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Abstract

Common autoimmune diseases are relatively heterogeneous with both genetic and environmental
factors influencing disease susceptibility and progression. As the populations in developed
countries age, these chronic diseases will become an increasing burden in human suffering and
health care costs. By contrast, rare immune diseases that are severe and develop early in childhood
are frequently monogenic and fully penetrant, often with a Mendelian inheritance pattern.
Although these may be incompatible with survival or cured by hematopoietic stem cell
transplantation, we will argue that they constitute a rich source of genetic insights into
immunological diseases. Here, we discuss five examples of well-studied Mendelian disease-
causing genes and their known or predicted roles in conferring susceptibility to common,
polygenic diseases of autoimmunity. Mendelian disease mutations, as experiments of nature,
reveal human loci that are indispensable for immune regulation and, therefore, most promising as
therapeutic targets.

Introduction

The genetic basis for autoimmunity, defined as genomic DNA sequence variants conferring
disease, has been intensively studied in common autoimmune disorders including
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), type 1 diabetes (T1D),
Crohn's disease, celiac disease, and others with the intention of finding new causative
pathways and potential therapeutic targets. Identification of specific MHC alleles as
important for disease susceptibility was a significant initial success?. Since that time,
genome-wide association (GWA) studies have correlated an abundance of single nucleotide
polymorphisms (SNPs) with autoimmune disease susceptibility?:3. However, even
individuals harboring large numbers of susceptibility SNPs did not necessarily develop
disease and those who developed disease did not necessarily have all, or even most, of the
susceptibility SNPs, making the genetic argument for causality tenuous. The wide
availability of whole exome (WES) or whole genome (WGS) DNA sequencing has offered a
more comprehensive view into genome sequence variation related to immunological disease.
It allows, far more efficiently than ever before, a means to associate large numbers of
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genomic differences, especially rare and private variants, with disease susceptibility. It also
provides the most effective means yet to solve the molecular basis of rare, monogenic
immune disorders. This allows gradual building of a catalog of autoimmune disease genes
and pathways. Here, we discuss integrating findings in Mendelian genomics research on rare
diseases with GWA studies in common autoimmune diseases to elucidate key pathways and
potential therapeutic targets.

An important distinction between GWA studies and gene discovery in Mendelian disorders
is that they detect fundamentally different types of gene variation. GWA studies query SNPs
to find a statistical enrichment in diseased individuals compared to controls?. Typically,
associations were based on hybridization chips that interrogate common SNPs, with 1-5%
allele frequencies, which, because they have been selected to have sufficient fitness to be
inherited through generations broadly within the population, have reduced disease impact.
Because most of the genome is not protein-coding, many such SNPs were in unclassified
regions of the genome rather than the exome?. Moreover, disease-associated SNPs generally
have quantitatively small susceptibility effects, and few are sufficiently well understood to
be diagnostically or therapeutically actionable®. By contrast, Mendelian genomics identifies
deleterious and highly penetrant nucleotide variants and copy number variations (CNVs) that
mostly affect protein-coding exome sequences in rare individuals with severe immune
disorders. Less severe alleles of these same genes allow sufficient reproductive fitness that
they can be associated with common autoimmune diseases. Already, several genes (A/RE,
FOXP3, CTLA4) detected in both gene discovery approaches, are clear causes of
autoimmunity. Also, both approaches are converging on genomic DNA sequencing which is
rapidly shifting from WES to WGS. The latter provides a far superior computational exome
and enables significant advances in understanding risk loci that map to non-coding regions
of the genome or in genes with unknown function. Identifying the regions of the genome and
pathways underlying common and rare autoimmune disorders will facilitate translation of
these findings to clinical benefit.

