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Abstract

Vitiligo is an autoimmune disease of the skin that targets pigment-producing
melanocytes and results in patches of depigmentation thatare visible as white
spots. Recent research studies have yielded a strong mechanistic understand-
ing of this disease. Autoreactive cytotoxic CD8* T cells engage melanocytes
and promote disease progression through the local production of IFN-y,
and IFN-y-induced chemokines are then secreted from surrounding ker-
atinocytes to further recruit T cells to the skin through a positive-feedback
loop. Both topical and systemic treatments that block IFN-y signaling can
effectively reverse vitiligo in humans; however, disease relapse is common af-
ter stopping treatments. Autoreactive resident memory T cells are respon-
sible for relapse, and new treatment strategies focus on eliminating these
cells to promote long-lasting benefit. Here, we discuss basic, translational,
and clinical research studies that provide insight into the pathogenesis of vi-
tiligo, and how this insight has been utilized to create new targeted treatment
strategies.
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INTRODUCTION

Clinical Vitiligo

Vitiligo was described 3,500 years ago in Egyptian and Indian texts, and the social stigma associated
with this disfiguring disease was evident from the very beginning. The Atharvaveda, an ancient
text written in India between 1500 and 1000 Bck, records details of white patches on the skin, as
do the Egyptian Ebers Papyrus (1500 sce) and the book of Leviticus in the Hebrew Bible from
approximately the same time. Indian literature indicates that marriage of a son or daughter to
one who has these white patches is “abhorred” (1). Early Buddhist literature states that men and
women with vitiligo were not eligible for ordainment, and Hindu texts suggest that those who
suffered from this disease may have stolen clothes in their former existence (2).

Vitiligo is characterized by patchy skin depigmentation that can be present on any part of
the body. It affects ~1% of the world’s population without any significant difference in preva-
lence due to sex, ethnicity, or geographic region (3). As in ancient times, vitiligo negatively in-
fluences patients’ quality of life by decreasing self-esteem and causing significant psychological
distress (4-6). This reduction in quality of life is comparable to other burdensome skin diseases
such as psoriasis and eczema (5). Vitiligo skin lesions are observable signs of disease that cause
shame, anxiety, and depression (4). Visible sites such as the hands and face are commonly affected,
and patients often especially fear the spread and worsening of their disease at these locations
.

Public misconceptions and negative social stigma associated with vitiligo continue to impact
those with the disease. One of my patients (J.E.H.) who flew to our clinic on an airplane was
seated next to a woman who asked to change seats because of his vitiligo, despite reassurance that
it was not contagious. Another woman with vitiligo was on the subway in New York City when
she was approached by a child who said, “You look like a monster, but I know you’re not!” A man
originally from Pakistan but living in the United Kingdom inquired about getting an amputation
of his arm in order to remove his vitiligo, as he worried that his family would reject him due to
vitiligo but not if he were missing an arm (7). Thus, developing a better understanding of disease
pathogenesis to develop more effective treatments would have an enormous impact on those who
suffer from vitiligo.

Current Treatments

Unlike most autoimmune diseases, vitiligo is fully reversible. Vitiligo primarily destroys the
pigment-producing cells, melanocytes, located in the epidermis between the hair follicles (in-
terfollicular epidermis). However, the disease commonly spares melanocytes residing within the
hair follicle because of immune privilege at this site, similar to other privileged sites that contain
melanocytes, such as the brain, eye, and inner ear. Hair follicles also contain melanocyte stem
cells that are capable of repopulating the epidermis of vitiligo lesions with functional, newly dif-
ferentiated melanocytes that possess the capacity to restore normal pigmentation. Thus, clinical
repigmentation of vitiligo lesions typically appears in a punctate, perifollicular pattern, and ar-
eas of vitiligo lesions containing no hair or white hairs—where autoimmunity has not spared the
follicular melanocyte populations—do not repigment (8) (Figure 1).

Treatments listed for vitiligo in historical texts include cow dung or urine; elephant stool; cobra
snake bones; topical acids; and heavy metals, including arsenic. While these have thankfully been
abandoned, one ancient treatment is still used today. At one time, ancient Indians and Egyptians
treated vitiligo with select herbs that were applied topically or taken orally, followed by sun expo-
sure. These herbs have been discovered to contain psoralens, which are currently used in purified
forms and combined with UVA light to treat skin diseases, a therapy called PUVA, for psoralen
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Figure 1

() Vitiligo presents as patches of depigmentation due to autoimmune melanocyte destruction. Due to the common preservation of
melanocyte stem cells among hair follicle stem cells, vitiligo lesions can repigment. (b)) Repigmentation usually presents in a
perifollicular pattern. Certain anatomic sites do not repigment (¢,d), including sites lacking hair such as the ventral wrists and locations
containing white hairs. (¢) Lesions are characterized by melanocyte death and infiltrates of CD8* T cells that preferentially localize to
melanocytes at the borders of lesions. (f) Reversal of disease is achieved through immunosuppression and stimulation of melanocyte
stem cells.
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plus UVA light. Therefore, a version of this modern vitiligo therapy was used over three millen-
nia ago, and this treatment was then rediscovered in the twentieth century (9). In rare patients,
vitiligo may regress without treatment (10, 11); however, this is most likely due to sun exposure.
Most patients require interventional treatment to observe significant reversal of vitiligo.

Predictably for an autoimmune disease, immunosuppression is an important component of
the clinical management of vitiligo. Topical corticosteroids and calcineurin inhibitors promote
repigmentation (12-14), and systemic corticosteroid treatment helps to stabilize very active dis-
ease (14-17). However, successful repigmentation of vitiligo requires the accomplishment of two
treatment goals: the suppression of autoimmunity, as well as the regeneration of melanocytes from
their stem cell niche in the hair follicle. PUVA utilizes UVA light to convert psoralen compounds
into DNA-reactive, oxidative chemical products that both suppress immune function and stimu-
late melanocyte proliferation and pigmentation (18, 19). The combined immunosuppressive and
pigment-stimulating properties may explain the strong efficacy of PUVA as a vitiligo treatment.

However, more recent clinical studies reveal that narrow-band UVB (nbUVB) phototherapy
provides superior repigmentation of vitiligo lesions with fewer adverse side effects, such as an in-
creased risk of skin cancer noted only with PUVA therapy (20-25). Similar to PUVA, UVB light
also suppresses cutaneous immunity while stimulating melanocyte proliferation and pigmentation
(26-29). Thus, nbUVB has largely replaced PUVA as first-line therapy for vitiligo, and conven-
tional treatment strategies now incorporate nbUVB phototherapy in combination with topical
corticosteroids and/or topical calcineurin inhibitors (25).

