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Autoimmune diseases display a high degree of comorbidity within individuals and families, suggesting
shared risk factors. Over the past 15 years, genome-wide association studies have established the
polygenic basis of these common conditions and revealed widespread sharing of genetic effects,
indicative of a shared immunopathology. Despite ongoing challenges in determining the precise genes
and molecular consequences of these risk variants, functional experiments and integration with
multimodal genomic data are providing valuable insights into key immune cells and pathways driving
these diseases, with potential therapeutic implications. Moreover, genetic studies of ancient populations
are shedding light on the contribution of pathogen-driven selection pressures to the increased
prevalence of autoimmune disease. This Review summarizes the current understanding of autoimmune
disease genetics, including shared effects, mechanisms, and evolutionary origins.

A
utoimmune diseases account for consid-
erable population morbidity, particular-
ly among young adults. Collectively, their
lifetime prevalence reaches up to 9.4% in
the United States (1) and up to 10.6% in a

recent study of 78 autoimmune diseases in
Catalonia (2). This heterogeneous group of
more than 80 clinically systemic (e.g., systemic
lupus erythematosus) or organ-specific (e.g.,
multiple sclerosis) diseases share common
features, such as T cell and antibody reactivity
to self-antigens and common association with
certain human leukocyte antigen (HLA) genet-
ic variants. It is generally thought that auto-
immune diseases develop as a result of a
breakdown in immune tolerance and activa-
tion of autoreactive T cells by autologous or
cross-reactive microbial antigens in geneti-
cally susceptible individuals. The underlying
genetic pathogenesis is evidenced by the high
disease concordance among identical twins,
and associations with genes in the major his-
tocompatibility complex (MHC) locus have
been recognized for over half a century. More
recently, the sequencing of the human ge-
nome, followed by an understanding of its
haplotype structure and the advent of tech-
nologies allowing whole-genome analysis of
overrepresented haplotypes in disease popula-
tions, have led to the elucidation of a substan-
tial degree of disease heritability. Individual
haplotypes associated with disease risk have
relatively low effect sizes, withMHCodds ratios
in the range of 2 to 3 (with notable exceptions,

such as HLA-B*27 in ankylosing spondylitis)
and other loci with lesser odds ratios. How-
ever, as will be discussed below, the molecular
phenotypes associated with these genotypes
are notable, and risk genes have, in a non-
biased fashion, implicated the immune system
as driving these diseases. Moreover, the com-
mon pathophysiology among these diseases
is indicated by their shared heritability and
genetic overlap.

It can be broadly stated that the underly-
ing causes of autoimmune disease are the
unfortunate outcome of gene-environment in-
teractions. Indeed, many variants tied to auto-
immune diseases evolved to protect against
infectious diseases but have come to be
viewed as detrimental in current low-infectious
environments, as further described below.
Other environmental factors that increase the
risk of developing autoimmune disease include
diet (3), smoking (4), Epstein-Barr virus infec-
tion (5), and other, as-yet-unknown environ-
mental influences. Although the identification
of a meaningful proportion of genetic variants
associated with autoimmune disease risk has
been accomplished, elucidating the environ-
mental factors and their interactions with gene
function is considerablymore difficult. However,
this is necessary to determine the reasons for

the reported rise in the prevalence of autoim-
munity over the past decades (6). This model
of autoimmunity driven by autoreactive T cells
has led to highly effective therapies. Neverthe-
less, a paradox remains in that an immuno-
modulatory therapy that is highly effective
in one diseasemay trigger another autoimmune
disease. The potential underlying genetic bases
of this observation will also be discussed.

