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Synopsis
Alopecia Areata (AA) is a recurrent autoimmune type of hair loss that affects about 5.3 million
people in the United States alone. Despite being the most prevalent autoimmune disease, affecting
more individuals than most other autoimmune diseases combined, the molecular and cellular
mechanisms underlying this complex disease are still poorly understood, and rational treatments
are lacking. It is currently accepted that AA is an autoimmune disease that occurs in genetically
susceptible individuals and that environmental factors play a role in the development and
progression of the disease. However, further efforts are necessary to clearly pinpoint the causes
and molecular pathways leading to this disease and, most importantly, to find evidence-based
treatments to treat AA. Here, we will focus on the central role of genetics for gaining insight into
disease pathogenesis and setting the stage for the rational development of novel effective
therapeutic approaches. This is an exciting new era marking the beginning of translational
research in AA based on genetic findings.
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1. Alopecia Areata: a common autoimmune disease

1.1 Epidemiology of AA

Alopecia Areata (AA) is a frequent autoimmune disease with a lifetime risk of about 1.7%
in the general population, including males and females across all ethnic groups (1). The
prevalence of AA is 0.1-0.2%, worldwide as well as in the US and is responsible for 0.7—
3% of patients seen by dermatologists (2, 3). The peak incidence of AA appears to occur
among 15-29 year-old individuals, with as many as 44% of people having onset of disease
before their 20s and less than 30% of patients having onset after their 40s. The clinical
course of AA is highly unpredictable, and it can occur at any age from birth to late decades
of life.

1.2 Clinical findings and etiology

AA is a nonscarring type of hair loss that usually manifests suddenly as one or more well-
defined circumscribed areas that can occur anywhere in the body, although they are most
frequently seen on the scalp (90% of cases) (3-5). The disease can then remit spontaneously
or, alternatively, the initial patches can coalesce and progress to cover the entire scalp
(alopecia totalis or AT) or even the entire body surface (alopecia universalis or AU). The
clinical heterogeneity and unpredictable course of AA is a major source of distress for
affected individuals.

Epidemiological studies in AA have demonstrated that a history of autoimmune disease
increases the risk of AA (6). Specific reported associations include AA with thyroid disease,
(4, 7-11) celiac disease (CeD) (12), rheumatoid arthritis (RA) (7, 8, 13), vitiligo (4, 7-9, 14,
15) and type 1 diabetes (T1D) (7, 10, 13, 16). Although the exact pathophysiology of AA is
not clear, AA is a T-lymphocyte mediated autoimmune condition that occurs in genetically
susceptible individuals (17). Histopathological findings have revealed inflammatory
perifollicular infiltrates of T-cells around anagen (growth phase) hair follicles (“swarm of
bees”), which consist of both CD4+ and CD8+ T-cells (18, 19). The focus of the attack by
the infiltrating lymphocytes is the base of the hair follicle, such that the stem cell
compartment is spared from destruction and, therefore, hair regrowth remains possible.
Increased levels of autoantibodies, cytokine abnormalities and increased prevalence of
autoimmune comorbidities have been described in AA patients (20, 21). An acute onset of
disease has been documented in affected individuals at times of profound stress, grief or fear
(22), indicating that besides the autoimmune and genetic components, environmental (non-
genetic) factors may contribute to trigger the manifestation of this disease, thus supporting
the multi-factorial etiology of AA.

