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Editorial on the Research Topic

Immunology of Vitiligo

Disappearance of melanocytes is the pathogenic hallmark of vitiligo. Progressive depigmentation of
the skin has a high negative impact on patients’ quality of life. To date, vitiligo remains a therapeutic
challenge (1).

Several theories have been proposed to explain disease pathogenesis, considering the roles of
increased inflammatory and cytotoxic immune responses, neuropeptides, microvascular anomalies,
intrinsic abnormalities in melanocyte and keratinocyte adhesion, as well as oxidative stress (2). Over
the past decades, clinical, basic, and translational research on patient samples as well as in vitro and
in vivo models have tremendously improved our understanding of the pathophysiology of the
disease and highlighted its complexity. Such progress is of utmost importance to identify
appropriate therapeutic targets and treatments to halt progression of the disease and to induce
repigmentation. “Immunology of vitiligo” is a collection of six review articles and four original
articles focusing on complementary aspects of the immune pathways involved in vitiligo, from a
pathophysiologic to a therapeutic perspective.

Mechanisms leading to the loss of melanocytes include genetic predispositions and
environmental triggers, as well as metabolic and immune alterations (3, 4). Epigenetic
modifications may also be involved in vitiligo pathogenesis, as suggested in the Pu et al. study
that identifies altered methylation levels of key genes involved in oxidation-reduction,
inflammatory, or pigmentation processes in vitiligo melanocyte cell lines. Most of the published
studies focused on the role of the immune response in non-segmental vitiligo (or vitiligo), which
accounts for approximately 90% of clinical forms; segmental vitiligo being less well-studied. In their
review, Speeckaert et al. emphasize the role of autoimmunity in segmental vitiligo, likely involving a
targeted immune response against melanocytes carrying a somatic mutation (5). Indeed, as shown
by Yang et al., transcriptomic analysis of lesional skin of segmental vitiligo versus non-segmental
vitiligo showed similar changes in dysregulated immune pathways.

The innate immune response is important for the initiation of the disease. Jadeja et al. discuss the
role of the endoplasmic reticulum stress-induced unfolded protein response as a bridge between
oxidative stress and the development of autoimmunity in vitiligo. Danger signals (DAMPs and
PAMPs) together with the role of innate immune cells in vitiligo pathogenesis is further reviewed by
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Boniface et al., important for subsequent activation of adaptive T
cell immune responses, leading to the loss of melanocytes.
Indeed, CD8+ T cells infiltrating the skin of vitiligo patients
play a direct role in melanocyte disappearance, through their
cytotoxic activity and the release of type 1 cytokines, in particular
IFNyY and TNFa (6, 7). More recent studies also described the
role of resident memory T cells expressing the IL-15 receptor,
CXCR3, and NKG2D, and targeting this subset appears to
prevent disease progression, flares, and to maintain
repigmentation after treatment (2, 8). In this context, Plaza-
Rojas and Guevara-Patifio discuss the role of the NKG2D/
NKG2D ligand axis, and Willemsen et al. the relevance of
targeting the PD-1/PD-L1 axis in vitiligo. Disruption of
tolerance is a hallmark of autoimmunity and previous studies
describe dysregulation of regulatory T cell function and/or
number in patients (9, 10). In their original article,
Mukhatayev et al. elegantly investigated the potential of using
CAR Tregs as a therapeutic strategy in a pre-clinical humanized
mouse model prone to develop vitiligo. The importance of using
appropriate in vitro and in vivo pre-clinical models to perform
mechanistic and translational studies is outlined in the Katz and
Harris review. Animal models with spontaneous development of
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Autoimmunity in Segmental Vitiligo

Reinhart Speeckaert™, Jo Lambert’, Vedrana Bulat?, Arno Belpaire, Marijn Speeckaert®
and Nanja van Geel’

7 Department of Dermatology, Gent University Hospital, Gent, Belgium, 2 Department of Dermatology, University Hospital
Centre Zagreb, Zagreb, Croatia, 3 Department of Nephrology, Gent University Hospital, Gent, Belgium

The autoimmune basis of segmental vitiligo (SV) has only recently been recognized. Systemic
autoimmune diseases are less frequently associated compared to non-segmental vitiligo
(NSV), but localized skin disorders — in particular linear morphea — have been repeatedly
observed in patients with SV. The inflammatory response is documented on a clinical level
with cases displaying erythematous borders or a hypochromic stage, on a histopathological
level with predominantly CD8 lymphocytes migrating toward the basal layer and by flow
cytometry demonstrating the antimelanocyte specificity of these cytotoxic T cells. The
increased risk for halo naevi and NSV in these patients further underline the immune-
mediated mechanisms of SV. Nonetheless, the localized and unique distribution pattern
points to somatic mosaicism. This places SV in a category of similar diseases such as lichen
striatus, blaschkitis, linear lupus erythematosus, and linear scleroderma where an immune
reaction against genetically mutated skin cells is believed to be the underlying cause. All these
disorders are characterized by a young age of onset, a temporary disease activity with
spontaneous resolution, limited response to treatment, and often long-term sequelae.
Although challenging, genetic research proving this genetic mosaicism could offer crucial
insights into the pathogenesis of both segmental and non-segmental vitiligo.

Keywords: segmental vitiligo, immunology, mosaicism, linear morphea, lichen striatus

INTRODUCTION

The prevalence of vitiligo is reported to be around 0.5-1% of the population, although remarkable
regional differences exist (1). Segmental vitiligo (SV) accounts for 5-16% of all vitiligo cases and has a
relatively equal gender distribution. However, some studies report a slight predominance of females (2,
3). SV has several unique characteristics compared to non-segmental vitiligo (NSV). SV usually involves
only one body area and displays a sharp demarcation around the midline of the body. It can develop at
all ages although a predominance around 4-10 years exists (4). Progression mostly occurs in the first year
with a spontaneous stop of new depigmentations after 1.5-2 years in the majority of patients. In some
patients, SV stabilizes even after a few days (8/141; 16.7%) (5). However, this is not always the case as in
one study, 36.8% of patients still reported progression after 2 years (6). The development of SV areas on
opposite body sites has been termed bilateral SV. Mixed vitiligo is the concomitant presence of both SV
and NSV in the same patient (7). In contrast to NSV, poliosis is often visible at an early stage and far
more frequent compared to NSV. When examined in detail, almost all SV patients exhibit leukotrichia
(8). Itch might be an underrecognized symptom being present in 20% of SV patients (9).
Melanocytes carrying a mosaic mutation which elicits a targeted immune response are suspected as
the underlying cause of SV (10). Additionally, several other hypotheses have been put forward in an
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attempt to explain SV including neurogenic mechanisms, genetic
mosaicism, and oxidative stress. In the last years, research suggests
that different theories likely play a combined role.

During the progressive phase, topical anti-inflammatory
treatments including corticoids or immunomodulators are
advised (11). UVB or excimer treatment can be initiated but
the repigmentation rates are lower compared to NSV (12).
Nonetheless, UVB/excimer therapy can be considered in
patients with recent disease onset or combined with pigment
cell transplantation. Shah et al. reported a 75% repigmentation in
78% of patients with 35.6% showing complete repigmentation
after excimer light combined with topical tacrolimus (13). Both
marginal and perifollicular repigmentation patterns can be
observed (14).

AUTO-IMMUNITY IN SEGMENTAL
VITILIGO

NSV is characterized by multiple auto-immune disorders with
thyroid disease and alopecia areata being the most prevalent. The
rates of auto-immune disorders are higher in NSV compared to SV,
especially concerning thyroid disease (15). Lim et al. found positive
thyroid peroxidase antibodies in 24.7% of NSV patients while this
was only 15.1% in SV (16). A systematic review documented a
prevalence of thyroid disorders of 3/69 (4.3%) in SV which was not
increased compared to healthy controls (17). This underlines the
difference in pathogenesis between both disorders. While in NSV, a
genetic background of increased risk to autoimmunity has been
uncovered by genome-wide analyses [e.g. a major histocompatibility
complex (MHC) enhancer polymorphism], this is less expected in
its segmental counterpart (18). A relatively small whole-genome
expression study (20 SV; 20 NSV; 20 healthy controls) found more
differentially expressed genes involved in the adaptive immune
response in SV while in NSV regulation of the innate immune
response, B cell differentiation and activation was more prominent
(19). This suggests that the melanocyte immune response in SV is
more targeted and involves a narrower inflammatory activation
profile (e.g. less evidence for autophagy) compared to NSV. The
inflammatory response in SV is short-lived and localized, but
evidence for an immune-based cytotoxic destruction of SV
melanocytes is increasing. From a clinical perspective, 2 cases of
inflammatory SV have been reported (20-22). In a relatively small
study, immunohistochemistry revealed a lesional lymphocytic
infiltrate in 8/12 of progressing SV patients comparable to NSV
with a predominance of CD8" T cells migrating toward the basal
layer. A non-significant increase in IFN-y was observed (23). In a
larger study (SV n = 50), histopathological inflammatory features
were noticed in 78% (38/50) of patients. In 42% (21/50), small
clusters of lymphocytes were found around melanocytes. In 36%
(18/50) of SV patients, a focal lichenoid inflammation was present
and in 22% (11/50) post-inflammatory changes were observed (24).
Our group analyzed the lymphocytic infiltrate in a progressive case
of SV more in-depth using HLA-peptide tetramers (MART-1,
tyrosinase, gpl00). We discovered both in lesional and non-
lesional skin CD8 lymphocytes with a high production of IFN-y

and TNF-o. An increased percentage of CD8 lymphocytes targeting
the melanocyte differentiation peptide gp100 was observed both in
lesional and non-lesional skin (25).

Nonetheless, this antimelanocyte-specific response can explain
why halo naevi can develop and why progression to NSV can occur.
Deregulation of chemotactic signals of CCL11, CCL17, CCL22,
CCL24, CCL27, CXCL10, and CXCL12 was found in SV which was
associated with a prominent inflammatory infiltrate. CD11c+
dendritic cells were abundantly present together with CD8 T cells
(26). In another study, no difference in lesional versus non-lesional
SV levels of SICAM-1 and GM-CSF was detected (n=16) (27).
However, this study did not specify whether it concerned stable or
progressive SV vitiligo lesions which might explain the lack of
difference in inflammatory markers. SV skin contains increased
epidermal oxidative stress (H,O,/ONOO(-)) (28). Similar to NSV,
increased levels of superoxide dismutase (SOD), decreased
antioxidative enzymes such as catalase, and increased lipid
peroxidation levels were found (29). Whether this concerns a
primary cause or a secondary phenomenon due to inflammation,
remains a topic of debate. Up till now, reproducible results of
effective SV treatment with antioxidants are lacking.

Poliosis is an important and early sign of SV. This indicates that
the immune-privileged environment around the hairs is less
protective in SV compared to NSV. As the reservoir of
melanocyte precursors around the hair bulb is often depleted in
SV, repigmentation is less impressive when phototherapy is initiated
(12). Several immune checkpoints [e.g. programmed death ligand-1
(PD-L1), indoleamine 2,3-dioxygenase (IDO)] have been found to
regulate the immune privilege of the hair follicle. Inhibition of these
factors by immunotherapy for melanoma results often in the
development of vitiligo-like lesions very similar to NSV (30, 31).
It is therefore plausible to speculate that SV is less dependent on
changes in factors regulating immune privilege compared to
NSV (32).

Mixed vitiligo has been reported in a subset of SV patients (7).
In our experience, depigmented areas are in the majority of
patients limited, but progression to extensive vitiligo vulgaris is
possible. Usually, SV precedes the development of NSV (7, 33).
Halo naevi are relatively frequent in SV although variable
percentages have been reported in the literature (5.3%-24.2%)
(34). The frequency strongly depends on the area of SV
involvement (trunk > face) (5). Halo naevi and leukotrichia are
strong predictors of progression to mixed vitiligo (OR= 24.8 and
25.7, respectively) (33). The presence of halo naevi in SV is
associated with a positive family history of vitiligo and thus
linked to the genetic background (33). Several theories for the
subsequent development of NSV can be proposed. Healthy
individuals carry circulating melanocyte-specific T cells with an
anergic phenotype (35). This cell population is believed to be a
protective mechanism against the development of melanoma
when the balance is shifted from anergic to active. Regulatory T
cells (Tregs) are implied in the maintenance of this anergic state.
During the pathogenesis of SV, these cells may become activated
by losing coinhibitory molecules [e.g. cytotoxic T lymphocyte
antigen-4 (CTLA-4)] and gaining a higher T cell receptor affinity.
This can lead to the active destruction of naevoid and epidermal
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melanocytes illustrated by the development of halo naevi and
NSV in genetically predisposed patients. Another mechanism
can be epitope spreading where immune cells involved in
targeting SV melanocytes acquire specificity for naevoid or
epidermal melanocytes.

CASES OF SEGMENTAL VITILIGO
DISPLAYING ADDITIONAL
SKIN DISORDERS

Although the rate of autoimmune disorders is not markedly
increased in SV, some interesting cases have been described with
other inflammatory and non-inflammatory disorders co-occurring
at the same site (Table 1). A literature search was performed using
Embase and Pubmed databases from conception up to May 10,
2020. All original articles, reviews, and different types of articles
including letters to the editors, conference papers, and posters were
included. Embase was searched using the terms “segmental vitiligo”
OR “segmental vitiligo”/exp. Pubmed was searched using
“segmental vitiligo” [All fields] OR “segmental vitiligo” [Mesh].
All types of articles, in any language, were included. Articles without
full-text availability were excluded. Articles with both SV and NSV
were only included in case results on SV were described in detail.
The goal was to include all case reports mentioning comorbid
disorders in patients with SV or drug-induced SV. The literature
search was done by 2 independent reviewers (RS and MS) and was
uploaded with Zotero software. The data were extracted by RS.
Overlapping studies were excluded based on the author list
and content.

In total, 564 and 449 results were found for Embase and
Pubmed, respectively. For the Embase search, 3 duplicates were
removed based on the same content. Titles and abstracts of all
articles were screened. One case was excluded due to doubt about
the clinical diagnosis of segmental vitiligo based on the clinical
picture. Combining both searches, 38 reports could be included
describing patients with SV and a comorbid disorder comprising
21 patients with auto-immune disorders, 5 cases of drug-induced
vitiligo, 5 cases with benign or malignant pigment disorders, 3
cases with neurological disorders, and 6 other cases

A remarkable number of case-reports with morphea and
lichen sclerosus have been published (39, 40, 44, 70). 11
different reports were found which makes it by far the most
frequently observed comorbidity [57.1% (12/21 patients) of
reported patients with autoimmune comorbidities]. In most
cases, the morphea lesions affected the same body area as the
SV, although multifocal morphea was also documented (36—
46). Cases with lichen striatus are interesting because of the
striking similar pathogenesis (48) (Figure 1). A cytotoxic
lymphocyte attack against postzygotic mutant keratinocytes has
been proposed as the underlying mechanism of lichen striatus.
This inflammatory response is especially pronounced in the
basal and suprabasal layers which explains the development of
postlesional hypopigmentation (71). Interestingly, also other localized
skin disorders were reported in SV including segmental lichen

TABLE 1 | Segmental vitiligo cases with autoimmune and other comorbidities.

Comorbidity Age
(years)

Authors

Morphea/Parry-Romberg/lichen sclerosus

Morphea en coup de sabre 22 Ubaldo et al. (36)
Circumscribed morphea 10 Lee et al. (37)
Morphea at same body area 10, 10 Dev et al. (38)
Morphea 10 Kim et al. (39)
Segmental morphea 18 Yadav P. et al. (40)
Morphea en coup de sabre 46 Janowska et al. (41)
Parry-Romberg syndrome 46 Wolek et al. (42)
Morphea en coup de sabre 9 Bowen et al. (43)
Lichen sclerosus 41 Weisberg et al. (44)
Linear morphea 21 Bonifati et al. (45)
Parry-Romberg syndrome 1 Creus et al. (46)
Other autoimmune diseases

Alopecia areata, segmental lichen 12 Kumar et al. (47)
planus

Lichen striatus 4,5,6 Correia et al. (48)
Zosteriform lichen planus 22 Sawatkar et al. (49)
pigmentosus

Linear psoriasis 47 Valbuena et al. (50)
Alopecia areata, psoriasis 25 van Geel et al. (10)
Lichen nitidus (and Down'’s 4 Agarwal et al. (51)
syndrome)

Segmental lichen planus 14 Sardana et al. (52)
Drug-induced

Infliximab for rheumatoid arthritis 46 Carvalho et al. (53)
Infliximab for ulcerative colitis 34 Ryu et al. (54)
Immunotherapy for house dust mite 10 Shin et al. (55)
Isotretinoin 17 Avelar-Caggiano et al. (21)
Interferon alpha and ribavirin 60 Tinio et al. (56)
Co-occurring benign or malignant pigment conditions

Cerci et al. (57) 37 Metastatic melanoma
Tiwary et al. (58) 9 Segmental naevus spilus
Kuruvilla et al. (59) 10 Segmental lentiginosis
Luo et al. (60) 8 Naevus of ota

Hofmann et al. (61) 6 Congenital naevus

Linked neurologic disorders

Singh et al. (62) 13 Encephalitis

Yacubian et al. (63) 3 Rasmussen encephalitis

Jang et al. (64) 56 Schwannoma

Other

Utas et al. (65) 14 Baboon syndrome

Rajashekar et al. (66) 20 Twenty nail dystrophy

Kandpur et al. (67) 14,23  Twenty nail dystrophy

Muramatsu et al. (68) 22 Naevoid basal cell carcinoma
syndrome

Tay et al. (69) / Porencephaly, nasofrontal

mucoceles, hypertelorism

planus, zosteriform lichen planus pigmentosus, lichen nitidus, and
linear psoriasis (48-52). While relatively common in NSV, alopecia
areata was only reported in 2 cases (10, 47).

Drug-induced SV is rare, especially infliximab is interesting given
the dual effect TNF-o inhibition exerts on NSV (53, 54). TNF-alpha
blockers are linked to the new development of NSV whereas also a
stabilizing effect on existing NSV has been found (72, 73). A 34-year
old patient with ulcerative colitis developed SV 4 months after
initiation of infliximab (54). Another 46-year old patient receiving
infliximab for rheumatoid arthritis developed SV after 2 months
(53). Spreading of pre-existing SV occurred after immunotherapy
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FIGURE 1 | Segmental vitiligo, linear morphea, and lichen striatus are presumed to share a similar pathogenesis based on a genetic mosaicism causing an
inflammatory response. In segmental vitiligo (A), a CD8-dominant infiltrate around melanocytes is observed ultimately leading to melanocyte destruction. Linear
morphea (B) is characterized by dermal sclerosis and an inflammation of variable extent consisting of lymphocytes, plasma cells, and occasional eosinophils. Lichen
striatus (C) exhibits a focal lichenoid lymphocytic infiltrate with macrophages. Hyperparakeratosis, acanthosis, exocytosis, spongiosis, vacuolar interface dermatitis,

and colloid bodies can be observed.

with house dust mite (55). Finally, interferon-ot — a well-known
trigger of NSV - induced SV in a patient with hepatitis C (56).

Besides halo naevi, other pigment disorders are rare in SV. Only
isolated reports of SV patients with co-existing segmental
lentiginosis, segmental naevus spilus, and a naevus of Ota were
found (58-61).

Overall, most co-occurring mosaic disorders in SV patients are
characterized by a cutaneous inflammation which may be triggered
by the immunologic events in active SV (or vice versa, the SV may
be induced by the other inflammatory mosaic disorder). Another
important group (e.g. segmental lentiginosis, neurologic disorders)
consists of genetic or non-genetic diseases affecting melanocytes or
their precursor cells.