Current treatments for vitiligo remain far from ideal, as they are not universally effective in
all patients, they do not repigment all anatomic locations, and they can be quite cumbersome
for patients to use. Phototherapy requires several weekly visits to a dermatologist, and topical
treatments are applied twice daily to all affected skin. Furthermore, all current treatments provide
only short-term benefit, as patients relapse at a rate of 40% within the first year after discontinuing
treatment (30). Thus, while many of the earlier treatments have been replaced in modern times
by safer options, the search for even more effective, targeted therapies has continued.

Vitiligo usually appears in patients before the age of 30 years, and since it rarely regresses spon-
taneously, it enables close observation of the disease and its progression over decades. This visibil-
ity as well as its high incidence and ready access to affected tissues have enabled detailed study of
vitiligo through translational research approaches over decades, providing a strong foundation for
modern studies to determine detailed mechanisms of pathogenesis (9, 31). Current understanding
of vitiligo now offers an unprecedented opportunity to develop better treatments.

Early Studies into the Pathogenesis of Vitiligo—Degenerative Theory

The cause of depigmentation in vitiligo is clearly the loss of melanocytes from the skin, yet it
was long debated whether this was through a degenerative or autoimmune process. Difficulty
culturing melanocytes derived from human vitiligo patients (32, 33) and increased sensitivity to
exogenous insults suggested that degeneration might explain melanocyte loss (34). Melanocytes
from vitiligo patients were noted to proliferate more slowly than healthy control melanocytes (32),
and they also demonstrated dysregulated redox balance associated with low expression of catalase
(35). Catalase protects cells from reactive oxygen species (ROS) by reducing hydrogen peroxide
to oxygen and water, and melanocytes in particular produce high levels of ROS as a by-product
of melanin production. Thus, the culture of vitiligo patient melanocytes required compensatory
media supplements including growth factors or catalase (33, 36).

Vitiligo patient melanocytes were also more susceptible in vitro to oxidative treatments, in-
cluding cumene hydroperoxide and UVB light (37, 38). Dysregulated redox balance was reported
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within vitiligo patient skin, which had elevated hydrogen peroxide levels and increased oxidative
by-products (35, 39-41). Treatment of vitiligo patient skin with exogenous catalase (pseudocata-
lase), hypothesized to benefit vitiligo by normalizing ROS, was, however, ineffective (42); and
so it is unclear whether redox imbalance in vitiligo skin is a cause or consequence of vitiligo.
Additionally, when human vitiligo lesional skin was grafted onto nude mice, the skin rapidly
repigmented—demonstrating that intrinsic melanocyte death was not the sole cause of vitiligo
(43). Thus, melanocytes in vitiligo patients are certainly abnormal relative to healthy controls;
however, this abnormality does not appear to be sufficient for disease.

Genetics of Vitiligo

The concept that genetic factors contribute to vitiligo was first sparked by the identification of
eight families that each had a very high incidence of vitiligo (44-46). In addition, individuals who
had first-degree relatives with vitiligo were noted to have an elevated risk for developing the dis-
ease: approximately 6% compared to 1% or less in the general population (46, 47). Further studies
suggested that polygenic, multifactorial inheritance accounted for the partial heritability of vitiligo
(46,48,49). Confirming an important role for genetic factors in vitiligo, the twin concordance rate
was found to be 23 % (47); but since the twin concordance is not 100%, this simultaneously empha-
sized the contributory significance of other factors. Current understanding suggests that complex
interactions of genetic, environmental, and stochastic factors account for development of vitiligo
(46).

Several vitiligo patients were observed to develop multiple autoimmune disorders (46), which
led to a study of shared heritable risk for autoimmunity. Indeed, risk for development of vitiligo
is greater when either patients or their family members have any of several autoimmune diseases,
including type 1 diabetes mellitus, autoimmune thyroiditis, pernicious anemia, Addison disease,
systemic lupus erythematosus, rheumatoid arthritis, inflammatory bowel disease, alopecia areata,
or autoimmune gastritis (46, 47, 50, 51). Therefore, genetic factors generally do not appear to
predispose patients only to development of vitiligo, but instead confer susceptibility to several
related autoimmune diseases.

Consistent with genetic risk for developing several autoimmune diseases, genome-wide asso-
ciation studies (GWAS) identified approximately 50 genetic loci that confer risk for vitiligo, and
many of these loci are shared with other autoimmune diseases (46). Polymorphisms in HLA-A
confer the most significant genetic risk of vitiligo (46, 52), and the second- and third-most signifi-
cant risk factors for vitiligo also relate to antigen presentation (HLA-DRB1/DQA1, CPVL) (46, 53).
HLA genes directly present antigen, and CPVL is a peptidase involved in antigen processing. Risk
alleles also identified genes that mediate immune target cell lysis (GZMB, FASLG), regulate adap-
tive immunity (FOXP3, CTLA4, IL2RA, BACH?), drive innate immunity (TICAM1, IFIH1, CD80),
and also directly implicate melanocytes (TYR, PMEL, MCI1R, OCA2-HERC?2, IRF4) (46, 53).

These same polymorphisms also account for genetic risk of vitiligo regardless of family history
for vitiligo, suggesting that the pathogenesis of familial-associated vitiligo is the same as that of
sporadic cases (53). The only polymorphism that was enriched in familial vitiligo was associated
with HLA-DRB1/DQAI (53). These genetic associations support the hypothesis that complex in-
teractions among melanocytes, innate immunity, and adaptive immunity all contribute to initiation
of vitiligo. Genetic polymorphisms likely predispose patients to autoimmune dysregulation, and
melanocyte abnormalities along with other nongenetic factors probably initiate pathologic killing
of melanocytes. Environmental triggers then act upon genetically predisposed individuals to help
initiate and exacerbate vitiligo. These factors are discussed in detail below in the context of disease
initiation.
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T CELL RECRUITMENT AND FUNCTION IN VITILIGO
CD8* T Cells Cause Vitiligo

Vitiligo patients were found to have elevated serum titers of melanocyte-reactive antibodies (54),
and these autoantibodies were found to damage human melanocytes both in culture and when
split-thickness human skin was grafted onto nude mice (55, 56). However, antibody-induced
melanocyte damage was only mildly induced with the use of vitiligo patient sera compared with
healthy control sera (55, 56), and titers of melanocyte-specific antibodies were only modestly el-
evated in vitiligo patients compared to nonvitiligo controls (54, 57). Importantly, autoantibody
titers do not correlate with disease activity (58). Furthermore, vitiligo lesions develop in well-
defined patches, which is difficult to explain if driven by a ubiquitous distribution of antibodies.
All of these findings suggest that antimelanocyte antibodies are not a primary driver of vitiligo
pathogenesis.