Gene discovery in rare Mendelian immune disorders

Common autoimmune disorders are not monogenic or Mendelian in their inheritance
patterns. Instead, these disorders, which affect millions of patients, are caused by a
constellation of susceptibility genes and environmental exposures that are insufficiently
defined at present. The first attempts at gene associations came from human twin studies in
which disease concordance between two identical twins compared to fraternal twins or the
normal population gave a quantitative estimate of heritability®. Similarly, the sibling
recurrence risk in non-twin siblings was higher for most common autoimmune diseases’.
Though generally involving small numbers of patients, such studies give a clear indication of
genetic susceptibility to autoimmune disease but no actual disease gene identification.
Linkage dysequilibrium (LD) studies in both humans and mice were successful in
identifying gene variation in autoimmune diseases but these investigations were laborious
and yielded genes with small effects on disease’. The process of associating genetic
variation with autoimmune disease was accelerated by GWA studies that correlated SNPs
with disease for many autoimmune conditions®. All of these methods pointed toward a mode
of inheritance in which susceptibility alleles were inherited in complex combinations with
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incomplete penetrance perhaps due to environmental factors’. One challenge was the fact
that all of the genetic variation identified through LD or GWA studies seemed to fall short of
the apparent heritability of disease raising the problem of “missing heritability.”
Understanding how genetic variation could contribute to disease pathogenesis and how it
could be targeted therapeutically remained elusive. New approaches were needed to answer
these questions more effectively.

The emergence of inexpensive, high-throughput, next-generation (nextgen) DNA sequencing
(NDS) technology enabling complete exome and genome interrogation offered a
complementary approach to GWA and LD studies®. These technologies had a profound
impact on our conception of the genome by revealing millions of rare and private variants in
each sequenced sample, far more variation than had been previously conceived®. NDS was a
powerful new approach to identifying causative genes in rare and severe/early onset
autoimmune disorders that are inherited in a Mendelian fashion and, therefore, are likely to
be largely monogenic. The lens provided by these rare diseases allowed us to catch glimpses
of genes and pathways that, when altered in more subtle ways, likely contribute to
susceptibility to the more common autoimmune diseases. These findings can help guide
interventions and therapies. As shown in Figure 1, the more common diseases with greater
allele frequency can be analyzed using GWA studies or, more comprehensively, WES/WGS
to identify genetic variants associated with disease phenotype. We argue that, despite their
rarity, the Mendelian immune diseases with high penetrance are valuable to discover gene
mutations that can be examined mechanistically to provide direct evidence in humans for the
importance of particular genes or pathways in immune health. Indeed, we discuss below
several examples of DNA sequence variants in genes that are implicated in both rare
Mendelian immune disorders and GWA studies of common autoimmune diseases. As
genetic research on autoimmune diseases progresses and shifts from WES to WGS, we
predict that genetic defects in previously poorly understood regions of the genome,
including intergenic and intronic regions, will shed more light on existing GWA data and
population studies that implicate non-coding or unknown genes as risk loci.

In this essay, we have chosen to highlight 5 monogenic diseases with autoimmune features
that already have or are likely to be linked to common, polygenic autoimmune disorders.
This is not meant to be an exhaustive list of genetic autoimmune disorders, which would be
beyond the scope of this essay. Instead, we hope to describe some classic Mendelian
autoimmune diseases that have been well-studied and some recently discovered disorders
that we have investigated to underscore the synergy between WES/WGS analysis in
Mendelian diseases and GWA studies in common diseases. Many other important
autoimmune gene mutations (e.g., those causing interferonopathies, complement deficiency,
STAT3 and STAT1 gain-of-function, CD25 deficiency, IL-10 deficiency, STING gain-of-
function, PLCG2 gain-of-function) have been described and similarly offer important
insights. The genes we will discuss as examples are listed in Table 1.

The AIRE gene and APECED disease

A clinical condition known as APECED (autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy) was identified as an autosomal recessive, fully penetrant Mendelian

Curr Opin Immunol. Author manuscript; available in PMC 2017 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lucas and Lenardo

Page 4

disease by clinicians as early as the 1960s8. Diagnosis of APECED is made when a patient
presents with two of the following three diagnostic criteria: chronic mucocutaneous
candidiasis, chronic hypoparathyroidism, and autoimmune adrenal insufficiency. APECED
was found in 1997 to be caused by deleterious mutations in the A/RE (autoimmune
regulator) gene®19, thereby initiating intense interest in this gene product as a critical
molecule preventing autoimmunity in healthy individuals. Mice with genetically engineered
Aire gene deficiency also suffered autoimmunityl112, This work defined Aireas a
transcriptional regulator that promotes ectopic expression of tissue-specific antigens in
thymic epithelial cells to promote negative selection of autoreactive T cells during
development. As would be predicted for a key mediator of immunological tolerance,
subsequent GWA studies identified an association between variants in the A/RE gene and
susceptibility to autoimmune disease, including RA 13:14, Although not currently feasible to
therapeutically modulate a transcriptional regulator such as AIRE, the discovery of
APECED/A/RE defects highlights the concept that uncovering the genetic basis for rare,
severe Mendelian immune disorders can point toward genes of interest to evaluate variants
in more common and complex diseases.