EVIDENCE OF SOMATIC MOSAICISM

The characteristic distribution patterns of SV suggest a genetically
mutated population of melanocytes which is targeted by a
cytotoxic cell response. Different patterns of segmental vitiligo in
the face and on the trunk have been detected and can easily be
recognized in clinical practice (74, 75). By comparing different
unilateral and localized skin disorders, we found that the SV
pattern does not follow a dermatomal distribution but displays a
unique distribution pattern that shares the largest similarity with
segmental lentiginosis, followed by epidermal naevus verrucosus

(76). Due to the remarkable overlap with segmental lentiginosis,
the contribution of other skin cells such as keratinocytes, or
alterations in the dermis are less plausible in SV. Additionally,
segmental vitiligo follows the embryonal migration lines of
melanocyte precursors. During embryogenesis, precursors of
melanoblasts migrate from the neural crest in a dorsolateral
way. During this migration, an impressive number of cell
proliferations takes place enhancing the chance of genetic
mosaicism. Another subpopulation of adult melanocytes
originates from precursor cells with Schwan cell/melanoblast
potential that migrate on a ventrolateral pathway. In mice, 65%
of melanocytes of hair follicle melanocytes were linked to this
separate group of melanocyte progenitors (77, 78). This might
explain why long-lasting perifollicular repigmentation is
sometimes possible in SV (14). This reservoir of perifollicular
melanocytes and melanocyte precursors is however often not
spared after prolonged periods of disease activity and
phototherapy early in the disease (<6 months) gives better
results (12). Interestingly, the frequency of SV on the back is
lower compared to the lateral area, followed by the abdomen
which aligns nicely with the migration route of melanoblasts (76).
The temporary inflammation followed by a stable course in most
SV patients is a clear differentiating factor between SV and NSV.
This supports an inherent genetic defect carried by melanocytes in
the affected segment. After removal of the susceptible SV
melanocytes, the inflammation subsides. This is illustrated by
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the high success rate of pigment cell transplantations in stable SV
compared to NSV (79).

NEUROGENIC THEORY

For many years, SV was described to follow a dermatomal
distribution and consequently, the involvement of neurogenic
factors was suspected. Several cases with encephalitis preceding
SV have been reported (62, 63). It should, however, be noted that
this is also the case for NSV (80). Especially in NSV, elevated levels
of neuropeptides [e.g. neuropeptide Y (NPY)] have been discovered.
This does not confirm the involvement of neurogenic mechanisms
as neuropeptides are also released following skin inflammation in
other skin diseases such as psoriasis (81). Nonetheless,
neuropeptides control regional skin immunity and some have
important effects on melanocytes [e.g. 0@ melanocyte-stimulating
hormone (0-MSH)]. 2 cases of SV patient with schwannomas were
found. This offers however more a clue toward somatic mosaicism
given their common origin from the neural crest than an argument
for a neurogenic cause of SV (64). Schwann cells can even in vitro be
dedifferentiated to glia/melanocyte precursors illustrating their
common origin (82). A study including 76 patients with SV
found a slower nerve conduction velocity on the lesional side of
the body compared to the contralateral side which was more
pronounced in stable SV (83). Although the difference was small,
it could be shed new light on the neurogenic involvement in SV if
these results can be confirmed.

FUTURE PERSPECTIVES

Overall, research on SV remains limited as only 4.8% of vitiligo
research discusses findings on SV on Pubmed. This is remarkable
as SV is likely to be a less multi genetic disorder compared to
NSV which might offer interesting information to the key factors
making melanocytes vulnerable for immune-based destruction.
The number of publications on SV is even declining in recent
years in contrast to the rising yearly numbers on NSV.

Based on previous research, an inflammatory response has been
proven in the majority of SV patients. The lack of markedly increased
rates of associated systemic autoimmune comorbidities highlights the
chance of a susceptible skin environment. As discussed above, the
distribution patterns of SV render genetic mosaicism is very likely.
This suggests that SV follows a similar pathogenesis compared to
lichen striatus, blaschkitis, linear morphea, and linear lupus
erythematosus. All these conditions share an inflammatory
response in a particular distribution pattern usually at a young age.
In most cases, a spontaneous stop of disease activity occurs with
limited recurrences during adult life. Lichen striatus has the
additional similarity of leaving hypopigmented skin areas which
can resolve spontaneously (84). Linear morphea usually presents as
a broad linear band of induration with often additional
dyspigmentation (both hyper- and hypopigmentation) (85).

However, the underlying genetic mutations have currently
not been discovered despite several research projects that have

been initiated. This is mainly due to the fact that melanocytes of
the inflammatory border of vitiligo are difficult to isolate and
proliferate in the lab probably because of their compromised skin
environment. Altered E-cadherin expression in SV melanocytes
may be a primary deficiency which could be one of the initiating
factors of SV hampering the in vitro culture of SV melanocytes
(86). As the distribution patterns in the face and the trunk have
been mapped in detail, future projects could focus on analyzing
skin areas that are not (yet) affected but are likely to contain
genetically identical melanocytes. Early SV rarely involves the
whole skin area which is supposed to be populated by
melanocytes originating from the same melanocyte precursor
and often leaves skipped areas of normally pigmented skin.

Based on the published case reports, the co-occurrence of
(localized) morphea and SV is striking. Although morphea has
also been associated with NSV, linear morphea seems particularly
linked to SV. Linear morphea follows Blaschko’s lines and genetic
mosaicism is therefore believed to be the underlying cause (87). The
distribution patterns of SV and linear morphea are clearly different
which can be explained by the different skin cell types which are
likely responsible for these conditions (melanocytes vs keratinocytes
or fibroblasts) (Figure 1). Both morphea and SV have been linked
to traumata or local enhanced immune responses and therefore one
autoimmune condition can elicit the other. It is remarkable that 2
mosaic disorders affecting cell types of different embryogenic origins
have a tendency to co-occur in the same body area. Despite some
case reports, this phenomenon remains however extremely rare and
the differential diagnosis with hypopigmented lesions caused be
morphea can be challenging (85).

In conclusion, SV research merits new attention as it may
provide interesting data for the pathogenesis and treatment of
vitiligo in general. To date, evidence points to a temporary
cytotoxic-response targeting mosaic melanocytes. Associated
autoimmune diseases are less prevalent compared to NSV,
although a remarkable overrepresentation of case reports with
(linear) morphea is present. A genetic predisposition (e.g. family
history of NSV) may enhance the chance of SV and the
subsequent development of halo naevi and NSV. Screening for
thyroid disease is less valuable in SV compared to NSV.
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Autoreactive CD8" T cells play a pivotal role in melanocyte destruction in autoimmune
vitiligo. Immunotherapy for melanoma often leads to autoimmune side-effects, among
which vitiligo-like depigmentation, indicating that targeting immune checkpoints can break
peripheral tolerance against self-antigens in the skin. Therapeutically enhancing immune
checkpoint signaling by immune cells or skin cells, making self-reactive T cells anergic,
seems a promising therapeutic option for vitiligo. Here, we review the current knowledge
on the PD-1/PD-L1 pathway in vitiligo as new therapeutic target for vitiligo therapy.

Keywords: vitiligo, programmed cell death 1 receptor, B7-H1 antigen, immune tolerance, autoimmunity

BACKGROUND

Vitiligo is a common, acquired skin disease characterized by loss of epidermal melanocytes,
resulting in sharply, depigmented macules (1). While there is still an extensive debate on the
initiating steps, experts agree on immune-mediated melanocyte destruction, with melanocyte-
specific CD8" T cells being able to kill melanocytes (2-4) and anti-melanocyte antibodies found in
the sera of patients with vitiligo (5). Especially IFN-y holds a crucial role in the pathogenesis of
vitiligo (6). Moreover, regulatory T cells are impaired, both in numbers and function, in patients
with vitiligo (7-9). Recently, tissue-resident memory T (Tgy,) cells were shown to have a prominent
role in disease development and flare-up in human vitiligo. Vitiligo affected skin was shown to be
enriched for CD8" Ty cells compared to healthy, unaffected donor skin, together indicating
immune disturbance in patients with vitiligo (10, 11).

Current treatment modalities aim to block melanocyte destruction and/or induce
repigmentation of the skin. Topical corticosteroids or immunosuppressants have shown good
outcome, while this might not be the most effective approach (12). Moreover, clinical efficacy of
current treatment modalities is not satisfactory and, therefore, new therapeutic strategies should be
evaluated and tested for vitiligo patients.

Immune checkpoints play a pivotal role in immune evasion by tumors and immunotherapy for
melanoma shows that targeting of immune checkpoints is sufficient to break peripheral tolerance
and re-activate melanoma-specific cytotoxic T cells in a proportion of patients. Clinically opposite
to melanoma, vitiligo patients might benefit from induced peripheral tolerance, turning the
autoimmune response into an anergic response. In this review, we therefore propose that
exploiting the PD-1/PD-L1 axis may be effective as a treatment strategy for vitiligo.
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AUTOIMMUNITY AND TUMOR IMMUNITY

Similarities exist between skin autoimmunity and tumor
immunity, observed in vitiligo and melanoma. Immunization
of mice bearing B16 melanoma with gp100 antigen and tumor-
specific CD8" T cells resulted in tumor destruction, but also
caused vitiligo development (13). Similarly, in melanoma patients,
vitiligo can occur spontaneously or upon immunotherapy.
Immunotherapy for melanoma often leads to autoimmune side-
effects, including vitiligo-like depigmentation. This depigmentation
is caused by activated anti-melanoma immunity, that targets not
only malignant cells, but also healthy melanocytes and correlates
with prolonged survival (14-18). Conversely, vitiligo patients have
3-fold less risk of developing melanoma during life (19, 20).
Nevertheless, this risk is suggested to be influenced by individual
skin type (21). Melanocytes are far more protective in dark skin
types and, therefore, loss of melanocytes leads to a greater skin
cancer risk in these patients. Contrary, in patients with light skin
types, loss of protective melanocytes seems to be less important and
increased immunosurveillance contributes to an overall decreased
risk of developing skin cancer. Melanoma susceptibility in vitiligo
patients may, therefore, be adjusted for race. Also, immunotherapy
for melanoma using a skin-depigmenting compound induced local
and systemic anti-melanoma immunity (22). Conversely, a
proportion of metastatic cutaneous melanoma patients develop
vitiligo-like depigmentation (16, 17). Considering this melanoma/
vitiligo relationship, vitiligo patients could benefit from anti-
melanocyte tolerance, observed in melanoma, and exploiting
immune checkpoints might influence peripheral tolerance against
self-antigens in the skin.

PD-1/PD-L1 SIGNALING

PD-1/PD-L1 Pathway

Programmed cell death 1 (PD-1 or CD279) is an inhibitory cell-
surface molecule that suppresses T cells. PD-1 has emerged as a
key player in immune regulation and is constitutively expressed
by regulatory T cells and can be, upon activation, expressed by
effector T cells, natural killer cells, and B cells (23). Immune
suppression requires PD-1 binding on T cells to PD-1 ligands
(PD-L1 and PD-L2) on other cell types. PD-L1 is constitutively
expressed by various immune cells, e.g., lymphocytes, DCs and
macrophages, and its expression can be induced on non-immune
cells, including cancer cells. Ligation of PD-1/PD-L1 represses
the activation and function of autoreactive T cells, inhibits their
proliferation and induces apoptosis, thereby regulating both
central and peripheral tolerance to hamper and regulate
inflammatory responses and autoimmune diseases (24).

Melanoma Immunotherapy

Signaling via the PD-1/PD-L1 axis is commonly involved in
tumor immune evasion. In melanoma, tumor-associated PD-L1
can functionally suppress T cell responses to melanoma and
promote T cell apoptosis (25). Consequently, PD-L1"

melanomas have been identified as a subset that tends to be
more aggressive and is associated with poor prognosis (26).

Targeting these immune checkpoint molecules has become
one of the therapeutic options (27). PD-1-targeting monoclonal
antibodies have been approved for clinical use and are currently
among the first-line treatment options for advanced melanoma
patients and many other cancers (28, 29). In a fraction of
melanoma patients (ranging from 3.4 to 28%), vitiligo-like
depigmentation (or melanoma-associated leukoderma) occurs
as an adverse effect of immune checkpoint inhibition, indicating
the breaking of tolerance to melanocytic self-antigens (30, 31).
Nevertheless, skin depigmentation has now been reported in
anti-PD-1/PD-L1 treated patients with other metastatic cancers
as well (32-37). Skin depigmentation is significantly associated
with a favorable prognosis in melanoma patients (17, 18).
Likewise, PD-LI1-targeting antibodies, e.g., atezolizumab, are
currently being investigated in metastatic melanoma patients
(38). Considering vitiligo-like depigmentation in (melanoma)
patients receiving anti-PD-1 monotherapy, vitiligo patients may
benefit from induced peripheral tolerance to self-proteins by
exploiting the T cell immunosuppression mediated by
these molecules.

PD-1/PD-L1 in Autoimmune Diseases
Emerging evidence demonstrates that impaired PD-1/PD-L1
function is involved in a variety of autoimmune diseases,
among which type 1 diabetes, inflammatory bowel diseases,
and rheumatoid arthritis (39). Manipulating PD-1/PD-L1
signaling appears to elicit significant outcomes in disorders
with aberrantly-regulated immune system function. More
specifically, PD-L1-expressing DCs can induce anergy of
otherwise active T cells and, thereby, hinder induction of
autoimmune encephalomyelitis, an animal model of multiple
sclerosis (40). Also, intravenous injection of recombinant
adenovirus expressing full-length mouse PD-L1 (Ad.PD-L1)
gene can suppress lupus-like syndrome in BXSB mice, when
combined with anti-ICOSL(B7h) antibody to block ICOS-
mediated co-stimulation (41). In this study, it was suggested
that the protective effect of Ad.PD-L1 was through suppression
of autoreactive T cells at the target organ. Furthermore, severe
psoriatic inflammation was induced in PD-1-null mice and PD-
L1-Ig fusion protein was shown effective in inhibiting
inflammatory skin yd-low T cell activity in vitro (42),
indicating the rationale to test the therapeutic potential of
increasing PD-1/PD-L1 signaling in skin autoimmunity.
Raising our knowledge on PD-1/PD-L1 functions and signaling
may thus enable us to develop new therapeutic strategies to
manipulate the inhibitory function of PD-1.

PD-1/PD-L1 IN VITILIGO

PD-1/PD-L1 Expression in Vitiligo
While abundantly studied in melanoma, the PD-1/PD-L1 axis in
vitiligo has received far less attention thus far, but deserves
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exploration as a therapeutic target. Similarly to melanoma cells,
PD-L1 can be expressed by melanocytes, especially in the case of
inflammatory responses (43). PD-L1-expressing melanocytes co-
localize with infiltrating immune cells and PD-L1 strongly
correlates with immune cell infiltration in both nevi and
malignant melanoma. Also, CD45 and IFN-y mRNA were
detected in PD-L1" melanomas, while IFN-y could not be
detected in PD-L1" tumors. Expression of PD-L1 can be
upregulated on various cell types upon stimulation with pro-
inflammatory cytokines, including IFN-y (44). Although IFN-y-
producing CD8" T cell are abundantly present in lesional vitiligo
skin, cytokine-induced PD-L1 expression might not be occurring
or insufficient in driving a negative feedback loop.

Vitiligo patients also have increased PD-1 expression on
peripheral CD3" CD4" and regulatory T cells (45) compared
to healthy individuals, suggesting involvement of PD-1 in disease
regulation and pathogenesis. Blocking PD-L1 signaling in vitro
led to expansion of regulatory T cells (46), implicating that PD-1/
PD-L1 engagement may negatively regulate regulatory T cell
function. The authors, therefore, hypothesized that PD-1"
regulatory T cells may become exhausted by PD-L1-expressing
autoreactive T cells, hence leading to a deficiency of regulatory T
cells in vitiligo (45). PD-L1 expression by autoreactive T cells,
however, has not been shown. Similarly, vitiligo patients show
increased PD-1 expression on CD8" T cells compared to healthy
donor CD8" T cells (47), implying that PD-1 expression is due to
excessive activation of autoreactive CD8" T cells. PD-1
expression on CD8" T cells appears to positively correlate with
disease activity (47), suggesting a more vigorous attempt to
control the inflammatory situation by increasing PD-1
expression. In situ, PD-1 is significantly expressed in marginal
and lesional infiltrates when compared to non-lesional skin in
patients with active non-segmental vitiligo (48). Because no
CD4/PD-1 and CD8/PD-1 double staining was done, it
remains unstudied which skin T cells express PD-1. Together,
these results suggest a role for PD-1/PD-L1 in the lack of
peripheral tolerance in vitiligo, providing a rationale to target
this axis in vitiligo treatment.

Vitiligo is a polygenic disorder, implying simultaneous
contributions of multiple genetic risk factors and
environmental triggers. Large-scale genome-wide association
studies have identified approximately 50 genetic loci that
contribute to vitiligo risk, of which a large fraction encode
proteins involved in immune regulation (49-52). To date, no
single-nucleotide polymorphisms in the PD-1 (PDCDI) or PD-
L1 (CD274) gene has been reported in human vitiligo.
Nevertheless, PD-1 polymorphisms that give a higher risk of
developing other autoimmune disorders, among which
rheumatoid arthritis and systemic lupus erythematosus, have
been reported (53). Additionally, microsatellite polymorphisms
in the CTLA-4 gene, encoding the CTLA-4 immune checkpoint
molecule, have been demonstrated in European-derived vitiligo
patients (54). Likewise, a missense polymorphism in the PTPN22
gene has been associated with susceptibility to autoimmune
disorders, including vitiligo (55). Lymphoid protein tyrosine
phosphatase (LYP), encoded by the PTPN22 gene, is an

important downregulator of T cell activation. Hypothetically,
patients carrying a PTPN22 polymorphism initially might be less
sensitive to T cell inhibition (e.g., by PD-1/PD-L1 signaling),
since the LYP missense polymorphism drastically reduce the
binding of LYP to C-terminal Src kinase (CSK) in vitro. As a
result downregulation of T cell activation is disrupted so that T
cells lacking the LYP-CSK complex remain hyper-reactive.

Targeting PD-1/PD-L1 in Vitiligo
Therapeutically enhancing immune checkpoint signaling on self-
reactive T cells, making them anergic, seems a promising
therapeutic option for vitiligo. Maio et al. (2018) studied PD-1/
PD-L1 signaling as a therapeutic target for vitiligo and showed
that treatment with PD-L1 fusion protein reversed depigmentation
in a Pmel-1 vitiligo mouse model (56). Around 60% of the
original pigment loss was restored upon treatment. PD-L1 fusion
protein reversed depigmentation in Pmel-1 vitiligo mice via a
marked increase in regulatory T cells in the skin and a decrease in
melanocyte-reactive T cells. Fortunately, no significant side effects
were observed, among which skin oncogenesis, indicating that
targeting the PD-1/PD-L1 axis can be effective as a treatment strategy
for T cell-induced vitiligo. The suppression of depigmentation was
relatively stable until 8 weeks after last treatment, but, none of the
mice regained permanent repigmentation. This limited (long-term)
repigmentation in Pmel-1 vitiligo mice might be due to loss of a
pigment cell reservoir, suggesting that the presence of a viable
melanocyte reservoir might be crucial for the efficacy of PD-L1
fusion protein and other immune suppressive therapies. More
specifically, human vitiligo lesions in hairless skin and those
containing white hair do not have a strong capacity for
repigmentation (57). PD-1/PD-L1 therapy, therefore, might be
most effective in an early or progressive stage of vitiligo,
supported by the observation that disease duration negatively
affects prognosis to treatment (58). Nevertheless, patients with
long-duration vitiligo may repigment well, as long as their lesions
contain pigmented hair. Patients with active vitiligo might
therefore be the best responders to immunomodulating agents,
whereas patients with long-duration disease might need additional
melanocyte transplantation (57).

