding of autoimmune mechanisms in
matic events in ubiquitination (UBE2L3) (Table 1). the coming years.
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GENETIC VARIATION AND CYTOKINE
PATHWAYS

Given the central role of modulation of cytokine
function in the development of new treatments for
autoimmunity, it is not surprising that many of
the strongest genetic associations have implicated
cytokine pathways. Activities of key cytokine sig-
naling pathways are modulated through complex
mechanisms. For example, interleukin-2 is a central
mediator of T-cell growth, and its signaling is
finely regulated in part by the relative affinity of
different combinations of its receptor components.
Specifically, the high-affinity interleukin-2 recep-
tor is composed of alpha (IL2RA, or CD25), beta
(IL2RB), and gamma (IL2RG) components, where-
as a low-affinity interleukin-2 receptor is composed
of IL2RA homodimers. The central role of IL2ZRA
expression in autoimmunity is underscored by the
associations between the IL2RA locus and diseases
such as type 1 diabetes,** multiple sclerosis,* rheu-
matoid arthritis,> and Crohn’s disease.® Disease-
associated DNA polymorphisms in IL2RA are asso-
ciated with altered expression in messenger RNA.34
Modulation of interleukin-2 signaling can affect the
relative growth and survival of subgroups of regu-
latory and proinflammatory T cells. Furthermore,
genetic markers in and near the gene encoding
interleukin-2 have shown association with celiac
disease,>° ulcerative colitis,>* rheumatoid arthritis,>
and type 1 diabetes>2 (Table 1).

The cellular infiltrates characterizing inflam-
matory lesions are influenced by a diverse array of
proinflammatory and antiinflammatory cytokines.
In particular, a central proinflammatory, patho-
genic role for subgroups of CD4+ type 1 helper
T cells is under the control of interleukin-12 and
has long been implicated in a variety of human and
murine models of autoimmunity. An essential role
for a related cytokine, interleukin-23,>3 has been
shown in a variety of autoimmunity models, in-
cluding mouse models of multiple sclerosis, in-
flammatory bowel disease, collagen-induced ar-
thritis, and dermatitis.>* Interleukin-23 is required
for the expansion and survival of type 17 helper
T cells, which have a key role in mediating mucosal
immunity and defense against extracellular patho-
gens. These immunologic advances coincided with
genetic discoveries of major association signals
encompassing the interleukin-23 receptor (IL23R)
to inflammatory bowel disease,>> psoriasis,>®
and ankylosing spondylitis.>” The interleukin-23

and interleukin-12 signaling pathways share com-
ponents at their cytokines, receptors, and down-
stream signaling intermediates.>® A striking num-
ber of these components are encoded by genes,
variants of which are associated with autoimmu-
nity (Fig. 4). However, the intermediary signal-
ing molecules are not specific to these cytokine
pathways.

INNATE IMMUNITY AND MICROBIAL
RESPONSES

The human immune response to microbial patho-
gens has been shaped throughout evolutionary his-
tory by natural selection. It is likely that the increase
in the prevalence of various autoimmune disorders
that have been observed during the past century has
occurred largely through changes in environmental
and microbial exposures. Recent genetic advances
have highlighted specific differences among indi-
viduals in innate immune-system responses that
are characteristic of various subtypes of chronic
inflammatory diseases. For example, one of the
first genetic associations that was reported in com-
plex genetic disorders was that between variants of
NOD2 and Crohn’s disease>; this association repre-
sents the most substantial contributor to the over-
all heritability of Crohn’s disease. NOD2 functions
as an intracellular sensor for bacterial peptidogly-
can, and variants associated with Crohn’s disease
are loss-of-function polymorphisms. Further impli-
cating a primary role for innate immunity, variants
of autophagy genes (e.g., ATG16L1) that target intra-
cellular components, including microbes, to lyso-
somes have also been associated with Crohn’s
disease.”® The increase in the prevalence of
Crohn’s disease during the past century may well
reflect corresponding changes in the composition
of the intestinal microbiota resulting from changes
in hygiene, such as eradication of intestinal para-
sites.%°

A central role for the intestinal microbiota in
inflammatory bowel disease provides the rationale
for the therapeutic use of microbiome-altering
probiotics.°* However, the role of the intestinal
microbiome is probably not limited to the intesti-
nal immune system. Studies of mouse models of
autoimmune diabetes suggest that host differences
in the capacity to sense intestinal microbes®? and
the specific composition of the intestinal micro-
biota modulate susceptibility to diabetes. The
dynamic cross-talk between the host immune

N ENGLJ MED 365;17 NEJM.ORG OCTOBER 27, 2011

The New England Journal of Medicine

Copyright © 2011 Massachusetts Medical Society. All rights reserved.