Early histology of human vitiligo lesions revealed lymphocytic infiltrates at the border of
depigmented lesions, where disease was most active. These infiltrates were comprised predom-
inantly of CD8" T cells that preferentially localized to the dermal-epidermal borders, adja-
cent to melanocytes (59-62). Flow cytometry analysis of fluid isolated from human vitiligo skin
through suction blistering confirmed that CD8" T cells are increased in the skin of active vi-
tiligo lesions (63). Melanoma studies first identified several melanocyte-specific antigens that are
recognized by self-reactive CD8* T cells (64), including tyrosinase, Melan-A/MART-1, gp100,
TRP-1, and TRP-2; and vitiligo patients have elevated numbers of these cells in their periph-
eral blood relative to healthy controls (65, 66). Furthermore, peri-lesional skin is highly enriched
with melanocyte-specific CD8" T cells (62), and clones propagated from these cells are capa-
ble of killing melanocytes in vitro (62, 66, 67). CD8" T cells isolated from vitiligo lesions also
infiltrated autologous healthy skin explants ex vivo and induced melanocyte apoptosis in a pat-
tern similar to clinical vitiligo pathology. Notably, similarly isolated CD4" T cells were unable
to cause melanocyte apoptosis in autologous skin explants (67). These studies provided strong
evidence that CD8* T cells are both necessary and sufficient for elimination of melanocytes in
vitiligo lesions.

Similarly, effective responses following immunotherapy for metastatic melanoma are associated
with CD8" T cells. Melanoma immunotherapy includes blockade of T cell checkpoint inhibitors,
which disrupts T cell tolerance in the tissue, and adoptive cell therapy, which expands autologous
tumor-infiltrating T cells ex vivo for therapeutic reinjection into patients. Notably, CD8* T cell
infiltration of tumors is crucial to the efficacy of both strategies (68, 69), and these cells are be-
lieved to control melanomas through perforin-dependent cytolysis (70). Melanoma immunother-
apy commonly triggers new-onset vitiligo, occurring in approximately 4% of melanoma patients
treated by immunotherapy (71), and vitiligo lesions that are triggered by melanoma immunother-
apy are replete with melanocyte-specific CD8* T cells similar to idiopathic vitiligo lesions (72).
CD8" T cells are, therefore, critical to the elimination of melanoma as well as the pathogenesis
of vitiligo.

Vitiligo Requires the IFN-y-Chemokine Axis for T Cell Recruitment
and Function

Regarding the mechanisms by which CD8* T cells cause vitiligo, their production of the cy-
tokine IFN-y is central to disease. Gene expression analysis of human lesional skin revealed
predominant upregulation of IFNG (73, 74), as well as IFN-y-induced genes, including the T
cell chemokine receptor CXCR3 and its multiple ligands: CXCLY9, CXCL10, and CXCLI11 (74).
Consistent with this finding, skin biopsies of vitiligo lesions also contain lymphocytes that are
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predominantly CXCR3" (74-77); melanocyte-specific T cells isolated from the blood and skin
of vitiligo patients are enriched for the CXCR3 receptor (74, 77); and CXCL9 is a reliable skin
biomarker of vitiligo disease activity (63). Functional studies in vitiligo mouse models confirmed a
mechanistic role for this pathway in vitiligo, as IFN-y, CXCR3, and CXCL10 are all required for
disease (74, 78-80). When IFN-y is neutralized by antibody treatment or when T cells lack ex-
pression of CXCR3, autoreactive T cells fail to migrate into the skin and thus do not cause vitiligo
(74, 80).

Experiments using chemokine reporter mice revealed that keratinocytes produce the bulk of
the CXCR3 ligands CXCL9 and CXCL10, and functional experiments revealed that keratinocytes
are predominantly responsible for T cell recruitment (81). CXCL9 appears primarily responsible
for bulk T cell recruitment, as in its absence the number of melanocyte-reactive T cells within
vitiligo lesions is reduced by tenfold (74). However, despite this reduction in T cell number, vitiligo
severity is unchanged, suggesting that T cells are over-recruited during vitiligo. In contrast, in
the absence of CXCLI10, vitiligo incidence and severity are reduced (74); however, bulk T cell
recruitment is unchanged. Interestingly, the number of T cells found in the epidermis relative to
the dermis in the skin is reduced when CXCL10 is absent, suggesting that CXCL10 is required
for localization of T cells within the skin, and possibly their function as well (74).

Therefore, T cells secrete IFN-y, which induces CXCL9 and CXCL10 production by ker-
atinocytes to recruit additional T cells and promote vitiligo progression. In addition to initiation
and progression of vitiligo, the IFN-y-chemokine pathway is also required for maintenance of
established lesions, as both depletion of CXCR3-expressing cells and neutralization of CXCL10
chemokine induced repigmentation of vitiligo (74, 82), positioning the IFN-y-chemokine axis as
a potential therapeutic target.

Clinical JAK Inhibitor Treatments Provide Mechanistic Insight

Consistent with mouse studies that demonstrated the functional significance of IFN-y to vitiligo,
disruption of IFN-y signaling by Janus kinase (JAK) inhibitors contributes to repigmentation
of human vitiligo patients. IFN-y signals by binding to its cell surface receptor IFNgR), which
forms a heterodimeric protein complex in the presence of IFN-y that activates gene transcription
through associated JAKs. There are four members of the JAK family (JAK1, JAK2, JAK3, TYK?2),
and inhibitors directed at several combinations of these kinases are being tested as new treatments
for many human diseases (83). The IFNgR signals through JAK1 and JAK2, and inhibition of
either JAKI or JAK2 reduces IFN-v signaling. The first two JAK inhibitors approved for human
use, ruxolitinib and tofacitinib, both reduce IFNgR signaling by targeting JAK1/2 (ruxolitinib) or
JAK1/3 (tofacitinib) (84).

Two case reports first recognized the potential of these JAK inhibitors to induce repigmenta-
tion in human vitiligo patients (85, 86). First, a woman with vitiligo treated with low-dose tofac-
itinib repigmented her face and hands (85). Next, a man with both vitiligo and alopecia areata,
an autoimmune disease that causes hair loss, noted rapid reversal of both diseases following oral
treatment with ruxolitinib. In addition, this subject had elevated levels of serum CXCL10 for over
one year prior to treatment, and this level dropped precipitously after starting treatment with rux-
olitinib. This indicated that not only was ruxolitinib an effective treatment for vitiligo but also its
mechanism may involve blocking IFN-y-induced chemokines (86).