Concomitantly, UV phototherapy, especially narrow-band
ultraviolet B (NB-UVB) therapy, might be necessary to obtain
more complete repigmentation. Among current topical and
systemic treatment modalities, NB-UVB phototherapy has
emerged as one of the safest and most effective therapies in
vitiligo (59). Therapeutically enhancing immune checkpoint
signaling may induce peripheral tolerance, yet melanocytes
might still need additional stimulation to restore skin
pigmentation. At the same time, NB-UVB therapy likely affects
PD-L1 expression. UV-B radiation was shown to induce PD-L1
expression in human melanoma cell lines in an NF-xB-
dependent manner (60). Similarly, UV-B treatment induced
NF-kB activation in human primary epidermal melanocytes,
implying PD-L1 upregulation is a conserved stress response to
UV exposure in human melanocytes and melanoma cells that
can inhibit effector T cell activity. Altogether, combined use of
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local agonistic PD-1/PD-L1 treatment and NB-UVB therapy
seems promising in inducing local melanocyte tolerance and
significant repigmentation.

Better understanding of the PD-1/PD-L1 may provide clues
on how this pathway can most effectively be targeted in vitiligo.
Topical treatment modalities, optionally with laser assisted
delivery, or local injection are preferred over systemic therapy,
partly to avoid systemic tolerance. Vitiligo patients show local
autoreactivity resulting in depigmented skin patches, while
tolerance to melanocyte antigens seems to predominate in
other parts of the skin, leaving those pigmented. The feasibility
of local vitiligo treatment, however, depends on the vitiligo
disease extent. At the same time, as mentioned before, therapy
is preferably given at an early disease stage, to acquire full
melanocyte tolerance, long-term efficacy and possibly curation.

Local immunotherapy might decrease immunosurveillance,
carrying a potential risk for oncogenesis. Vitiligo patients,
however, have a 3-fold less risk of developing melanoma
during life (19, 20). We, therefore, hypothesize that agonistic
PD-1/PD-L1 therapy will increase the probability of melanoma
development to the risk of healthy, control individuals.
Nonetheless, clinicians should be aware of potential tolerance
to, e.g., transformed melanocytes or keratinocytes

DISCUSSION

Mounting evidence has shown that signaling via the PD-1/PD-
L1 axis is commonly involved in melanoma immune evasion and
targeting these immune checkpoint molecules can reactivate
potent effector immune responses against the tumor. The growing
appreciation of similarities between vitiligo (autoimmunity) and
melanoma (tumor immunity), has led to increased interest in PD-1/
PD-L1 as promising targets for future immunotherapies in
human vitiligo.

Although not fully confirmed so far, PD-1/PD-L1 seems to be
involved in loss of peripheral tolerance in human vitiligo, with
PD-1 being expressed on regulatory and CD8" T cells, and in
vivo PD-L1 protein therapy reversing depigmentation in murine
vitiligo. At the same time, however, PD-1/PD-L1 expression on
other cell types, among which dendritic cells (DCs), B cells,
keratinocytes and fibroblasts, remain understudied and might be
relevant. Recently, efficacy of anti-PD-1/PD-L1 therapy in cancer
was attributed to PD-L1 expression on DCs, rather than tumor
cells (61-64). PD-1/PD-L1 blockade enhanced maturation of DC
in tumor-draining lymph nodes and increased T cell priming
(61, 62). In Figure 1, we propose a model of how PD-1/PD-L1
signaling in vitiligo maintains an inflammatory environment.

CcD8
T cell

Excessive
activation

achieved by interfering with PD-1/PD-L1 signaling.

Melanocyte

CD4
Treg

Decreased
functionality

Dendritic cell

FIGURE 1 | Proposed model of PD-1/PD-L1 signaling in vitiligo. Blood regulatory CD4* and cytotoxic CD8* T cells show increased levels of PD-1 protein. IFN-y-
producing CD8" T cell are abundantly present in affected skin and may induce PD-L1 expression on melanocytes, albeit possibly ineffective in inhibiting autoreactive
T cells. Consequently, melanocyte-reactive CD8* T cells remain activated. PD-L1 expression on DCs remains unstudied in vitiligo and might be important in
effectively inhibiting autoreactive CD8" T cells. PD-L1" DC might inhibit not only T cell priming in the tumor-draining lymph nodes, but also T cell effector function.
PD-L1 expression in situ remains unclear but might be expressed by melanocytes, DC or melanocyte-specific T cells, turning PD-1* regulatory CD4* T cells to
functional exhaustion. Overcoming excessive activation of autoreactive CD8" T cells and decreased functionality of regulatory CD4" T cells in vitiigo might be
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Vitiligo patients show increased PD-1 expression on peripheral
regulatory CD4" and cytotoxic CD8" T cells. Concomitantly,
PD-1" mononuclear cells have been identified in (peri-)lesional
vitiligo skin.

Though (peripheral) T cells have been demonstrated to be
PD-17, PD-L1 expression remains largely understudied. PD-L1
can be expressed by melanocytes, especially in the case of
inflammatory responses (43). IEN-y-producing CD8" T cell are
abundantly present in affected skin, but to date, (cytokine-
induced) PD-L1 expression by melanocytes in (peri)lesional
vitiligo skin remains unclear. If expressed, PD-L1" melanocytes
seem to be ineffective in inhibiting melanocyte-specific T cells.
Concomitantly, PD-L1 expression on myeloid cells, among
which DC, in vitiligo skin has received no attention thus far.
PD-L1" myeloid cells might be important in inhibiting
autoreactive T cells as well. Future studies should clarify PD-
L1 expression levels in situ to determine if these are diminished
in human vitiligo and, thus, insufficiently inhibit autoreactive
CD8" T cells. Finally, it has been hypothesized that PD-L1-
expressing melanocyte-specific T cells cause exhaustion of PD-1"
regulatory T cells, hence leading to uncontrolled autoimmunity
(45). It is, therefore, important to study if PD-L1" cells decrease
peripheral tolerance by inhibiting CD4" regulatory T cell
function. Most importantly, however, are the PD-1 expression
levels on skin-resident T cells, for skin autoimmunity appears
locally and PD-L1-induced peripheral tolerance is only relevant
when PD-1" T cells are present.

Given that PD-1 is expressed by both peripheral regulatory
CD4" and cytotoxic CD8" T cells in vitiligo patients, we reasoned
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Vitiligo is an autoimmune skin disease characterized by melanocyte destruction.
Regulatory T cells (Tregs) are greatly reduced in vitiligo skin, and replenishing peripheral
skin Tregs can provide protection against depigmentation. Ganglioside D3 (GD3) is
overexpressed by perilesional epidermal cells, including melanocytes, which prompted
us to generate GD3-reactive chimeric antigen receptor (CAR) Tregs to treat vitiligo. Mice
received either untransduced Tregs or GD3-specific Tregs to test the hypothesis that
antigen specificity contributes to reduced autoimmune reactivity in vitro and in vivo. CAR
Tregs displayed increased IL-10 secretion in response to antigen, provided superior
control of cytotoxicity towards melanocytes, and supported a significant delay in
depigmentation compared to untransduced Tregs and vehicle control recipients in a
TCR transgenic mouse model of spontaneous vitiligo. The latter findings were associated
with a greater abundance of Tregs and melanocytes in treated mice versus both control
groups. Our data support the concept that antigen-specific Tregs can be prepared, used,
and stored for long-term control of progressive depigmentation.

Keywords: vitiligo, regulatory T cells, chimeric antigen receptor T cells, ganglioside D3, antigen-specific Treg,
autoimmune diseases

INTRODUCTION

Vitiligo is an autoimmune disease wherein melanocytes are progressively destroyed, resulting in
pale, white patches of skin (1, 2). The prevalence of vitiligo is 0.5-1%, and this disorder is associated
with low self-esteem, psychological stress, and social stigma (3-5). Therapies currently available for
vitiligo have limited efficacy, and a real need for new treatment strategies exists (6). Several factors
contribute to the pathogenesis of vitiligo. Oxidative stress in melanocytes can trigger the release of
inducible heat shock protein 70 (HSP70i) (7). HSP70i can directly activate innate immune cells and
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chaperone melanocyte antigens for subsequent introduction to
antigen presenting cells (APCs) (8, 9). In turn, these innate
immune cells and APCs recruit auto-reactive T cells to mediate
specific destruction of melanocytes in vitiligo (10). The loss of
tolerance to self-antigens also involves reduced cutaneous
regulatory T cell (Treg) activity (11, 12). Tregs are subsets of
T cells responsible for peripheral tolerance via suppression of
immune cells, including self-reactive, cytotoxic T cells, to
maintain immune homeostasis (13). Paucity of and defects in
Tregs have been reported in several autoimmune disorders (14—
16). A local deficiency in Tregs was found in vitiligo skin within
lesional, non-lesional, and perilesional sections, thereby
suggesting a reduced ability of vitiligo patients to maintain
peripheral immune homeostasis (17, 18). Others have reported
that Tregs may be circulating in reduced number or exhibit
reduced activity (16, 19). Limited Treg activity in vitiligo
skin allows autoreactive, cytotoxic T cells to expand and
eliminate melanocytes from the skin, facilitating progressive
depigmentation (12).

To date, adoptive transfer of polyclonal Tregs has been used in
clinical trials for several conditions wherein autologous cells were
amplified in vitro and re-administered to patients, with limited
success (20). In a mouse model of vitiligo, this approach was
beneficial, by short term-maintenance of a favorable Treg to
effector T cell ratio in this setting (21). Application of polyclonal
Tregs can however impart systemic immunosuppression, via
inadvertent dampening of responses to infection or malignancies,
posing an important clinical consideration (22). Furthermore,
generating sufficient numbers of polyclonal Tregs for clinical use
can be challenging. Generic immunosuppression can present an
issue that might be overcome by including antigen specificity to
adoptively transferred cells. In transplant biology, antigen-specific
Tregs are showing promise to provide local immunosuppression at
the site of disease progression by targeting human leukocyte antigen
(HLA) discrepancies between donor and recipient (23). Antigen-
specific Tregs might offer significant advantages for the treatment of
vitiligo as well.

Antigen-specific Tregs can be generated by introducing T-cell
receptors (TCRs), but applications of these TCR-Tregs are
limited by major histocompatibility complex (MHC)-
restriction, not allowing all patients to benefit (24). Our study
instead makes use of antigen-specific Tregs transduced to express
a chimeric antigen receptor (CAR), which overcomes MHC-
dependency. In CAR-T cell therapy, optimizing and selecting the
correct CAR affinity and intracellular signaling domains is
particularly important for the resulting therapeutic activity and
cellular persistence of the Tregs. Since CARs are constructed
using antibody variable regions, they hold higher affinity to their
cognate antigen compared to TCRs (25). Also important is the
identification of a cell surface antigen that is relatively abundant
in the affected tissue under study and can be targeted by CAR
Tregs. The concept is then that the selected surface antigen can
serve as a target for antigen-specific CAR Tregs to selectively and
locally suppress auto-reactive T cells in vitiligo (26). These results
can be compared to those achieved using a tyrosinase-reactive
TCR. The latter approach, tested in an immunodeficient

melanoma model was the first to demonstrate activity for
adoptively transferred, antigen-specific Tregs (27). Both the
tyrosinase and HLA-A2 encoding-genes are associated with
vitiligo disease development, rendering relevance to tyrosinase-
reactive T cells, as well as to the associated HLA-A*0201
restriction (28). The same combination of TCR and MHC
transgenes was used to generate the h3TA2 mouse model of
vitiligo, used here to host our CAR transgenic Tregs (29). These
mice develop rapid, continuous depigmentation with most
differentiated pigment cell lost from the skin by 5 weeks of age
(30). This aggressive model of disease sets a high bar for
therapeutics to be effective and can provide a first estimate of
efficacy for new therapeutics (30). The ganglioside D3 (GD3)
antigen, meanwhile, holds relevance as GD3 expression is found
in stressed melanocytes, and likely more prominently so in
perilesional skin of vitiligo patients (31). This GD3 antigen is
currently targeted for immunotherapy of melanoma as for its
expression on membrane and accessibility to antibodies (32, 33).
Besides, GD3 contributes to melanogenesis, cell growth, and cell
dendricity (34, 35). To test the therapeutic potential of antigen-
specific Tregs for the treatment of vitiligo, we isolated naive
T cells and polarized them towards Tregs before introducing a
GD3-responsive CAR-encoding construct. Resulting cells were
tested for cytokine secretion to relevant targets in vitro, and
resulting cytotoxicity was measured. Finally, in a mouse model of
progressive vitiligo, we have introduced the resulting CAR-
transgenic Tregs to test their treatment potential in vivo. This
includes evaluating depigmentation, and the persistence of Tregs
and melanocytes in the skin. Adoptive transfer of antigen-
specific Tregs may offer an exciting opportunity to halt
depigmentation and to complement up-and-coming
therapeutics such as modified inducible HSP70 to tolerize
dendritic cells (DCs) and Janus kinase (JAK) inhibitors to
mitigate T cell activation (36, 37).

MATERIALS AND METHODS

Study Design

The purpose of this study was to investigate the efficacy of GD3
CAR Tregs to halt progressing depigmentation in a mouse model
of human vitiligo. We polarized and amplified Tregs in vitro
before generating antigen-specific Tregs using a CAR construct
to generate GD3 CAR Tregs with high transduction efficiencies.
To define in vitro effects, we co-cultured human HLA-A2"
melanocytes along with tyrosinase reactive effector T cells in
the presence of untransduced Tregs and GD3 CAR Tregs. For
in vivo efficacy, we adoptively transferred untransduced Tregs,
GD3 CAR Tregs, and HBSS vehicle into a humanized mouse
model prone to develop vitiligo, subjecting the animals to
depigmentation analysis, while evaluating the local and distant
effects of CAR Tregs by immunohistology and multiplex
cytokine analysis. Human skin from vitiligo patients were
stained for GD3 expression on lesional, perilesional, and non-
lesional skin.
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Sample sizes for in vivo experiments were determined based
on statistical power calculations from previous studies and past
experience with the h3TA2 mouse model of vitiligo. For in vivo
studies, mice were randomly assigned to groups with regard to
sex, and investigators were blinded to the experimental
conditions and to the further analysis. All the experimental
samples and animals were included in the analysis, with no
exclusion of outliers. Sample sizes, replicates, and statistical
methods are indicated in the results and in the figure legends.

Tissue Procurement, Cell

Culture, and Reagents

Human perilesional skin tissue was obtained with informed
consent from vitiligo patients attending the Dermatology clinic
at Loyola University Medical Center in Maywood, IL
(Supplementary Table 1). Studies were approved by the
Institutional Review Board in adherence to principles described
in the Declaration of Helsinki. Naive mouse CD4" T cells and
CD4" FoxP3" Tregs were cultured in RPMI media supplemented
with 10% FBS, 1X non-essential amino acids (Corning), 50 U/ml
Penicillin-Streptomycin (Thermo Fisher Scientific), 1 mM
Sodium Pyruvate (Gibco Life Technologies), 10 mM HEPES
(Gibco Life Technologies), and 50 uM B-Mercaptoethanol
(Sigma Aldrich). Human melanocytes were cultured in Human
Melanocyte Growth Supplement-2 (Thermo Fisher Scientific)
added to Medium 254 (Thermo Fisher Scientific) with 10 mM
L-Glutamine (Thermo Fisher Scientific) and 1X antibiotic-
antimycotic (Thermo Fisher Scientific). Rabbit anti-GD3 CAR
sera and stable GD3 CAR virus producing cells were generated as
described (38). Stable GD3 CAR virus producing cells (VPCs)
were maintained in the above described T cell medium for
virus production.

Isolation of Naive CD4+ T Cells and
Polarization to CD4+FoxP3+ Tregs In Vitro
Naive mouse CD4" T cells were isolated from spleens of 8-10
week-old B6.Cg-Foxp3"™T™"/] (“FoxP3 eGFP”) reporter mice
(Jackson Laboratories) using EasySep Mouse naive CD4+ T
cell isolation kit (StemCell Technologies) following the
manufacturer’s protocol. These mice co-express enhanced
green fluorescent protein (eGFP), which is restricted to the T
cell lineage, primarily to the CD4" T cell population. Naive CD4"
T cells were polarized to CD4" FoxP3" using 30 ng/ml human
transforming growth factor beta (TGF-P) (eBioscience) in the
presence of DynabeadsTM Mouse T-Activator CD3/CD28
(Thermo Fisher Scientific) with a 1:1 bead to cell ratio and 300
international units/ml (IU/ml) of recombinant human
interleukin 2 (rhIL-2) (NIH, Bethesda, MD) for 5 days.
Human TGF- was used to polarize murine Tregs as mouse
and human TGF-B share 99% sequence homology with high
cross-species activity (39, 40). Human IL-2 was used as human
IL-2 efficiently stimulates mouse IL-2 receptor, whereas mouse
IL-2 does not elicit efficient binding to human IL-2 receptors
(41, 42).

Generation of GD3 CAR Transduced
Mouse Tregs

Twenty-four well non-tissue culture plates were coated with
10 pg/ml retronectin (Takara Bio USA Inc.). The MFG
retroviral vector-based second generation CAR construct (sFv-
CD28/TCRU) reactive to GD3 was generated as described (43).
Conditioned medium supernatant from Phoenix E retroviral
producer cells (43) consisting of GD3 CAR-encoding virus
(80% confluent) (43, 44) was transferred to retronectin coated
plates and centrifuged at 2,000xg. Supernatant was carefully
removed and activated CD4" FoxP3" Tregs were transferred to
the retronectin coated plates with additional viral supernatant,
5 pg/ml protamine sulfate (Sigma Aldrich) and 300 IU/mL
rhIL2. Plates were centrifuged at 1,000xg, before an incubation
with complete T cell culture medium and mouse T-Activator
CD3/CD28 beads and rhIL-2 as above. The transduction was
then repeated to increase the transduction efficiency. Transduced
Tregs were reactivated with CD3/CD28 beads, 30 ng/ml human
TGF-B and rhIL-2 for 2 days before flow analysis.

Flow Cytometry

Prior to surface staining, cells were incubated with mouse Fc Block
(BioLegend) and LIVE/DEAD Fixable Near Infrared Dead Cell
dye (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Surface staining of directly labeled antibodies
included BUV395-labeled anti-mouse CD3 clone 145-2C11 (BD
Biosciences), and BV421-labeled anti-mouse CD4 clone GK1.5
(BioLegend). The eGFP marker expressed under the FoxP3
promoter in Treg reporter mice, as well as BB700- labeled rat
anti-mouse CD25 clone PC61 (BD Biosciences) were used to
identify Tregs. Unlabeled anti-GD3 CAR rabbit sera detected by
anti-rabbit allophycocyanin (APC) (Invitrogen) antibodies were
used to evaluate CAR expression by transgenic Tregs. Stained cells
were analyzed using a BD FACSymphony flow cytometer and
FlowJo v10.3.0 software (FlowJo LLC, OR, USA).

In Vitro Co-Culture Experiments

HLA-A2" melanocytes were identified by immunofluorescent
staining using FITC-labeled BB7.2 to human HLA-A2 prior to in
vitro co-culture experiments. Human HLA-A2" neonatal foreskin
melanocytes (Mf0887, P6) and HLA-A2- abdominoplastic skin
melanocytes (Ms18001, P6) were plated with tyrosinase reactive
h3T effector T cells (Teffs) (29) and either untransduced or GD3
CAR-transduced suppressor Tregs at 10:1:1 effector to target to
suppressor ratio for 36 h. Teff : Tregs ratio was used to mimic the
natural occurrence of the T cell subsets as Tregs comprise 5-10% of
the total T cell population Co-cultures were seeded in triplicates and
incubated using IncuCy‘[e® Caspase-3/7 Red Apoptosis Assay
Reagent (Sartorius). Images were taken every 3 h, in triplicate,
using the IncuCyte live-cell analysis system (Sartorius).
Supernatants were saved for mouse IFN-y (R&D systems,
Minnesota, MN) and IL-10 ELISA assay (Mabtech AB,
Stockholm, Sweden) performed according to the manufacturer’s
protocols. Cytotoxicity was examined by quantifying live cells
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relative to control wells using Adobe Photoshop (Adobe Systems,
San Jose, CA).