Genetic insights into autoimmune diseases

Autoimmunediseases consistently demonstrate
a higher concordance rate among monozygotic
twins compared with dizygotic twins (35% and
6%, respectively, for multiple sclerosis) (7). In
addition, the strongest risk factor for many
autoimmune diseases is a positive family his-
tory, yet most individuals with the disease
have no affected relatives. These observations
provided evidence for a substantial genetic
component in the etiology of these conditions
while posing questions about the expected
number of contributing causal variants and
their effect sizes. Early studies conducted
linkage analysis in families of individuals with
autoimmune diseases under the assumption
that variants in a small number of genes would
harbor large effect sizes and drive genetic risk,
similar to single-gene Mendelian disorders.
These approaches allowed the discovery of
some of the first and strongest susceptibility
loci for autoimmune diseases, such as theMHC
for type 1 diabetes (8) and the nucleotide-
binding oligomerization domain-containing
protein 2 (NOD2) locus in Crohn’s disease (9).
However, these experimental designs were
largely unsuccessful in elucidating the genetic
architecture of complex diseases.
The development of genotyping array tech-

nology and the shift from family-based studies
to genome-wide association studies (GWASs)
involving large collections of cases and con-
trols has revealed the polygenic nature of auto-
immune diseases (10). Thousands of robust
and replicable genetic associations with auto-
immune diseases have been identified by com-
paring allele frequency between affected and
unaffected individuals (Fig. 1). The number of
detected loci increases linearly with sample
size, whereas effect sizes become smaller, with
an estimation that millions of individuals
(10 million for inflammatory bowel disease)
would be required to fully map the associated
genomic regions (11). The additive effects of
these predominantly common variants (pres-
ent in 5% or more of the population) typically
account for most of the heritability, that is, the
fraction of phenotypic variation caused by ge-
netic variation (12). Large-scale sequencing
studies are also pinpointing rare (often cod-
ing) variants associated with autoimmune dis-
eases (13). These rare variants typically have
larger effect sizes and often converge on
the same genes as common variants (12, 13).
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Evidence fromwhole-genomesequencingstudies
in a few complex traits suggests that rare var-
iants (allele frequency <1%) are an important
source of heritability not captured by common
variants (14). Other potential contributors to
heritability include gene-environment inter-
actions [such aswith themicrobiome (15)] and
gene-gene interactions (16).
The overwhelmingmajority (>90%) of puta-

tive causal variants associated with autoim-
mune diseases are in noncoding regions of the
genome, consistent with the observation that
<2% of the human genome encodes proteins
(17). Elucidating the biological consequences
of these noncoding variants is necessary for
translating genetic discoveries into the clinic,
but this presents a number of challenges. The
presence of many correlated variants (linkage
disequilibrium) at loci implicated by GWASs
complicates the identification of causal variants,
which can bemultiple in a single locus (18). Fur-

thermore, even when causal variants are identi-
fiedwith reasonable confidence, such as through
fine-mapping (19), the functionalmechanisms,
target genes, and cell types often remain elusive.
Over the past decade, the integration of

variant-disease associations with gene regula-
tion traits (such as gene expression, splicing,
and chromatin phenotypes) has begun to shed
light on the activity of these variants and
their cellular contexts. For instance, a study
of 21 autoimmune diseases revealed that
~60% of candidate causal variants mapped to
enhancers and clusters of enhancer elements
(so-called superenhancers) marked by H3 ly-
sine 27 acetylation (H3K27ac) in CD4+ T cell
populations and B lymphoblastoid cells (17).
Candidate causal variants were further en-
riched within stimulus-dependent enhancers,
including those producing regulatory non-
coding enhancer RNA (17). These observa-
tions suggest that most autoimmune disease–

associated variants act through transcriptional
regulatory mechanisms [such as through al-
tered nuclear factor kB (NF-kB) transcription
factor binding] that modulate immune cell
fate and function. To illustrate this point, the
Crohn’s disease variant rs61839660 was
mapped by CRISPR activation to a stimulation-
dependent intronic interleukin-2 (IL-2) receptor
alpha (IL2RA) enhancer, and the risk allele was
found to impair the timing of IL2RA expres-
sion in naïve T cells upon stimulation (20).
IL-2 signaling is essential for the maintenance
of forkhead box P3–expressing (FOXP3+) reg-
ulatory T cells, which suppress autoimmune
responses. The IL2RA locus has long been
known to harbor variants tied to multiple auto-
immune diseases, some with opposite effects
on different diseases (21).
Overlaying disease-associated variants onto