A case series tested topical ruxolitinib as a treatment for vitiligo and supported this approach
as an effective treatment strategy (87). Based on the rationale provided through mechanistic ex-
periments in mice and translational studies in human tissues, as well as these preliminary findings,
a larger clinical trial was initiated by Incyte to test the efficacy of topical ruxolitinib for vitiligo
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(NCT03099304). Early data from this trial indicate impressive responses, suggesting that this will
be an effective treatment for vitiligo patients (88). Additional clinical trials have been initiated to
test novel JAK inhibitors as well, including a topical study by Aclaris (NCT'03468855) as well as
an oral study by Pfizer (NCT03715829) (Table 1; Supplemental Table 1).

Early clinical observations using JAK inhibitors suggested that light exposure might be re-
quired for effective reversal of vitiligo. Subjects treated with JAK inhibitors repigmented more
rapidly and completely in sun-exposed skin, or when subjects were concomitantly treated with
nbUVB phototherapy (89, 90). This was consistent with the idea that JAK inhibitors are effective
immunosuppressants but might not provide the appropriate stimulation required for melanocyte
regeneration. Because of this, some studies are incorporating nbUVB phototherapy with JAK inhi-
bition into clinical trials. However, early results from the Incyte trial include good repigmentation
despite no addition of phototherapy, suggesting that this may not be necessary. Future studies will
shed light on this controversy and provide information on how best to treat patients with these
new modalities. In addition, it will be important to closely follow the side effect profile of these
newer drugs, particularly when tested orally, as they can block signaling of multiple inflammatory
cytokines, which may impact infectious and other responses as well.

Testing of second-generation JAK inhibitors in vitiligo patients is likely to provide additional
insight into vitiligo pathogenesis. The rationale for blocking JAK1/2 in vitiligo is clear, as it is
required for IFN-y signaling. However, JAKs are required for signaling of multiple cytokines,
and additional inflammatory pathways may be important for vitiligo as well. JAK3 is required
for signaling of many essential cytokines through the common gamma chain (91), and human
JAK3 deficiency results in severe combined immunodeficiency syndrome (SCID) (92). TYK2 is
required for cytokine signaling through IFNAR, IL-12R, and IL-23R, which have not been func-
tionally implicated in the pathogenesis of vitiligo, yet these cytokines contribute to several other
autoimmune and autoinflammatory conditions (93, 94). One study suggested that IFNAR signal-
ing may promote vitiligo (95), but functional studies to confirm this are still lacking. In addition,
small-molecule inhibitors are rarely specific for a single enzyme, and tofacitinib and ruxolitinib
are no exception (92). Thus, nonspecific targeting of multiple pathways could be partly respon-
sible for the observed clinical efficacy of these drugs in vitiligo. Pfizer’s ongoing clinical vitiligo
trial (NCT03715829) is testing a specific JAK3 inhibitor as well as a TYK2/JAK1 inhibitor, and
results of this trial may provide additional information about vitiligo pathogenesis.

TNF-«, IL-23, and IL-17 Do Not Drive Vitiligo

TNF-a,IL-23,and IL-17 have been suggested as potential targets for vitiligo treatment, as the US
Food and Drug Administration (FDA) has approved several drugs that target these cytokines; these
drugs effectively treat psoriasis, psoriatic arthritis, and rheumatoid arthritis (96-98). Interventions
that target TNF-a, IL-23, or IL-17 are thereby efficacious for other immune-mediated diseases,
including one that affects the skin. Concentrations of IL-17 and TNF-o are mildly elevated in
vitiligo patient serum and in skin lesions (99), so it was proposed that these cytokines might also
contribute to vitiligo (100). However, these treatments do not appear to reverse vitiligo (101, 102),
and they have even been reported to induce or worsen vitiligo (103-106).

Consistent with the conclusion that these cytokines are dispensable for vitiligo, we have not
observed significant expression of this pathway in vitiligo lesions, in contrast to IFN-y and its in-
duced genes (74). In addition, T cells isolated from human psoriatic skin produce large amounts
of IL-17A when stimulated ex vivo, whereas T cells isolated from human vitiligo skin and stim-
ulated the same way produce IFN-y without any IL-17A (77, 107). These studies provide con-
sistent, strong evidence that TNF-a, IL-23, and IL-17 do not significantly contribute to vitiligo
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pathogenesis. In fact, clinical reports of induction or worsening of disease after receiving drugs that
target this pathway suggest that these cytokines may actually suppress autoimmunity in vitiligo,
possibly through a process known as cytokine cross regulation (108).

AUTOIMMUNE RESIDENT MEMORY T CELLS CAUSE
VITILIGO RELAPSE

Resident Memory T Cells in Vitiligo

Relapse of vitiligo is common, approximately 40% within the first year after stopping treatments
(30), and the vitiligo patient who rapidly responded to oral ruxolitinib also relapsed immediately
after discontinuing his treatment (89). Importantly, relapse occurs at the exact same areas that were
previously involved, suggesting a role for autoimmune memory within the skin that is not cleared
with existing treatments. Resident memory T (Trm) cells are a long-lived subset of T cells that
remain within most nonlymphoid tissues following T cell-driven inflammation (109, 110). They
were first described in the context of viral infections and are required to mediate recall responses
during reinfection (109, 111-114).

Skin Trm cells are characterized by their long-lived residence within the skin, patrolling the
epidermis and papillary dermis, where they arrest upon encounter of their cognate antigen (115).
They are marked by the expression of surface markers CD69, CD103, and CD49a (107,116, 117).
Residence in skin and mucosal tissues requires special adaptations to these environments, as the
prevalence of glucose and oxygen required for energy production is more limited than in the blood
and lymph. Thus, Trm cells have unique transcriptional programs and different metabolic needs
than naive and effector memory T cells (118-120). The tissue of residence also impacts Trm gene
expression of these cells, as Trm cells from the skin, lung, and gut are each very different (121, 122).
Based on their ability to reside in tissues for long periods and rapidly induce immune responses
against viruses, they were strong candidates for inducing relapse of vitiligo lesions.

