Pediatric Dermatology

| REVIEW ARTICLE CETEED

WILEY

Pediatric
Dermatology

Pathophysiology of Alopecia Areata in the Pediatric Patient

Madeline H. Fitzhugh! ¢ | Jacob G. Hansen!

| Ali Jabbari??

| Kristen G. Berrebi®*

!University of lowa Carver College of Medicine, Iowa City, lowa, USA | 2Department of Dermatology, University of lowa Hospitals and Clinics, Iowa City,

Towa, USA | 3lowa VA Medical Center, lowa City, lowa, USA | “Department of Pediatrics, University of lowa Hospitals and Clinics, lowa City, lowa, USA

Correspondence: Kristen G. Berrebi (kristen-berrebi@uiowa.edu)

Received: 21 November 2024 | Accepted: 23 November 2024

Funding: Publication of this article is made possible by an educational grant from Pfizer. Salary support for AJ provided by the National Institutes of Health

(R01AR077194) and the Department of Veterans Affairs (101BX004907).

Keywords: adolescent | alopecia areata | autoimmune | hair loss | pediatrics

ABSTRACT

Alopecia areata (AA) is an autoimmune non-scarring hair loss that arises in genetically susceptible individuals, potentially in

combination with environmental triggers or inciting events, of which the exact mechanism is not yet fully understood. Genome

wide association studies have demonstrated an association between AA and variants in HLA haplotypes on chromosome 6

which correlate with other autoimmune conditions as well as other gene variants. Familial and twin studies also confer addi-
tional evidence to a genetic component. AA pathogenesis relies on immune privilege collapse at the hair follicle (HF) bulb in the
anagen hair cycle phase. Immune privilege collapse is associated with upregulation of IFN-y, ultimately activating JAK-STAT
pathway resulting in upregulation of MHC class I and II in the HF and subjecting it to attack by NKG2D* CDS8 T cells. The com-
plex interplay between pro-inflammatory cytokines such as IFN-vy, IL-2, IL-15 and their use of JAK-STAT signaling are impor-

tant in perpetuation of AA.

1 | Introduction

Alopecia areata (AA) is an autoimmune condition caused by
inflammation at the hair follicle (HF) bulb leading to nonscar-
ring hair loss. AA manifests as well-circumscribed patches
of hair loss on any hair-bearing area of the body, most com-
monly affecting the scalp. Typically, the disorder is diagnosed
clinically, although a biopsy can be used for definitive diagno-
sis. AA may arise in genetically susceptible individuals who
face as-of-yet ambiguous environmental triggers [1]. Although
it is thought to develop in the setting of loss of immune privi-
lege at the HF, setting off a complex interplay between proin-
flammatory cytokines such as interferon-gamma (IFN-y),
interleukin 2 (IL-2), and interleukin 15 (IL-15), these signals
are mediated via Janus kinase (JAK) and signal transducers
and activators of transcription (STAT), leading to potent T cell

activation and execution of effector functions directed at the
hair follicle [2].

The hair lifecycle consists of 3 phases: anagen, catagen, and tel-
ogen. AA is thought to disrupt hair follicles in anagen phase, the
period of active growth. Anagen can be further broken down
into six stages; in AA, the HF attack by immune cells arrests the
hair in anagen stage III or IV, causing the HF matrix keratino-
cytes to undergo vacuolar degeneration [3]. Thus, the keratino-
cytes are unable to completely keratinize the hair shaft, leading
to characteristic exclamation point hairs of AA [3]. With this
weakening of the hair bulb and the premature catagen and sub-
sequent telogen phase, abrupt hair loss ensues. Since peribulbar
inflammation spares the stem cells in the HF bulge, HFs can re-
enter anagen and restart the hair cycle after the inflammation
subsides [3]. While other disorders, such as telogen effluvium,
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can lead to nonscarring hair loss, the increased percentage of
hairs in telogen phase seen in AA is due to autoimmune arrest
of the hair cycle rather than due to medical conditions, stressful
events, or drugs.

Knowledge of AA pathophysiology can inform our search for
new therapeutic targets. Herein, we present the current knowl-
edge of the pathophysiology of AA and identify pediatric-specific
etiopathogenesis as an area for further investigation.