1.3 Lack of cure or preventive treatment for AA

AA can cause tremendous emotional and psychosocial distress in affected individuals and
their families. Patients can experience profound feelings and frustrations such as loneliness,
isolation, anger, depression, and embarrassment, among many others. However, despite the
high prevalence and extreme psychosocial burden of AA, there are no evidence-based
treatments as yet, and treatment of AA is symptomatic and directed toward halting disease
activity (23). A comprehensive Cochrane analysis assessment of 17 randomized control
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trials (RCTSs) involving a total of 540 participants found no proven treatment for AA (24).
These trials included 6-85 individuals each, and treatments included topical and oral
corticosteroids, topical cyclosporine, photodynamic therapy, and topical minoxidil. Even
though topical corticosteroids and minoxidil have been widely used to reduce inflammation
and/or stimulate hair growth, respectively, and appear to be safe, there is no convincing
evidence that they are beneficial in the long term. Most trials have been poorly reported
and/or are small and underpowered, resulting in inconclusive results (17). No RCTs were
found on the use of other drugs that are also commonly used for the treatment of AA, such
as diphencyprone, dinitrochlorobenzene, dithranol or intralesional corticosteroids.

Because of this lack of evidence-based treatment for AA and due to the high rate of
spontaneous remission, particularly in individuals with a recent onset and small patches of
hair loss, the initial approach typically includes topical or intralesional steroids or
observation. However, approximately 20-30% of cases fail to resolve using these strategies
and only one-third of all cases achieve complete recovery for about 10-15 years (25).

2. The impact of genetic studies in AA research

2.1 Candidate gene and linkage studies

Genetics and disease gene discovery are promising and robust strategies to gain critical
insights into pathogenic mechanisms in general. In the case of AA, initial evidence
supporting a complex, polygenic basis for disease was supported by multiple studies
revealing; (1) positive family history (26-28), (2) twin concordance (29, 30), (3) familial
aggregation (26), (4) human leukocyte antigen (HLA) associations (31, 32) and (5) studies
in animal models (33). The first genetic studies in AA were candidate gene association
studies. In these studies, a single gene is chosen base upon a previous hypothesis about its
function (usually in another autoimmune disease) and then tested for association in a small
sample of cases and controls. These studies were fruitful as they identified associations to
genes residing in the HLA region (HLA-DQB1, HLA-DRB1, HLA-A, HLA-B, HLA-C,
NOTCH4, MICA) and also outside of this region (PTPN22, AIRE) (34).

More recently, it became possible to survey the entire genome in a nonbiased way for
evidence of genetic contributions to disease using genome-wide genetic studies. These
studies, which identify genes based on their position in the genome (as opposed to their
function), are very powerful to uncover disease mechanisms when not much is known about
the disease etiology. Strong evidence for linkage is one of the most reliable evidences that a
disease has a genetic component, although these studies usually result in association of large
regions of the genome, each containing many genes, and do not allow identification of
particular causal variants. We previously performed a genome-wide linkage study and found
several regions that co-segregate with AA among families, providing compelling evidence
that the disease is in fact polygenic (35).

2.2 Genome-wide association studies (GWAS) and AA

In recent years, the identification of genetic markers for which an allele exists at a higher
frequency among a group of unrelated cases, relative to a group of unrelated controls, has
become possible with genome-wide association studies (GWAS). This technique, which
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most frequently uses single nucleotide polymorphism (SNP) markers, can identify much
smaller regions or linkage disequilibrium (LD) blocks, compared to linkage studies. GWAS
can survey between 500,000 and one million genetic markers among hundreds or thousands
of people, counting alleles at each SNP, to identify regions in the genome where the
distribution of alleles is skewed in the presence of disease.

We recently completed the first GWAS in AA interrogating allele frequencies across
500,000 SNPs between a group of 1054 unrelated AA patients and 3278 population-based
controls (17). We identified a number of 139 SNPs that exceeded genome-wide significance
(p<5x10~7), which clustered in eight regions across the genome and implicated genes of the
immune system, as well as genes that are unique to the hair follicle: (1) 2g33.2 containing
the CTLAA4 gene; (2) 4927 containing the IL2/1L21 locus; (3) 6p21.32 containing the HLA
class Il region; (4) 6g25.1 which harbors the ULBP gene cluster; (5) 9931.1 containing
syntaxin 17 (STX17); (6) 10p15.1 containing IL2RA; (7) 11913 containing peroxiredoxin 5
(PRDX5); and (8) 12qg13 containing Eos. Interestingly, a number of risk loci identified in
our GWAS were shared with other forms of autoimmunity, such as RA, T1D, CeD, systemic
lupus erythematosus (SLE), multiple sclerosis (MS) and psoriasis, in particular CTLA4, IL2/
IL2RA, IL21, NKG2D ligands and genes critical to the function of regulatory T cells.
Importantly, all of our loci have been replicated (36).