Multiple groups identified CD8" T cells possessing a Trm cell phenotype within vitiligo le-
sions, in both mouse models of disease and human patients (77, 107, 123, 124). These cells express
the characteristic markers CD69, CD103, and CD49a and are more prevalent in vitiligo lesions.
They also express CXCR3 at high levels (77), as well as IFN-y and TINF-a after stimulation
(107). We found that Trm cells were specific for autoantigens using melanocyte antigen-specific
pentamers, identifying these cells as autoreactive Trm cells (123).

Functional Role of Resident Memory T Cells in Vitiligo

The functional role of Trm cells has been a matter of debate. In some contexts, these cells are
sufficient for controlling viral titers during reinfection, and recirculating cells are not required
(111, 125). In other models, they primarily produce cytokines for recruitment of effector T cells
from the circulation (112, 113, 126). For example, T cell receptor stimulation activates skin Trm
cells to produce cytokines similar to effector memory T cells (127), yet in most studies CD8* Trm
cells appear to have poor cytotoxic capacity. In healthy human skin, CD8" Trm cells do not express
the transcription factors T-bet or Eomes, have low levels of granzyme B and perforin, and highly
express the checkpoint inhibitor PD-1 (127). Skin CD8" Trm cells isolated from healthy human
skin are significantly worse than circulating effector memory T cells at lysis of allogeneic target
cells (107, 128), unless incubated with IL-15 (107). Trm cells provide immunity to melanoma
through prevention of tumor outgrowth rather than tumor elimination, suggesting that Trm cells
lack cytotoxic capacity (129, 130). This limited cytotoxicity of Trm cells and efficient production
of cytokines suggest that they serve as sentinels to recruit effectors from the circulation.
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In a mouse model of vitiligo, we found that selective depletion of recirculating memory T cells
or inhibition of T cell migration into skin using the SIP inhibitor FTY720 each caused rapid
repigmentation of vitiligo, despite the fact that these approaches do not affect the number of Trm
cells (123). Therefore, we concluded that Trm cells are incapable of independently maintaining
vitiligo in the absence of additional T cell recruitment, consistent with their role as sentinels that
recruit effectors from the circulation, rather than cytotoxic effectors. In this model, a large number
of melanocyte-specific CD8" Trm cells in the skin produce IFN-vy as well as CXCL10, likely using
the IFN-y-chemokine pathway for maintenance of vitiligo lesions, similar to the initiation and
progression of vitiligo that is described above (123). Therefore, Trm cells likely mediate long-
term maintenance and potential relapse of vitiligo in human patients through cytokine-mediated
recruitment of T cells from the circulation. Treatments that inhibit this pathway without affecting
Trm cell number, such as conventional treatments and JAK inhibitors, effectively reverse disease,
but relapse occurs after they are discontinued (Figure 2).

Autoreactive Trm Cell Survival Requires IL-15

Because Trm cells appear to be responsible for relapse of vitiligo after stopping current treatments,
they were proposed as potential treatment targets to generate durable, long-lasting reversal of
disease. The initial formation of CD8* Trm cells requires 11.-15, IL-7,and TGF- (121, 131), yet
IL-15 has been the only identified cytokine required for their maintenance (124, 132). IL-15 is
constitutively produced in many peripheral tissues by myeloid and stromal cells, and its signaling is
complex (133). IL-15 binds to three receptor chains, CD215, CD122, and CD132 (the common
gamma chain), which can all be expressed by lymphocytes to bind IL-15 as a soluble cytokine
(133, 134). However, most commonly IL-15 is #rans-presented to lymphocytes on the surface of
myeloid and stromal cells that express CD215, which is used to anchor the cytokine to the cell
surface membrane and prevent disbursal throughout the body (133). Lymphocyte recognition of
IL-15 most often occurs by binding to CD122 and CD132, and this signal can stimulate antigen-
independent proliferation (135) as well as cell survival (133).

We found that mouse and human autoreactive Trm cells in vitiligo expressed high levels of
CD122 in the blood and lesional skin, and lesional keratinocytes induced expression of CD215,
suggesting that this pathway was active in vitiligo lesions (124). Interestingly, CD122 expression
was significantly higher on melanocyte-specific T cells in both mouse and human vitiligo com-
pared to endogenous memory T cells, suggesting that autoreactive T cells were more dependent
on this cytokine than non-autoreactive T cells. We found that anti-CD122 blocking antibody in-
hibited IL-15-mediated T cell survival but not IL-2-mediated proliferation in vitro. This is con-
sistent with an important role of IL-15 in mediating T cell survival, but not proliferation, which
appears to be driven by IL-2. Systemic treatment with anti-CD122 blocking antibody reversed
vitiligo and depleted autoreactive, melanocyte-specific Trm cells from the skin, spleen, and lymph
nodes, without affecting endogenous memory T cells. Anti-CD122 blocking antibody, therefore,
had a specific effect on autoreactive T cells. Short-term treatment had long-lasting effects, and lo-
cal treatment through skin injection was effective as well (124). These observations are consistent
with an important role for IL-15 in maintaining autoreactive Trm cells in vitiligo and suggest this
could be an effective targeted treatment strategy for vitiligo patients.

REGULATION MITIGATES VITILIGO SEVERITY
Regulatory T Cells Suppress Autoreactive Effectors to Limit Vitiligo

The identification of a regulatory gene signature in GWAS suggests that immune regulators such
as T regulatory (Treg) cells play an important role in restraining autoimmunity in vitiligo. Treg
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() Vitiligo progression occurs through a positive-feedback loop that requires continued T cell recruitment. Melanocyte-reactive CD8"
T cells produce IFN-y upon encounter of melanocyte antigen, which induces local keratinocytes to produce CXCL9 and CXCL10,
leading to additional recruitment through the CXCR3 chemokine receptor. () Established vitiligo lesions are maintained by
melanocyte-reactive Trm cells, which remain long-lived in skin through IL-15-dependent survival signals. Emerging drugs capable of
interrupting vitiligo pathogenesis are labeled in orange. Abbreviations: TCR, T cell receptor; Trm, resident memory T.

cells comprise a subset of CD4" T cells characterized by expression of the FOXP3 transcription
factor, and they potently suppress T effector activity to play a crucial role in preventing autoim-
munity. Patients with immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome lack functional Treg cells due to a mutation in the FOXP3 gene and as a result suffer
from various autoimmune disorders, including vitiligo (8). Similarly, scurfy mice with dysfunc-
tional FOXP3 lack Treg cells and exhibit widespread autoimmunity (136), highlighting an impor-
tant role for Treg cells in maintaining tolerance to self-tissues.