Adoptive Treg Transfer

Transgenic h3TA2 recipient mice with T cells expressing a TCR
reactive to the human tyrosinase 368-376 (YMDTMSQV)
epitope (21) were maintained under protocols approved by
Northwestern University’s Institutional Animal Care and Use
Committee (IACUC) following guidelines for the care and use of
laboratory animals as outlined by the US National Research
Council. Mice were retro-orbitally administered 2x10°
untransduced Tregs/per animal (n = 11; 63, 5Q) or 2x10° GD3
CAR Tregs/per animal (n = 11; 63, 5%), or treated with vehicle
(HBSS) alone (n = 12; 63, 69) four times, every two weeks,
starting at 5 weeks of age. The number of adoptively transferred
Tregs was identified to enable a comparison to our earlier studies
(21), where the 2x10° polyclonal Tregs controlled
depigmentation in in the human Tyrosinase TCR Transgenic-
HLA-A2 (h3TA2) mouse model between 3-9 weeks old mice. All
groups received low dose of recombinant human IL-2 (3,000 IU)
3 times a week throughout the entire experiment to promote in
vivo stimulation of adoptively transferred Tregs (45, 46).
Animals were maintained for 15 weeks and humanely
euthanized. Experiments were initiated at 6 different time
points, including mice from different litters. Naive T cells were
polarized and transduced to generate CAR Treg for up to 4 mice/
group at a time. Depigmentation was monitored for each
experiment over time, with results pooled to further
substantiate the results. Skin biopsies, spleen, brain, ileum,
lymph nodes were maintained in optimal cutting temperature
(OCT), and serum was stored for cytokine analysis.

Depigmentation Analysis

From 5 weeks to 15 weeks of age, mice were scanned weekly on a
flatbed scanner (Hewlett-Packard, Palo Alto, CA) under
isoflurane anesthesia. Using Adobe Photoshop software (Adobe
Systems) ventral and dorsal luminosity was measured to
calculate depigmentation, as previously described (47).
Depigmentation was graphed over time, and statistical
significance was determined by the time-adjusted area under
the curve (AUC). Representing change in depigmentation from
treatment initiation was calculated using the trapezoidal rule. No
imputation was done for missing data, and the AUC for each
mouse was divided by the total number of weeks of available data
minus 1. The Wilcoxon Rank Sum (WRS) test was used to
compare the time-adjusted AUC among groups.

Immunohistology

Mouse and human skin samples were frozen using OCT
Compound (Sakura Finetek) on dry ice. Eight um cryosections
were cut (Leica). For FoxP3/CD3 staining, sections were
paraformaldehyde-fixed and permeabilized using True-Nuclear
Transcription factor buffer set (BioLegend). Sections were treated
with SuperBlock (ScyTek Laboratories, Logan, UT). PE-labeled

antibody 145-2C11 to mouse CD3e (Biolegend) and Alexa Fluor
488-labeled antibody MF-14 to mouse FoxP3 (BioLegend) were
used for double staining procedures, followed by 4',6-diamidino-
2-phenylindole (DAPI) (BD Biosciences) nuclear staining. For
other tissue stainings, mouse and human skin sections were fixed
in cold acetone. Mouse skin sections were blocked with
SuperBlock and then incubated with either antibody H-90 to
TRP-1 (Santa Cruz Biotechnology, Dallas, TX) followed by Alexa
Fluor 555 labelled donkey anti-rabbit antibody (abcam), or PE-
labeled MB3.6 to GD3 (Santa Cruz Biotechnology), or PE-labeled
antibody YGITR 765 to Glucocorticoid-Induced TNF Receptor
(GITR) (Biolegend), or AF488-labeled antibody B56 to Ki67
(BD Biosciences), all followed by DAPI nuclear staining. Human
skin sections were blocked with 10% normal human serum
(Gemini Bio Products, West Sacramento, CA) and then
incubated with Ta99 to TRP-1 (BioLegend) or R24 to GD3
(Abcam, Cambridge, UK). Both were detected by an HRP-
conjugated goat anti-mouse IgG antibody (Agilent Dako, Santa
Clara, CA). These stainings were developed using AEC substrate
(Abcam) and nuclei were subsequently detected by incubation in
Mayer’s hematoxylin (Sigma-Aldrich) and blued in Scott’s tap
water (Sigma-Aldrich). Slides were imaged on a Revolve
microscope (Echo Laboratories). Cells were quantified using
Adobe Photoshop software.

Cytokine Analysis

Included in cytokine analysis were supernatants from in vitro
suppression assays (IncuCyte experiments), collected 36 h post-
co-culture, and serum samples from HBSS vehicle (n = 11),
untransduced (n = 10), and GD3 CAR Tregs (n = 9) treated
mouse groups. Detection of murine Interferon gamma (IFN-y),
tumor necrosis factor (TNF-a), IL-4, and IL-10 was performed
by using a custom made V-Plex panel for these mouse cytokines
(Meso Scale Diagnostics, LLC) according to manufacturer’s
instructions. Data were acquired on MESO Quickplex SQ120
(Meso Scale Diagnostics, LLC) and analyzed using Prism version
8.3.0 (GraphPad Software).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0
software (GraphPad) and R-software. Data are presented as bars
and dot plots with mean values + standard deviation. The data
were evaluated by one-way analysis of variance (ANOVA) analysis
of variance accounting for different variances across the treatment
groups, with post-hoc Tukey-Kramer comparisons. To determine
statistical significance for immunosuppression in vitro, two-way
ANOVAs were used with aligned rank transformation followed by
multiple pairwise comparison testing using Tukey approach. For
depigmentation, the time-adjusted AUC, representing change in
depigmentation from treatment initiation, was calculated using
the trapezoidal rule. No imputation was done for missing data,
and the AUC for each mouse was divided by the total number of
weeks of available data minus 1. The WRS test was used to
compare the time-adjusted AUC among groups. Statistical
significance is represented as *p < 0.05, ** p < 0.01, ** p <
0.001, or *** p < 0.0001.
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RESULTS

GD3 Is Expressed by Perilesional Epithelial
Cells Including Melanocytes

Overexpression of O-acetylated GD3 has been reported for
actively depigmenting vitiligo skin (31, 38). This prompted us to
evaluate GD3 expression itself in skin biopsies from perilesional
biopsies taken from actively depigmenting skin. Marked
expression of GD3 was observed in human vitiligo perilesional
epidermis (Figure 1A), while melanocytes are absent from the
border biopsy section shown (Figure 1B). Vacuolization in Figure
1A and 1B is frequently observed in vitiligo skin, and has been
proposed as an indication of vitiligo by others (48, 49). Epidermal
GD3 expression was not observed in healthy control skin (Figure
1C) whereas melanocytes are readily detectable in this tissue
(Figure 1D). Similarly, GD3 expression was found in
depigmenting h3TA2 mouse skin (Figure 1E).

High Viral Transduction of Tregs Was
Achieved With GD3-Encoded

CAR Construct

To generate therapeutic Tregs that will engage in suppressive
activity where needed, we generated FoxP3'CD4" T cells and
transduced them to express a GD3-reactive CAR. In a
representative example, approximately 1.5x10° naive CD4" T
cells were isolated from 3x10° splenocytes, maintained in
presence of TGF-f, and successfully polarized and amplified to
approximately 1.6x10” Tregs per donor mouse. TGE-B-polarized
naive CD4" T cells were retrovirally transduced and GD3 CAR

expression was evaluated by flow cytometry. The gating strategy is
shown in Figure 2A, where 86.6% of total CD4" T cells were
successfully transduced with the GD3 CAR construct (Figure 2B).
After further expansion, 64 + 3.5% transduced cells were FoxP3"
Tregs. From an initial pre-expansion and transduction pool of
4x10° FoxP3" Tregs, 2.1x10” GD3 CAR-expressing, FoxP3* Tregs
were generated. The majority of resulting CAR transduced Tregs
are expected to function as immunosuppressive T cells, and exert a
local, immunosuppressive function. We next measured GD3 CAR
Treg function in vitro.

Antigen Specificity Increases
Immunosuppressive Cytokine Production
Production of representative cytokines IFN-y, TNF-a, IL-4, and
IL-10, relevant to immune activation or immunosuppression,
was measured in co-cultures of GD3 CAR Tregs or untransduced
Tregs with tyrosinase-reactive Teffs and their HLA-matched
targets (1:10:1), measuring concentrations 42 h after cells were
combined in culture in presence of IL-2 (Figure 3). Human
melanocytes can be recognized by these Tefts (29). No significant
differences in IFN-y production were found in combinations that
do or do not contain Tregs, suggesting that the latter had little
influence on the production of this cytokine at this Treg to Teft
ratio (Figure 3A). Significantly more TNF-o. (Figure 3B, p =
0.0005), IL-4 (Figure 3C, p = 0.03), and IL-10 (Figure 3D, p =
0.0005) was produced in combinations with CAR Tregs, though
overall IL-4 production remained consistently low. Importantly,
increased IL-10 regulatory cytokine production was observed
only in presence of cytotoxic T cells and HLA-matched human

GD3/Nuclei (Hematoxylin)

Vitiligo human skin

Healthy human skin

E GD3/Nuclei (DAPI)

Depigmenting mouse skin

FIGURE 1 | Ganglioside D3 is expressed in depigmenting skin of human and mouse origin. (A) Expression of GD3 and (B) a lack of melanocytes, as represented by
an absence of TRP-1+ staining, were found in human depigmenting epidermis from perilesional patient skin. Whereas (C) limited GD3 expression and (D) abundant
TRP-1 expression are shown in healthy control skin. (E) In depigmenting mouse skin, GD3 expressing cells were observed around hair follicles and in proximity to
the epidermis. Representative staining of GD3 expressing cells is shown in red with nuclei in blue, around autofluorescent mouse hairs (Scale bar = 50um).
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Gating strategy

GD3 CAR and FoxP3 expression on total CD4+ T cells
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FIGURE 2 | High transduction efficiencies are observed for Tregs expressing the GD3 CAR. CD4*FoxP3* cells, polarized from naive CD4" T cells, were transduced
using a GD3 CAR-encoding construct. (A) The gating strategy consists of a time gate followed by sequentially gating on lymphocytes, single cells, and live cells.
(B) Eighty-six percent of total CD4* T cells were successfully transduced to express the GD3 CAR construct and 67% of that population express FoxP3*.
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FIGURE 3 | GD3 CAR Tregs generate immunosuppressive cytokines in presence of activated T cells. Cytokines were measured in supernatants from cocultures of
melanocyte targets and HLA-A2-restricted Teffs, in presence and absence of untransduced or CAR-transduced Tregs. Cytokine concentrations for each coculture,
measured in triplicate cocultures, are shown for (A) IFN-y, (B) TNF-a., (C) IL-4, and (D) IL-10. Statistical analysis was performed by a one-way ANOVA test followed
by Tukey’s post-hoc test for multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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melanocytes. Taken together, the cytokine environment suggests
a greater immunosuppressive ability in presence of antigen
specific Tregs, stimulated by activated effector T cells. To
measure whether this cytokine environment might translate to
greater protection of melanocyte target cells from cell death in
vitro, we next measured sustained target cell viability in these
cocultures of melanocytes, Teff and Tregs.

Antigen Specificity Increases the
Immunosuppressive Activity of

Tregs In Vitro

Tregs suppress conventional T cells via cytokines, by cell-to-cell
contact or through bystander effects (50). To measure the resulting
suppressive activity, we evaluated sustained melanocyte viability in
co-cultures of targets, Teffs, and Tregs in vitro for 36 h. Figure 4A
shows the viability of targeted HLA-A2" human melanocytes in
different combinations of targets, Teffs and Tregs 1:10:1. The
number of viable targets increased slightly over time in absence
of Teff cells. In comparison, 82.2% cytotoxicity (p < 0.0001) was
observed in presence of effector T cells after 36 h. Untransduced
Tregs offered 35.8% (p = 0.02) protection from cytotoxicity over
time. A two-way ANOVA was performed with aligned rank
transformation using R-software, and pairwise post-hoc multiple
comparison testing according to Tukey to determine that in
presence of CAR Tregs, cytotoxicity towards melanocytes was
62.0% prevented (p = 0.0004). Images representing each
combination of cells including targets alone (Figure 4B), targets
and Teff (Figure 4C), and the latter combination in presence of

untransduced Tregs (Figure 4D) or CAR Tregs (Figure 4E) at
different time points likewise reveal most inhibition of cytotoxicity
in a combination that includes GD3 CAR Tregs. Thus, both
untransduced Tregs and GD3 CAR Tregs offered significant
protection of melanocyte viability. Importantly, the protection
offered by GD3 CAR Tregs was significantly greater compared to
untransduced Tregs (p = 0.04), demonstrating the added benefit of
antigen specificity to enhance immunosuppression. Thus, we next
explored the therapeutic effects of CAR Tregs in vivo.

Antigen-Specific Tregs Enhance
Immunosuppression in h3TA2 Mice

To evaluate the suppressive activity of CAR Treg in a model of
progressive depigmentation, we measured depigmentation in
spontaneously depigmenting h3TA2 mice starting from 5 weeks
of age. Depigmentation starts shortly after birth and the animals
display half-maximum depigmentation within 23 weeks (51).
Mice received adoptively transferred untransduced Tregs,
transduced GD3 CAR Tregs or vehicle once every two weeks for
11 weeks as outlined in Figure 5A. Representative dorsal and
ventral images of animals transfused with untransduced Tregs,
GD3 CAR Tregs, or vehicle are shown in Figure 5B. The
Wilcoxon rank sum (WRS) test was used to compare the time-
adjusted area under the curve (AUC) among groups. Outcomes
for both vehicle and untransduced Treg control groups did not
differ (dorsal p = 0.97, ventral p = 0.88). Therefore, the vehicle and
untransduced Treg groups were merged, and compared to the
GD3 CAR Treg-treated group. In a one-sided t-approximation for
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FIGURE 5 | GD3 CAR Tregs provide significant protection from depigmentation in vitiligo-prone mice. (A) Experimental outline initiated at 6 different time points
showing vitiligo prone, h3TA2, mice treated with vehicle alone (n = 12), or by adoptive transfer of untransduced Tregs (n = 11) or GD3 CAR Tregs (n = 11). Adoptive
transfer started at 5 weeks of age and continued biweekly until 11 weeks of age. Depigmentation was measured weekly from 5-15 weeks of age. (B) Representative
dorsal and ventral scans of mice from the HBSS vehicle, untransduced Treg, and GD3 CAR Treg treated groups at 15 weeks of age. (C) Depigmentation quantified
on dorsal and (D) ventral sides throughout the experiment. The Wilcoxon rank sum (WRS) test was used to compare the time-adjusted AUC among groups. Arrows:
treatment times. *p < 0.05; “p < 0.01.

the WRS test, the AUC for dorsal depigmentation dropped by  Tregs might be due to local activation of suppressive activity by
73.0% (p = 0.028) for CAR Treg treated mice (n = 11) for the 15- GD3 expression and the presence of activated Teff on site. To
week observation period. Ventral depigmentation occurs more  assess this, changes in serum cytokine content for IFN-y, TNF-o,
rapidly and was evaluated separately. Here, depigmentation was ~ IL-4, and IL-10 were measured in serum samples from mice
significantly delayed among the CAR Treg treated group (n=11)  treated with vehicle alone (n = 11), untransduced Tregs (n =
over the follow-up period (Figure 5C) resulting in a 60.5% 10), or GD3 CAR Tregs (n = 9). Resulting cytokine levels were
reduction in the AUC (p = 0.006) among CAR Treg treated = remarkably consistent among the groups at end point
mice (Figure 5D). Individual dorsal and ventral depigmentation  (Supplementary Figure 2). The results support the concept that
values for each mouse are shown in the supplementary data file  Tregs, including CAR Tregs, may be preferentially activated on site
(Supplementary Figure 1). The enhanced disease controlby CAR  in areas of immune activity. Adverse events were not observed
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throughout the experiment, and no abnormalities were found
during internal organ examination at euthanasia for mice from
any groups. We next probed whether reduced depigmentation was
accompanied by a sustained presence of melanocytes and changes
in T cell populations.

Melanocytes Are Protected in the
Presence of GD3 Reactive CAR Tregs
Mouse dorsal skin biopsies were evaluated for melanocyte
abundance using antibodies to TRP-1, as shown in Figure 6.
Melanocytes were quantified as shown in Figure 6A, where skin
samples from vehicle treated mice (n = 3 per group) showed
complete loss of melanocytes. Skin from untransduced Treg
treated mice (n = 3 per group) displayed only a few remaining
melanocytes, and a one-way ANOVA was performed followed
by Tukey’s post-hoc test to demonstrate that whereas skin from
CAR Treg treated mice contained a significantly greater number
of melanocytes compared to mice treated with untransduced
Tregs (p = 0.025), and to vehicle treated controls (p = 0.006).
Representative images of TRP-1 staining for vehicle-treated,
untransduced Treg-treated, and CAR Treg-treated mice are
shown in Figures 6B-D, and overlaid with DAPI nuclear
staining in Figures 6E-G, respectively. Similar results were
found when examining GD3 expression. Quantification of
GD3 expressing cells revealed that mice transfused with CAR-
Tregs maintained significantly more GD3 expressing cells than
the vehicle HBSS-treated mice (p = 0.003) or mice transfused
with untransduced Treg (p = 0.003) (Supplementary Figure 3).
This observation supports the concept that GD3 expressing cells

Activated
T=-cells

vitiligo perilesional skin.

did not experience the cytotoxicity observed in vehicle-treated or
untransduced Treg treated mice. This confirmatory melanocyte
quantification mainly corresponds with in vivo data shown in
Figure 6, demonstrating the improved suppressive ability of
CAR Tregs. To explain the differences in pigmentation and
melanocyte maintenance, we next compared these data to Treg
infiltration in each treatment group.

CAR Tregs Gravitate Towards GD3
Expressing Cells in the Skin

To understand whether Treg activity is correlated to the
abundance of immunosuppressive T cells on site, mouse skin
tissues were evaluated for T cell infiltration using antibodies to
CD3e and FoxP3. Examples of skin from the vehicle control group,
and samples from the mice treated with untransduced or CAR
Treg-treated mice are also shown in Figure 6. Tregs were identified
as CD3e" FoxP3" cells for the same groups in Figures 6H-J,
respectively, overlaid with DAPI nuclear staining in Figures 6K-
M. CD3¢" cell and CD3e"/FoxP3" Treg abundance was quantified
as the mean + SD (at n = 3 per group) for each treatment group. In
a one-way ANOV A followed by Tukey’s post-hoc test, the average
number of infiltrating CD3e" T cells at end point was 2.3-fold
greater (p = 0.02) in the control groups as compared to the CAR
Treg treated group (Figure 6N). No (remaining) CD3"FoxP3"
Tregs were detected in either control group, whereas some CD3e"*
FoxP3" Tregs were still detectable in skin tissue from CAR Treg
treated mice 10 weeks after adoptive transfer (Figure 60).
Evaluating Treg numbers by GITR-expression, an increase in
Treg numbers at end point was again observed in skin from

CAR

Transduced Tregs

)

FIGURE 7 | Schematic presentation of adoptive transfer of CAR Tregs in vitiigo. Autoimmune melanocyte destruction is mediated by cytotoxic T cells, which are
activated via self-antigens secreted by stressed melanocytes. Elevated IL-17 promotes an inflammatory environment in the skin. Infused GD3-specific CAR Tregs will
infiltrate the skin and respond to GD3 expressed at the site of autoimmune activity, suppressing cytotoxic T cells on site and providing local immune tolerance in
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CAR Treg treated mice compared to those treated with
untransduced Tregs (p = 0.0059) or vehicle alone (p = 0.0089),
yet there was no difference in abundance of proliferating
GITR'Ki67" cells among groups. This suggest that differences in
Treg abundance may instead be defined by increased influx or
decreased efflux of Tregs from the skin in CAR Treg treated mice
(Supplementary Figure 4). Nevertheless, the increased abundance
of Tregs in CAR Treg treated mice at end point may explain the
improved suppressive activity by CAR Tregs and suggests that
maintenance of a Treg presence on site is supported by local
antigen recognition (Figure 7). In summary, the data show that
antigen specificity prolonged the suppressive activity of adoptively
transferred Tregs.