cell type–specific regulatory elements and re-
gions of open chromatin can also be used to
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Fig. 1. Exploring shared genetic effects among autoimmune diseases.
(A) Representation of case-control GWAS designs investigating the genetic
susceptibility to two autoimmune diseases by comparing allelic frequencies
between affected and unaffected individuals. Genotypes are obtained using
microarrays and, increasingly, whole-exome or whole-genome sequencing.
The Manhattan plots (bottom) show each variant represented by a point,
with its genomic position on the x axis and the strength of its association on
the y axis. The dotted line marks genome-wide significance (typically
P < 5 × 10−8). The gray box highlights a locus with overlapping association
signals between the two diseases. (B) Statistical methods for fine-mapping and
colocalization can be applied to pinpoint likely causal variants and assess

whether those are shared between the two diseases. These causal variants
often localize to enhancers in noncoding regions marked by H3K27ac.
These chromatin features (among other approaches) can also be used to
implicate disease-causing cell types, such as the T cells shown in this
illustration. (C) It is important to differentiate between instances in which
a single variant (V1) influences multiple diseases, indicating shared molecular
mechanisms, and cases in which distinct variants (V2 and V3) at the
same locus affect disease risk separately. (D) Shared variants often increase
or decrease disease risk similarly, although they may occasionally have
opposing effects, as represented by the negative correlation in variant
coefficients at the shared locus. rg, genetic correlation.
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implicate relevant cell types in a dis-
ease of interest (Fig. 1). When applied
to autoimmune diseases, nearly all var-
iants preferentially mapped to CD4+

T cell subpopulations (17, 22). Some
diseases, including multiple sclerosis
and systemic lupus erythematosus (22),
showed additional specificity for B cells,
which is consistent with the use of
B cell–targeted therapy for the treat-
ment of these conditions (7, 23). Addi-
tional commonly identified cell types
include natural killer cells, dendritic
cells, and mononuclear phagocytes.
Other approaches using genome-wide
summary statistics (instead of disease-
associated loci) annotated on the basis
of relative gene expression across dif-
ferent tissues or cell types have yielded
similar findings (24). Additionally, re-
cent genetic studies have implicated
disease-specific cell types, such as mes-
enchymal cells in Crohn’s disease (13)
andmicroglia inmultiple sclerosis (25).
To inform the biological interpreta-

tion of disease-linked variants, a com-
mon approach is to assess their effect
on intermediate gene regulation traits
from quantitative trait locus (QTL)
studies, which examine the effect of
genetic variants on gene expression,
splicing, methylation, and chromatin
phenotypes, among other molecular
phenotypes in specific tissues and cell
types. For instance, the integration of
GWASs with expression QTLs (eQTLs)
can prioritize causal genes in a cell type–
specific manner, although only a mi-
nority (~25%) of autoimmune disease–
associated loci demonstrate strong
evidence of colocalization with eQTL
effects (26). This gap is partly, but not
entirely (27), explained by data limita-
tions, including the lack of various im-
mune cell types (particularly those
less abundant or less well character-
ized), the limited level of subset reso-
lution, and the lack of dynamic variation (28),
which is critical given the enrichment of auto-
immune disease variants in stimulus-dependent
enhancers. This is consistentwith a recent study
that identified eQTLs active exclusively in im-
mune cells from autoimmune patients, poten-
tially as a result of in vivo stimulation, leading to
a high degree of colocalization (63%) with sys-
temic lupus erythematosus risk variants (29).
The use of multiplexed single-cell RNA

sequencing for eQTL mapping holds prom-
ise for further improved cell-type resolution
and identification of dynamic regulatory ef-
fects. This approach was recently used to
characterize the transcriptome and genetic
variation across a total of 1,267,758 peripheral
blood mononuclear cells from 982 healthy

individuals (30). The study found that most
cis-eQTLs were specific to one of 14 immune
cell types. Integration with GWAS risk var-
iants for seven autoimmune diseases also
identified 117 non-MHC loci where a disease-
associated variant exerted a causal effect through
gene expression, most of which (65%) were also
cell-type specific. However, because of the dif-
ferences in power across cell types driven by
varying cell proportions and the number of
identifiable cells per individual, it is likely that
with larger sample sizes, a proportion of eQTLs
currently identified as being cell-type specific
will be detected in other cell types, potentially
with different effect magnitudes. Within a
given cell type, single-cell analysis of cell states
across differentiation and activation further

