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Abstract

Vitiligo is an autoimmune disease of the skin that leads to life-altering depigmentation and
remains difficult to treat. However, clinical observations and translational studies over 30-40 years
have led to the development of an insightful working model of disease pathogenesis: Genetic risk
spanning both immune and melanocyte functions is pushed over a threshold by known and
suspected environmental factors to initiate autoimmune T cell-mediated killing of melanocytes.
While under cellular stress, melanocytes appear to signal innate immunity to activate T cells. Once
the autoimmune T cell response is established, the IFN-y-STAT1-CXCL10 signaling axis becomes
the primary inflammatory pathway driving both progression and maintenance of vitiligo. This
pathway is a tempting target for both existing and developing pharmaceuticals, but further
detailing how melanocytes signal their own demise may also lead to new therapeutic targets.
Research in vitiligo may be the future key to understand the pathogenesis of organ-specific
autoimmunity, as vitiligo is common, reversible, progresses over the life of the individual, has
been relatively well-defined, and is quite easy to study using translational and clinical approaches.
What is revealed in these studies can lead to innovative treatments and also help elucidate the
principles that underlie similar organ-specific autoimmune diseases, especially in cases where the
target organ is less accessible.

Introduction

Vitiligo is a common, but under-recognized, autoimmune disease of the skin in which
melanocytes are specifically targeted and destroyed by skin-infiltrating, autoreactive CD8* T
cells. Patients develop patchy areas of depigmented skin (Figure 1) that become disfiguring,
and thus negatively impact their quality of life (1-3). Approximately 1% of the global
population is affected and the disease is reversible via melanocyte regeneration; however, the
needs of this population remain unmet as current medical therapies are only moderately
effective in reversing depigmentation. This is partly due to the fact that current treatments
for vitiligo broadly dampen the immune response and do not specifically target the cells or
pathways that are principally responsible for melanocyte destruction (2,3).
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To improve the treatment of vitiligo, researchers have studied the disease for over thirty
years, advancing our understanding of its pathogenesis. Much of this work has been done
directly on patients and their tissues, and thus has led to an advanced understanding of this
organ-specific autoimmune disease within the human context. While the mechanism of
disease initiation is not yet fully defined, a confluence of genetics and cellular stress most
likely provide the fuel and spark, respectively (4). The subsequent CD8+ T cell response is
then responsible for the destruction of melanocytes in the skin. Recent insights gleaned from
basic and translational studies indicate that vitiligo could be more effectively treated by
specifically targeting the pathways that allow CD8+ T cells to initiate and continue their
attack on melanocytes (5).

The Genetics Underlying Vitiligo

It is clear that vitiligo is an autoimmune disease, as many of the risk alleles that are
associated with vitiligo are immune-specific genes, and vitiligo appears more frequently in
family members of patients with autoimmune diseases, including type 1 diabetes, pernicious
anemia, and autoimmune thyroiditis (6-9). Similar to other autoimmune diseases,
dysregulation of antigen presentation is implicated as several HLA-haplotypes confer risk to
developing disease: SNPs in risk alleles HLA-A*02 (10), HLA-DRB1, and HLA-DQA1
(11) lead to increased expression of MHC, which can allow for enhanced immune activation
(10,11). NLRP1 is also identified to play a role, possibly through increased IL-1f processing
(12); however, whether this is limited to disease initiation or also affects progression is
unclear. Other immune genes involved in T cell signaling include PTPN22, TSLP, CCR6,
IL2RA, UBASH3A, FOXP3 and GZMB (7), implicating both innate and adaptive responses,
as well as regulatory T cells.

Melanocyte-specific genes are implicated in disease pathogenesis as well. TYR encodes
tyrosinase, the enzyme that performs the rate-limiting step in melanogenesis (pigment
production), and modifications of this enzyme are also associated with anti-melanoma tumor
surveillance (13,14). OCA2, involved in melanosomal transport of tyrosine, as well as
MCI1R, a hormone receptor that promotes melanogenesis, are also implicated (15). Xbp1 (X-
box binding protein 1) also confers risk of vitiligo and is more highly expressed in lesional
skin (16), suggesting Xbp1 regulation could be involved in maintaining homeostasis in
melanocyte surveillance (4). It is a key mediator of the unfolded protein response (UPR),
which responds to endoplasmic reticulum (ER) stress (17), but also has additional roles in
antigen loading and regulation of dendritic cell (DC) functions (18). Other autoimmune
diseases are associated with hypomorphic variants in XBP1 that contribute risk and lead to
ER stress and autoinflammation (19).