Consistent with a role for Treg cells in suppressing vitiligo, studies in different mouse mod-
els of vitiligo demonstrated that increased Treg cell number in the skin correlates with reduced
disease severity. Two groups reported increased severity of vitiligo when Treg cells were depleted
with either CD4 or CD25 antibodies (78, 137). In one study, induced expression of CCL22 in the
skin led to increased cutaneous Treg cell infiltration and decreased depigmentation (138). Another
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group found that adoptively transferring exogenous Treg cells to three-week-old vitiligo-prone
mice increased numbers of Treg cells in the skin and prevented disease (137). Miao etal. (139) in-
jected vitiligo-prone mice with PD-L1-Fc, which enhanced Treg cell accumulation in the skin and
markedly reversed depigmentation. These results support the hypothesis that Treg cell number
in skin is important for reducing T effector-driven depigmentation, and thus helping to control
the progression of vitiligo.

Several groups report disrupted Treg cell function in human patients with vitiligo, although
there is no consensus on exactly where the disruption lies: in Treg cell number, suppressive activity,
or ability to migrate to the skin. One group reported that Treg cells isolated from the peripheral
blood mononuclear cells of vitiligo patients exhibited a reduced ability to suppress the prolifer-
ation and activation of CD8*' T cells in vitro (140); however, another reported normal activity
of Treg cells from vitiligo patients but reduced number in the skin. They suggested that reduced
skin homing of Treg cells, instead of impaired Treg cell function, contributes to disease patho-
genesis (141). Other studies reported no significant decrease in the number of skin Treg cells in
vitiligo lesions when using immunohistochemistry (142, 143), while another reported a significant
reduction in these cells (144). Thus, it is unclear exactly how Treg cells are disrupted in human vi-
tiligo, yet the phenotype of effector T cells in vitiligo patients also suggests the presence of a Treg
cell deficiency. Treg cells naturally reduce the proliferation and activation of self-reactive effector
T cells, a phenomenon termed anergy; and phenotype analysis of peripheral blood mononuclear
cells suggests that melanocyte-reactive CD8* T cells escape anergy within vitiligo patients (145).
Additional studies will be required to confidently determine how Treg cell deficits contribute to
vitiligo, and to investigate the potential of bolstering Treg cell function as a new method of treating
vitiligo.

IMPORTANT QUESTIONS STILL TO BE ANSWERED

Thus, we have gained significant insight into vitiligo pathogenesis through effective animal mod-
els, translational research, and clinical trials. In fact, these insights have launched several clinical
trials and will likely transform our approach to the management of patients who suffer from this
disease. However, despite this significant progress, many questions still remain about the patho-
genesis of vitiligo, providing an opportunity for more research to better understand vitiligo specif-
ically, as well as autoimmunity in general.

Mechanisms of Autoimmune Killing

While cytotoxicity of CD8" T cells is suspected to be required for melanocyte elimination in both
vitiligo and melanoma immunotherapy, the exact mechanism used by these cells is still unclear.
Multiple effector proteins can be used to kill target cells, including perforin, granzyme, Fas ligand,
TNF-related apoptosis-inducing ligand (TRAIL), cytokines, and others (70). Classically, cytotoxic
T cells are believed to primarily use perforin and granzyme as a rapid mechanism of killing tu-
mor cells or virus-infected cells, while cytotoxicity through Fas ligand may serve as a synergistic,
slower-acting alternative method (146). However, different intracellular signaling pathways drive
T cell killing through perforin, granzyme, and Fas ligand, and thus how they are selectively used
by cytotoxic T cells and how they interact are currently not clear (70). In addition, the mecha-
nisms that mediate T cell killing in autoimmunity may also be different than that for tumors and
viral-infected cells. Thus, it is still unknown which mechanisms are used to eliminate melanocytes
in vitiligo, and further studies will be required to elucidate this process in detail.
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Melanocyte Abnormalities and Neoantigen Formation

Although the mechanisms responsible for the progression of autoimmunity in vitiligo are well
characterized, it remains unknown how vitiligo begins and why melanocytes are selectively tar-
geted. As mentioned above, melanocytes from the unaffected skin of vitiligo patients do not ap-
pear completely normal, and a melanocyte abnormality likely initiates autoimmune targeting of
melanocytes. One hypothesis suggests that abnormal melanocyte antigens induce inflammation
that leads to autoimmunity. Alleles that affect antigen presentation confer the highest genetic risk
for vitiligo (46), and altered proteins known as neoantigens can be highly immunogenic.

Melanoma is immunogenic in part due to somatic DNA mutations that result in altered pro-
teins, a common mechanism of neoantigen formation (147). The immune system is more likely to
mount an attack against neoantigens, as thymic epithelial cells responsible for educating T cells
do not express these proteins (148). Consequently, central tolerance mechanisms do not remove
highly self-reactive T cells that target neoantigens (148), which results in generation of T cells
with high-affinity receptors for neoantigens, similar to foreign antigens (148). However, it is un-
likely that self-reactive T cells in vitiligo target highly mutated proteins, since untransformed
melanocytes do not have the same opportunity to mutate their DNA. Several biochemical pro-
cesses can generate neoantigens as well, and untransformed beta islet cells have been reported to
do this through citrullination, deamidation, oxidation, carbonylation, alternative mRNA splicing,
peptide fusion, and defective ribosomal initiation of translation (149). Fusion peptides in partic-
ular have been described as a significant target of autoimmunity in type 1 diabetes (150, 151).
Thus, while neoantigens have not yet been identified in association with vitiligo, it is plausible
that melanocyte neoantigens contribute to onset of vitiligo similar to those described in type 1
diabetes and melanoma.

Melanocyte Abnormalities and Cellular Stress

As mentioned above, elevated cellular stress in melanocytes may also contribute to disease. In-
trinsic signs of cell stress in melanocytes from unaffected skin of vitiligo patients include a dilated
endoplasmic reticulum and increased ROS (152, 153). Cell stress has been directly associated with
formation of neoantigens within beta islet cells (149), and melanocyte stress may form neoantigens
as well. Increased ROS within melanocytes of vitiligo patients has been associated with lipid perox-
idation (41), and it is possible that ROS forms melanocyte neoantigens through protein oxidation
and carbonylation.

Cell stress can also activate innate immunity through the release of damage-associated
molecular patterns (DAMPs). It is plausible that DAMPs are constantly released from stressed
melanocytes and lead to subclinical skin inflammation in vitiligo patients (154). Consistent with
this, nonlesional skin of vitiligo patients contains elevated numbers of lymphocytes compared to
healthy controls (155). Thus, melanocyte stress can likely contribute to initiation of autoimmu-
nity through both neoantigen formation and activation of innate immunity, and more studies are
required to determine how intrinsic melanocyte stress most significantly contributes to vitiligo
pathogenesis.