2 | Genetic Predisposition

Prevalence of AA in pediatric patients with a family history is
8.4%-51.6%, supporting a genetic component to disease etio-
pathogenesis [4-6]. Monozygotic twin studies have demon-
strated concordance rates up to 55% [7], further implicating
genetic predisposition combined with environmental conditions
in the development of AA.

A large number of single nucleotide polymorphisms (SNPs)
have been studied in AA pathogenesis. Early genetic stud-
ies involved the human leukocyte antigen class II (HLA-D)
region located on chromosome 6 in AA susceptibility [8, 9].
AA-associated SNPs have been linked to different human leu-
kocyte antigen (HLA) haplotypes implicated with other auto-
immune diseases including type 1 diabetes mellitus, multiple
sclerosis, rheumatoid arthritis, systemic lupus erythematous,
psoriasis, celiac disease, vitiligo, autoimmune thyroid disease,
and allergic rhinitis [9, 10]. Several genome-wide association
studies (GWAS) have identified several different genes associ-
ated with AA development. Many variants in the HLA region
on chromosome 6 have been found to be in association with
AA development including HLA-DRA, HLA-DQA1, HLA-
DQA2, and HLA-DQB2 [9]. Of these, a recent meta-analysis
has found the HLA-DR region as the most significant risk fac-
tor for AA [11].

GWASs have been additionally helpful in identifying several
chromosomal loci, which may also be involved, alluding to the
complexity of AA heritability [12]. Several T cell-associated
genes have been identified in the development of AA. Natural
killer cell receptor D (NKG2D) ligands including ULBP3 and
retinoic acid early transcript 1L protein (RAETIL; also called
ULBP6) have been identified as key players in AA, but not in
other autoimmune diseases, making them potentially unique
markers of AA [1, 9, 12]. ULBP3 is overexpressed in the der-
mal sheath and papilla during active AA, and this molecule
is hypothesized to provide costimulatory signals to cytotoxic
T cells in AA lesions [9]. Other susceptibility loci that may
be linked to AA implicate the involvement of T-cell immune
signaling pathways such as interleukin 2 receptor A (IL2RA),
cytotoxic T lymphocyte-associated antigen 4 (CTLA4), and
protein tyrosinase phosphatase non-receptor type 22 (PTPN22)
[9, 13, 14]. CTLA4 encodes a T-cell receptor responsible for an-
ergy and preventing autoimmune reactions [13, 14]. Variants in
CTLA4 may lead to reduced capacity to prevent or limit T-cell
responses. PTPN22 downregulates T-cell receptors and partici-
pates in T-cell maturation and proliferation, which is important
for immune homeostasis; variants here may lead to decreased
thresholds for T-cell activation that leads to aberrant T-Airecell

responses [13, 15]. IL-2/IL-2RA will be discussed in greater de-
tail in later sections.

Autoimmune regulator (AIRE) gene mutations can lead to au-
toimmune polyendocrine candidiasis ectodermal dysplasia
(APECED), which confers an increased risk in developing se-
vere or early-onset AA [16]. Patients with AIRE mutations who
did not develop APECED have also been shown to develop AA
[17], and Aire-deficient mice serve as an animal model of AA
[18]. The known function of AIRE in T-cell maturation and im-
mune recognition of self-peripheral autoantigens supports the
autoimmune etiology of AA [19].

With numerous potential mutations and genes found on several
chromosomes, GWAS suggest that AA is a complex polygenic
disease with multiple pathways implicated that invite further
investigation.

3 | Hair Follicle Immune Privilege

HF immune privilege is a highly dynamic process, thought to
occur in the proximal HF in anagen phase and subsiding during
catagen and telogen [20]. During anagen phase, the HF environ-
ment actively suppresses the immune responses, and it has been
hypothesized that immune privilege maintenance prevents
highly immunogenic self-peptides from inducing T-cell attack of
the growing hair shaft [21, 22].

