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A B S T R A C T

Alopecia areata (AA) is an autoimmune disorder resulting in hair loss. It has numerous variants or patterns,
including diffuse type, patchy type, AA totalis, AA universalis, and more. In this graphical review, we provide an
overview of AA immunopathogenesis, highlighting loss of immune privilege in the hair follicle as well as key
immune cell types, cytokines and chemokines that drive autoimmune attack of the hair follicle. We also sum-
marize recent literature identifying agents that block these pathways that could serve as new immunomodulatory
treatments for AA.
1. Introduction & clinical presentations of alopecia areata

Alopecia areata (AA) is an autoimmune disorder that results in the
damage of hair follicles leading to hair loss (Pratt et al., 2017). Hair loss
can present in various patterns and with varying severity. AA variants
include alopecia totalis, which is total scalp hair loss, and alopecia uni-
versalis, which is complete body hair loss. Other clinical forms include
patchy AA, diffuse AA, AA reticularis, AA ophiasis, AA sisaipho, and
perinevoid AA (Fig. 1) (Finner, 2011). A recent study identified differ-
ential gene expression patterns in alopecia totalis and patchy phenotypes,
demonstrating that the immunopathogenesis of these clinical variants
has unique aspects lending to these distinct patterns of hair loss (Jabbari
et al., 2016).

AA affects people of all ages, with an estimated lifetime risk of 2.1% in
the general United States population (Pratt et al., 2017). The disease
course is more severe and less responsive to treatments when patients
have risk factors such as female gender, allergic disease (atopy), onset
before age 16, and concurrent autoimmune conditions. An estimated
2.2% of AA cases in the United States are of individuals under the age of
18 (Benigno et al., 2020). There is a genetic basis to AA as well, as there is
an association with positive family history, and genome-wide association
studies (GWAS) suggest that AA is a complex polygenic disease with
linkage on many genes encoding components of both the adaptive and
innate immune system. Current medical therapies for AA, namely ste-
roids and retinoids, are not consistently effective, although there have
been promising case studies of patients treated with Janus kinase (JAK)
inhibitors (Xing et al., 2014). AA can have harmful psychosocial effects
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on patients of all ages, including anxiety and depression (Col�on et al.,
1991).

2. AA pathogenesis

AA is believed to be a multifactorial disease, with genetic, environ-
mental, and autoimmune facets. Here, we describe each of these aspects,
including the intersections of these facets in the context of the hair fol-
licle, with a particular focus on immunopathogenesis of AA.

2.1. Genetic predisposition

Several immune-related GWAS hits have been identified in AA,
including Human Leukocyte Antigen (HLA) class II loci, UL16-binding
proteins 3/6 loci, cytotoxic T lymphocyte-associated protein 5 (CTLA-
4), IL-2/IL-21 locus, IL-2RA locus, and Eos locus (Petukhova, 2016;
Petukhova et al., 2010; Betz et al., 2015). These genes play roles in T cell
activation and/or survival, thereby potentially increasing the possibility
of autoreactive cells to escape anergy or other peripheral tolerance
mechanisms.

2.2. The hair growth cycle

The hair growth cycle normally consists of the anagen (active growth)
phase, the catagen (controlled apoptosis of epithelial cells) phase, and the
telogen (resting) phase (Fig. 2) (Paus and Cotsarelis, 1999). Hair follicle
immune privilege, a microenvironment where a structure or organ is
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Fig. 1. Clinical classifications of alopecia areata variants. Patchy Alopecia involves hair loss localized to one or more patches on the head. Diffuse alopecia in-
volves hair loss throughout the head. AA reticularis involves hair loss that is in a reticular pattern with no distinguishable distinct bald patches. Perinevoid AA is
patchy hair loss with a melanocytic nevus found in the hairless patch. AA ophiasis is hair loss localized to the back and sides of the scalp. AA sisaipho hair loss spares
the back and sides of the scalp; it is thought of as the opposite of AA ophiasis, and is actually ophiasis said backwards. Created with Procreate.
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protected from autoimmune reactions, is maintained during the anagen
phase but lost during the telogen and catagen phases (Christoph et al.,
2000). In AA, inflammation leads to a dystrophic anagen phase and a pre-
mature launch into the telogen phase (Fig. 2) (Paus and Bertolini, 2013).
During the catagen phase, elevated leukocyte presence suggests increased
apoptosis. The inflammation spares the stem cell component of the hair
follicle, leading to hair loss that is usually reversible (Ito et al., 2004).
2.3. Loss of immune privilege in the hair follicle: evidence of environmental
insults

The anagen hair follicle immune privilege state is thought to be main-
tained due to a lack ofmajor histocompatibility complex (MHC) class I, and
presence of CD200, in the outer root sheath (Ito et al., 2004). AA likely
results from the collapse of the hair follicle immune privilege causing in-
flammatory cells to swarm and attack the hair bulb in what is known as the
“swarm of bees” (Fig. 3). It is believed that AA hair follicle cells and den-
dritic cells have increasedMHC class I andMHC class II activity, presenting
autoantigens toCD8þT-cells, CD4þT-cells, andNaturalKiller (NK) cells (Ito
et al., 2004) (Fig. 4). The autoantigens are likely melanogenesis-associated
peptides from hair follicles that produce melanin, as evidenced by hu-
manizedmousemodels inwhich these peptideswere able to confer hair loss
to grafted skin (Gilhar et al., 2001). However, MHC:peptide elution studies
isolated from AA hair follicles to identify presented antigens via mass
spectrometry have not yet been performed.
2.4. Positive feedback loops driving inflammation & AA
immunopathogenesis