1619

Downloaded from ngim.org at VIRGINIA COMMONWEALTH UNIV on October 27, 2011. For personal use only. No other uses without permission.



1620

Downloaded from ngim.org at VIRGINIA COMMONWEALTH UNIV on October 27, 2011. For personal use only. No other uses without permission.

The NEW ENGLAND JOURNAL of MEDICINE

Interleukin-23 signaling (Th17 cel

Interleukin-23A

oo (ehriaql3)

Interleukin-12B
(chr5g33)

Interleukin-12

receptor B1
Interleukin-23 ptor &

receptor
(chrlp31)

\7{ Inflammatory
bowel disease
Psoriasis

| Ankylosing spondylitis

TYK2 Psoriasis

Inflammatory ;JAKZ
bowel disease P

Psoriasis

Inflammatory {chr5q33) (chr3q25) cirrhosis
bowel disease

(chr19p13){ Inflammatory
bowel disease

Interleukin-12 signaling (Th1 cells

Interleukin-12B

Interleukin-12A /' Primary biliary

Celiac disease

Interleukin-12

receptor B1
v Interleukin-12

receptor 32
(chrlp31)

Primary biliary
cirrhosis
Behget's disease

TYK2 JAKZ Inflammatory
(chr19p13) (chrop24)( " el disease

Inflammatory > Tl
bowel disease ey

STAT4

Systemic lupus erythematosus (chr2q32)

Rheumatoid arthritis

Figure 4. Genetic Associations of Autoimmune Diseases along the Interleukin-12 and Interleukin-23 Signaling Pathways.

Shown are the major signaling components implicated for each cytokine in selected autoimmune diseases. It should
be noted that multiple JAK-STAT components have been implicated in interleukin-12 and interleukin-23 signaling.
Conversely, each JAK-STAT component is capable of signaling downstream of multiple cytokines. In inflammatory
bowel disease, psoriasis, and ankylosing spondylitis, association signals on chromosome 1p31 in the region encod-
ing the C terminus of interleukin-23 receptor (IL23R) extend into the intergenic region between IL23R and IL12RB2,
encoding a subunit of the interleukin-12 receptor. In contrast, the associations with primary biliary cirrhosis and Behget’s
disease predominate more in the IL12RB2 intergenic region. Taken together, particularly strong genetic associations
implicate variant interleukin-12 and interleukin-23 signaling in psoriasis and inflammatory bowel disease.

response and the intestinal microbiota will be
an important focus of future research.

GENES, ENVIRONMENT,
AND AUTOIMMUNITY

In addition to variability in bacterial responses, dif-
ferences among individuals in antiviral responses
contribute to autoimmunity. As noted above, in-
terferon pathways mediate both autoimmunity
and viral defense,®® and genetic associations exist
between the increased expression of interferon
regulatory factor 5 (IRF5) and lupus,®* rheumatoid

arthritis,> and primary biliary cirrhosis.®>%® Al-
though IRF5 broadly regulates innate immune
responses through toll-like receptors®” and type
1 interferons, other key genetic polymorphisms
have been linked to more specific viral groups.
For example, I[FIH1 (interferon-induced helicase
C domain—containing protein 1) recognizes the
single-stranded RNA of picornaviruses, and ge-
netic associations between IFIHI and type 1 diabe-
tes mellitus,®® psoriasis,* and selective IgA defi-
ciency!” have been reported (Table 1). Specifically,
uncommon missense mutations, including a non-
sense mutation, confer protection against type 1

N ENGLJ MED 365;17 NEJM.ORG OCTOBER 27, 2011

The New England Journal of Medicine

Copyright © 2011 Massachusetts Medical Society. All rights reserved.



GENOMIC MEDICINE

diabetes mellitus.®® Previous infection with entero-
viruses (a genera of picornaviruses) is more fre-
quent in patients with newly diagnosed type 1 dia-
betes mellitus.®® More broadly, it may be speculated
that changing microbial exposures contributes to
alterations in the prevalence of autoimmune dis-
eases. With new genetic associations, we are now
in position to address the mechanisms by which
genetic variation controls the response to infection
and thereby predisposes to the development of
autoimmunity.

