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ABSTRACT

Recent genetic and preclinical studies have
increased our understanding of the
immunopathogenesis of alopecia areata (AA).
This has allowed expedited development of
targeted therapies for the treatment of AA, and a
paradigm shift in our approach and under-
standing of autoimmunity and the hair follicle.
The synergy between preclinical studies, animal
models, and translational studies has led to
unprecedented advances in the treatment
options for AA, ultimately benefiting patients
who have had little recourse. In this review, we
summarize the scientific field of contemporary
AA research, and look forward to potential new
technologies and developments.
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INTRODUCTION

Alopecia areata (AA) is one of the most

prevalent autoimmune diseases in the USA,

affecting approximately 5.3 million people,

including both sexes across all ethnicities,

with a lifetime risk of 1.7% [1]. This is com-

parable to the estimated 2% lifetime incidence

of AA globally, which comes with a significant

healthcare burden [2]. Despite this high

prevalence, there have been no evidence-based

treatments for AA as recently as 5 years ago.

Recent scientific and clinical efforts have

uncovered novel insights into the pathogene-

sis of AA, which have led to the development

of new translational treatments. This recent

progress has revived the ‘‘translational land-

scape’’ of AA, in terms of its etiology, treat-

ment options, and prognosis, and has given

new hope to the millions of patients suffering

from the disease. In this brief review, we will

survey the rapidly evolving landscape of AA,

and provide an overview of how basic

research, in collaboration with clinical der-

matology, has transformed the future pro-

spects for treatment of this devastating and

highly prevalent disease. Treatment algorithms

are out of the scope of this review, and will be

discussed elsewhere. This article is based on

previously conducted studies and does not

involve any new studies of human or animal

subjects performed by any of the authors.
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Pathogenesis

Historically, AA has been classified as an
autoimmune disease of the hair follicle due to
the characteristic T cell accumulation at the
hair bulb, also known as the histological
‘‘swarm of bees’’. However, a detailed descrip-
tion of this immune infiltrate remained unex-
plored. Little was known about the initial
trigger, factors required for maintenance, and
identity of the elusive autoantigen(s). Recent
fundamental and basic science studies have
greatly improved our understanding of AA and
its possible causes.

Genetic Basis of AA
In the past decade, genome-wide association
studies (GWAS) and genetic linkage studies
have been central to the elucidation of the
pathogenesis of AA. Compared to GWAS of
other autoimmune and immune-mediated dis-
eases, the ‘‘hits’’ obtained from the AA GWAS
have yielded a higher number of meaningful
candidate genes that have shed light on the
mechanisms of disease in AA [3], providing new
therapeutic targets.

In our first GWAS for AA, which included
1054 AA patients from a comprehensive registry
(National Alopecia Areata Registry) in North
America, we identified eight regions of the
genome that were significantly associated with
AA [4]. Like other autoimmune conditions, the
human leukocyte antigen (HLA) locus was sig-
nificantly represented in the AA GWAS, sup-
porting previous candidate gene association
studies [5, 6]. Interestingly, the second highest
peak uncovered in our GWAS, and confirmed in
other cohorts, mapped to the ULBP6/ULBP3
gene locus on chromosome 6q. Functional
studies confirmed that ULBP3 was aberrantly
upregulated as a danger signal on the hair fol-
licles of AA patients [4, 7], which contributed to
the collapse of immune privilege, and the
recruitment of cytotoxic CD8? NKG2D? T cells
to carry out destruction of the hair follicle. We
subsequently showed that this subset of T cells
was both necessary and sufficient for the
development of AA. Meta-analysis of GWAS
studies in AA was conducted on the combined

North American and European AA cohorts [8],
and confirmed the significance of these sus-
ceptibility loci, as well as identifying several
new loci.

Applying pathway and network analyses
(e.g., Gene Ontology term enrichment and
proteomic interactions) to the GWAS data has
also uncovered sets of genes that contribute to
pathogenic processes. This type of analysis
grouped AA with other autoimmune diseases
like type 1 diabetes, rheumatoid arthritis (RA),
and celiac disease. Pathways that are implicated
in the pathogenesis of this group of autoim-
mune diseases include antigen processing and
presentation, co-stimulatory pathways, and
JAK-STAT signaling [9]. These associations led to
a re-analysis of the underlying immunopatho-
genesis of AA, and to a consideration of
employing new therapies that target these
pathways specifically.