The HF immune privilege environment decreases immune
cell trafficking and recruitment and decreases antigen presen-
tation by downregulating MHC class I on HF and MHC class
IT on HF and professional antigen-presenting cells [21-24].
This is thought to be achieved by localized expression of im-
munomodulatory factors (TGF-8, a-MSH, IL-10, macrophage
migration inhibitory factor, and somatostatin), low MHC class
I chain-related gene A expression (MICA), and downregula-
tion of NKG2D on local natural killer (NK) cells [20, 25-28].
Physical barriers to lymphocyte infiltration, including those
that result from the establishment of extracellular matrix
barriers and a lack of lymphatics, also help confer immune
privilege [20, 29]. These immune guardians work to suppress
IFN-y production, which, if present, induces upregulation of
MHC class I and II, thereby changing T-cell receptor (TCR)
avidity (the total strength of multiple TCR-MHC complexes)
[28]. During the pathogenesis of AA, these immune guardrails
break down, leading to an autoimmune attack of the lower
HF (Figure 1). Keratinocyte and melanocyte autoantigens are
exposed to CD8 T cells which in turn activate a variety of cel-
lular and molecular pathways of immune-mediated destruc-
tion [30].

Plasmacytoid dendritic cells (PDC) are specialized dendritic
cells that are normally relatively absent in the skin but are seen
infiltrating during active injury or disease [31]. PDCs link the
innate and adaptive immune systems by expressing receptors
such as CD4, HLA-DR, and toll-like receptors, thereby influ-
encing the action of immune cells such as T cells, B cells, and
NK cells [31-33]. PDCs have been proposed to participate in AA
pathogenesis. In AA, inciting events may lead to PDC activa-
tion and type I IFN (a and ) production, activating cytotoxic
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T cells that upregulate IFN-y [32, 33]. This could activate the
JAK-STAT pathway ultimately leading to upregulation of MHC
class I and II molecules in the HFs [24]. Increased MHC class
I expression and T-cell recruitment leads to autoimmune acti-
vation of NKG2D* CD8 T cells and NK cells, leading to further
collapse of HF immune privilege [34]. Activated NKG2D* CD8
T cells produce granzyme B and perforin, which may act to dam-
age HF cells [30].

4 | Inciting Events

Hypothesized inciting events that dysregulate immune guard-
rails include viral infection [35], reactive oxygen species asso-
ciated with chronic infection or drugs [1, 36], hypersensitivity
reaction secondary to vaccinations [1, 37-39], emotional or phys-
ical stress [40, 41], and immunotherapies [42]. Though the mech-
anism is not well-understood, in some cases these events could
trigger PDCs to release large amounts of IFN o and 8, which
could activate CD4 T cells, CD8 T cells, and NK cells, leading to
autoimmune destruction as described above [1, 31-33].

The contribution of stress to AA pathogenesis is controversial.
Emotional stress and anxiety are thought to be potential trig-
gers for AA development by increasing corticotropin-releasing
hormone (CRH) receptors around HFs [41]. In a case-control
study of 27 children with AA and 30 controls, nearly 52% of
children with AA had at least one comorbid anxiety spectrum
disorder, although diagnosis before versus after onset of AA
was not specified [43]. A survey of 69 participants found that
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33% of pediatric patients have stayed home from school at
least once due to their alopecia [44]. Patients in this study self-
reported bullying, most significantly those age 15-19years old
and males [44]. In addition, children with AA are more likely
than their adolescent counterparts (14.8% vs. 3.3%, respec-
tively) to suffer from depressive-disorder symptoms [45]. Given
the substantial number of pediatric patients that have been
shown to meet anxiety criteria, it is possible that emotional
stress could contribute to pediatric-specific AA pathogenesis
and perpetuation. Although these studies show an association
between psychosocial and emotional stressors and AA, the
specific biochemical role that emotional stressors may play in
pathogenesis as well as disease perpetuation requires further
investigation.

5 | JAK-STAT Signaling Pathway

IFN-y is known to be a main driver in the pathogenesis of AA,
contributing to the initial loss of HF immune privilege as well as
perpetuating the inflammatory response against HFs [28, 46]. It
carries out these effects in AA via signaling through JAK pro-
teins, a family of tyrosine kinases that allows cytokine receptors
lacking intrinsic kinase activity to participate in signal trans-
duction. Various receptors for cytokines participate in JAK-
mediated signal transduction through combinations of the four
JAKsincluding: JAK1,JAK2, JAK3, and TYK2. The receptor for
IFN-y signals via JAK1 and JAK?2, while receptor complexes for
IL-15 and IL-2, two other important cytokines in AA pathogen-
esis, signal via JAK1 and JAK3 [47, 48].