Chemical Triggers of Melanocyte Stress

As discussed above, environmental factors also contribute to vitiligo, and specific chemical expo-
sures have been identified as clear triggers of the disease. The first chemical trigger of vitiligo was
described in 1939 when 52% of factory workers in a leather tannery developed vitiligo after skin
exposure to monobenzyl ether of hydroquinone (MBEH) (156). In fact, this chemical is now FDA
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approved for use in vitiligo patients who have extensive depigmentation and wish to gain a uni-
form skin tone through rapid worsening of their disease and loss of their remaining pigment (157).
Several other environmental chemicals and commercial chemical products have also been associ-
ated with vitiligo (158, 159), and in 26% of cases the depigmentation involves remote locations
other than the site of direct chemical contact—strongly implicating these chemicals as inducers of
autoimmunity, rather than acting through direct toxicity (158). Often, chemical-induced vitiligo
occurs subsequent to an initial allergic contact dermatitis reaction, yet it can also occur without
any preceding dermatitis (159). Additionally, chemical-induced vitiligo is indistinguishable from
idiopathic vitiligo by histologic examination (159a, 159b).

One common feature of all vitiligo-triggering chemicals is structural homology to tyrosine, the
initial substrate for melanogenesis (159). Expression of melanocyte-specific enzymes, including
tyrosinase and TRP1I, is required for in vitro melanocyte toxicity of chemicals associated with
triggering vitiligo (160, 161). Therefore, it is likely that chemical-induced vitiligo occurs through
a common mechanism that is dependent on chemical interactions with melanocyte-specific
enzymes.

Chemical inducers of vitiligo are also reported to induce melanocyte stress. MBEH has been
the best studied of these, and within melanocytes it induces ROS, the unfolded protein response,
cellular autophagy, and increased secretion of microvesicles called exosomes (160). Exosomes con-
tain many types of cargo, including heat shock proteins (162), and it is most likely within exosomes
that chemical triggers of vitiligo induce melanocyte secretion of inducible heat shock protein 70
(HSP701) (163), a well-characterized DAMP. DAMPs induce inflammation through pattern recog-
nition receptors such as Toll-like receptors and nucleotide oligomerization domain (NOD)-like
receptors (NLRs), and one NLR in particular, NLRPI, has been associated with vitiligo in a link-
age study (164). Chemical-induced secretion of HSP70i stimulates dendritic cells to increase ex-
pression of coactivation markers CD80 and CD86 (163, 165), and topical application of MBEH in
mice leads to macrophage recruitment within the skin (166). These findings suggest that chemical
triggers of vitiligo may function by inducing melanocyte stress and subsequent innate immune ac-
tivation, yet it remains unclear how these events possibly lead to the autoimmune T cell responses
that mediate vitiligo (Figure 3).

Innate Immunity in Vitiligo

In addition to identification of multiple innate immune genes by vitiligo GWAS, several observa-
tions provide evidence that innate immunity contributes to vitiligo pathogenesis. While vitiligo-
triggering chemicals induce features of melanocyte stress, addition of HSP70i alone exacerbates
a mouse model of vitiligo, possibly through the activation of dendritic cells in the skin (167). Fur-
thermore, delivery of a mutant form of HSP70i that interferes with endogenous HSP70i signaling
is capable of dampening disease in mouse and swine models of vitiligo (168, 169). Therefore, innate
immune activation by DAMPs can directly influence vitiligo in animal models, and intentional de-
livery of mutant HSP70i to the skin provides a potential new treatment for vitiligo by modulating
innate immunity.

There are signs of innate immune activation in human vitiligo as well. Active vitiligo lesions
demonstrate infiltration of several types of innate immune cells, including dendritic cells, Langer-
hans cells, macrophages, and natural killer (NK) cells (60, 155, 170, 171). CLEC2B is an activat-
ing ligand of NK cell receptors that is increased in active vitiligo skin (155). Inflammasomes, key
sensors in innate immune cells that frequently incorporate NLRs, are additionally activated in vi-
tiligo lesions, and a cytokine processed by these sensors, IL-1B, is also increased (170, 172). These
findings all implicate innate immune activation in vitiligo, yet the details connecting melanocytes,
innate immune cells, and cytotoxic T cells are still unclear.
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Melanocyte stress likely contributes to vitiligo through release of DAMPs and possible formation of
neoantigens. Intrinsic abnormalities and environmental phenols both induce melanocyte stress, leading to
elevated ROS, UPR activation, autophagy, and exosome release. HSP70i stimulates PRRs to activate innate
immune cells. Macrophages also infiltrate active vitiligo lesions and release IL-1p through inflammasome
activation. Abbreviations: DAMP, damage-associated molecular pattern; HSP70i, inducible heat shock
protein 70; PRR, pattern recognition receptor; ROS, reactive oxygen species; UPR, unfolded protein
response.

Checkpoint Inhibitors Trigger Vitiligo

Drugs that interfere with immunoregulatory pathways on T cells, known as checkpoint inhibitors,
are highly effective as cancer treatments, and vitiligo is a frequent side effect of this therapeutic
strategy. FDA-approved cancer immunotherapies include pembrolizumab and nivolumab, which
target PD-1, as well as ipilimumab and tremelimumab, which target CTLA4. Both PD-1 and
CTLA4 are inhibitory receptors on T cells that suppress T cell receptor signaling, and treat-
ments that block these receptors have been reported to trigger and worsen vitiligo in an average
of 2% of patients (71). However, the incidence of new-onset vitiligo following pembrolizaumab
treatment has been reported by several studies to be between 4% and 26%, which demonstrates
that immunotherapy-induced vitiligo is a common phenomenon (173). Onset of vitiligo is a pos-
itive prognostic sign that correlates with improved tumor response and longer survival of cancer
patients (71, 174, 175), and associations of vitiligo with single-target immunotherapies provide
insight into pathways involved in restraining autoimmunity. The propensity for checkpoint in-
hibitors to trigger vitiligo strongly implicates immune checkpoint proteins as critical factors for
maintenance of peripheral tolerance to self-tissues. Future studies to dissect the events that lead
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to vitiligo during therapy with checkpoint inhibitors may reveal new pathways involved in the
pathogenesis of vitiligo as well as other autoimmune diseases.