DISCUSSION

Here we describe the therapeutic potential of engineered GD3 CAR
Tregs to provide antigen-specific immune tolerance for autoimmune
vitiligo. In contrast to conventional immunosuppressive drugs,
biologics, alkylating agents, and antimetabolites, Tregs can
provide greater specificity with complex therapeutic benefits,
and restore immune tolerance in various autoimmune diseases
(20). Preclinical studies have provided promising results when
using polyclonal CD4"CD25"FoxP3" Tregs to enforce immune
tolerance in various mouse models, including vitiligo (21). A
robust human Treg isolation protocol was established to sort
Tregs with >90% purity, and an ex vivo expansion protocol was
developed to acquire upwards of 3x10° Tregs from a single
donor, similar to the protocol used here (52). Overall, this and
other phase I clinical studies provided answers to the isolation,
and expansion that surrounded Treg immunotherapy (53-56).
Yet the efficacy of polyclonal Treg transfer is not self-evident
to date.

In vitiligo, some studies reported no significant differences in
circulating Treg numbers (18, 57), whereas others report a
difference in Treg abundance between vitiligo patient and
healthy blood (15, 58). Whereas circulating Treg numbers may
vary, more consistency is found among reports of a local
deficiency of Tregs in patient skin, which might be a cause for
uncontrolled peripheral immune responses and progressive
depigmentation in vitiligo (12, 18, 57).

Adoptive transfer of islet-specific Tregs outperformed
polyclonal Tregs for blocking type 1 diabetes progression
compared to polyclonal Tregs (20, 59, 60). Unfortunately,
diabetes is generally detected in patients when pancreas
destruction is near complete, and other conditions may be
more amenable to Treg based treatment in a clinical setting.
Preclinical studies likewise suggest a superior efficacy of antigen-
specific Tregs in transplantation procedures (61-64).

In the h3TA2 mouse model of vitiligo, new Teff are
continuously attacking melanocytes, thus reflecting continuously
active disease. In these mice, Tregs might be effective for the
duration of treatment whereas depigmentation will return when
adoptive transfer is halted. Indeed, adoptive Treg treatment is
expected to be most efficacious during active disease. In human

patients however, progressive disease periods are interspersed with
periods of inactivity, providing melanocyte stem cells with an
opportunity to differentiate and repopulate the depigmented
lesions. Repigmentation can occur in patients treated with JAK
inhibitors to suppress Teff activity, though supportive treatment
by UV light may be required (65). For intermittent treatment of
vitiligo, it will be beneficial to store autologous GD3 CAR Tregs for
later use (66).

By virtue of their antigen specificity, these Tregs might
provide better safety profiles and decrease the risk of
generalized immunosuppression. This is supported by
increased IL-10 secretion found where Tregs function in
presence of activated Teff, as shown here. When comparing
Tregs expressing first and second generation CARs, cells
expressing a second-generation CAR with a 28 costimulatory
domain the greatest amount of IL-10 (67). The CAR Treg
construct used to transduce the Tregs included in our paper
similarly showed significant IL-10 production upon activation
through the CAR, which might explain the improved suppressive
activity of these GD3 CAR Tregs compared to untransduced
Tregs in vitro. Indeed, TCR and CAR transduction may also
produce more potent and stable Tregs for in vivo, clinical use in
vitiligo, and this condition holds an important advantage for
investigating the superiority of antigen-specific Tregs by offering
several target antigens associated with the condition (68). TNF-o
was significantly elevated both in culture and in serum of
experimental mice. Nevertheless, genetic ablation of TNF-o
was not correlated with the development of vitiligo, and no
difference in depigmentation was found when compared to wild
type h3TA2 mice (21). In vitiligo, TNF-o plays a role in the
development cytotoxic T cells (CTLs) and enhances expression
of IFN-y, which are implicated in imitation of vitiligo
development (21, 69, 70). Recent studies reports that TNF-o
might promote anti-inflammatory conditions via activation and
induction of Treg proliferation in vivo (71-73). Thus, TNF-o. can
potentially be both destructive and protective in vitiligo, by
promoting CTLs and stimulating Tregs, respectively. While
TNEF-o. depletion halted the disease progression and promoted
repigmentation in vitiligo, 18 of 5,928 patients developed vitiligo
de novo when TNF-a inhibitors were administered for other
autoimmune disorders. This leaves anti-TNF-o treatment option
for vitiligo until side effects are fully averted (74).

We thus asked whether antigen-specific T regs might provide
additional benefit for the treatment of the autoimmune disease
vitiligo. This condition holds a complex etiology (2), with
melanocyte loss as a common denominator and immune
mechanisms held universally responsible for the spread of
disease. TCR- and CAR-based Tregs possess different
mechanistic and functional properties. Low-antigen expression
levels are sufficient for TCR-based Tregs to become activated,
whereas CAR-based Tregs require high density of antigens (75,
76) suggesting that TCRs or CARs could be selected based on
antigen expression by target tissue. We performed repeat Treg
injections, because the mice in our model exhibit chronically
active disease and we do not yet know how long transgenic Tregs
remain active on site. The long-term fate of adoptively
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transferred Treg has yet to be established to better understand
the need for repeated applications. Importantly, CARs are not
subjected to HLA restriction and hold a higher affinity for their
targets moieties (77). Thus, a CAR construct can find a universal
application for patients with progressive disease.

We identified a potential target for antigen-specific Tregs in
vitiligo. Our GD3 CAR Tregs protect melanocytes from T cell-
mediated destruction in a mouse model of vitiligo, expressing a
human TCR and matched human MHC, and capable of
responding to human target cells. Importantly, the antigen of
choice does not need to be expressed by target cells spared in the
response themselves (78).

Though no side effects were apparent in our current studies
during internal organ examination, some safety concerns remain,
including the possible development of cytokine release syndrome
(CRS) or neurotoxicity if transduced cells ultimately develop an
effector profile (79). CRS is however more likely to develop when
targeting liquid tumors than in solid tissues (80). To counter any
potential side effects and promote safety, a construct that
includes a caspase-based suicide gene can be incorporated in
order to inactivate the GD3 CAR Tregs if necessary (81, 82).

A limitation to intravenous injection of antigen specific Tregs
might be that these much-needed immunosuppressive cells
display a paucity at the desired site (60). Should systemically
applied Tregs not respond as required, local injection might be
needed, or the CCR4 Treg homing receptor ligand CCL22, can be
introduced where Tregs are needed to attract systemically
applied Tregs (17). This leaves autoimmune diseases of the
skin especially suited for adoptive treatment by antigen-specific
Tregs when relevant antigens can be identified. In fact, GD3
might support keratinocyte proliferation while O-acetylated
GD3 was overexpressed in psoriatic skin (83, 84). These
findings suggest that GD3 CAR Tregs might temper lesions in
the latter condition as well.

To date, only alloantigen-reactive Tregs are currently being
tested to prevent rejection after organ transplantation in clinical
trials (60). Here we prepared and expanded GD3 reactive CAR
Tregs in amounts suited for adoptive cell transfer therapy in mice.
The same can be pursued in patients, cryopreserving the therapeutic
Tregs for future use (85-88). One of the challenges of adoptive
transfer is the cost and scalability of the technique. This has
prompted the concept of developing off-the-shelf “Universal CAR
Tregs” readily adaptable for all patients. Versatility is provided by
modules that bind both the universal CAR and the target cell (89).
In summary, the data provided here support the use of antigen-
specific CAR Tregs as an adoptive cell therapy for vitiligo, to control
depigmentation and support immune tolerance in vitiligo.

Treg infusion has thus far been well tolerated in patients. The
results from currently ongoing clinical trials can bring important
insights regarding the optimal Treg dose, expected efficacy and
any concern that may arise about possible side effects, and the
treatment strategy can be further adjusted to support continued
maintenance and memory formation (90), improved homing
(91), and safety measures to eliminate adoptively transferred cells
(92) as needed. The efficacy and specificity of Treg therapy for
conditions other than vitiligo can be enhanced where antigens

can be identified to serve as targets for engineered, antigen-
specific Tregs. In vivo tracking will allow research groups to
better understand the maintenance and memory-forming
potential of antigen-specific Tregs. In conclusion, Treg-based
therapy holds potential as a future therapy for vitiligo and for
other autoimmune skin diseases.
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Case Series: Gene Expression
Analysis in Canine Vogt-Koyanagi-
Harada/Uveodermatologic Syndrome
and Vitiligo Reveals Conserved
Immunopathogenesis Pathways
Between Dog and Human
Autoimmune Pigmentary Disorders

Ista A. Egbeto 2, Colton J. Garelli’, Cesar Piedra-Mora®, Neil B. Wong,
Clement N. David?, Nicholas A. Robinson®" and Jillian M. Richmond "™

! Department of Dermatology, UMass Medical School, Worcester, MA, United States, 2 Tufts University School of Medicine,
Boston, MA, United States, 3 Pathology Department, Tufts Cummings School of Veeterinary Mediicine, Grafton, MA, United States,
4 Nanostring Technologies, Seattle, WA, United States

Vogt-Koyanagi-Harada syndrome (VKH) and vitiligo are autoimmune diseases that target
melanocytes. VKH affects several organs such as the skin, hair follicle, eyes, ears, and
meninges, whereas vitiligo is often limited to the skin and mucosa. Many studies have
identified immune genes, pathways and cells that drive the pathogeneses of VKH and
vitiligo, including interleukins, chemokines, cytotoxic T-cells, and other leukocytes. Here,
we present case studies of 2 canines with VKH and 1 with vitiligo, which occurred
spontaneously in client-owned companion dogs. We performed comparative
transcriptomics and immunohistochemistry studies on lesional skin biopsies from these
cases in order to determine if the immunopathogenesis of autoimmune responses against
melanocytes are conserved. In dogs, we found enrichment of T cell gene signatures, with
upregulation of IFNG, TNF, PRF1, IL15, CTSW, CXCL10, and CCL5 in both VKH and
vitiligo in dogs compared to healthy controls. Similar findings were reported in humans,
suggesting that these genes play a role in the pathogenesis of spontaneous VKH and
vitiigo. T cell-associated genes, including FOXP3 and TBX21, were enriched, while
IGFBP5, FOXO1, and PECAM1 were decreased compared to healthy controls. Further,
we identified TGFB3, SFRP2, and CXCL7 as additional potential drivers of autoimmune
pigmentary disorders. Future studies exploring the immunopathogenesis of spontaneous
autoimmunity will expand our understanding of these disorders, and will be useful in
developing targeted therapies, repurposing drugs for veterinary and human medicine, and
predicting disease prognosis and treatment response.

Keywords: vitiligo, Vogt-Koyanagi-Harada disease, immunopathogenesis, transcriptomics, comparative
immunology, canine (dog)
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Transcriptomics of Canine VKH/Vitiligo

INTRODUCTION

Autoimmune pigmentary disorders include vitiligo and Vogt-
Koyanagi-Harada (VKH) syndrome, which are caused by the
destruction of melanocytes (1, 2). These diseases are mediated by
T-cells that target melanocyte self-antigens, including tyrosinase,
tyrosinase-related proteins 1 & 2 (TRP1/2), gp100/Pmel-17, and
melan-a/MART-1 (3-9). Vitiligo is characterized by loss of
melanocytes in the skin and mucosa (1). VKH is more extensive
and includes the skin, mucosa, eyes, ears, and meninges, resulting in
chronic uveitis, alopecia, vitiligo, poliosis, and irritation of the
meninges (10). The current hypothesis in the field is that VKH
represents an exacerbated reaction by melanocytes and their
precursors as compared to vitiligo.

VKH is usually manifested during the third decade of life and
is present in all ethnic groups across the world. The prevalence is
higher in groups with darker skin tones and in Asians (11). VKH
syndrome is thought to be associated with HLA-DRB1*0405
(12), and polymorphisms in immune genes (13). Patients often
present with bilateral uveitis that is often preceded by a mild
prodromal illness, along with auditory and neurological
symptoms. Isolated ocular involvement in the initial phases of
the disease is also common. The choroid is the primary site of
inflammation, with the iris and ciliary body also affected. VKH
syndrome is classified into three different categories:

1. Complete VKH- vitiligo is associated with complete VKH.
Manifestations of complete VKH includes diffuse choroiditis
affecting the eyes bilaterally and causing retinal detachments.
Other signs include tinnitus, alopecia, neck stiffness, poliosis,
and vitiligo.

2. Incomplete VKH- these patients present with similar ocular
symptoms as patients with complete VKH, but they do not
have both neurological and skin symptoms.

3. Probable VKH- these patients have similar ocular symptoms
as patients with VKH, and they tend to have neurologic and
auditory manifestations or dermatologic signs, but not both
(10).

Several cytokines and chemokines contribute to the development
of vitiligo and VKH, including type 1 responses (IFNy, CXCL9/10/11,
IL-12, TNF) type 17 responses (IL-17, CCL20, IL-23) and IL-2, which
supports T cell growth and survival (13-19). Some studies have
demonstrated that patients with VKH that have vitiligo have a
predominance of CD4+ T-cell lymphocytes and an imbalanced
ratio of CD4+/CD8+ T-cells (10), though others have
demonstrated a CD8+ cytotoxic T cell preponderance (15). These
CD8+ T cells react to melanocyte antigens and exhibit markers of skin
resident memory T cells (20, 21).

Vitiligo and VKH in canines share similar clinical characteristics
with human vitiligo and VKH [reviewed in (22)]. Dogs that have
VKH present similarly to humans with incomplete VKH, exhibiting
panuveitis and bilateral retinal detachment. Here, we analyzed
lesional skin tissue from two dogs with VKH and one dog with
vitiligo who presented to community veterinary clinics and were
biopsied for diagnostic purposes. We performed transcriptomic
and immunohistochemistry analysis on lesional skin tissue to

examine features of immunopathogenesis of pigmentary
disorders that are conserved during spontaneous disease in dogs
versus humans. Our findings support the IFNy-CXCR3 axis as a
prominent feature in canine autoimmune pigmentary disorders.
We also identified TGFB3, SFRP2 and CXCL?7 as other potential
drivers of immunopathogenesis.

CASE PRESENTATIONS

Case 1

A 2.5-year-old male Bernese Mountain dog that presented with a 6-
month history of loss of pigmentation on his nose with periocular
erythema, seborrhea, and crusts around eyes, on the nose, back, and
tail. These symptoms were resolved with three months of steroid
therapy. Two punch biopsies were performed, and histopathology
revealed a lichenoid inflammation that multifocally obscured
the dermo-epidermal junction (interface inflammation). The
inflammation is predominantly composed of macrophages and
fewer lymphocytes and plasma cells. There was significant
pigmentary incontinence in the areas of inflammation with
macrophages containing fine, dust-like, granular melanin pigment.
The epidermis was moderately hyperplastic and hyperkeratotic. All
the above findings were consistent with VKH-like syndrome.

Case 2

A 4-year-old neutered male Siberian Husky dog that presented
with a 2-month history of changes of pigmentation and pruritus
of the nasal planum, muzzle, periocular skin, and oral mucous
membranes. The dog developed blepharospasm, iridal color
change, and pupillary miosis in the left eye. A punch biopsy in
this dog revealed similar histopathological findings as in case 1
that were all consistent with VKH-like syndrome.

Case 3

A 1.5-year-old, neutered male Rottweiler-Labrador mixed dog
presented with 1-month history of pigment changes of the nose
and haircoat. On physical examination the dog had bilaterally
symmetrical areas of leukotrichia interspersed with pigmented
(black) hair and no evidence of erythema, alopecia, or crusting.
Histopathology patchy and sharply demarcated loss of melanocytes
in the epidermis and follicular epithelium. Multifocally, the
epidermis and follicular epithelium, particularly in samples from
the planum nasale, there is a mild, perivascular lymphocytic
infiltrate with frequent migration of lymphocytes into the
epidermis. Some hair shafts contained minimal pigment. In light
of the clinical and histopathological findings, a diagnosis of vitiligo
was made.

RESULTS

Gene Expression Analysis From

Case Series Reveals Both New and
Previously Identified Genes Relevant

to Anti-Melanocyte Autoimmunity

RNA was extracted from two VKH cases, one vitiligo case, and
five healthy control leg margins and was analyzed with a custom
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Nanostring probeset (H&E from cases presented in Figure 1A).
Agglomerative clustering of the entire 160 codeset revealed that
the three pigmentary disorder cases grouped together apart from
healthy controls (Figure S1). To understand the biology of VKH
and vitiligo in dogs, we performed more detailed analyses on
subsets of genes based on known cellular functions. First, we
examined genes related to skin and hair biology, as well as
neuroendocrine function in the skin (see Figure S2 for complete
gene set analyses). Tyrosinase (TYR) transcript was expressed in
the healthy controls and the vitiligo case, while the mean trended
lower in the VKH cases but showed no statistical difference from
controls (Figure 1B).IGFBP5, which is known to mediate fibrosis
(23), and FOXOI, which is associated with adipogenesis (24), were
significantly downregulated in lesional skin (Figure 1B). These
genes have not previously been associated with vitiligo or VKH, thus
their functions in disease warrant further investigation. TGFB3, a
growth factor and immune modulator, was significantly
upregulated in both VKH and vitiligo (Figure 1B). Profilaggrin
(gene name FLG), a protein hormone that promotes hair growth,
and SFRP2, a soluble regulator of WNT signaling, were significantly
upregulated in VKH but not vitiligo (Figure 1B). WNT signaling
has previously been reported to be disrupted in lesional vitiligo skin
(25), though its role in VKH is still unclear. Other skin-relevant
transcripts including involucrin (IVL), LORICRIN, EDA, EDAR,
KIT, WIF1, DNMT1, RXRG, VDR, TGFB1/2, and DCT showed
no statistical differences from controls (Figure S2). The
neuroendocrine gene CYP1B1 was significantly downregulated in

cases versus controls, though this contrasts with a previous report
describing upregulation in vitiligo blood samples (Dey-Rao and
Sinha 2017). KRT10, a marker of basal keratinocytes, was
significantly higher and PECAM1, a marker of endothelial cells,
was significantly lower in cases versus healthy controls, which may
reflect the site of biopsy (e.g. healthy leg margin versus nose for
cases; Figure S2).

Next, we used Nanostring Advanced Analysis software to
quantify cell types across our samples. We found that, similar to
humans (5, 26), T-cells are the predominant immune cells found
in VKH and vitiligo compared to healthy controls (Figures 2A, B).
We examined the T-cell-associated transcription factors FOXP3
and TBX21 (Tbet), which are the master regulators in Tregs and
Th1/Tcl cells respectively, and found they were induced in VKH
and vitiligo compared to controls (Figure 2C). Th1 cells, cytotoxic
cells, exhausted CD8 T-cells and NK cells gene expression
signatures were increased in VKH and vitiligo compared to
healthy controls (Figure 2D). Neutrophil and B cell signatures
were also increased in lesional skin, whereas macrophage and
dendritic cells (DC) scores were equivalent across all 3 conditions.
However, there was an increase in CD103+ dermal DC scores,
which are known to cross-present antigens during antiviral and
anti-tumor immune responses (27, 28). The full analysis of the
canine immune cell panel genes is presented in Figure S3.