Alopecia Areata

» IFN-a/B MHC Class | T
)| MICA T
A V=N ?gE-EDlL'gands ! 3= MHC Class |
ey et +—NKG2D
e MIF >—MICA
J—NKG2D Ligands
=—TCR

~ Genetic Predisposition

Environmental Trigger

FIGURE1 | Lossofimmune privilege in alopecia areata. Plasmacytoid dendritic cells (PDC) are activated by an environmental trigger and release
interferon (IFN) a and {. This mounts a lymphocytic response, primarily NKG2D* CD8 T cells, CD4 T cells, and natural killer (NK) cells. The T
lymphocytes release IFN-y which binds its receptor on the hair follicle epithelium and activates the JAK-STAT pathway. This leads to loss of immune

privilege, indicated by increased expression of MHC class I and NKG2D ligands (including MICA and ULBP3/6) on follicular epithelial cells and

making them more readily recognized by NKG2D* CD8 T cells. Created in BioRender.com.
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JAKs are activated by ligand binding of specific receptors, leading
to conformational changes which allow dimerization and subse-
quent auto—/trans-phosphorylation of tyrosine residues on the
kinase domain of JAKs. The activated JAKs create a binding site
for STATSs, which contain a DNA-binding domain, and a differ-
ent gene transcription activation domain depending on the STAT.
Once STATs bind to JAKSs, they are phosphorylated, causing re-
lease from the JAK receptor docking site, and formation of a STAT
dimer which translocate to the nucleus to target pro-inflammatory
gene transcription [47]. STAT-regulated pathways implicated in
AA pathogenesis include those for IL-15, NKG2D ligands (MICA,
ULBP3, and ULBP6), MHC class I, and CXCL10 (Figure 2).

6 | Cytokine/Chemokine Contributors

Several cytokines and chemokines play a role in AA pathogen-
esis and have been shown to circulate in higher serum levels of
patients with moderate to severe AA compared to health con-
trols including IFN-y, IL-2, IL2RA, IL-15, CXCL9, CXCL10, and
CXCL11 [49-51].

6.1 | IFN-y

IFN-y isa major driver of AA autoreactivity in the HF [28, 46, 52].
IFN-y may be upregulated due to inciting events leading to

activation of CD4 T-helper type 1 cells (Th1) [33]. IFN-y is also
secreted by CD8 T cells and NX cells. Increased levels of IFN-y
lead to upregulation of MHC class I and II proteins on the HF
cells, subjecting them to immune privilege collapse and subse-
quent autoimmune attack by T cells as discussed above [34, 46].

IFN-y upregulates CXCL9, CXCL10, and CXCL11, chemokines
which have been implicated in other autoimmune diseases [53].
They share the common receptor CXCR3, which is expressed on
Thl CD4 T cells, CD8 T cells, and NK cells [53]. These recruited
cells may further increase local IFN-vy levels, resulting in a pos-
itive feedback loop [53, 54]. CXCL10 is a chemokine released
from activated HF cells, which is thought to attract CXCR3*
CD4 and CD8 T cells in the acute phase of AA [33, 55, 56]. This,
in part, constitutes the histopathologic “swarm of bees” appear-
ance of dense lymphocytic infiltrate comprised mainly of CD8
T cells in follicular epithelium, perifollicular infiltrate of CD4 T
cells, and innate immune cells [28, 56].

IFN-y upregulates IL-2 and IL-15, which are other major cy-
tokines implicated in AA pathogenesis. Both are part of the
common gamma-chain (y,) cytokine family, sharing a common
receptor subunit [57]. IL-2 induces IFN-y production, while IL-
15 is upregulated by IFN-y [58]. This increase in IL-15 plays
a role in another positive feedback loop by stimulating CD8 T
cells to secrete more IFN-y, which may perpetuate the disease
[28, 48].