The FOXP3 gene and IPEX disease

Another rare autoimmune disease called IPEX (immunodysregulation polyendocrinopathy
enteropathy X-linked syndrome) was described in the 1982 and genetically linked in 2000 to
the recessive mutations in the FOXP3 genel®16, Patients with IPEX often present with
early-onset insulin-dependent diabetes mellitus, diarrhea, and dermatitis. Foxp3-deficient
mice exhibit a similar phenotype, which was attributed to severe autoimmune infiltration of
lymphocytes into peripheral tissues due to loss of regulatory T cells (Tregs). A large number
of publications have now defined the role of FOXP3 as a master transcription factor in Treg
development and function. Thus, IPEX patients, combined with consequent genetic studies
in mice, provided important insights into the mechanisms of immunological tolerance and
autoimmunity. Genetic variants in FOXP3 have now been identified through GWA studies in
humans with autoimmunity and underscore the wider importance of Tregs in healthy
immune homeostasis!’ 18, Therapies for autoimmune diseases that are focused on increasing
the number and function of Tregs are being intensely pursued and may offer promise as a
means of therapeutic suppression of autoimmunity.

The FAS pathway and ALPS disease

The autoimmune lymphoproliferative syndrome (ALPS) is characterized by benign
lymphadenopathy and splenomegaly, autoimmune cytopenias (hemolytic anemia,
thrombocytopenia), accumulation of lymphocytes, particularly mature peripheral alpha-beta
T cells that do not express CD4 or CD8 (double-negative T cells), and a marked propensity
to develop B cell lymphomas. Most ALPS patients have heterozygous dominant-interfering
mutations in the gene encoding the tumor necrosis factor receptor superfamily cell death
inducing receptor, FAS. Examination of larger cohorts of patients revealed that ALPS is also
caused by mutations in the FASL, CASP10, and NRAS genes!®-26_ A large body of work in
human patients and mice defined FAS as a critical regulator of lymphocyte homeostasis.
This pathway is important for controlling mature lymphocyte cell fate through the activation
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of a caspase cascade to mediated the extrinsic pathway of immune cell apoptosis. The
autoimmunity observed in ALPS patients seems to result from failure to properly cull
superfluous T cells. From the genetic elucidation of this pathway, lymphocyte cell death and
homeostasis emerged as an additional layer of peripheral immune tolerance (beyond AIRE-
mediated thymic deletion and FOXP3-mediated Treg suppression). Interestingly, the
penetrance of clinical disease in individuals harboring dominant-interfering Fas mutations is
only 60% indicating that other genes or environmental factors are critical?’. Again, GWA
studies identified polymorphisms in the FAS gene that confer susceptibility to
autoimmunity28-31,

The PI3K pathway and PASLI/APDS disease

An immunodeficiency disease with lymphoproliferation and predisposition to lymphoma
and autoimmunity was recently found to be caused by gain-of-function, heterozygous
mutations in P/IK3CD32:33 and PIK3R13*35, This disorder has been called p1108-activation
with senescent T cells, lymphadenopathy, and immunodeficiency (PASLI) disease/activated
p1106 syndrome (APDS). Multiple groups have reported additional families and expanded
the spectrum of clinical findings36-38. The PI3K signaling pathway promotes cell growth,
survival, and proliferation. PASLI/APDS patients have revealed that hyperactive PI3K
signaling in immune cells disrupts immune homeostasis, increasing susceptibility to
autoimmune cytopenias and other forms of autoimmunity (e.g., arthritis). Although there is
little evidence for clear direct associations between variants in PI3K genes and autoimmune
diseases, there is strong evidence that inhibition of the leukocyte-enriched PI3K molecules
ameliorates disease in several autoimmune conditions3%49, The activation of the mTOR
kinase due to PI3K suggest that rapamycin or direct p1106 inhibitors may be effective in
select autoimmune conditions.