2.3 Immune genes associated with AA

2.3.1 CTLA4 on chromosome 2g33.2—Interestingly, extensive previous evidence
arising from genetic studies exists for the involvement of CTLA4 in at least 30 different
autoimmune diseases, including T1D, MS, Graves disease (GD), RA, CeD and SLE.
Independent evidence supporting these findings is the association of CTLA4 with four
different autoimmune diseases, which have been found in six independent GWAS according
to the NIH database of GWAS (http://www.genome.gov/gwastudies). These studies
associated CTLA4 with AA (our study) (17, 37), RA (38, 39), T1D (40, 41) and CeD (42).
Importantly, our GWAS findings regarding the association of CTLA4 with AA have been
replicated for the first time in an independent cohort (37). This group genotyped 22 SNPs
across the CTLAA4 locus in about 1200 cases and 1200 controls and demonstrated
statistically significant association of six SNPs. One of these SNPs, rs231775, occurs in the
coding region of CTLA4 and results in an amino acid substitution. The biological function
of CTLA4 will be described below (see section 4.1).

2.3.21L2/1L21 on chromosome 4q27—IL2 and IL21 are two closely related cytokines
and their encoded genes are adjacent, with similar exon/intron structures, which suggests
that they might have arisen by gene duplication (43, 44). Although both cytokines are
known to promote the function of effector CD8+ T cells, an antagonistic relationship
between the actions of IL2 and IL21 on the differentiation of CD8+ T cells has been
demonstrated (45).

Many of the immunosuppressive drugs commonly used to treat autoimmune diseases
function either by inhibiting the production of IL-2 by antigen-activated T cells
(corticosteroids, cyclosporine, tacrolimus, sirolimus) or by blocking IL-2 receptor signaling.
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Cyclosporine, tacrolimus and sirolimus have antiproliferative properties by inhibiting
response to IL-2 and thereby preventing expansion and function of antigen-selected T cells.

2.3.3 HLA on chromosome 6p21.32—The HLA super locus, residing on chromosome
6, contains a large number of genes related to the immune system, including genes encoding
cell-surface antigen-presenting proteins among many others. The HLA class Il region
contains genes responsible for foreign antigen presentation to T-cells, which specifically
stimulate proliferation of helper T cells, which later stimulate antibody production by B cells
or activation of other immune cells. There are different HLA types, which are inherited, and
some of which have been overwhelmingly associated with autoimmune diseases. Several
candidate gene studies have also previously demonstrated HLA associations with AA (34).

In our GWAS, we found the strongest association between the HLA class Il locus and AA.
One hundred and five of our 139 SNPs that exceeded statistical significance reside in the
HLA and genome-wide, both the most significant SNP, rs9275572 (p = 1.38x1073%), as well
as the SNP with the greatest magnitude of effect, rs11752643 (OR = 5.56; 95%CI: 3.03—
10.00) were found here.

2.3.4 ULBP3/ULBP6 on chromosome 6g25.1—0ur GWAS was the first to identify
the cytomegalovirus UL16-binding protein (ULBP) gene cluster in association with an
autoimmune disease. This gene cluster encodes activating ligands for the natural killer cell
receptor NKG2D that have not been previously implicated in any autoimmune disease, and
therefore had been missed from candidate gene studies.

NKG2D is a homodimeric activating receptor that is expressed on the surface of not only all
natural killer (NK) cells, but also of most NKT cells, all human CD8+ cytotoxic T cells and
activated mouse CD8+ T cells, subsets of gamma-delta T cells and, under certain
circumstances such as in RA patients, CD4+ T cells. Although NKG2D is expressed
constitutively on human and mouse NK cells, cytokines such as IL-15, IL-2 and IFN-gamma
upregulate its expression on human NK cells (46). The NKG2D receptor is remarkable in
that it can bind to a wide range of different ligands, which are distantly related homologs of
MHC class | proteins.