revealed dynamic eQTLs enriched for
colocalization with autoimmune dis-
ease loci (28, 30, 31).
GWASs have identified thousands

of genetic variants associated with
susceptibility to various autoimmune
diseases, most of which are noncoding
and reside in stimulation-dependent
enhancer elements. These variants may
directly disrupt enhancer function, as
evidenced by the IL2RA example, al-
though their potential consequences
are myriad. The integration of disease
loci with growing maps of regulatory
annotations is rapidly improving the
interpretability of those noncoding
variants and enabling the generation
of precise hypotheses for functional
follow-up (32). The insights that have
emerged so far underscore the impor-
tance of cell-type and context specific-
ity and the necessity to further expand
the characterization of regulatory ele-
ments to encompass rare yet immu-
nologically meaningful cell types and
diverse physiological and pathological
cell conditions. In light of these chal-
lenges and the large number of auto-
immune disease–associated variants,
it is perhaps unsurprising that down-
stream functional mechanisms have
only beenuncovered for a small fraction
(Box 1). Finally, the recent development
of massively parallel regulatory assays
that can test tens of thousands of syn-
thetic noncoding regulatory sequences
for functional effects in relevant cell
types has the potential to substantially
accelerate the discovery of functional
mechanisms for autoimmune disease
variants (18, 33).

Shared heritability and common
mechanisms

Different autoimmune diseases co-
occur in individuals at higher rates

than would be expected given their individual
prevalence, and multiple diseases potentially
affecting different organ systems cluster in
families (34). For instance, individuals having
a parent with celiac disease harbored a 2.7
relative risk for systemic lupus erythematosus
comparedwith those with unaffected parents
in a nationwide Swedish registry (34). These
observations, initially clinical and then sup-
ported by epidemiological evidence, suggested
shared risk factors. As hundreds of loci as-
sociated with autoimmune diseases were dis-
covered and their genetic architecture better
understood, genetic overlaps between disor-
ders indeed became evident.
Clustering on the basis of genetic risk loci

highlights a rich network of correlations among
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Box 1. From genotype to molecular phenotype.

Understanding how genetic haplotypes dictate biology is
the major goal of immunogenetics. Although risk haplotypes
have small effects on disease risk, the phenotypes associated
with these haplotypes can be substantial. An example is the
transcription factor NF-kB, the central regulator of inflammation.
GWASs in many autoimmune diseases have identified variants
in genes encoding members of the NF-kB signaling cascade,
and variants associated with increased risk for multiple sclerosis
and ulcerative colitis are strongly enriched within binding sites
for NF-kB (58, 59). A multiple sclerosis–associated variant
(rs228614) proximal to NFKB1 was associated with increased
NF-kB signaling after TNF-a stimulation and increased degradation
of the NF-kB inhibitor. This variant controls signaling responses
by altering the expression of NF-kB itself, with homozygous
risk allele carriers expressing 20-fold more p50 NF-kB than
noncarriers (58). NF-kB activation has also been implicated in
systemic lupus erythematosus. Two associated variants
(rs148314165 and rs200820567) located downstream of TNF
alpha-induced protein 3 (TNFAIP3), which encodes a negative
regulator of NF-kB, were mapped to an enhancer element
and found to impair looping interaction with the TNFAIP3
promoter, resulting in its reduced expression (59). The shared
consequence of these genetic effects is enhanced NF-kB pathway
activity and predisposition to autoimmune disease.