Intrinsic Stress in Vitiligo

There is a growing body of literature that suggests a role for cellular stress in the
development of autoimmunity, including vitiligo (4,20). Vitiligo patients exhibit signs of
stress in the skin. Reactive oxygen species (ROS), principally H,05, are elevated (21), and
when compared to primary melanocytes generated from an unaffected individual,
melanocytes from a vitiligo patient exhibit slower growth, demanding catalase
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supplementation as well as a host of growth factors (22-25). Melanocytes from vitiligo
patients have a dilated ER (22), a tell-tale sign of ER stress, and intracellular staining of
equally aged cell lines suggests there is dysregulation of protein expression (26), a
precipitating factor that can initiate ER stress.

We have previously discussed the hypothesis that melanocytes could be uniquely prone to
stress because of their functional and environmental niche in the skin (4,20). Melanogenesis
requires the coordination of several energy-intensive processes within the melanocyte that
result in generation of ROS. This includes the production of large amounts of protein
components of the melanin pathway, melanin synthesis, and orchestrating organelle
movement in the cell for pigment distribution. In addition, the redox reactions involved in
chemical transformation of tyrosine to melanin directly yield potentially harmful
byproducts, including H,0,. Moreover, the melanocyte’s physical position in the skin allows
it to be subjected to UV light, another source that can generate ROS (20,27).

Extrinsic Insults Damage Melanocytes and Can Initiate Vitiligo

Additional /n vitro experiments in which the melanocytes were exogenously stressed using
reagents that generate ROS resulted in the death of melanocytes from vitiligo patients at far
lower exposure levels compared to primary cells derived from healthy donors (26,28). This
would suggest that melanocytes from vitiligo patients possess a specific defect that increases
their susceptibility to stress. These data have also been paired with relevant clinical
observations that vitiligo has a strong environmental component. While there is increased
risk to develop vitiligo in families with vitiligo or other organ-specific autoimmune diseases,
studies in monozygotic twins reveal only 23% concordance of disease between them (8),
suggesting that while genes confer a significant risk for the development of vitiligo, a large
proportion is independent of genes, and thus likely incorporates environmental factors as
well (20). Importantly, many of these factors and their mechanisms of action in vitiligo have
been described. The chemical monobenzyl ether of hydroquinone (MBEH) was first shown
to cause vitiligo in tannery workers who developed depigmentation after wearing rubber
gloves containing the phenol, and a prescription cream containing the phenol can now be
used to electively exacerbate disease in patients aiming for an even skin tone without
pigmentation (29,30).

Investigation into the mechanism of action of MBEH has revealed that it works directly
upon tyrosinase-positive, pigment-producing cells initiating several events: melanogenesis is
inhibited, ROS are produced, the melanocyte undergoes ER stress, the UPR is activated,
autophagy pathways are initiated, and exosomes are released (31). Others argue that vitiligo-
inducing phenols act via tyrosinase related-protein 1 (TRP1), rather than directly through
TYR, although both implicate melanocyte-specific function in toxicity (32). In these
experiments, phenols such as 4-tertiary butyl phenol (4-TBP) and MBEH were used /in vitro
to initiate these cellular responses, and revealed that activation of stress could elicit an
immune response, as the stressed melanocytes produced inflammatory cytokines IL-6 and
IL-8 (33). Phenol-induced stress of melanocytes leads to the activation of DC and enhanced
activation of T cells in co-culture experiments, possibly through the release of HSP70i, a
pro-inflammatory signal (31,34,35).
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More recently, van den Boorn and colleagues discovered that MBEH-induced haptenization
of melanocyte antigens and phenol-induced stress creates an inflammatory environment
within the skin that leads to the recruitment of natural killer (NK) cells and the formation of
NK memory, which is then capable of continuing autoimmune attack on even remote,
unexposed skin (36). Stressed melanocytes may release cell-specific antigens via exosome
secretion (31) combined with NK mediated killing of melanocytes to promote DC activation
and antigen presentation, which contributes to priming of a T cell response. While some
details are still missing, the potential for stressed melanocytes to initiate the autoimmune
attack in vitiligo is clear.

CD8* T Cells Play a Central Role in Depigmentation: Killing Melanocytes

Earlier work detailing the events and pathogenesis in vitiligo demonstrate that CD8* T cells
play a critical role in the destruction of melanocytes. First, patchy infiltrates of T cells were
found to localize near melanocytes, the cells responsible for skin pigmentation (37,38).
Analysis of vitiligo patient blood using melanocyte antigen-specific tetramers revealed that
vitiligo patients have higher frequencies of melanocyte-specific CD8* T cells in the blood
compared to healthy controls, and that these frequencies correlate with total skin
involvement (39). The reactivity of these T cells was subsequently tested and found to be
capable of killing both melanoma as well as melanocytes derived from the same T cell
donors. These T cells possessed a skin homing phenotype, including surface expression of
cutaneous lymphocyte antigen (39,40).