Our GWAS results point to the specific LD block containing ULBP3 and ULBP6 as being
strongly implicated in AA. Although our data shows for the first time the involvement of the
ULBP family of NKG2D ligands (NKG2DLs) in the pathogenesis of an autoimmune disease
(17), other NKG2DLs have been associated with various autoimmune disorders (47). For
example, specific MICA alleles are overrepresented in RA, inflammatory bowel disease and
T1D patients, implicating a role in disease pathogenesis (48, 49). Likewise, MICB
polymorphisms are also associated with CeD, ulcerative colitis, and MS (50-52). By
probing the role of ULBP3 in disease pathogenesis, we also showed that its expression in
lesional scalp from patients with AA is markedly upregulated in the hair follicle dermal
sheath during active disease.

2.3.5 IL2RA on chromosome 10p15.1—The IL-2-receptor a (IL2RA or CD25) is an
important regulatory T cell marker, and genetic polymorphisms of IL2RA gene are
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associated with a number of autoimmune diseases, such as T1D, MS, GD, SLE, RA,
systemic sclerosis and now AA (17, 53-57). Regulatory T cells function to maintain the
immune tolerance and have been reported to have an important role in several autoimmune
diseases.

Genetic variants in the IL2RA locus differentially confer risk to MS and T1D,
demonstrating genetic heterogeneity of the associated polymorphisms and risk alleles
between MS and T1D (56, 58). Additionally, several independent genetic variants of IL2RA
correlate with the levels of a soluble form of the IL2 receptor (SIL2RA) in human serum.
High concentrations of sIL2RA are found in sera from healthy individuals and have been
reported to be increased in subjects with autoimmune disease, inflammation and infection
(59-61). However, T1D susceptibility genotypes of IL2RA have been associated with
reduced circulating levels of SIL2RA, suggesting that an inherited lower immune
responsiveness predisposes to this autoimmune disease (55). These results suggest some
discordance between sIL2RA levels and disease susceptibility and further studies addressing
the causality of sIL2RA in autoimmune disease will be needed. Independent biological
pathways contributing to disease susceptibility may include IL2RA transcriptional
regulation, cell surface expression levels of IL2RA and serum sIL2RA levels (56).

One of the most remarkable findings in our GWAS in AA was the presence of association at
both the IL2 locus and its receptor IL2RA, suggesting a prominent role for this signalling
pathway in AA disease pathogenesis.

2.3.6 Eos/ERBB3 on chromosome 12g13—The Eos locus in chromosome 12q13 has
been previously associated with T1D, placing this locus among the shared autoimmune loci
(41). We also identified a significant GWAS association on a haplotype block on
chromosome 12q13, which contains several genes, with AA. Among these, Eos emerged as
a plausible candidate gene, given its know function in CD4+ regulatory T cells. These cells
are known to maintain immunological self-tolerance and immune homeostasis by
suppressing aberrant immune responses, a process that is dependent on the transcription
factor Foxp3-dependent gene activation (62). Recently, the zinc-finger transcription factor
of the Ikaros family — Eos — was identified as a critical mediator of Foxp3-dependent gene
silencing in regulatory T cells (63). Eos silencing in these cells causes them to lose their
ability to suppress immune responses, demonstrating the crucial role of Eos for regulatory T
cell specification and function (63).

Despite this recent evidence making Eos a compelling candidate gene at this locus, ERBB3
has also been previously implicated as a plausible candidate gene at this locus for
autoimmune diseases (41). It is possible that the underlying susceptibility allele(s) may
influence both Eos and ERBB3 transcripts.