We next analyzed cytokines and chemokines. We found
statistically significant induction of IFNG, ISG15, TNF, IL12,
PRF1, and IL15 cytokine expression in dogs with VKH compared
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FIGURE 1 | Examination of histopathology, skin, and hair gene expression patterns in VKH and vitiligo in dogs reveals marked infiltration with changes in specific
genes. (A) Histopathologic examination of skin tissue samples. Hematoxylin and eosin (H&E) staining, magnifications 10x and 40x (scale bar = 300 microns 10x,
scale bar = 60 microns 40x). There is marked inflammation at the dermo-epidermal junction (interface dermatitis) in VKH (cases 1 and 2) and epidermal hyperplasia in
vitiligo (case 3), with pigment incontinence noted in all cases. (B) Relative mMRNA expression of skin and hair-related gene transcripts in the cases compared to 5
healthy controls (leg margins). TGFB3, FLG, and SFRP2 were significantly increased, and TYR, IGFBP5, and FOXO1 were decreased; n = 2 VKH, 1 vitiligo, and 5
healthy controls; p values from two-tailed t tests healthy vs VKH: TYR p = 0.4466, IGFBP5 p = 0.0194, FOXO1 p = 0.0281, TGFB3 p = 0.0119, FLG p = 0.0009,
SFRP2 p = 0.0049.
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FIGURE 2 | Quantification of cell types and mRNA expression of T-cell-associated transcription factors FOXP3 and TBX21/Tbet reveals cytotoxic and Th1
responses. (A) Nanostring advanced cell type analysis heat map representing color-coded expression levels of differentially expressed genes from the indicated
leukocyte populations. Cases clustered together apart from healthy controls. (B) Bar plots of p-values for cell type enrichment analysis revealed that cytotoxic T-cells,
B-cells, and cytokines are the predominant cells in VKH samples. (C) FOXP3 and TBX21 were significantly increased in VKH samples as compared to healthy
controls; p values from two-tailed t tests FOXP3 p = 0.0004, TBX21 p = 0.0003. (D) Cell type scores from Nanostring advanced analysis demonstrating significant
increases in Th1 cells, cytotoxic cells, exhausted CD8s, NK CD56dim cells, B cells, and neutrophils in VKH cases. Macrophage and DC scores remained
unchanged, whereas dermal CD103+ dendritic cell scores were significantly increased as compared to healthy controls. n = 2 VKH, 1 vitiligo, and 5 healthy controls;
p values from two-tailed t tests: Th1 p = 0.0027, Cytotoxic p = 0.0005, exhausted CD8 p = 0.0076, NK CD56dim p = 0.0002, B cell p = 0.0034, neutrophil p = 0.0203,
macrophage p = 0.4838, DC p = 0.1095, dermal CD103+ DC p = 0.0768.

to healthy controls (Figure 3A). The vitiligo case exhibited even  disease related genes, interferons and granzymes, and interleukins/
higher ISG15 and PRF1, while IFNG, TNF, IL12, and IL15 levels  cytokines are presented in Figure S4.

were closer to those in healthy controls. All of these genes have Mouse and human studies have shown that the chemokines
been reported to be induced in immune-mediated pigmentary =~ CCL5 and CXCL10 are expressed in the skin during vitiligo (14,
disorders (21, 29-31). There was a trend towards increased 15, 33, 34). We found significant upregulation of CCL5 and
CD215, a receptor chain for IL15 that has previously been =~ CXCLI10, as well as CXCL7 (gene name PPBP) in canine VKH
shown to be upregulated on keratinocytes from lesional skin  and vitiligo. CX3CL1 was significantly upregulated in VKH only,
(21), in the cases. IL21, which has previously been reported tobe ~ and there was a similar, though not significant, trend in CXCL11
upregulated in the Smyth chicken line, another model of  upregulation. CCL2 (Figure S3) and CXCL12 (Figure 3A) were
spontaneous vitiligo (32), was unchanged in our samples.  significantly downregulated in both conditions compared to
However, the IL21R was highly upregulated in lesional skin in ~ healthy controls. The full analysis of chemokine expression is
the VKH and vitiligo dogs. The full analyses of the immune  presented in Figure S5.
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FIGURE 3 | Many cytokines and chemokines previously associated with human VKH and vitiligo are enriched in canine lesional skin. (A) Relative mRNA expression of
IFNG, 1SG15, TNF, IL12, PRF1, IL15, IL21R, CXCL7, CXCL10, CCL5, and CX3CL1 were statistically significantly higher in VKH samples as compared to healthy controls.
CXCL12 mRNA expression was significantly lower in VKH samples compared to healthy controls, CD215 and CXCL11 were trending higher (though they did not reach
statistical significance), and IL21 was not significantly different. n = 2 VKH, 1 vitiigo, and 5 healthy controls; p values from two-tailed t tests healthy vs VKH: IFNG p =
0.0007, ISG15 p = 0.023, TNF p = 0.0073, IL12 p = 0.0107, PRF1 p = 0.0037, IL15 p = 0.0173, CD215 p = 0.0663, IL21 p = 0.8775, IL21R p < 0.0001, CXCL7 p =
0.0179, CXCL10 p = 0.0241, CXCL11 p = 0.1168, CCL5 p < 0.0001, CX3CL1 p = 0.0295, CXCL12 p = 0.0359. (B) Immunohistochemistry stains for IFN-y and
CXCL10 expression in lesional skin biopsies from dogs demonstrating increased protein levels in cases as compared to isotype and healthy controls (black scale bars =
300 microns 10x, grey scale bar = 150 microns 20x, black arrow case 3 indicates edge of lesion). n = 2 VKH, 1 vitiigo, and 5 healthy controls.

IFNy and CXCL10 Protein Expression Are
Increased in Lesional Skin of VKH and
Vitiligo Compared to Healthy Controls

To confirm that IFNG and CXCL10, two well-characterized
drivers of anti-melanocyte responses, are expressed at the
protein level in lesional skin of VKH and vitiligo canines, we
performed immunohistochemistry. These cytokines were highly
expressed in tissue as compared to isotype and healthy controls,
with higher CXCL10 expression consistent with its role in
amplifying IFNy signals (Figure 3B). Taken together, these
results characterize immune and skin gene expression in
canine VKH and vitiligo, identify novel potential drivers of
disease, and reveal conserved immunopathogeneses between
human and canine spontaneous disease.

DISCUSSION

The pathogeneses of vitiligo and VKH are complex and not fully
defined. To better understand driving factors of the autoimmune
response in spontaneous autoimmune pigmentary disorders, we
performed this retrospective comparative immunology case
study to examine transcriptomics and immunohistochemistry
of many known, and several unknown, genes central to vitiligo
and VKH pathogeneses. In our study, we found increased T cell
responses, type 1 cytokines, chemokines, and memory T cell
responses in VKH dogs compared to healthy controls. These

genes have been established as drivers of human vitiligo
immunopathogenesis, particularly the IFNG cytokine signaling
pathway (29, 35, 36) and subsequent CXCR3 ligand expression
following activation of Janus Kinases (JAK) 1 and 2 (14, 37-40).
CCR5 and CXCR3 expressing leukocytes are recruited to the skin
following their ligands CCL5 and CXCL10, respectively (15, 33,
39).1IL15 promotes development of skin resident memory T cells
(41), and a recent studies in a vitiligo mouse model and human
tissues revealed that the IL15 receptor is important for
autoimmune memory in vitiligo (21). Other groups have
reported that IL10, IL13, IL17A, and IL21 are increased in
vitiligo (42-45), though we did not observe this in our case
series study. Further, it is unclear if these cytokine profiles are
pertinent to specific clinical subtypes of disease, such as
inflammatory vitiligo, or if they are upregulated at specific
phases of disease or as a result of concurrent autoimmunity
or infections.

Like vitiligo, VKH appears to be driven by type 1 T cell
responses (46, 47), though eye involvement reveals Th1l7
signatures (48). CX3CL1 was upregulated specifically in VKH
skin in our case studies. Fractalkine has only been explored in
ocular disease, warranting further investigation in cutaneous
VKH, especially to understand differences in the biology versus
vitiligo (49).

We examined skin-specific genes that are associated with skin
and hair biology, including TYR, IGFBP5, FOXO1, FLG, WIF1,
and TGFB3. Of these genes, TGFB3 and FLG were found to be
significantly upregulated, whereas IGFBP5, FOXO1 and WIF1
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were downregulated. In contrast to our findings of increased
TGFB3 ligand, polymorphisms in its receptor were not found to
be associated with VKH disease in a Chinese Han population (50).
The disparity in TGFB3 expression could be explained by
differences in dog versus human VKH, the stage at which the
skin biopsies have been studied, and/or differences in the biology
of the ligand versus the receptor. For example, TGFB3 (along with
IL10) is expressed in the resolution phase of VKH and may play a
relevant role in controlling the disease (51). The upregulation of
FLG in VKH and not in vitiligo was an unexpected finding. We
hypothesize that increased FLG expression in VKH dogs suggests
a process of chronic inflammation in hair follicles, which is lacking
in vitiligo. These differences may also be due to dog versus human
pathogenesis, or perhaps due to disease stage/duration. We suggest
further studies are needed to determine the roles of TGFB3 and
FLG in VKH and vitiligo.

IGFBP5, FOXO1, and WIF1 downregulation may indicate a
loss of tolerance mechanisms or melanocyte regenerative capacity
in the skin in canine VKH and vitiligo. IGFBP5 acts as a tumor
suppressor in human melanoma cells (52), which is interesting
given the hypothesis that vitiligo exists on an “immune spectrum”
with melanoma (53). FOXO1 represses TBX21-mediated effector
functions to promote memory CD8+ T cell formation and Treg
function; thus, a loss of FOXO1 may drive continued T cell
effector function in the skin during melanocyte autoimmunity
(54-56). WIF1 promotes melanogenesis in normal human
melanocytes (57), though it is not yet clear what impact a loss
of expression would have on vitiligo or VKH.

We also investigated genes involved in T-cell and Treg
regulation and function: PPARG, FOXO3A, TBX21, and
FOXP3. PPARG, which activates growth of melanocytes
through apoptosis (58) and promotes T cell differentiation and
survival (59, 60), was decreased in our cases compared to healthy
controls. FOXO3 is a transcription factor that is an important
regulator of the magnitude of CD8 T cell memory (61). FOXO3A
polymorphisms have been associated with oxidative stress and
altered Treg function in vitiligo patients (62, 63). Thus, decreases
in PPARG and FOXO3 may indicate reduced ability of Tregs to
function to suppress autoimmune responses of T cells against
melanocytes. FOXP3 and TBX21 were increased in our cases
compared to healthy controls, which correlates with data
revealing increased expression of these transcription factors in
VKH patients during an active uveitis episode (64). Together,
our data support enhanced effector T cell populations and
reduced Treg function present in the skin of canine vitiligo
and VKH patients.

TYR, which we hypothesized would be significantly
downregulated in VKH due to melanocyte loss, was not
statistically different from the healthy controls. Notably, a study
investigating tyrosinase gene family loci in VKH in Japanese
patients using single microsatellite marker analysis and
haplotype analysis did not find an association between TYR loci
and VKH syndrome (65). This suggests that perhaps immature
melanocytes or melanocyte precursors are preferentially targeted
in VKH. Vitiligo was found to be associated with the major alleles
of SNPs in the TYR region, particularly rs1393350 and the R402Q

SNP rs1126809 (66). This may suggest a difference in pathogenesis
between vitiligo and VKH involving tyrosinase as an autoantigen.

Our chemokine analysis revealed indicators of active, though
not very early, disease in the dogs as evidenced by high CCL5 and
FOXP3 (transiently upregulated in activated T-cells, allowing for
the development of peripheral/induced regulatory T-cells) and
low CXCL12 (67). We also identified PPBP/CXCL7 as a
significantly upregulated chemokine in the skin. CXCL7 was
previously reported to be upregulated in the serum of vitiligo
patients, though little is known about its role in skin homing,
warranting further study (68).

Our immune cell signature findings are strongly supported by
previous studies that vitiligo and VKH are mediated by T-cells,
particularly CD8 cytotoxic T-cells (69). Neutrophils are
understudied in the skin in vitiligo and VKH, in part because
they comprise a small fraction of the infiltrate and are not a
prominent component. The increase in neutrophils we observed
in these cases may be due to scratching behavior in the dogs,
which is known to induce neutrophil recruitment to the skin
(70). Nevertheless, blood neutrophils can contribute to ROS
generation (71) and were reported to be elevated in the
peripheral blood of patients with generalized vitiligo (72). We
also observed increased B-cell signatures. It has been reported
that in Akita dogs with VKH-like syndrome, cutaneous lesions
are mediated by T cells and macrophages and ocular lesions are
mediated primarily by B cells and macrophages (73).
Autoantibodies against melanocytes have been identified in
vitiligo and VKH, though it is still unclear if they are
biomarkers or drive pathogenesis (74, 75). In lupus, another
autoimmune disease, B cells have been postulated to serve as
antigen presenting cells (76). Future studies will need to be
conducted to determine the precise role of B cells and
neutrophils in vitiligo and VKH.

In contrast to increases in other immune cell signatures, we
found similar levels of macrophage and dendritic cell gene
signatures in lesional skin tissue. Previous studies have noted
the presence of macrophages in vitiligo lesions (6); thus a
limitation of our data is that we did not examine localization
of these cells within the tissue. It could be that, while total
numbers of antigen presenting cell populations remain largely
unchanged, that their localization within the tissue promotes
lymphoid aggregates.

Limitations in our study include the small sample of genes
analyzed (160 genes), and small sample size (we only had one
vitiligo dog sample, thus preventing us from including the
vitiligo sample in our statistical analyses). Due to the small
group size of our VKH sample data, the t tests we performed
may exhibit type I or type II errors which are dependent upon the
variance of gene expression data within the groups (77).
Nevertheless, several genes that we identified as differentially
expressed between healthy and VKH have been previously
published in human literature as DEGs for the condition.
Future studies would include a larger scale comparative
analyses and whole genome sequencing to better understand
the influence of genetic factors on the pathogenesis of VKH
disease and vitiligo.
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In summary, our data support the hypothesis that T cell
responses, type 1 cytokines, memory T cell responses, and
chemokines drive immunopathogenesis of spontaneous VKH
and vitiligo in both dogs and humans. Future studies expanding
our understanding of spontaneous autoimmunity will be useful
for providing a better understanding of autoimmune diseases
and will pave the way for drug repurposing in human and
veterinary medicine. For example, JAK inhibitors induce re-
pigmentation in patients with vitiligo (78-81). Oclacitinib, a
veterinary JAK inhibitor currently marketed for allergy and itch
relief (82-85), could potentially be repurposed to treat vitiligo
and VKH in dogs. Drugs that induce or worsen vitiligo could
serve as a novel therapeutic approach to melanoma. A canine
case report found a link between skin depigmentation and
toceranib phosphate, a tyrosine kinase inhibitor (86), and the
Flk-1 tyrosine kinase inhibitor SU5416 showed efficacy in phase
1I clinical trials for advanced melanoma (87). Future studies
examining the mechanistic involvement of the gene targets we
have identified in our case series for treatment of autoimmune
pigmentary disorders or melanoma are warranted.

MATERIALS AND METHODS

Clinical Samples

Skin biopsies from the biorepository at Tufts Cummings School
(NR) were selected based on pathology reports and H&E sections
were reexamined by a board-certified veterinary pathologist to
confirm diagnoses and absence of obvious infectious disease.
Healthy control samples were obtained from leg margin biopsies
from amputations. Two VKH and one vitiligo biopsy sample
were obtained from shave and/or punch biopsies of male dogs as
noted in the case presentation section. Of note, vitiligo has equal
sex bias in dogs, whereas VKH is almost twice as likely to occur
in male dogs (22). Samples were deposited with written owner
consent in the Tufts biobank at the time the veterinary patients
were seen at the hospital, spanning the years 2011-2019.

Isolation of RNA From FFPE Blocks

30 um curls were cut from the blocks and stored in Eppendorf
tubes at ambient temperature. RNA was isolated using the Qiagen
FFPE RNeasy kit per the manufacturer directions. Briefly, razor
blades were treated with RNase, excess paraffin was removed, and
tissues were sliced into thin strips (5 um) to create more surface
area prior to incubation with deparaffinization solution (Qiagen).
The protocol was followed and RNA was quantified using
a nanodrop.

Nanostring Cartridge and Processing

A custom Nanostring canine gene panel of 160 genes including
cytokine, chemokine, and immune genes, as well as skin and
immune cell specific transcripts was created. We used B2M,
RPL13A, CCZ1, and HPRT as housekeeping genes for this study.
RNA was hybridized using a BioRad C1000 touch machine, and
samples were loaded into Nanostring cartridges and analyzed
with a Sprint machine. Gene expression data are deposited on
GEO under Accession # GSE154024.

nSolver Analysis

NanoString’s software, nSolver was used for all NanoString analysis.
Raw counts were plotted with GraphPad Prism. Advanced analysis
was used for the “cell Type Score”, which is a summary statistic of
the expression of the marker genes for each cell type. It is the
geometric mean of the log2-transformed normalized counts for
each set of marker genes. These scores were validated against FACS
and IHC, and are a robust method of quantifying relative cell type
abundance (88).

IHC

IHC was performed on 5 pm sections using rabbit-anti-canine
CXCL10, IFNy (US Biological) or isotype control (Biolegend) at
1:100 dilution using a Dako automated slide staining machine.
All sections were counterstained with hematoxylin. H&E images
were taken using an Olympus BX51 microscope with Nikon NIS
Elements software version 3.10, and IHC images were taken
using an Olympus BX40 microscope with cellSens Entry software
version 1.14.

Statistics

To assess the statistical significance of our results, we performed
two-way ANOVA with Bonferroni posttests between healthy
controls and VKH cases on sets of defined genes (skin & hair,
neuroendocrine, immune disease related, interleukins/cytokines,
CC chemokines, CXC chemokines, immune cell panel genes, and
housekeeping genes) to observe obvious differences across the
dataset. We next performed two-tailed t-tests of VKH vs healthy
using GraphPad Prism software version 5 to examine potential
differences in previously identified genes pertinent to VKH
pathogenesis (De Winter 2013). A statistically significant
difference was considered as p <0.05.
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Vitiligo is characterized by circumscribed depigmented macules in the skin resulting due to
the autoimmune destruction of melanocytes from the epidermis. Both humoral as well as
cell-mediated autoimmune responses are involved in melanocyte destruction. Several
studies including ours have established that oxidative stress is involved in vitiligo onset,
while autoimmunity contributes to the disease progression. However, the underlying
mechanism involved in programing the onset and progression of the disease remains a
conundrum. Based on several direct and indirect evidences, we suggested that
endoplasmic reticulum (ER) stress might act as a connecting link between oxidative
stress and autoimmunity in vitiligo pathogenesis. Oxidative stress disrupts cellular redox
potential that extends to the ER causing the accumulation of misfolded proteins, which
activates the unfolded protein response (UPR). The primary aim of UPR is to resolve the
stress and restore cellular homeostasis for cell survival. Growing evidences suggest a vital
role of UPR in immune regulation. Moreover, defective UPR has been implicated in the
development of autoimmunity in several autoimmune disorders. ER stress-activated UPR
plays an essential role in the regulation and maintenance of innate as well as adaptive
immunity, and a defective UPR may result in systemic/tissue level/organ-specific
autoimmunity. This review emphasizes on understanding the role of ER stress-induced
UPR in the development of systemic and tissue level autoimmunity in vitiligo pathogenesis
and its therapeutics.