Autoreactive T cells kill melanocytes in experiments in which T cells isolated from
perilesional vitiligo skin are co-incubated with autologous uninvolved skin. Labeled T cells
isolated from vitiligo lesions infiltrated the normal skin, migrated to the epidermal-dermal
junction, and were found in close association with dying melanocytes. Depletion of CD8* T
cells prevented melanocyte destruction, whereas enrichment for these cells enhanced it (41),
supporting the key role of CD8" T cells in vitiligo. Our laboratory and others have then
expanded on this knowledge by testing melanocyte-reactive T cells in mouse models,
revealing that IFN-y plays a central role in disease pathogenesis (42-45).

We have continued to dissect the role of IFN-y and IFN-y-dependent genes in our mouse
model and in human tissues. We discovered that the IFN-y-derived chemokine CXCL10 is
essential for driving vitiligo pathogenesis through the recruitment of autoreactive CD8* T
cells to the epidermis, and autoreactive T cells depend upon the chemokine receptor of
CXCL10, CXCR3, to home to the skin to kill melanocytes. Moreover, we found that
melanocyte-specific CD8* T cells in vitiligo patients express higher levels of CXCR3,
paralleling our findings in the mouse (46). We also found that the IFN-y receptor and
STAT1 are critical for the development of skin depigmentation as well (in press and
unpublished results). IFN-y signals through the IFN-y receptor, which recruits Janus
Kinases (JAKS) to transduce the signal. JAKs phosphorylate STAT1, a transcription factor
that then translocates to the nucleus to induce transcription of IFN-y-inducible genes,
including CXCL10 (Figure 2)(47). Keratinocytes are the principal cellular source of
CXCL10 in the epidermis during disease progression (in press). Intriguingly, blocking
CXCL10 in our mouse model can both prevent vitiligo as well as restore pigmentation in
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mice with established disease (46), providing support for targeting this pathway as a
treatment strategy.

The importance of this pathway has been supported by translational studies of other groups
(48-50) and by clinical studies in which the drugs that target this signaling axis were tested
as treatments of vitiligo patients (51,52). Wang and colleagues tracked the levels of serum
CXCL9 and CXCL10 in a cohort of patients and found that CXCL10 correlated with disease
severity and inversely with treatment response (50), underpinning its role in human disease
pathogenesis. Inhibitors of JAK/STAT signaling, tofacitinib and ruxolitinib, have shown
promising results in the repigmentation of two patients with vitiligo (51,52), further
validating the importance of this signaling pathway in vitiligo pathogenesis. Moreover,
HMG-CoA reductase inhibitors have been shown to inhibit IFN-y-dependent STAT1
signaling /n vitro (53), suggesting statins could be used to inhibit the IFN-y-STAT1-
CXCL10 axis. One patient repigmented shortly after receiving high-dose simvastatin (54),
and simvastatin both prevented depigmentation and promoted repigmentation in our mouse
model, although its exact mechanism remains undetermined (55). However a small,
randomized, placebo-controlled trial did not confirm efficacy in vitiligo patients [in press].
This may be a consequence of potential toxicity and consequent limited dosing of
simvastatin in humans, which is not a limitation in mice.

of Other Cell Types Involved Are Poorly Defined

Additional cell types may also play a role in active disease, but their roles remain less
defined than CD8* T cells. NK, CD11b*CD11c* cells, and macrophages infiltrate vitiligo
lesions (37,38,56,57). Transcriptome and flow analysis of human skin revealed an
infiltration of NK cells in lesional and non-lesional skin (56) which, in light of the recent
discovery of NK-mediated killing of stressed melanocytes (36), could allow for a larger role
in pathogenesis than previously thought. CD11b*CD11c" cells appear in human and murine
vitiligo lesional skin (57) and macrophages are also present in lesional skin (36,37),
although the exact roles of these cells remain undefined. Stressed melanocytes release
HSP70i (34) as well as exosomes of unknown content (31); it is possible that exosomes
contain HSP70i as well as other potential danger associated molecular patterns (DAMPS)
that activate nearby cell types (4,20,36).

T regulatory cells (Tregs) are important in controlling inflammation, including many
different autoimmune diseases (58). Human studies report dysfunctional Treg responses in
vitiligo patients compared to controls, but have not led to a consensus as to where the defect
lies, in Treg number, skin homing capacity, or function (59-65). A recent study found that
human Tregs control melanocyte-specific, CD8* T cell responses through induction of
CTLAA4 in vitro, and that melanocyte-specific, CD8* T cells exhibit an unregulated
immunophenotype in vitiligo patients compared to controls (66). Mouse studies implicate an
important role for Tregs as well (44,45), and future translational studies directly in the skin
may better reveal their functional mechanism of regulation during disease evolution and
maintenance of tolerance.
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Resident cells of the skin also have emerging, but as yet undefined, roles in vitiligo. Much of
the previous work has focused on melanocytes as a precipitating source of stress, DAMPs,
and antigen, but the roles of neighboring cell types, like keratinocytes and Langerhans cells,
are emerging. In the recent model of chemical induced vitiligo, Langerhans cells were
dispensable (36), but this does not preclude additional roles during active vitiligo.
Langerhans cells and dermal dendritic cells have distinct, sometimes antagonistic roles in
regulating and promoting immune responses (67-69). Keratinocytes, which make up the
majority of the epidermis, are hypothesized to play an important role in promoting T cell
recruitment and inflammation in psoriasis (70). A recent study from our lab suggests
keratinocytes and their ability to make CXCL10 are required for disease progression (in
press). It remains unknown if keratinocytes play a similar role during initiation or in
detecting melanocyte stress.