During or following immune privilege collapse, the hair follicle cells
release cytokines and chemokines that further recruit CD4þ T-cells and
NK cells (Xing et al., 2014). Interferon (IFN) signatures and the
8

interferon-inducible chemokines (CXCR3 ligands) appear to be promi-
nent drivers of leukocyte recruitment to the follicle (Ito et al., 2013; Dai
et al., 2016; McPhee et al., 2012), though some studies have observed
Th2-type cytokine and chemokine responses as well, indicating mixed
immune responses (Su�arez-Fari~nas et al., 2015; Fuentes-Duculan et al.,
2016). Binding of the IFN receptors results in increased production of
inflammatory signaling molecules, including interleukin-15 (IL-15) and
IFN-gamma (IFN-γ), and increased release of cytotoxic granzymes
including Granzyme B. IL-15 activates the JAK-STAT pathway in the
CD8þ T-cells, causing them to producemore IFN-γ and creating a positive
feedback loop. These CD8 T cells become clonally expanded within the
follicles (de Jong et al., 2018). The accumulation of cytotoxic granules
and IFN-γ results in destruction of hair follicle cells and disruption of the
hair growth cycle (Fig. 4). IL-15 has also been shown to serve as a serum
biomarker of AA (Ebrahim et al., 2019), and is important for establishing
resident memory T cells in the context of vitiligo, another autoimmune
skin disease with similar immunopathogenesis (Richmond et al., 2018).

3. Current & future AA treatments

AA can be difficult to treat with varying results. The most common
treatment for AA is local steroid injections at the site of alopecia, com-
bined with topical retinoids (Pratt et al., 2017). For pediatric patients,
topical cream steroids are preferred to steroid injections. JAK-inhibitors
have shown promising results in case studies (Fig. 4), though these are
not durable and patients often experience relapse after cessation of
treatment (Harris et al., 2016; Kennedy Crispin et al., 2016). Blockade of
other immune molecules and their regulators, such as IL-15 and natural
killer group 2D (NKG2D), may provide future avenues of treatment for
AA. For example, case studies of mesenchymal stem cell transplant for AA
treatment have shown efficacy for AA, with a presumed mechanism
involving NKG2D inhibition (Byun et al., 2017).



Fig. 2. Hair growth cycle. The normal hair growth
cycle consists of the anagen (active growth) phase,
the catagen (controlled apoptosis) phase, the telogen
(resting) phase, and the return to anagen (also called
exogen) phase. In the anagen phase, the hair follicle
is attached to the dermal papilla and able to receive
nourishment from the blood vessels that run through
the papilla. The hair is actively growing upwards out
of the scalp. Anagen lasts about 2–7 years, and
88–90% of hairs on the head are in anagen at any
given time. During catagen, the hair follicle begins to
separate from the dermal papilla due to controlled
apoptosis of epithelial cells. Catagen lasts about 2–4
weeks and 2% of hairs are in catagen at any given
time. During telogen, the follicle detaches from the
dermal papilla and thus its source of nutrients.
Without its nutrient source, the hair dies and falls
out of the follicle (indicated with the black arrow).
The follicle is in its resting stage. Telogen lasts about
2–4 months and 8–10% of hair is in telogen at any
given time. As the cycle returns to the anagen phase,
the dermal papilla reunite with the hair follicle and
the hair matrix begins to form a new hair. In AA, the
normal hair growth cycle is disrupted (indicated
with red text). Immune privilege is lost during the
anagen phase due to increased MHC I activity and
decreased CD200 immunoregulatory presence. The
hair follicle is prematurely launched into the telogen
phase with increased inflammation and destruction
during the catagen phase. Created with Procreate.

Fig. 3. “Swarm of Bees” appearance of inflammatory infiltrate. In the AA hair follicle, it is believed that increased activity of MHC class I and MHC class II is associated
with leukocyte recruitment to the hair bulb. This image depicts collapse of the hair follicle immune privilege, leading to a swarm of CD8þ T-cells, CD4þ T-cells,
antigen-presenting cells, and mast cells surrounding the follicle. These immunoinflammatory cells cause hair growth cycle disruption and follicle damage. Created with
BioRender.com.
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Fig. 4. Immunopathogenesis of AA. Schematic diagram depicting the autoimmune process of AA. The hair follicle presents autoantigen on MHC class I and MHC
class II to CD8þ and CD4þ T cells, which presumably interact with these cells during immunosurveillance, and/or in response to inflammatory signals released in
response to environmental stimuli. Inflammatory cytokines and chemokines produced by these T cell populations act on the hair follicle cells, causing them to release
more cytokines and chemokines that further recruit T cells and NK cells. IFN-γ, a key mediator of AA pathogenesis, upregulates IL-15 and inflammatory chemokines,
such as CXCL9/10/11, in the hair follicle via the JAK-STAT pathway. In CD8þ T cells, IL-15 increases production of perforin and cytotoxic granzymes, also via the JAK-
STAT pathway. NKG2D þ NK cells and CD4þ T cells can bind with NKG2D ligands on the hair follicle, triggering further release of perforin and cytotoxic granzymes
and resulting in apoptosis of hair follicle cells. Potential immunomodulatory treatments, such as JAK inhibitors, are denoted in red, and signaling pathways are
denoted by yellow, pink, and black arrows. Published information is marked with a star, and speculative information is marked with a question mark (?). Created with
BioRender.com.
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4. Conclusions and future directions

In the past several years, great strides have been made in under-
standing AA immunopathogenesis, and research has yielded new treat-
ments for patients. Future research will hopefully identify specific
danger-associated molecular patterns (DAMPs) associated with hair fol-
licle immune privilege loss, and aspects of innate immunity involved in
the initial triggering event, as well as durable therapeutic options for AA.
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