Keywords: endoplasmic reticulum, unfolded protein response, vitiligo, melanocytes, autoimmunity

INTRODUCTION

Extensive research over the years established that a complex interaction between genetic,
environmental, biochemical, and immunological factors collectively generate a microenvironment
favoring melanocyte loss in vitiligo (1-3). The complex genetics of vitiligo involves multiple
susceptibility loci, incomplete penetrance, and genetic heterogeneity with gene-gene and gene-
environment interactions and altered miRNA expression (Table S1) (4-6). Accumulation of
oxidative stress due to defective recycling of tetrahydrobiopterin, mitochondrial impairment
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(Table S2), and compromised antioxidant system are reported in
vitiligo patients (7-11). This accumulated oxidative stress might
result in DNA damage, lipid and protein peroxidation,
neoantigen formation, and may affect normal melanogenesis in
melanocytes (12). Moreover, both humoral and cellular
autoimmunity, altered CD4"/CD8" T cell ratio, decreased
regulatory T cells (Tregs) function, presence of autoreactive
anti-melanocyte CD8" T cells in both blood and skin, as well
as imbalance of pro- and anti-inflammatory cytokine levels
are reported to be involved in vitiligo pathogenesis (2, 13-20).
Our extensive population based studies indicated impeded redox
and immune homeostasis in the skin and blood of vitiligo
patients from Gujarat population (2, 14, 17, 21-41). Hence,
based on our observations, we proposed that oxidative stress
triggers vitiligo onset, while autoimmunity contributes to the
disease progression (2). Despite extensive research, the exact
mechanism which connects the triggering factors with the
disease progression is still obscure. Investigating the connecting
link between the factors involved in onset and progression of
vitiligo may enhance our understanding of its pathomechanisms
and thereby open new avenues for development of novel
therapeutic strategies.

It has been reported that melanocytes from vitiligo patients
had dilated endoplasmic reticulum (ER) as compared to healthy
melanocytes (42). The accumulation of misfolded proteins in the
ER lumen and its dilation are the characteristics of ER stress.
Excessive load of protein folding in ER may also generate
oxidative stress (43). Several studies suggested the generation
of ROS during normal protein folding process in ER and
oxidation of ER proteins under oxidative stress led to the
accumulation of misfolded proteins (44, 45). Interestingly,
vitiligo patients are reported to have significantly elevated
homocysteine levels which may induce oxidative stress, ER
stress, and expression of pro-inflammatory cytokines (28, 46,
47). Unfolded protein response (UPR) upon ER stress is also
known to regulate the innate immune response in different ways
(48). Based on several direct and indirect evidences, earlier we
speculated that ER stress could be a major link between oxidative
stress and autoimmunity, which might play a key role in the
onset and exacerbation of vitiligo (49). In this review, we will
emphasize on the potential role of ER stress in the development
of autoimmune/inflammatory responses in vitiligo.

UNDERSTANDING ER STRESS-INDUCED
UPR

The ER is an active intracellular organelle with different
functions like protein folding and maturation within the
eukaryotic cell, essential for cellular homeostasis, proteostasis,
cellular development, and stress responsiveness (50). Aberrations
in protein folding may result in an imbalance leading to the
accumulation of misfolded proteins in the ER, which is known as
ER stress. To combat ER stress, the cell activates UPR which may
alleviate ER stress through global translation attenuation,

induction of chaperones, degradation of misfolded proteins by
ER-associated degradation (ERAD), and apoptosis (51). The
accumulation of misfolded proteins increases the production of
BiP/GRP78 (78-kDa glucose-regulated protein) (52). GRP78
forms dynamic stability between the nascent polypeptides
(unfolded proteins) and intra-luminal domains of the three ER
stress sensors viz. inositol-requiring enzyme 1o (IRElo), PKR
like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6) (53-56). In non-stress conditions,
all three sensors are primarily bound with GRP78, which helps
to maintain its inactive state. The fate of the stressed cell
towards survival or death depends upon the interplay among
these three major arms of the UPR signaling pathways (57, 58)
(Figure 1).

ROLE OF UPR IN INFLAMMATION
AND IMMUNE REGULATION

The UPR has emerged as a hallmark of several diseases including
inflammatory bowel disease, arthritis, neurodegenerative
diseases, diabetes mellitus, stroke, and cancer (58-60). UPR
plays a vital role in inflammation, mainly regulated by nuclear
factor kappaB (NF-xB) and activator protein 1 (AP-1) (61-63).
NEF-«B regulates the expression of various genes including those
encoding cytokines, chemokines, and also participates in
inflammasome regulation. All three pathways can activate NF-
kB independently, but IRElo plays an essential role in
inflammatory pathways (64). IRE1 interaction with TRAF2
(TNF Receptor Associated Factor 2) in response to ER stress
leads to the recruitment of IxB kinase (IKK) which
phosphorylates and subsequently degrades IxB (65), thereby
activating NF-xB. PERK-eIF20 signaling pathway halts overall
protein synthesis. Thus, NF-xB to IkB ratio in cell increases due
to IkB’s shorter half-life than NF-«B, which subsequently favors
NF-xB dependent transcription (66, 67). Activated IRE1 also
interacts with TRAF2 and ASK1 that further activates the JNK in
addition to the activation of NF-xB and leading to the AP1
activation (68-70). Genes transcribed by AP1 include cytokines
such as tumor necrosis factor (TNF), keratinocyte growth factor
(KGF), granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL8, IL-1 receptor antagonists, and fibroblast growth factor
receptor 1, implying that AP1 also plays a crucial role in the
regulation of cytokine receptors (71).

All three major arms of UPR viz. PERK, ATF6, and IRE1
have a central role in immune regulation. In PERK signaling,
ATF4 activates IL6 transcription in macrophages (72). Further,
phosphorylation of elF20 upon activation of PERK signaling
allows selective translation of mRNAs bearing upstream open
reading frames (uORFs) in their 5'-untranslated regions (5'-
UTR), which might act as novel antigens for MHC-I
presentation (73). IRElo. undergoes phosphorylation by signals
downstream to Toll-like receptors (TLRs). Phosphorylated IRE1o
induces unspliced XBP1u mRNA splicing resulting in an active
transcription factor, spliced XBP1 (XBP1s), which activates the
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FIGURE 1 | Activation of unfolded protein response. Due to stress conditions, unfolded protein levels increase in the ER lumen. The dissociation of GRP78 from
transmembrane sensors PERK, ATF6, and IRE1 leads to the activation of UPR signaling. Activation of IRE1 and PERK results in their oligomerization and
transphosphorylation. Active IRE1 triggers the unconventional splicing of XBP7u mRNA resulting in the translation of an active transcription factor sXBP1. The active
IRE1 can also interact with JNK and TRAF2 and thereby activating downstream signaling. The activation of ATF6 leads to its translocation to the Golgi and its
proteolytic cleavage, resulting in a transcriptionally active form. Activation of PERK triggers phosphorylation of elF2a. leading to global translational attenuation and
favoring translation of ATF4. Activation of all three pathways activate downstream transcriptional machinery resulting in expression of target genes to overcome the
stress conditions. Persistent and excessive ER stress may lead to activation of mitochondria mediated cell death pathway.

production of pro-inflammatory cytokines in macrophages (74). IMPLICATIONS OF LOCALIZED AND
IRE10/XBP1s also contributes to homeostasis and survival of PERIPHERAL ER STRESS IN VITILIGO
CD8o" conventional dendritic cells (DCs) (75). Furthermore, it

has also been reported that XBP1s may regulate the expression of ~ ER Stress in the Skin Microenvironment
TNF and IL6 in macrophages (74). Notably, transcriptional targets ~ In the skin, ER stress may be induced by various endogenous
of ATF6 include XBP1 and thus ATF6 is also recognized as a  as well as exogenous stressors such as UV irradiation, trauma,
regulator of the IRE1/XBP1 axis (76-78). Interestingly, it hasbeen ~ and chemical stressors (Table S$3). Interestingly, chemical
reported that cleaved ATF6 can act as an enhancer and increase  stressors including phenolic derivatives such as rhododendrol,
the CREBH-mediated (cCAMP response element-binding protein ~ hydroquinone, MBEH (mono benzyl ether of hydroquinone),
H) acute inflammatory response, indicating a link between ATF6 ~ and 4-TBP (4-tertiary butyl phenol) present in the cosmetic skin
and inflammation (79). whitening agents have been identified to induce UPR mediated

Frontiers in Immunology | www.frontiersin.org 48 February 2021 | Volume 11 | Article 624566


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Jadeja et al.

ER Stress in the Development of Autoimmunity in Vitiligo

melanocyte death (80-84). Importantly, physiological ER stress
is required for the maintenance of normal biological functions
including keratinocyte differentiation in the skin (85). ER stress-
signaled UPR was found to be activated during epidermal
keratinocyte differentiation (85-87). Expression of UPR activation
markers such as sXBP1, CHOP, and GRP78 is increased in the
undifferentiated/proliferative stage of keratinocytes during their
differentiation (85, 88). Furthermore, CD8" T cells are found to
be essential effectors of melanocyte destruction in vitiligo patients
(89, 90). The recruitment of CD8" T cells to skin lesions is carried
out by the IFN-y-mediated T cell chemokine receptor, C-X-C motif
chemokine receptor 3 (CXCR3), and its ligands CXCL9, CXCLI10,
and CXCL11, which are found to be abundant in skin biopsy
specimens from vitiligo patients (91). The blockade of this pathway
mitigated the vitiligo in mice as well as in human subjects (92, 93).
IRE10t/sXBP1 signaling in stressed keratinocytes augmented the
levels of CXCL16, which is involved in CD8" T cell recruitment to
skin lesions (94).

ER Stress in Peripheral System

Peripheral blood mononuclear cells (PBMCs) play a critical role
in immune response, metabolism, and communication with other
cells. PBMCs of vitiligo patients were reported to have metabolic
deregulations and oxidative stress, similar to those found in
melanocytes and the lesional epidermis (95-97). Histological
studies have demonstrated that infiltration of CD8" T cells
occurs surrounding the vitiligo lesions (98-101). Hence, the
role of ER stress in the regulation of the peripheral immune
system may be interesting in understanding vitiligo pathogenesis.
The UPR signaling is involved in the differentiation, proliferation,
and homeostasis of both B and T cells. In the presence of a
differentiation stimulus, both B and T cells increase GRP78
protein levels, initiate XBPI splicing, and induce ATF6
signaling (102-105). The inhibition of GRP78, ATF6, or XBP1
greatly reduces plasma cell differentiation and their efficacy
upon maturation (102, 106). Cell fate determines whether UPR
signaling is maintained for example, early B cells exhibit active
UPR signaling, but it is absent in mature B cells. Similarly, CD4~/
CD8" progenitor T cells do not exhibit UPR, but greatly increase
UPR during maturation as CD4"/CD8" T cells. Upon
differentiation to CD4" T cells, the UPR is once again repressed
(103). CD8" T cells play a major role in anti-melanocyte
autoimmunity in vitiligo. Infection of mice with lymphocytic
choriomeningitis virus (LCMV) resulted in the upregulation of
spliced and unspliced XBP1 that further enhanced differentiation
of CD8" T cells (104). ER stress chaperone, GRP78 also plays an
essential role in the regulation of granzyme B in CD8" T cells and
CD8" intraepithelial lymphocytes. CD8" T cells of heterozygous
GRP78 mouse model had reduced granzyme B secretion and
cytotoxicity. This granzyme B deficiency was due to a reduction in
IL-2 mediated proliferation, as exogenous IL-2 helped to partially
restore granzyme B expression (107).

ER stress is also implicated in the regulation of Treg cells.
Human Treg clones had elevated IL-10 production when treated
with thapsigargin, an activator of ER stress and UPR, in an eIlF20
phosphorylation-dependent manner (108). Loss of ATF4 led to a
modest increase in FOXP3 mRNA expression in mouse CD4"

cells differentiated under T regulatory conditions in a high
oxidizing environment (109). Recently, decreased levels of
NFATs and FOXP3 are reported in Tregs of generalized
vitiligo patients which may impair Treg cell function along
with reduced IL10 and CTLA4 levels (18-20).

PLAUSIBLE INVOLVEMENT OF ER
STRESS IN VITILIGO AUTOIMMUNITY

The ER stress may contribute to the development of
autoimmunity through the recognition of misfolded proteins
by autoreactive immune cells. Release of neo-autoantigens and
UPR-related autoantigens by stressed cells, subsequently provoke
autoimmunity. ER stress may indirectly contribute to
autoimmunity through impairment of immune-tolerance
mechanisms in cells with an abnormal UPR and conferring
resistance to UPR mediated apoptosis in autoreactive cells by
upregulating ERAD-associated proteins (48). Under certain
pathophysiological conditions, several ER chaperones are
translocated to the cell surface or released in extracellular
space, which may serve as damage-associated molecular
patterns (DAMPS) and attract the innate immune system to
target “abnormal” cells for phagocytosis leading to subsequent
activation of adaptive immunity (110). These phenomena have
been established in various autoimmune disorders such as type I
diabetes (T1D), rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) (111, 112). Interestingly, one of the
essential ER chaperones, GRP78 has immunomodulatory
functions upon cell surface translocation. Vig et al. (112) have
demonstrated that sGRP78 serves as a pro-apoptotic signaling
receptor in beta cells and postulated that inflamed beta cells set
up a self-destructing feedback loop through the combined
surface translocation and secretion of GRP78. These findings
suggest an important role of surface translocated GRP78 in
autoimmune destruction of target cells. Though the role of
sGRP78 is not yet established in melanocyte destruction, a few
studies on other chaperones have encouraged researchers to
hypothesize its role in melanocyte destruction in vitiligo. Kroll
et al. (113) have observed that 4-tertiary butyl-phenol (4-TBP)
induced expression and release of HSP70 by PIG3V melanocytes
(immortalized vitiligo melanocytes). Further, it induced
expression of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) on the membrane and activated DC effector
functions towards the stressed melanocytes. Interestingly, they
observed increased expression of TRAIL and CD11c+ dendritic
cell infiltration in the perilesional skin of vitiligo patients. This
suggested that HSP70 release by stressed melanocytes may
facilitate DC activation leading to melanocyte destruction in
vitiligo (113). In another exciting study, Zhang et al. have
reported oxidative stress-induced translocation of calreticulin
(CRT) on melanocyte surface (114). They observed that CRT
surface translocation (sCRT) on melanocytes induced expression
of pro-inflammatory cytokines such as IL-6 and TNF-a by
human PBMCs in vitro. Elevated sCRT was concordant with
decreased membrane CD47 expression; CD47 acts as a “don’t eat
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me” signal in contrast to “eat me” signal of CRT, resulting in
immunogenic cell death (114, 115). Moreover, a positive
correlation of plasma CRT levels was observed with the area
affected and the activity of the disease in vitiligo patients
suggesting CRT’s role in vitiligo pathogenesis (114). These
studies led us to postulate the potential role of ER stress
response proteins in the initial development of autoimmune
response against stressed melanocytes.

FUTURE PROSPECTS AND
TRANSLATIONAL RELEVANCE OF ER
STRESS IN VITILIGO

As per the recent understanding, it is clear that the ER stress is at
the verge of oxidative stress and inflammatory/immunoregulatory
response in the cell, making it an ideal therapeutic target.
However, the core UPR signaling involved in melanocyte
biology and vitiligo pathomechanism is not much explored. A
few studies demonstrate that therapeutic agents modulating ER
stress can be promising for vitiligo treatment. Zhu et al. (116) have
reported that Baicalin attenuated the progression and reduced the
area of depigmentation in the C57BL/6 mouse model of vitiligo.
Furthermore, they observed that Baicalin stimulated the
proliferation of melanocytes in depigmented skin, which further
led to a decrease in CD8" T cell infiltration and the expression of
CXCL10 and CXCR3 in mice skin. Interestingly, they also
observed significantly decreased levels of IL-6, TNF-o, IFN-v,
and IL-13 in sera of vitiligo mice models (116). Baicalin is an
active ingredient of S. baicalensis, which is reported to protect
cardio-myocytes and chondrocytes from ER stress-induced
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Cellular stresses

o, |Ros l
N )

Oxidative Stress/ER stress

apoptosis (117, 118). Bilobalide is one of the active components
of G. biloba extract. Lu et al. reported that pre-treatment with
bilobalide could protect melanocytes from oxidative damage by
inhibiting H,0, induced cytotoxicity. It also inhibited elF2o
phosphorylation and downregulated CHOP expression (119).
However, the exact mechanism of ER stress modulation by
these herbal extracts is not clear. Apart from these, therapeutic
strategies aiming to improve protein-folding capacity during ER
stress might also be promising. Chemical chaperones such as
Tauro-ursodeoxycholic acid (TUDCA) and 4-phenyl butyrate
(PBA) can improve protein folding in the ER. Success in the
alleviation of ER stress-induced hyperglycemia, restoration of
insulin sensitivity, and fatty liver disease amelioration was
observed upon TUDCA and 4-PBA treatments in obese mice
(120). Cao et al. have reported that TUDCA and 4-PBA decreased
ER stress in the intestinal epithelium leading to reduced dextran
sodium sulfate (DSS) induced colitis severity (121). Moreover, it
was found that 4-PBA leads to a decrease in lipopolysaccharide
(LPS)-induced lung inflammation through modulating ER stress,
NF-«xB, and hypoxia-inducing factor 1o. (HIF10) signaling (122).
Nevertheless, further studies to understand the molecular
mechanism of ER stress signaling in melanocytes, neighboring
keratinocytes, and circulatory as well as infiltrated immune cells
are warranted for the development of novel targeted and
personalized ER stress modulating therapeutics for vitiligo.

CONCLUSIONS

Over the decades, the role of UPR in the pathogenesis of various
autoimmune disorders is well established. However, its role in
anti-melanocyte autoimmunity in vitiligo is yet to be unraveled.
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FIGURE 2 | Role of ER stress, oxidative stress, inflammation, and autoimmunity in vitiligo pathogenesis. Various exogenous and endogenous stressors in the skin
result in oxidative stress and ER stress. ER stress activates the UPR signaling to resolve the stress. However, prolonged ER stress and defective UPR may lead to
activation of inflammatory transcriptional program and release of proinflammatory cytokines, which generates further ER stress and oxidative stress. Further, the
defective apoptosis of melanocytes might result in the release of misfolded/unfolded proteins that can potentially act as autoantigens and might be identified as
damage-associated molecular patterns by the immune cells. The antigen presenting cells (APC) may process and present the altered proteins/peptides generating
novel epitopes, which in turn will activate target B and T cells, resulting in an anti-melanocyte autoimmune response.
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Although extensive research has been done to decipher the
conundrum of the underlying molecular mechanisms of
melanocyte destruction, the role of UPR in vitiligo still remains
an enigma. Several studies have uncovered essential direct and
indirect mechanistic links that established cross-talk among
oxidative stress, ER stress, and autoimmunity, which appears
to be crucial in vitiligo pathogenesis (Figure 2). A wide range of
studies has demonstrated that ER stress-activated UPR plays an
essential role in the regulation and maintenance of innate as well
as adaptive immunity. Though the role of ER stress in affecting
immunity at systemic as well as tissue level is not well understood, a
defective UPR might result in organ-specific autoimmunity. Since
the immune response is a multi-step process, depending on the
microenvironment of the cell, UPR can promote cell survival or
death. This review suggests that the UPR is orchestrating the cell fate
differently in the active participating immune cells and the target
melanocytes. The genetic predisposition and the microenvironment
of the target tissue play a major role in deciding the cell fate. Thus,
further studies deciphering the tissue/cell type-specific UPR and
developing UPR modulating strategies accordingly are warranted.
Future research work in this direction will be promising in the
development of novel immunotherapeutics for vitiligo.
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The Role of NKG2D in Vitiligo

Lourdes Plaza-Rojas’ and José A. Guevara-Patifio **

" Department of Cancer Biology, Loyola University Chicago, Chicago, IL, United States, 2 Department of Surgery, Loyola
University Chicago, Chicago, IL, United States

Vitiligo is an acquired multifactorial disease that affects melanocytes and results in skin
depigmentation. In this review, we examine the role of cells stress and self-reactive T
cells responses. Given the canonical and non-canonical functions of NKG2D, such as
authenticating stressed target and enhance TCR signaling, we examine how melanocyte
stress leads to the expression of ligands that are recognized by the activating receptor
NKG2D, and how its signaling results in the turning of T cells against self (melanocyte
suicide by proxy). We also discuss how this initiation phase is followed by T cell
perpetuation, as NKG2D signaling results in self-sustained long-lasting T cells, with
improved cytolytic properties.