Mechanisms of Immune Privilege in the Hair Follicle

Melanocyte stem cells reside in the bulge region of hair follicles in close proximity to epithelial hair
follicle stem cells, and they are identifiable as nonpigmented, CD34+, DCT™, c-Kit™, Tyrosinase™
cells with low melanocyte-inducing transcription factor (MITF) expression (176-179). These cells
are frequently protected from autoimmune attack in vitiligo, a phenomenon described as immune
privilege of the hair follicle, which is shared by other organs such as the brain, eye, and inner ear.
While the pathways directly responsible for protecting the melanocyte stem cells are unknown, a
number of hypotheses exist (180). One explanation is that melanocyte stem cells do not express
the antigens targeted in vitiligo and therefore hide from the autoimmune attack. However, loss of
hair pigment does occur in vitiligo with some regularity, suggesting that hair follicle melanocytes
are capable targets of autoimmunity. Thus, enhanced immune suppression within the follicular
microenvironment likely prevents autoimmune attack at these locations.

An absence of lymphatics within the follicle may limit efficient trafficking of immune cells in or
out of the location. Low expression of MHC-I and MHC-II (181) and few Langerhans cells have
been reported in the hair follicle (182), suggesting that decreased antigen presentation may exist
there. Elevated expression of TGF-f and IL-10 has been reported (180), as well as expression of
receptors that suppress NK cell activation (183). The hair follicle reportedly recruits Treg cells and
mast cells (184), which may help to suppress immune responses. These and other mechanisms have
been suggested to drive immune privilege of the hair follicle, yet functional studies to determine
which pathways are protective in the context of autoimmunity are lacking. Future studies to define
these key pathways that protect melanocyte stem cells within the hair follicle may offer therapeutic
strategies to treat the interfollicular epidermis as well.

Regenerating Melanocytes to Enhance Repigmentation

Once autoimmune attack on melanocytes is achieved, clinical repigmentation of vitiligo lesions
requires the proliferation, migration, and differentiation of new melanocytes within lesions. Thus,
mechanisms to promote this process would synergize with immunosuppression to treat vitiligo.
UV radiation promotes repopulation of the epidermis with melanocyte stem cells from the hair
follicle (185, 186), which is likely why it is such an effective treatment for vitiligo, providing both
immunosuppression and melanocyte stem cell stimulation. The mechanism for this process ap-
pears to rely on signaling of melanocyte stem cells through Mclr, endothelin receptors, and wnt
receptors, which can all be stimulated by keratinocyte-derived ligands and can induce melanocyte
migration to the interfollicular epidermis following UVB exposure (185, 187-190). These recep-
tors induce melanocyte activation through signaling pathways that are all dependent on B-catenin
activation (191, 192). Thus, treatments that modulate these pathways may synergize with immuno-
suppressants for vitiligo, potentially substituting for treatment with UVB.

Consistent with this hypothesis, addition of ACTH, a ligand for Mclr, synergized with
UVB treatment to enhance the generation of epidermal melanocytes in mice (185). Clinical tri-
als with vitiligo patients also reported that a synthetic Mclr ligand, afamelanotide, enhanced
phototherapy-induced repigmentation (193, 194). However, side effects of this treatment included
hyperpigmentation, which accentuated the visible contrast of depigmented lesions, as well as
headaches and nausea, and several participants dropped out of the study (194).

Importantly, targeting melanocyte stem cells through wnt receptors also induces repigmenta-
tion and may not induce clinical hyperpigmentation. Topical application of the chemical phorbol
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Table 2 Emerging vitiligo treatments

Drug class Treatments Treatment goal Mechanism
JAK inhibitors Ruxolitinib (JAK1/2) Immunosuppression Disruption of cytokine signaling
Tofacitinib (JAK1/3) (IFN-vy, IL-15)
ATI-50002 (JAK1/3)
PF-06651600 (JAK3)
PF-06700841 (JAK1/
TYK2)
Multiple kinase Cerdulatinib (JAK1/3, Immunosuppression Disruption of cytokine signaling
inhibitor SYK) (IFN-y)
Anti-IL-15 biologics | Anti-IL-15 mAb Immunosuppression and Trm Blocking of IL-15 signaling
Anti-CD122 mAb cell elimination
Plasmid HSP70i HSP70iQ435A Block endogenous innate Mutant HSP70i counteracts innate
gene therapy immune activation immune activation by endogenous
HSP70i
MCcIR agonist Afamelanotide Melanocyte regeneration Stimulation of melanocyte stem cell
wnt agonist SK1.2001 proliferation and migration

Abbreviations: HSP70i, inducible heat shock protein 70; JAK, Janus kinase; mAb, monoclonal antibody; Trm, resident memory T.

12-myristate 13-acetate (PMA) stimulates repigmentation in mice through wnt-dependent acti-
vation of B-catenin (195, 196), and evidence suggests that pharmacologic stimulation of B-catenin
induces the same repigmentation process within humans. Specific wnt activators as well as in-
hibitors of glycogen synthase 3p (GSK3p), the critical negative regulator of f-catenin activation,
were both found to induce melanocyte proliferation and differentiation within biopsies of vitiligo
patient lesions that were cultured ex vivo (197). Additional studies will be required to determine
whether targeting melanocyte activation will enhance clinical responses seen with immunosup-
pressants, and whether this approach can replace cumbersome treatments with nbUVB.

CONCLUSIONS

Vitiligo has been diagnosed and treated for millennia; however, new discoveries in vitiligo patho-
genesis within recent years promise to usher in more targeted, effective, and safe treatments for
patients who suffer from this devastating disease (Table 2). The IFN-y-chemokine signaling axis
is responsible for T cell recruitment during both the progression and maintenance of vitiligo, and
promising results from clinical trials with JAK inhibitors suggest that these may become the first
approved medical treatments. Relapse of disease after stopping treatment is mediated by autoreac-
tive Trm cells, and targeting their maintenance in the skin through IL-15 or other approaches may
prove to be a more durable treatment strategy. Future methods promoting regulation in the skin,
such as Treg cell activation or use of factors that confer immune privilege in the hair follicle, may
reverse disease by resetting skin homeostasis rather than simply inhibiting inflammation. Stim-
ulation of melanocyte stem cell regeneration may replace cumbersome phototherapy treatments
and synergize with immune therapies to produce more effective treatment strategies. Many unan-
swered questions regarding vitiligo initiation and progression still exist, providing innumerable
opportunities for additional discovery. Finally, shared pathogenesis between vitiligo and other au-
toimmune diseases suggests that insights gained from significant advancements in vitiligo, which
is uniquely accessible to translational research, may accelerate research in diseases that are more
difficult to study.
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