FIGURE 2 | JAK-STAT pathway in alopecia areata. Interferon gamma (IFN-y) binds its receptor on hair follicle (HF) epithelial cells, leading

to JAK1/JAK2 signaling, STAT activation and nuclear translocation, and downstream gene transcription. This causes the HF to produce CXCL10
which attracts T cells to the HF. The HF also upregulates NKG2D ligands such as MICA, ULBP3, and ULBP6, which participate in interactions with
the T cells. IL-15 binds its receptor on NKG2D* CD8 T cells, which triggers JAK3/JAK1 signaling and ultimately leads to increased IFN-y production.
The surge of IFN-vy leads to a positive feedback loop. Created in BioRender.com.
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6.2 | IL-2

IL-2 is produced mostly by CD4 T cells and produces effects via
two receptor types. There is a high-affinity trimeric receptor,
located on both immunosuppressive FoxP3* regulatory CD4 T
cells (Tregs), and a fraction of proinflammatory CD4 and CD8 T
cells. There is also an intermediate-affinity dimeric IL-2 recep-
tor composed of IL-2RB and y, chains, located on memory CDS8
T cells and NK cells. Notably, IL-15 can bind the dimeric recep-
tor, creating competition between these cytokines [47]. IL-2RA,
which has been noted in GWAS discussed in an earlier section,
is a component of the trimeric receptor.

By binding to its target cell, IL-2 promotes CD8 T-cell activity,
maintains regulatory T cells, and drives CD4 T-cell differenti-
ation [59]. The specific JAK-STAT pathway that IL-2 signals
through is important for inducing CXCR3 expression, as well
as IFN-y production [58]. SNPs in IL-2RA have been associated
with increased A A susceptibility [9].

6.3 | IL-15

IL-15 is an important cytokine for homeostatic and basal func-
tioning of many immune cells. Some of these roles include
maintenance and proliferation of T cells, promotion of NK cell
development, inhibition of Tregs, and production of TNF-a, and
IFN-y [60, 61]. While IL-15 is upregulated by IFN-y [48], it is also
participatory in a positive feedback loop which enhances IFN-y
production, thereby further enhancing IL-15 production in addi-
tion to NKG2D ligand production [48]. This ultimately results in
recruitment and activation of CD8 T cells driving disease state.
IL-15 levels have been found to be positively correlated with
SALT scores and disease duration [62, 63].

6.4 | IL-17

An imbalance between Th17 CD4 T cells and Tregs may be
involved in AA autoimmunity, although the exact mechanism
is not fully understood. It has been suggested that when there
is a disruption between Tregs and Th17 T cells, this leads to a
proinflammatory state around the HF seen in AA [64-66]. This
disruption has been demonstrated in several other autoimmune
and inflammatory conditions such as psoriasis, rheumatoid ar-
thritis, and systemic lupus erythematosus [67]. IL-17 and IL-22
cytokine levels have been shown to be elevated in AA lesions
and serum, and some studies suggest correlation with disease
severity [64, 65, 68]. Further research into the Th17/Treg imbal-
ance may provide a deeper understanding of pathogenesis and
possible treatments for AA.

7 | Conclusion

AA is an autoimmune condition that can have a relapsing clin-
ical course and significant psychosocial impact, with children
often having a worse prognosis than adult patients. Many genes
have been identified as possible AA risk factors. The HLA re-
gion, particularly HLA-DR, has the strongest association with
AA development. Several possible environmental triggers are

speculated to lead to AA. IFN-y has largely been understood to
be a pivotal driver of AA pathogenesis and is involved in mul-
tiple positive feedback loops which could contribute to disease
perpetuation. The y, family of cytokines also plays a crucial role
in AA pathogenesis.

Pediatric patients may have different contributors leading to
worse outcomes. Onset prior to puberty is associated with poor
prognosis, in addition to nail involvement, associated atopy,
ophiasis pattern of hair loss, recurrent episodes, longstanding
lesions, and family history [12, 69-71]. Pediatric-specific differ-
ences in the pathophysiology of AA have not yet been identified
to the knowledge of these authors and could serve as a useful
area of further investigation.
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