More recently, the immunomodulatory role of a protective
variant for multiple sclerosis [rs148755202, which encodes
an Arg166→His missense mutation (R166H)] in histone
deacetylase 7 (HDAC7) was examined (60). Transcriptomic
analyses demonstrated that wild-type HDAC7 regulates genes
essential for the function of FOXP3+ regulatory T cells (Tregs),
an immunosuppressive subset of CD4+ T cells that are
dysfunctional in patients with multiple sclerosis (7). Tregs
transduced with the protective HDAC7 R166H variant exhibited
higher suppressive capacity in in vitro functional assays,
mirroring phenotypes previously observed in patients. Moreover,
in vivo modeling of the human HDAC7 R166H substitution by the
generation of a knock-in mouse model bearing an orthologous
R150H mutant demonstrated decreased experimental autoimmune
encephalitis severity linked to transcriptomic alterations of brain-
infiltrating Tregs. Thus, genetic alterations in epigenetic modifiers,
a molecular class suitable for therapeutic interventions, can
mediate protection from autoimmunity.
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autoimmune diseases, more so than
among diseases that affect the same
organ systems or that are based on clin-
ical similarity (17, 35). A genome-wide
examination of genetic effects, as op-
posed to statistically significant risk
loci, revealswidespread evidence of shared
heritability among autoimmune dis-
eases; the pairwise genetic correlation
(rg) averaged 0.39 across a set of five
chronic autoimmune disorders and was
highest between Crohn’s disease and
ulcerative colitis (rg = 0.78) (36). These
estimates exclude the MHC, in which
overlapping haplotypes are among the
strongest risk factors for multiple auto-
immune diseases. Moreover, the pres-
ence of shared genetic loci with opposite
effects, increasing risk for one condi-
tion while decreasing risk for another
(Box 2), can drive negative local genetic
correlation and attenuate the overall
genome-wide genetic correlation (37).
Identifying shared genetic effects and

resolving their functional implications
canuncover common immunopathogenic
mechanisms and inform the development
or repurposing of rational therapies. It
is therefore noteworthy that two-thirds
of the variants associated with each of
21 autoimmune diseases were in over-
lapping loci (17). However, proximity
within a locus does not necessarily indicate
shared underlying mechanisms (Fig. 1). The
locus may instead harbor distinct causal var-
iants associated with different diseases. This
complexity is compounded by the frequent
occurrence of multiple conditionally indepen-
dent causal variants at a single locus for a given
disease. To address these challenges, various
colocalization methods have been used to
identify instances of true shared molecular ef-
fects in which a single variant influences the
risk of two or more diseases (26, 36, 38–40).
These studies frequently leveraged cohorts geno-
typed on the Immunochip, a custom array with

196,000 variants that densely covers 186 re-
gions associatedwith at least one autoimmune
condition. Their main findings have been
consistent: Approximately half (41 to 60%) of
the genetic loci that overlap between two or
more autoimmune diseases are attributable
to the same underlying genetic effect (Fig. 2).
This includes loci with multiple condition-
ally independent associations, such as signal
transducer and activator of transcription 4
(STAT4), which harbors two independent
genetic effects common to both rheumatoid
arthritis and systemic lupus erythematosus
(38). Most of these shared genetic effects are

observed between pairs of diseases, with
<10% occurring across four or more auto-
immune conditions (38). A notable ex-
ample is a single low-frequency missense
coding variant (rs34536443) in TYK2,
which encodes a nonreceptor tyrosine
kinase that is constitutively expressed
across immune cell subsets. This variant
confers strong uniform protection against
the 10 autoimmune conditions in which
it was examined (41). Homozygosity for
the minor allele resulted in disease odds
ratios between 0.1 and 0.3 and in a near-
complete loss of protein function. This in
turn led to impaired signaling for type 1 in-
terferon, IL-12, and IL-23 and consequent-
ly perturbation of CD4+ T helper (TH)
type 1 and TH17 cytokine production (41).
This study suggested that a drug capable
of similarly inhibiting TYK2 function
may be beneficial across a range of auto-
immune conditions. Indeed, the first se-
lective tyrosine kinase 2 (TYK2) inhibitor,
deucravacitinib, was approved by the US
Food and Drug Administration (FDA) in
September 2022 for the treatment of
plaque psoriasis, with ongoing trials in
psoriatic arthritis, systemic lupus eryth-
ematosus, Crohn’s disease, and ulcera-
tive colitis. On the basis of this genetic
evidence, TYK2 inhibitors may yet be ex-
tended to additional autoimmune condi-