The CTLA4 gene and CHAI disease

The CTLA4gene has been the subject of much research since its discovery as an inhibitory
receptor that binds B7 ligands and suppresses T cell activation by dampening signals
through the costimulatory CD28 receptor?142. Mice genetically deficient in the ct/a4 gene
exhibit excessive T cell proliferation and infiltration leading to broad tissue destruction and
death in the perinatal period 43. Subsequent GWA studies of patients with organ-destructive
autoimmunity identified associations with human CTLA4 variants*4-46. More recently, a
Mendelian human autoimmune disorder caused by heterozygous mutation in C7LA4 has
been delineated and termed CTLA4 haploinsufficiency with autoimmune infiltration (CHALI)
disease*’. These patients suffer from T lymphocyte infiltration in the lung, gut, and brain,
and their disease points to an important difference between humans and mice since, unlike
the human patients, mice with one mutant ct/a4 allele show no overt phenotype. These
findings emphasize that the expression level of CTLA4 in humans must be tightly regulated
to ensure immune tolerance. Indeed, another Mendelian immune disease in humans has now
been linked to reduced CTLA4 expression. Homozygous, loss-of-function mutations in the
gene encoding LRBA?*® have been found to result in reduced CTLA4 protein expression due
to excessive protein degradation in lysosomes. For this reason, patients with LRBA
deficiency clinically phenocopy CHAI disease with autoimmune tissue infiltration, and we
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have termed this disorder LATAIE (LRBA deficiency with autoantibodies, Treg defects,
autoimmune infiltration, and enteropathy) 4°. Both CTLA4 haploinsufficiency (CHAI
disease) and recessive loss of LRBA (LATAIE disease) result in lymphadenopathy/
splenomegaly, defective immunoglobulin production, autoantibodies, Treg defects, and
tissue infiltration. Disease in CHAI patients has only 50% penetrance, and it remains to be
determined what the penetrance will be in patients with LRBA deficiency®®. Thus, CTLA4
is a substantiated target for modulation in autoimmune diseases, and therapies to mimic
inhibitory activity of CTLA4 using a CTLAA4-Ig fusion protein have recently been FDA-
approved.

Conclusions

Despite the success of GWA studies in identifying many associations between common
DNA sequence variants and common autoimmune disorders, tangible translational advances
in the form of clinical treatments or reliable biomarkers of disease prognosis or progression
have not yet been widely achieved. Similarly, the field of Mendelian genomics research has
been fruitful in identifying causative gene mutations that are sometimes not actionable for
therapy or are considered fairly narrowly in the context of rare disease. However, each
approach has the capability of surmounting the shortcomings of the other to achieve a useful
genetic understanding of autoimmunity. We propose that the next wave of genomics research
will integrate more broadly the lessons learned from GWA and Mendelian genomics
research to prioritize the gene candidates that contribute to autoimmunity in both types of
studies. Cell signaling and immune effector functions are likely complex adaptive systems in
which a web of a large number of self-organizing molecular interactions create unexpected
robustness punctuated by tipping points to severe dysfunction in response to gene
variation®L. To understand this, systems approaches combining genomic sequencing with
gene expression, proteomics, and modeling data will be instrumental in defining the cellular
signaling network regulating autoimmunity, both broadly and within more narrowly defined
disease phenotypes®2.
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. Mendelian genomics research identifies key autoimmunity genes in humans
. Study of rare Mendelian disorders is complementary to GWA studies of
common diseases
. Immune tolerance is critically regulated by AIRE, FOXP3, FAS, PI3K, and

CTLA
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Allele frequency

Figure 1.
Genetic research has identified common variants in common diseases through GWA studies

(bottom right) and rare and private disease-causing mutations in uncommon diseases through
WES/WGS (top left). (Adapted from Nature Reviews Genetics; May 2008; vol 9:356.)
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The genes discussed here are listed together with the Mendelian and common diseases in which they have
been implicated. APECED: autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; IPEX:
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome; ALPS: autoimmune
lymphoproliferative syndrome; PASLI: p1106-activation with senescent T cells, lymphadenopathy, and
immunodeficiency; APDS: activated p1106 syndrome; CHAI: CTLA4 haploinsufficiency with autoimmune

infiltration.
Mendelian Disease . . i
GENE Basic Function with Causative Common Dlspegssscvi\g:ir:)rs]usceptlblllty
Mutation
Transcriptional regulator for tolerance to . .
AIRE self antigens APECED Rheumatoid arthritis
FOXP3 Transcription factor for regulatory T cells IPEX Vitiligo
FAS Pro-apoptotic ALPS Systemic lupus erythrematosis
(and related)
PI3K Cell growth, proliferation, and survival PASLI/APDS PI3K inhibition ameliorates RA, SLE
(several genes) ' ' )
CTLA4 T cell inhibitory molecule CHAI Myasthenia gravis, alopecia areata

(and related)
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