Immunopathogenesis
Adaptive immune responses were traditionally
classified into Th1 and Th2 responses, depending
on the components of the cytokine milieu in the
diseased state. This binary view of the immune
response has been shown to be insufficient to
account for thecomplex immuneprofilesofmany
diseases. Historically, AA was assigned to the Th1
category owing to its significant inter-
feron-gamma (IFN-c) signature. However, AA has
alsobeenepidemiologically associatedwith atopy
[10], a classic Th2 condition defined by a pre-
dominance of IL-4 and IL-13. While measuring
cytokine transcripts in circulating immune cells
in AA tend to favor a Th1 profile [11, 12], lesional
skin in AA exhibited a more mixed profile [13].
Gene expression profiles of AA lesional skin have
also uncovered mixed immune response signa-
tures [14]. This intriguing finding suggests that
the immuneresponse inAAmaybeheterogenous,
and may fluctuate and evolve within a single
patient through time, or may even signal distinct
disease subtypes that may require different ther-
apeutic approaches.

Autoantigens of the Hair Follicle
A few autoimmune diseases (i.e., autoimmune
thyroiditis, celiac disease, rheumatoid arthritis)
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have well-characterized autoantigens that are
the known targets for the immune system. Most
other autoimmune conditions and
immune-mediated diseases, including AA and
psoriasis, do not yet have any autoantigen that is
clearly associated with their pathogenesis. The
hair follicle is regarded as a relatively
immune-privileged site [15], with generally low
expression ofMHC class Imolecules and ‘‘danger
signals’’ that are overexpressed in disease (e.g.,
ULBP6/3). In order to sequester hair follicle
antigens from the immune system, particularly
during the hair cycle when significant tissue
remodeling occurs, the hair follicle microenvi-
ronment needs to be precisely regulated. Some
studies have suggested that failure of this mech-
anism leads to a ‘‘collapse of immune privilege’’
and sensitization of circulating T cells to ker-
atinocyte and/or melanocyte peptides, which
might precipitate AA [16]. Autoantibodies
specific for hair follicle proteins such as tri-
chohyalin and certain keratins have been detec-
ted in both mouse and human cases of AA
[17, 18], but more work remains to expand the
repertoire of discovered AA autoantigens and
their relevance to disease pathogenesis.

Preclinical Studies and Animal Models

Basic science and preclinical research are not
frequently appreciated when discussing the
clinical aspects of a disease, but nonetheless
they provide the bedrock of innovation that
drives the technology and progress that fuels
novel therapies.

Animal Model of AA
A well-validated animal model can make a sig-
nificant impact in the study of human disease.
In the case of AA, the C3H/HeJ mouse was
found to spontaneously develop an
immune-mediated hair loss that resembled
human AA both histopathologically and
immunologically, albeit at a low frequency, as
the mice age [19]. This phenotype was found to
be transferrable with skin grafts from an affec-
ted mouse to younger, congenic recipients [20].
This model revolutionized the field of AA
research by establishing a reliable animal model

that closely recapitulated the human disease.
Recently, this process has been reproduced with
transfer of skin-draining lymph node cells,
abrogating the need for invasive surgical pro-
cedures [21].

Humanized models of AA have also been
attempted. By grafting normal human scalp skin
onto immunocompromised mice, and transfer-
ring peripheral blood monocytes from an unre-
lated healthy donor enriched for the pathogenic
NKG2D? population, one can precipitate an
autoimmune type hair loss which may have
similarities to AA, although the tissues are
derived from normal healthy donors [22].

Targeting Effector Cytokines/Chemokines
in Animal Models of AA
As knowledge accumulates on the
immunopathogenesis of AA, researchers have
been able to systematically target and investi-
gate the roles of upstream and downstream
effectors of the system. The identification of the
pathogenic subset of NKG2D? CD8? cytotoxic
T cells led to the characterization of the cyto-
kine milieu that they secrete. This subset of T
cells was found to respond to IFN-induced
chemokines CXCL9/10/11, released by the hair
follicle itself. Antagonism of their common
chemokine receptor (CXCR3) on T cells was
subsequently shown to be sufficient to prevent
onset of AA in a mouse model [23].