tions. Homozygosity for the same missense
variant (rs34536443) also confers a higher risk
of mycobacterial disease, including primary
tuberculosis, driven by IL-23 disruption (42).
Therefore, evaluation for active and latent
tuberculosis is recommended before initiating
deucravacitinib.
These data reveal the existence of a sub-

stantial genetic overlap between autoimmune
diseases, as evidenced by the presence of pleio-
tropic variants shared across multiple diseases,
occasionally with opposing effects. By leverag-
ing this genetic overlap, cross-disease analysis
of existing autoimmune disease cohorts has
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Fig. 2. Shared risk variants in autoimmune diseases. This
chord diagram shows the pairwise shared genetic associations
driven by the same underlying allele in an Immunochip analysis
of six autoimmune diseases. Data are from (32). The number
of pairwise shared effects for each disease is indicated in
parentheses. CeD, celiac disease; IBD, inflammatory bowel disease;
MS, multiple sclerosis; T1D, type 1 diabetes; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus.

Box 2. Genetic basis of treatment outcomes and differential effects in autoimmune diseases.

Inhibitors of TNF-a are widely used and highly effective treatments for a
variety of autoimmune diseases, including rheumatoid arthritis, inflammatory
bowel disease, and ankylosing spondylitis, with the notable exception of multiple
sclerosis. Preclinical studies in an experimental autoimmune encephalomyelitis
model suggested that TNF-a depletion would be beneficial for multiple sclerosis.
However, a phase 2 randomized trial of TNF-a capture using lenercept, a
recombinant TNFa receptor p55-immunoglobulin fusion protein, resulted in dose-
dependent disease worsening, leading to early trial discontinuation (61). A
subsequent GWAS identified a variant (rs1800693) intronic to TNF receptor
superfamilymember 1A (TNFRSF1A). Functional experiments revealed that the risk
variant led to exon 6 skipping and premature transcription termination in ~10% of
mRNAs, resulting in loss of the transmembrane and intracellular domains and
increased expression of a soluble TNF receptor isoform that neutralizes circulating

TNF-a, similar to lenercept (62). Diseases that benefit from TNF inhibitor
treatment either have no association with variants in TNFRSF1A (such as
rheumatoid arthritis and inflammatory bowel disease) or an opposite
association; the risk allele in multiple sclerosis correlates with a protective effect
for ankylosing spondylitis of similar but opposite magnitude (63). Recently,
epidemiological studies have also demonstrated that treatment with TNF-a
inhibitors is associated with an increased incidence of multiple sclerosis (64).

This example highlights the potential of genetics to inform and predict
treatment response and toxicity, including differential effects across diseases. It
also illustrates that even though genetic effects may appear small (rs1800693
increases the odds of multiple sclerosis by 15%), pharmacological interventions
targeting the same mechanisms can have a substantial impact on outcomes
(lenercept increases the relapse rate in multiple sclerosis by up to 68%) (61).
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been successful in identifying new genetic
associations and improving causal variant
identification (36, 38). Compelling evidence
suggests that some of these shared genetic
factors, and consequently shared immunopath-
ology, have evolutionary roots shaped by adap-
tation to pathogens.

Evolutionary origins of autoimmune diseases

Genetic diversity and variation are shaped by
evolutionary forces, includingnegative selection,
a process by which alleles with detrimental
effects on fitness are removed from the pop-
ulation. Therefore, the presence of common
genetic variants that substantially increase the
risk of autoimmune diseases implies that these
variants may have provided a beneficial evo-
lutionary trade-off. Considering the immune
system’s role in combating infections and the
strong impact of host genetics on susceptibil-
ity to infectious diseases, it has been proposed
that autoimmune risk alleles have been pre-
served at high frequency in the population be-
cause of their role in improving resistance to
infections (43). The canonical example of this
antagonistic pleiotropy, genotypeswith oppos-
ing effects on different traits, is variation of the
hemoglobin subunit-b (HBB) locus that pro-
tects against malaria but causes sickle cell
anemia when inherited in a recessive man-
ner. Similarly, genetic variations in the MHC
region, which is responsible for a large pro-
portion of the inherited risk for autoimmune
diseases, are expectedly also linked with sus-
ceptibility to various infections because of
the roles of the encoded proteins in antigen
presentation and T cell receptor composi-
tion (44). Recently, a systematic analysis of
genetic effects on infectious and autoimmune
disorders confirmed that variants associated
with both trait categories were significantly
more prevalent than expected [by >100-fold
(43)] (Fig. 3).
Another example is the tumor necrosis fac-