2.3.7 IL13 on chromosome 5931 and CLEC16A on 16p13.13—As mentioned
above, all loci from our initial GWAS have been corroborated by independent studies (35—
37, 64). The most recent of these studies further identified IL13 and CLEC16A as two
additional gene associations that showed a nominal signal in our GWAS and have now
surpassed the genome wide significance threshold in a meta-analysis (36).
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IL-13 is a cytokine classically associated with CD4 T helper 2 responses, although other cell
types, including innate-like T cells, can also express this cytokine. As such, it is thought to
be important in the pathogenesis allergic responses and associated diseases. Indeed, I1L13-
proximal SNPs have been associated with asthma(65, 66) as well as with other autoimmune
diseases, including psoriasis (67, 68).

CLEC16A encodes a protein with unknown function. CLEC16A contains a putative C-type
lectin domain and a likely immunoreceptor tyrosine-based activation motif, or ITAM. C-
type lectins are receptors that bind carbohydrates and function as adhesion receptors and
pathogen recognition receptors (69); CLEC16A may therefore be important in engendering
or modulating immune responses. Interestingly, CLEC16A has been associated with MS
(70, 71) and T1D (72, 73), further supporting its role as a modulator of the immune
response.

2.4 Hair follicle-specific genes

2.4.1 PRDX5 on chromosome 11q13—Reactive oxygen species are a potentially
deleterious byproduct of mitochondrial respiration that can damage DNA, proteins, and
organelle membranes. Peroxiredoxins (PRDXs) are a family of enzymes responsible for
quenching reactive oxygen species. PRDX5 is expressed in many tissues, including the hair
follicle, and is induced under conditions of cellular stress. Upregulation of PRDX5 may
confer an anti-apoptotic phenotype and may ultimately enable survival of aberrant cells
which harbor danger signals, leading to presentation of damaged self-antigens to the
immune system and subsequently autoimmune disease (74, 75). In a mouse model of
diabetes, overexpression of a PRDX in islet cells protected against hyperglycemia and
hypoinsulinemia, illustrating the protective function of PRDXs in an end-organ immune
target (76). A GWAS meta-analysis for Crohn’s disease demonstrated a statistically
significant association for the same allele that we identified in AA (77).

2.4.2 STX17 on chromosome 9g31.1—STX17 belongs to a family of molecules called
syntaxins, which belong to the SNARE superfamily. SNARE complexes are involved in
vesicular trafficking and membrane fusion. No other human disease associations with
STX17 to date have been identified. However, an insertion with enhancer-like activity in an
intronic segment of STX17 was found to be responsible for the gray hair phenotype in
horses (78, 79). This finding is intriguing since AA is known to preferentially affect
pigmented hair follicles and to spare gray hairs.

3. Autoimmune diseases: common cause, common treatment

It has been suspected that autoimmune diseases affecting different end organs in fact share
common disease mechanisms. First, through epidemiological studies and later using genetic
studies, researchers have demonstrated certain similarities at the molecular level, i.e.,
susceptibility regions on the chromosomes or the involvement of common genes (80).
Although the etiology of autoimmune diseases is still unclear, these advances have
contributed to the development of a “common cause” theory of autoimmunity.
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In accordance with the common cause hypothesis of autoimmune diseases, we have
uncovered a number of risk loci in common with other forms of autoimmunity, such as RA,
T1D, CeD and Crohn’s disease/colitis, SLE, MS and psoriasis, in particular CTLA4, 1L2/
IL2RA, I1L21 and genes that are crucial for the homeostasis of regulatory T cells. The
genetic commonality with RA, T1D, and CeD is especially noteworthy in light of the
pathogenic significance of the expression of an NK ligand in the end organ (synovial fluid,
islets, gut, respectively, and hair follicle for AA), and the involvement of the NKG2DL/
NKG2D pathway in the pathogenesis of each of these three diseases.