Diagnosis and Disease Prognostication

AA is normally a straightforward clinical diag-
nosis to make, particularly when it presents in
its classical form with focal or multifocal pat-
ches of acute non-scarring alopecia, and a pos-
itive hair-pull test. Occasionally, a skin biopsy
might be required to distinguish diffuse AA
from other conditions such as female androge-
netic alopecia or telogen effluvium. In these
cases, AA is unequivocally associated with the
histopathological finding of a peribulbar
immune infiltrate of cytotoxic T cells (the
so-called swarm of bees). However, newer
non-invasive technologies discussed below have
been adopted to facilitate in diagnosis of diffi-
cult cases.
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Trichoscopy and Reflectance Confocal
Microscopy
Dermatoscopy has been an indispensable tool for
the management of melanocytic lesions, and
training to detect melanoma amongst dermatol-
ogy residents has reached a very high standard.
Thus,most, if not all, dermatologists are equipped
with a state-of-the-art dermatoscope, which has
recently been adopted for diagnosing hair disor-
ders [24]. In addition to the classical ‘‘exclamation
mark hairs’’ which are found at the periphery of
AA lesions, dermatoscopic, or trichoscopic fea-
tures of AA include yellow dots, which correlate
with dystrophic follicular epithelium and seba-
ceous glands [25]. Digital videodermatoscopy has
also been employed for the diagnosis and fol-
low-up of hair disorders in many clinics. Reflec-
tance confocal microscopy is another tool that
may be employed for non-invasive diagnosis of
AA, with the ‘‘yellow dots’’ clearly visible as
degenerated follicles and, in some cases, even the
immune infiltrate can be visualized [26].

Stratification of Patients with ALADIN Gene
Expression Profiling
The era of personalized medicine has brought
with it a vast body of large datasets related to
sequencing, genotyping, and gene expression.
Not only do we have information from GWAS
hits that may suggest potential new druggable
targets but RNA-Seq and microarray data from
individual patients are beginning to provide
insight into the molecular differences in disease
pathogenesis from patient to patient. Integrat-
ing the relative expression of genes in the
interferon (IFN), cytotoxic T cell (CTL), and
keratinocyte (KER) clusters, a newmetric known
as the Alopecia Areata Disease Activity Index
(ALADIN) has been developed [14]. ALADIN is
specific to AA, and correlates with disease
activity, making it a suitable biomarker for
assessment of clinical response to treatment,
and to identify patients who may or may not
respond to certain therapeutic modalities [14].

Treatment

Treatment modalities for AA are diverse and to
date have not been reliably effective. Until

recently, the treatments for AA have been gen-
erally non-specific and employ a ‘‘scorched
earth’’ strategy of either suppressing (intrale-
sional and topical corticosteroids) or stimulat-
ing (topical immunotherapy, excimer laser
therapy) the immune system, with varying
results. Very few well-designed randomized
controlled clinical trials have been conducted to
justify their widespread adoption. These have
been reviewed extensively elsewhere [27, 28].
For this review, we will focus on the innovative
new therapies that have been developed for the
treatment of AA.

Janus Kinase Inhibitors
A significant breakthrough in the treatment of
AA has been the discovery of the importance of
the JAK-STAT pathway in the initiation and the
maintenance of the diseased state (see ‘‘Patho-
genesis’’). This provided the rationale to use
small molecule JAK inhibitors, which have been
FDA-approved for other diseases (tofacitinib for
rheumatoid arthritis and ruxolitinib for
myelofibrosis), for the treatment of AA. Treat-
ment-resistant patients with extensive disease,
alopecia universalis or totalis, were found in
open-label trials to respond with full regrowth
of hair after a twice-daily regimen of ruxolitinib
within 3–5 months. This effect was supported
by case reports that reported JAK inhibitors
reversing co-incidental AA in patients being
treated for other diseases [29, 30]. Further clin-
ical trials are underway for systemic tofacitinib
and ruxolitinib for the treatment of AA [31, 32],
as well as topical formulations of the JAK
inhibitors.