tor (TNF) ligand superfamily member 13B
(TNFSF13B) locus, which was found to be
associated with the risk of multiple sclerosis
and systemic lupus erythematosus in people
from Sardinia (45). The causal variant at the
locus (rs200748895) results in higher expres-
sion of B cell activating factor (BAFF, encoded
by TNFSF13B) and in turn higher humoral
immunity. This variant was several-fold more
frequent in people from Sardinia compared
with those in mainland Europe (26.5% in
Sardinia versus 1.8% in the United Kingdom
and Sweden), and the haplotype displayed
signatures consistent with positive selection,
as opposed to higher frequency arising from
random chance (i.e., genetic drift). Because
high BAFF expression and antibody produc-
tion may protect against severe malarial dis-
ease, the authors proposed that this positive
selection was driven by adaptation to malaria,

which was endemic in Sardinia until the 1950s
and more prevalent than in mainland Europe.
Even though malaria has been eliminated
from Sardinia, its genetic imprint may help
to explain why the island population currently
has some of the highest rates of multiple
sclerosis and systemic lupus erythematosus.
This example also highlights the potential
benefits of studying genetic variation in iso-
lated and diverse populations with varying
haplotype frequencies and structures in in-
forming disease biology (46).
Although previous evidence of the selective

pressures imposed on human populations by
specific pathogens has been largely circum-
stantial, recent advances in ancient DNA prep-
aration and sequencing have provided a direct
means of assessing human adaptation (47).
For instance, a recent study examined the
genetic adaptations to the Black Death, a
devastating pandemic of plague caused by
Yersinia pestis that killed 30 to 50% of the
populations of Europe, the Middle East, and
North Africa in the Middle Ages (48). To iden-
tify genetic loci under selection from the pan-
demic, theauthorsanalyzedancientDNAsamples
from individuals buried in London cemeteries
before (850 to 1250 AD), during (1348 and
1349 AD), and after (1350 to 1539 AD) the
Black Death. A cohort of individuals before
and after the plague in Denmark provided
replication. Overall, 206 individuals were
analyzed for 356 immune-related genes and
496 immune disorder GWAS loci. The results

showed large changes in allele frequency at
immune loci, but not in regions under neu-
tral evolution. The strongest evidence was
found for a variant (rs2549794) in endoplas-
mic reticulum aminopeptidase 2 (ERAP2),
which conferred an estimated 40% reduc-
tion in Black Death mortality in individuals
homozygous for the protective allele. The same
allele has been associated with increased risk
of Crohn’s disease, and the corresponding
haplotype also increased the risk of other auto-
immune diseases, including ankylosing spon-
dylitis, psoriasis, and juvenile idiopathic arthritis.
ERAP2 encodes an aminopeptidase that adapts
antigens for binding toMHC class I molecules
and presentation to CD8+ T lymphocytes. Like-
wise, another Black Death–protective allele
near cytotoxic T lymphocyte–associated pro-
tein 4 (CTLA4) increases the risk for celiac
disease, rheumatoid arthritis, and systemic
lupus erythematosus. It therefore appears that
the selection of advantageous alleles in sur-
vivors of the plague, and the preservation of
their frequencies in descendants, have led to
an increased risk of various autoimmune dis-
eases in modern populations.
Just as past selection favored host resistance