Beyond infectious agents, the specific environ-
mental factors that contribute to autoimmunity
have been extremely challenging to identify and
include such factors as silica dust, cooking oil, sun
exposure, and smoking.”>7* In some cases, the
new genetics has made such studies more compel-
ling and potentially more tractable by revealing
interactions between environmental and genetic
factors. Perhaps nowhere is this more evident than
in the role of smoking as a risk factor for rheuma-
toid arthritis. Thus, although smoking is associ-
ated with a modest risk of rheumatoid arthritis
(approximate risk ratio, 1.5), when variants of HLA
and PTPN22 are taken into consideration, the com-
bined risk in smokers is increased by more than a
factor of 20.72 Even more strikingly, this interaction
between smoking and genetic factors is seen only
in the major serologic subgroups of rheumatoid
arthritis that have antibodies against particular
citrullinated peptides (in 50 to 70% of patients
with rheumatoid arthritis), whereas virtually no
risk is observed for such patients who do not carry
these antibodies.”® Furthermore, there is evidence
that smoking induces the appearance of citrulli-
nated autoantigens in the lung, thus providing the
beginnings of a causal pathway linking an envi-
ronmental exposure (smoking, and possibly air
pollution) to the production of pathogenic antibod-
ies (anticitrullinated autoantibodies) in genetically
predisposed persons.”* This emphasizes that the
power of environmental studies can be dramati-
cally improved by focusing on specific genetic and
phenotypic subgroups of a disease.

IMPLICATIONS OF THE NEW GENETICS
FOR DIAGNOSIS AND TREATMENT

The most obvious near-term potential use of ge-
netic data is to improve diagnostic accuracy, as
well as to permit disease stratification for risk
assessment and treatment selection. However, most

disease-associated alleles individually carry very
modest degrees of risk. Indeed, for almost all auto-
immune diseases, associations with the presence
of HLA alleles are the strongest, and even these
have not proved to be useful in clinical situations.
Attempts to use data from genomewide association
studies to determine drug response also have so far
been disappointing.”® Thus, it is likely that genetic
data will need to be combined with other biomark-
ers to identify clinically meaningful subgroups of
patients to guide the treatment of patients. Such an
approach may be particularly useful for early detec-
tion of persons at risk for autoimmune disease, be-
cause serologic autoimmunity may be present for
many years,”® even though overt clinical disease de-
velops in only a subgroup of such persons.

The new genetic data implicate new pathways
that suggest new therapeutic targets. Indeed, many
of the new biologic therapies appear to be appro-
priately matched to these pathways. These include
inhibitors of tumor necrosis factor, anti—B-cell
agents such as rituximab, and the fusion protein
abatacept, which targets B7-CTLA4 interactions
involved in T-cell activation (Fig. 3). One of the best
correlates between new therapies and genetics has
been the use of anti-p40 monoclonal antibodies in
patients with psoriasis,”” which is characterized by
an extremely strong interleukin-23 genetic signa-
ture (Fig. 4). New therapeutic agents are emerging
that target lymphocyte signaling through interfer-
on inhibition, lymphocyte trafficking, or kinase
inhibition.”®7° Given the multiplicity of gene as-
sociations implicating multiple disease pathways,
future therapeutic advances may require the ap-
plication of combination therapies. However, the
blockade of multiple immune pathways is also
likely to increase susceptibility to infectious com-
plications. Although each genetic association rep-
resents a potentially new therapeutic target, future
therapeutic advances will require increasingly re-
fined and integrated models of disease pathogen-
esis. High-resolution comparison of association
patterns across autoimmunity will soon be possi-
ble with data obtained from common genotyping
platforms and may provide insight into which
therapeutic targets should be prioritized for vari-
ous disease subtypes.

There is much more to be learned about the
genetics of autoimmunity; more than half the ge-
netic contribution to autoimmunity still remains to
be identified. The nature of this missing heritabil-
ity remains a matter of intense debate.®® It may
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reside in many hundreds or even thousands of
additional common variants with very modest ef-
fect, or there may be groups of rare, more highly

penetrant variants that explain disease in sub- future.

groups of patients,®®#182 analogous to the situ-
ation of some lipoprotein phenotypes.?* The

rapid technical progress toward sequencing whole
human genomes is likely to lead to another wave
of genetic discovery in autoimmunity in the near

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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