Co-stimulatory Blockade
Cytotoxic T lymphocyte antigen (CTLA) 4 is a
negative regulator of T cells, attenuating the
immune response by blocking co-stimulatory
signals by interfering with the interaction
between CD28 on T cells and CD80/CD86 on
antigen-presenting cells. Its dysfunction has
been associated with several autoimmune and
immune-mediated conditions like thyroiditis
[33], rheumatoid arthritis [34], and inflamma-
tory bowel disease [35]. Single nucleotide poly-
morphisms in the CTLA4 gene have also been
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associated with AA in some populations [36]. Its
location on chromosome 2q33.2 was also
among the GWAS hits for AA [4]. Abatacept, a
recombinant fusion protein (CTLA4-Ig), has
been an effective and successful treatment for
RA and other autoimmune diseases [37]. Pre-
clinical studies have also shown that abatacept
is effective in preventing the mouse model of
AA if given before the onset of disease [38],
providing rationale and promise for its efficacy
in human AA patients. Clinical trials are
underway to investigate its role in AA (Clini-
calTrials.gov NCT02018042).

Simvastatin/Ezetimibe
Several case reports [39, 40] and a small
case–control study [41] have suggested that
simvastatin/ezetimibe, a common treatment for
hyperlipidemia, may have immunomodulatory
effects that might benefit AA patients. Consid-
ering atherosclerosis to be a disease of the
adaptive immune system [42], this drug com-
bination has been postulated to have effects on
antigen presentation, lymphocyte trafficking,
and regulatory T cell induction. Inevitably,
clinicians will be testing this treatment off-label
on their most recalcitrant cases of AA, since
simvastatin/ezetimibe has an acceptable safety
record. Larger randomized controlled studies
are required to confirm its efficacy.

Biologic Therapies for AA
Similar preclinical studies are directed at other
pathways that intersect with the pathogenic
NKG2D? CD8? T cell subset, one of which may
eventually translate into the clinical realm.
Since anti-TNF (tumor necrosis factor) therapies
have uniformly failed in AA [43] and have been
reported to precipitate AA in some patients [44],
there has been a resurgence of interest in testing
other biological modalities in the setting of AA.
Preclinical studies have established the roles of
IL-15 [45], IFN-c [46], and IL-2 [47] in the
pathogenesis of AA in mice, and specific thera-
pies targeting these pathways are being inves-
tigated. Low-dose IL-2, which has been used to
stimulate expansion of regulatory T cells in the

treatment of autoimmune disease such as type 1
diabetes [48], has been used in AA with modest
results [49].

As alluded to before, the apparent hetero-
geneity of the immune response in AA has led
to speculation that Th2 and even Th17 immune
pathways may be involved in the development
of the disease. This stems from gene expression
data and cytokine profiling of a small and
probably heterogenous group of patients [13]. A
subsequent small case series showed that
patients with a higher inflammatory score
measured with ALADIN responded well to
ustekinumab [50], a humanized monoclonal
antibody to the p40 subunit that is central to
the IL-12/IL-23 signaling pathways of the Th17
response. Further work to deconstruct the
components of the immune response in AA to
determine the heterogeneity and spectrum of
disease phenotypes that may present in differ-
ent patients will help to tailor treatment
strategies in a precise manner. This personalized
approach will maximize the efficacy of treat-
ment, while minimizing the potential adverse
effects and drug exposures.

CONCLUSIONS

As our knowledge and understanding of the
immune system progress, we have been able to
dissect and target increasingly precise compo-
nents of the immune response. With this
understanding also comes the revelation that
the complexities of the immune system cannot
be explained by simple dichotomies, and that
every patient is different, and requires a precise,
personalized treatment. Our conceptual under-
standing of autoimmunity, illustrated here with
the case of AA, is evolving to encompass new
concepts such that the entire approach of
diagnosis, prognosis, and management is
evolving along with it. The coming years will
herald new exciting therapies for our patients,
targeting pathways that we may not even have
suspected previously, which will in turn bring
us more questions and new perceptions of this
common, devastating disease.
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