alleles, it has also selected against variants that
weakened immune responses and increased
the risk of infection, even when they offered
protection against autoimmune diseases. Re-
cent studies have revealed that the TYK2 mis-
sense variant (rs34536443), which reduces
the risk of various autoimmune conditions,
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Fig. 3. Antagonistic pleiotropy between risk of autoimmunity and infection. Many genetic variants
associated with autoimmune diseases also influence infectious disease risk and severity. Selective pressures
from pathogens over millennia have favored variants, such as in ERAP2, that provide infection resistance
even at the expense of higher autoimmunity (positive selection). Conversely, the same pressures have
resulted in decreased frequency of variants, such as in TYK2, that protect against autoimmune diseases
but increase infectious risk (negative selection). This suggests that the benefits of infection resistance
outweigh the risk of autoimmune diseases, especially in environments with high rates of infection (most
of human history). These evolutionary pressures have resulted in a higher genetic predisposition to
autoimmune diseases, contributing to their high disease burden in modern societies relative to historically
low infection rates.
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underwent negative selection over the past
2000 years because of an increased predis-
position to tuberculosis, resulting in a lower
frequency in the population (43). This variant
also increased the risk of severe COVID-19,
consistent with the role of TYK2 in the type
1 interferon pathway implicated in this formof
the disease (49).
Throughout history, human immune sys-

tems have adapted in response to environ-
mental pressures, perhaps none greater than
those imposed by infectious agents. Their ge-
netic imprint favoring more robust immune
responses came at the cost of a higher shared
genetic risk of various autoimmune diseases.
The transition from high levels of infection
to lower pathogen exposure in recent times
has led to a mismatch between this history
of selection and our current environments,
contributing to the high disease burden of
chronic autoimmune conditions. Furthermore,
ancient DNA has also been used to trace the
historical origins of autoimmune disease–
associated variants (50) and revealed that loci
from extinct hominins such as Neanderthals
and Denisovans are enriched for innate and
adaptive immunity genes (51).

Concluding remarks

Over the past 15 years, GWASs have substan-
tially advanced our understanding of the ge-
netic architecture of autoimmune diseases. The
discovery of hundreds of disease-associated
variants, including many overlapping across
autoimmune conditions, confirmed their shared
genetic and immunopathological etiology.
Some of these shared variants have opposing
effects on distinct autoimmune diseases, mir-
roring and offering insight into the differential
outcomes observed with TNF-a inhibitors
(Box 2). Ancient DNA sequencing analyses are
revealing how selection pressure from patho-
gens over millennia has shaped the human
immune genetic repertoire, contributing to
higher frequencies for some common genetic
factors and consequently to a higher preva-
lence of autoimmunity. The interpretation
of these mostly noncoding risk variants has
been challenging, although this is being
addressed through multidimensional integra-
tion with gene regulation traits at cell-type–
and context-specific resolution using single-cell
sequencing and data from individuals with
autoimmune diseases. Functional studies have
begun to shed light on the molecular conse-
quences of several autoimmunity variants,
and the development of high-throughput ap-
proaches to functional characterization will
accelerate this further. As evidenced by the
observation that two-thirds of drugs approved
by the FDA in 2021 were supported by genetic
evidence (52), unraveling the biological mech-
anisms behind these variants has the potential
to improve prevention and treatment options

for these diseases. Furthermore, the use of
polygenic predictors from GWAS results can
help to identify healthy individuals at elevated
risk of disease, potentially enhancing screen-
ing and allowing for presymptomatic inter-
ventions, such as in type 1 diabetes prevention
trials (53, 54).
Many autoimmune diseases affect popula-

tion groups differently (1), and examining the
role of genetic variation in these differences
may yield valuable insights, as exemplified by
the study of BAFF in Sardinia (45). However,
most genomic studies thus far have been in
participants of European ancestry. Going for-
ward, major efforts will be required to expand
genetic and epigenetic data collections to di-
verse ancestries around the world. Moreover,
large collections of longitudinally followed
and deeply phenotyped cohorts are required
to identify genetic variants that contribute,
not only to disease risk, but also to hetero-
geneity in disease progression, because these
may differ (55, 56). Finally, although this Re-
view has focused on classic autoimmune dis-
eases, genetic studies have revealed a role for
autoimmunity in other conditions. For in-
stance, GWASs in Parkinson’s disease have
identified HLA associations, and subsequent
research reported frequent T cell responses to
a-synuclein, which forms pathogenic protein
aggregations in this disease (57). These and
other findings in Alzheimer’s disease, athero-
sclerosis, and cancer are broadening the view
of inflammation and autoimmunity across hu-
man diseases.
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