Summary: Realizing a Complete Model of Vitiligo Pathogenesis through

Translational Research

In summary, the past three decades have uncovered many mechanistic details in vitiligo
pathogenesis. Genetic studies of vitiligo patients reveal that it is principally an autoimmune
disease, although melanocytes may ignite the entire process after crossing a certain threshold
level of stress. ROS or ER stress may activate nearby innate myeloid or stromal skin
populations, which in turn recruit T cells that kill melanocytes (Figure 3). Perhaps the most
important details to be worked out revolve around how melanocytes signal stress /7 vivo,
how it is interpreted by the immune system, and how this leads to disruption of immune
tolerance. The mechanisms of T cell-mediated melanocyte killing are more clearly defined:
CXCR3-expressing melanocyte-specific CD8+ T cells follow the chemokine CXCL10 to
infiltrate the skin and kill melanocytes (46). Targeting aspects of this pathway may lead to
better treatments, but more can still be worked out to fully detail what directs these T cells
once they infiltrate the skin. What are the roles of the additional infiltrating cell types
previously reported? How do melanocytes communicate cellular stress to the immune
system? Can the IFN-y-STAT1-CXCL10 and cellular stress pathways be effectively targeted
to halt vitiligo?

Directly testing human skin may be the answer to some of these questions. Mouse models
and cell-based systems have helped to identify these pathways, and many translational
studies were first initiated in mice or cell-based systems; however, the earliest observations
of intrinsic stress, chemical induced vitiligo, and T cell-mediated melanocyte killing came
from studying human skin. Vitiligo, in contrast to other autoimmune diseases, is uniquely
amenable to translational research, as the target organ, the skin, is easily accessible. It is a
disease that progresses over many years, allowing researchers the time to assess these
tissues, under both current and novel therapies as well as exacerbating factors such as
MBEH. Through such translational efforts, a complete working model of vitiligo
pathogenesis can be realized and new therapeutic avenues can be explored, such that the
needs of this patient population are finally met. In addition, complex interactions that
balance autoimmune inflammation with mechanisms of immune tolerance can be more
clearly defined. As such, we suspect that this work will directly inform that of other organ-
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specific autoimmune diseases, potentially supporting human vitiligo as a relevant model for
diseases that are more difficult to study in humans, such as type 1 diabetes and multiple
sclerosis.
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Highlights
. Genetic risk and environmental factors contribute to cellular stress in
melanocytes
. Activation of innate pathways is a direct result of melanocyte stress

. The IFNy-STAT1-CXCL10 signaling axis drives vitiligo progression

. Translational research in vitiligo is a powerful tool to understand
autoimmunity
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Figure 1.
“Disfiguring white patches characteristic of vitiligo.”
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Autoimmune
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Figure 2.
“The IFN-y-STAT1-CXCL10 Axis Drives Melanocyte Destruction.”

IFNy signals through the IFN-y receptor (IFN-yR), which then requires JAK1 and JAK2 to
phosphorylate the transcription factor STAT-1. Phosphorylated STAT1 homodimerizes and
then translocates into the nucleus where IFN-y-dependent genes, including CXCL9 and
CXCL10, are transcribed(47). Autoreactive CXCR3-expressing CD8+ T cells follow these
ligands to the skin where they kill melanocytes(46).
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“Working Model of Vitiligo Pathogenesis”

Inherited genetic risk (HLA (11)(10), XBP1 (16), TYR (13), OCA2 (15), M1CR1 (15)) and
environmental insults (MBEH and 4-TBP) induce a state of melanocyte stress, exemplified
by ER stress. Stressed melanocytes signal to local innate and resident skin cell types via
exosomes containing antigen and DAMPs, soluble HSP70, and/or other factors (30-34).
Responding cell types are activated by these signals and some may migrate to the draining
lymph nodes where they activate T cells. Other responding cells in the skin secrete
chemokines to recruit autoreactive T cells, which are directly responsible for killing
melanocytes. In active disease, one or more cell types may respond to IFN-y and secrete
CXCL10 to recruit T cells to the skin where melanocytes reside.
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