The recent successes of GWAS studies have identified susceptibility alleles in specific genes
that underlie sets of autoimmune diseases and importantly, the majority of these shared
genes can be mapped onto a discrete set of immunological molecular pathways. These
discoveries have made possible the identification of important pathological processes and
general mechanisms that dysregulate immune tolerance and might be common to several
autoimmune diseases. Furthermore, these advances have important implications for
translational research in autoimmune diseases. Firstly, the identification of particular drug
targets that are common to multiple diseases will allow us to establish a rationale for using a
drug that gained approval for treatment of one autoimmune disorder, to treat others.
Secondly, the goal of personalized medicine might allow us in the future to tailor therapeutic
approaches based on their susceptibility genes, as opposed to the inefficient process of trial
and error.

Pursuing CTLAA4 as a druggable target serves as a potential example of realizing this
approach. Prior to GWAS studies, several genetic studies had implicated the costimulatory
locus, which includes CTLAA4, in a number of autoimmune diseases. CTLA4 effectively
“turns off” immune responses (Figure 1) and is thought to prevent excessive, unnecessary
bystander damage and autoimmune pathology by an untempered immune system. A soluble
CTLA4-1g recombinant fusion molecule can serve the same purpose, and this molecule
demonstrated inhibition of naive CD4+ T cell activation and proliferation (81, 82), and
prevention of autoimmunity and inhibition of graft rejection in animal models (83-87).
Abatacept, a CTLA4-Ig approved for use in humans, has been shown to be efficacious in the
treatment of RA and psoriasis (88, 89). Moreover, approximately 54 clinical trials are
currently underway to test this drug (or a similar drug, belatacept) in several other
autoimmune diseases as well as in organ transplantations (Table 1). Interestingly, in AA,
preclinical studies using CTLA4-Ig have shown efficacy in preventing alopecia in the
C3H/HeJ mouse model of disease (90). Collectively, our genetic evidence, taken together
with the efficacy data in the AA mouse model, as well as the safety and efficacy of
abatecept in RA and other autoimmune diseases, make a strong case for the testing of this
drug in AA clinical trials (91).

5. Conclusion

The great advances that genetics has brought into the study of autoimmune diseases in

general, and AA in particular, have paved the way for an exciting new era of translational
research that we are about to enter. The continuous discovery of molecular and signaling
pathways that overlap between different autoimmune diseases greatly helps to illuminate
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pathologically important disease processes, arguing for unifying/general mechanisms that
dysregulate immune tolerance at one of several multiple end organ sites.

Our GWAS findings in AA, together with other studies, have already opened new avenues
for exploration of therapeutic strategies based on the actual underlying mechanisms of
disease, with a focus on T cells as well as cells that express the NKG2D receptor. Taking

vantage of the common molecular pathways as well as of the fact that a number of drugs
d biologics are currently being used or tested for the treatment of other autoimmune

diseases, we anticipate that new therapies for AA will be available in the near future.
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Figure 1. Proposed mode of action of CTLA4
The costimulatory receptor CD28 present on the surface of T cells interacts with its ligands

CD80/CD86 present on the surface of antigen presenting cells (including macrophages,
dendritic cells, and B cells) driving initial T cell activation. Endogenous CTLA-4 and the
therapeutic CTLA4-Ig binds CD80/86 with higher affinity than CD28 effectively competing
away costimulatory drive.
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Abatacept or belatacept clinical trials for autoimmune diseases (http://www:.clinicaltrials.gov)

Table 1

Disease

No. of studies

Rheumatoid Arthritis
Renal Transplant

Type | Diabetes Mellitus
Lupus Nephritis

Solid Organ Transplant

Acute Graft Versus Host Disease

Takayasu’s Arteritis; Giant Cell Arteritis

Urticaria

Wegener’s Granulomatosis

Polymyositis; Dermatomyositis

Alopecia Totalis/Universalis

Uveitis

Multiple Sclerosis, Relapsin
Ankylosing Spondylitis
Relapsing Polychondritis
Allergic Asthma

Juvenile Idiopathic Arthritis
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g-Remitting
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Total=54
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