Keywords: vitiligo, NKG2D, T cells, horror autotoxicus, Hsp70, oxidative stress

INTRODUCTION

At the end of the eighteenth century, Paul Ehrlich introduced the concept of horror autotoxicus,
which describes the body’s innate aversion to immunological self-destruction. This model remains
valid, as the immune system is entrusted with protecting the host against infections while avoiding
autoimmunity. It is well-accepted that the killing of target cells by T cells occurs through
recognition of the peptide-MHC Class I complex via the T cell receptor (TCR). In the thymus,
T cells undergo positive and negative selection based on the TCR signal strength (1). T cells
that recognize self-antigens with strong affinity undergo negative selection. In contrast, T cells
that weakly respond to self-antigens undergo positive selection and populate the periphery as
mature T cells. Thus, while self-reactive T cells are present in the periphery, their TCR interactions
with peptide-MHC Class I complex are insufficient to mediate activation. Moreover, additional
peripheral mechanisms are also in place to prevent their activation, namely regulatory T cells
(Tregs) (2, 3).

Under certain pathophysiological conditions, T cells are responsible for several autoimmune
disorders, including vitiligo. Vitiligo is an autoimmune disease characterized by the progressive
loss of skin pigmentation as a result of melanocyte destruction. In this context, T cells are known to
target and kill melanocytes, the pigment-producing cells in the skin. Vitiligo is the most common
skin pigmentation disorder, affecting 0.1-2% of the population worldwide (4, 5), with no sex bias
(6-9). While it can affect people at all ages, vitiligo appears more frequently before 20 years of age
and its early onset (during childhood) is associated with hereditary disease (5, 7, 9-11). Vitiligo is
characterized by white lesions on the skin, and the associated psychological and social effects make
patients more prone to depression and low self-esteem (12). Regrettably, there are currently no
FDA-approved treatments for vitiligo (13). Although great progress has been made throughout the
past decades in elucidating the mechanisms that cause this disease, it remains incurable.

While T cells turn against melanocytes for reasons that remain largely unknown, recent studies
suggest that CD8T cells kill melanocytes through the recognition of stressed/damaged cells via
Natural Killer Group 2D (NKG2D). NKG2D is a type II transmembrane receptor encoded by the
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killer cell lectin-like receptor subfamily K member 1 (Klrk1) gene
(14, 15) expressed by CD8T cells, NK cells, NKT cells, and a
subset of y3 T cells, and by CD4 T cells in some pathologies (16,
17). Although NKG2D is expressed in both NK and CD8 T cells,
the mechanisms of action differ. In NK cells, NKG2D signaling
is sufficient to mediate direct killing of target cells (18). However,
in CD8 T cells, NKG2D requires the concurrent activation of the
TCR. In this case, NKG2D enhances TCR activation and thus, T
cell function (18-20).

A number of elements are thought to contribute to the
initiation of vitiligo, including genetic predisposition (21,
22), reduced proliferative capacity of melanocytes, increased
oxidative stress in melanocytes, the subsequent expression of
“danger” signals, reduced presence and function of Tregs, and
increased activation of a self-reactive T cell repertoire (7, 23, 24).
Moreover, there is evidence of an association between early
inflammatory events (e.g., exposure to UV light, a bleaching
agent, phenols, or trauma) and vitiligo (25, 26). We believe
this is of significance, as the expression of NKG2D ligands
(NKG2DL) is upregulated in response to cell stress (insult),
rendering these cells visible to NKG2D-expressing immune cells
(14, 18-20,27). The ligands for NKG2D are composed of a variety
of stress molecules, including the major histocompatibility
complex (MHC) class-I-related chain (MIC) A/B and ULBP
binding proteins 1-6 in humans (16) and members of the Rae-
1 and H60a-c families in mice (28, 29). Importantly, NKG2DL
expression on the cell surface is rigidly controlled. In contrast
to physiological conditions in which few or no NKG2DL are
expressed, their expression is induced under stress conditions,
such as infection and transformation (28, 29). Of significance,
proinflammatory signals such as IFN-a (30) and TLR4 and
TLR7/8 signaling (28), as well as the ataxia telangiectasia
mutated and Rad3-related (ATM/ATR) DNA damage response
pathway also result in surface expression of these ligands (20,
27, 31, 32). Thus, the canonical function of NKG2D is to
authenticate the stressed/damaged feature of the target cells. This
cell authentication occurs in part by favoring the TCR signaling.

Notably, studies from our group have established in animal
models that NKG2D signaling also leads to the development of
long-lasting CD8T cells with enhanced cytolytic function (33-
35). NKG2DL upregulation and NKG2D signaling activation in
effector CD8T cells play a role in the onset or development
of some autoimmune diseases, including vitiligo, rheumatoid
arthritis, celiac disease, type 1 diabetes, alopecia areata, systemic
lupus erythematosus (SLE), among others (36-41). Moreover,
inhibiting NKG2D engagement can prevent inflammation and
disease development in some models of type 1 diabetes (42),
vitiligo (30), and other inflammatory diseases (16).

Here, we describe the relationship between multiple factors
that can lead to vitiligo development with a main focus on the
involvement of CD8 T cells and NKG2D signaling.

MELANIN SYNTHESIS, UV EXPOSURE,
AND OXIDATIVE STRESS

While multiple factors may induce the development of vitiligo,
a dysfunction of the redox balance has been largely observed

both systemically and in active lesions of vitiligo patients, causing
an excessive accumulation of reactive oxygen species (ROS) and
inducing cellular stress (43-45). Oxidative stress can arise when
molecular oxygen (O3) is converted into oxygen radicals and the
production of these species surpasses the anti-oxidant capacity
of the cell, causing oxidation of cellular structures and DNA and
potentially leading to cell death (46-49). A number of pathologies
are associated with excessive ROS generation, which can also
lead to inflammation, particularly in autoimmune diseases (50).
Given the effects of ROS on inflammation as well as the active
role of immune cells in the development of vitiligo, a relationship
between oxidative stress and the immune system is apparent in
the onset of the disease.

Melanocytes are derived from the neural crest and their main
function is to produce the pigment melanin, which is responsible
for skin and eye color (51). Keratinocytes, the most abundant
cell type in the epidermis, regulate melanocytic functions,
including proliferation, melanogenesis, and differentiation (52).
Melanocytes and keratinocytes are arranged in epidermal
melanin units, in which 1 melanocyte is surrounded by 36
keratinocytes. While its synthesis occurs in melanocytes, melanin
is transported to the surrounding keratinocytes (53). This
pigment is generated from the oxidation of tyrosine in a
multistep reaction during which free radicals may arise (54).
These reactions are highly regulated and carried on by a
multienzyme complex unique to melanocytes, including the
enzymes tyrosinase, TYRP1 and TYRP2 (55).

Exposure to UV light and its absorption by melanocytes causes
photo-oxidation of melanin, generating superoxide radicals (54),
which in turn induce melanin biosynthesis (56). Melanin creates
a supranuclear cap to protect DNA and prevent or reduce its
damage (57) and it has also been shown to act as an antioxidant
and a free radical scavenger (58-60). However, not only does
melanin biosynthesis consist of several oxidation reactions, it
also requires energy production via mitochondrial respiration
(61). Even though ROS generation has an important role in cell
signaling, increased or altered mitochondrial activity may lead
to excessive ROS production (62) that results in detrimental
effects and apoptosis, as is the case in vitiliginous melanocytes.
Although oxidative stress has been observed in both melanocytes
and keratinocytes, the latter are less likely to undergo apoptosis.
Instead, keratinocytes become senescent in response to UV
irradiation (63, 64), and exposure to ROS induces the production
of inflammatory cytokines by keratinocytes (65, 66).

Despite an increased O, consumption rate, mitochondrial
respiration and energy production is impaired, while ROS
production is increased in vitiliginous melanocytes (67).
Higher levels of ROS peroxynitrite and H,O, are found
in the skin of vitiligo patients, in concert with lower
concentration of antioxidants and reducing enzymes
(43, 68-70). High concentrations of H,O, disrupt melanin
synthesis by inhibiting tyrosinase and dihydropteridine
reductase (71). Calreticulin, an endoplasmic reticulum (ER)
protein that regulates Ca?" homeostasis and signaling,
is also modulated by H;O,, which increases calreticulin
expression and translocation to the cell surface of melanocytes.
This is associated with higher melanocyte apoptosis and
production of pro-inflammatory cytokines IL-6 and TNF-a in

Frontiers in Immunology | www.frontiersin.org

56

February 2021 | Volume 12 | Article 624131


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Plaza-Rojas and Guevara-Patifio

Vitiligo, Insults, Stress, and NKG2D

vitiligo (72). As will be further discussed, pro-inflammatory
cytokines have an important role in the vitiligo-associated
immune response.

High ROS can also induce ER oxidation; in particular,
H,0; can interfere with the ion channel TRPM2, resulting
in higher Ca’* influx into the cell and the mitochondria
(73). Increased mitochondrial Ca?t concentration ([Ca?t]), in
addition to augmented ROS production, induces a reduction of
the mitochondrial membrane potential (AWm) in melanocytes
and the circulating mononuclear cells of vitiligo patients (44,
72). While melanin is known to chelate Ca?* and control
intracellular [Ca?T], protecting the cell from DNA damage
caused by ROS or UV rays, eventually, these alterations may
lead to cytochrome c release and apoptosis (74, 75). In the
ER, ROS induces accumulation of dysfunctional and unfolded
proteins, triggering the unfolded protein response (UPR) within
vitiliginous melanocytes, potentially leading to cell death (76).
Moreover, aberrant self-proteins, perceived as foreign antigens,
can elicit immune responses (77). Therefore, oxidative stress
in vitiligo skin is likely to precede the autoimmune response.
In particular, NKG2DL expression can be triggered by ROS in
multiple cell types and in cancer (78-83). NKG2D-mediated
activation of CD8T cells may thus play a significant role in the
development of vitiligo, as discussed below.

NKG2D, STRESS SIGNALS, AND T CELLS

NKG2D is an activating receptor that is expressed by many
cytotoxic lymphocytes and binds to a variety of ligands (i.e.,
MICA and Rae-1 in human and mouse, respectively) expressed
on stressed cells. Studies including ours have shown that the
function of these ligands is to enable stressed cell recognition
and destruction in a suicide by proxy mechanism, facilitated
by immune cells expressing NKG2D (34, 84, 85). Interestingly,
increased expression of NKG2DL has been shown in response
to multiple insults, including oxidative cell stress (86, 87).
Moreover, studies have shown an association between CD8T
cells expressing NKG2D and various autoimmune diseases,
including skin conditions such as alopecia areata (88-90),
vitiligo, pancreatitis, diabetes (91), and celiac disease (39, 92). For
example, in type 1 diabetes, NKG2D engagement is necessary for
the development of the disease (42) and destruction of B-cells in
the pancreas by CD8 T cells has been compared to melanocyte
death in skin patches of vitiligo patients (93, 94).

In a mouse model of vitiligo, we show that engagement
of NKG2D results in exacerbation of CD8T cell-mediated
vitiligo (34). Consistent with this, melanocyte-reactive T cells
are further activated and drawn to stressed melanocytes that
express NKG2DL (19). Moreover, NKG2D-expressing T cells
are enriched in vitiligo patients (30). Thus, understanding
the mechanisms that regulate NKG2DL expression on stressed
melanocytes can lead to development of therapeutic approaches
targeting the interactions of NKG2D™ self-reactive CD8 T cells
with melanocytes in vitiligo.

The expression of NKG2DL is upregulated in response to
cell stress, rendering stressed or altered cells visible to NKG2D-
expressing CD8T cells. Studies have shown that stress signals
induce the expression of NKG2DL on most cell types, including

melanocytes (30). Increased expression of such signals in healthy
tissue may induce the destruction and inflammation associated
with autoimmune diseases (36, 37, 39, 41, 42, 88, 95-97). In
fact, melanocyte-reactive T cells, normally suppressed by Tregs,
have been found in circulating blood of individuals that do not
exhibit vitiligo (98). While such self-reactive cytolytic T cells can
be exploited for anti-tumor therapy, loss of functional Treg cells
can result in the onset of vitiligo (98, 99).

NKG2DL expression on melanocytes may also drive the onset
of the disease. This was demonstrated in a mouse model which
revealed that NKG2DL expression on target cells is sufficient to
induce vitiligo (34). Accordingly, melanocyte-reactive T cells also
have a higher NKG2D expression. In particular, a subset of tissue-
resident memory CD8T (Trwm) cells populating lesion areas in
the skin of vitiligo patients was shown to have increased NKG2D
levels and to be responsible for the increased production of IFN-
y and TNF-a (30). This Try cell activation was mediated not
only by IL-15, a key cytokine in memory formation, but also by
skin dendritic cells (DCs) expressing human NKG2DL MICA/B
(30). Engagement of NKG2D on CD8T cells in combination
with IL-15 stimulation can trigger the killing of target cells, a
feature of autoimmune diseases (39, 84, 95, 100-102). While
NKG2D plays an important role in the effector phase of T cells,
we have shown that engagement of this receptor also has long-
term effects, including the promotion of memory formation
(35). In the mentioned study, we show that signaling through
NKG2D mediates a process that we termed memory certification.
We found that temporary blockade of NKG2D signaling during
the effector phase resulted in the formation of highly defective
memory CD8T cells characterized by altered expression of
the ribosomal protein S6 and epigenetic modifiers, suggesting
modifications in the T cell translational machinery and epigenetic
programming. Based on these data, we concluded that NKG2D
signaling during this initial effector phase, poises NKG2D
engaged cells with a certification or molecular accreditation that
results in their optimal development as memory T cells. This
process of certification guarantees that the memory compartment
is populated with CD8 T cells that have demonstrated their ability
to kill the correct targets through a two-step process that utilizes
the TCR and NKG2D signaling. Interestingly, in this system,
NKG2D-certtified memory T cells will be able to kill melanocytes
independently of NKG2D, thus resulting in the destruction
of healthy melanocytes. We postulate that melanocyte-reactive
CD8T cells that receive NKG2D signaling during the killing
phase will also persist as memory cells and potentially enrich the
skin TRM population in vitiligo patients.

Heat shock protein are stress-inducible chaperones that
protect cells from undergoing apoptosis through several
mechanisms, including the binding and renaturing or
degradation of misfolded proteins during the stress response
(103). In particular, Hsp70 expression in tumor cells has been
shown to elicit both innate and adaptive immune responses (104-
108). In vitiligo, stressed melanocytes increase the expression
of Hsp70, which binds and transports potentially immunogenic
antigens to the MHC complex, allowing for their presentation on
the cell surface to cytotoxic T cells (109). Moreover, free Hsp70
also triggers an immune response by interacting with DC surface
receptors (107, 110, 111), inducing the expression of human
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NKG2DL MICA (107). This acts as a danger signal, rendering
stressed cells visible to both NK and CD8T cells expressing
NKG2D. Hsp70 expression can be induced not only by physical
and chemical stress, but also in physiological conditions, such
as under high ROS production, as seen in vitiligo and other
pathologies (110, 112, 113). Expression of both inducible HSP70
and NKG2DL is controlled by the transcriptional activator heath
shock factor 1 (HSF1) (83). In response to cell stress, HSF1 is
released in the cytoplasm. Following nuclear translocation, HSF1
binds to the promoter regions of both HSP70i and NKG2DL,
initiating their transcription. These observations raise a novel
paradox: while the canonical function of intracellular HSP70i is
cytoprotectant, expression of NKG2DL results in cell suicide by
proxy. While it is not known how melanocytes survive or render
themselves visible for killing after cell stress, we believe that
focusing on answering this question may in turn help identify
actionable therapies in vitiligo.

Environmental insults can trigger inflammation and result in
the onset of vitiligo, especially in adulthood (25, 26). For example,
monobenzone, a skin bleaching agent is used to complete
skin depigmentation in vitiligo patients. Monobenzone induces
ROS generation and oxidative stress in the skin (114), further
contributing to the autoimmune response in vitiligo. In addition,
monobenzone is converted into a reactive quinone by tyrosinase
(114); these quinone products bind covalently to proteins in
melanocytes, forming aberrant antigens targeted by T cells (115).
Therefore, monobenzone induces a systemic T cell response,
effectively targeting all melanocytes in the skin.

THE INFLAMMATORY
MICROENVIRONMENT IN VITILIGO

Cytokines have a crucial role in regulating immune responses.
High levels of cytokines are often found in vitiligo patients,
including cytokines corresponding to Thl, Thl7, and
innate cell responses (116). Interestingly, keratinocytes in
vitiligo lesions aberrantly produce IL-1, IL-6, and TNF-a,
which inhibit melanocyte function (65, 66) and elicit an
inflammatory response.

The production of pro-inflammatory cytokines allows for
enhanced T cell recruitment and activation, resulting in increased
presence of activated CD8 T cells in vitiligo lesions (13, 117-122).
Produced by multiple immune cell types, IFN-vy is associated with
vitiligo. IFN-y promotes the production of other cytokines and
chemokines, and the recruitment of T cells as well as other types
of immune cells (123). Studies show that IFN-y directly induces
melanocyte apoptosis (124, 125) and its signaling enhances
CD8 T cell function and expansion (126). Notably, we and others
have demonstrated that NKG2D signaling upregulates IFN-y
production (18, 33). IFN-y also promotes the expression of MHC
Class I and therefore antigen presentation for CD8 T cells. IFN-
y is also responsible for stimulating the production of CXCL9
and CXCL10 in keratinocytes, which engages the chemokine
receptor CXCR3 on melanocytes and triggers apoptosis, further
contributing to the disease (127).

TNF-a is also produced at high levels in vitiligo (128). While
its role as an apoptotic mediator has been shown in multiple
cell types (129), in vitiligo, TNF-a inhibits melanogenesis by
activating the transcription factor NF-kB (130). In addition,
it induces the expression of ICAM-1 on melanocytes (131),
allowing for the attachment of T cells and triggering cytotoxicity
(132). Moreover, TNF-a inhibits tyrosinase and Trpl activity,
both essential for melanin synthesis (61). ROS production is
also increased by TNF-a, further promoting stress signals in
vitiligo melanocytes.

While keratinocytes can contribute to the production of
inflammatory factors, melanocyte-reactive CD8T cells are
sufficient to initiate the development of vitiligo, as it has
been shown that perilesional T cells from vitiligo patients can
recognize and kill melanocytes in healthy skin (122). Activated
self-reactive T cells remain in the skin and differentiate into
Try cells. This differentiation is mediated by IL-15 derived from
keratinocytes (133). Blockade of IL-15Rf (CD122) reduces IFN-y
production and can eliminate skin Try and reverse vitiligo (133).

Another indicator of an existing melanocyte-reactive T cell
population is the development of vitiligo in melanoma patients
who receive immunotherapy (134-140). In patients without
the right stimuli, these T cells do not mount a response, but
can potentially be activated for the treatment of cancer. This
observation also indicates the possibility to treat melanoma with
agents known to trigger vitiligo, such as skin bleaching agents
(114, 115).

In addition to a high production of pro-inflammatory
cytokines, there is a corresponding reduction in suppressive
cytokines in the skin of vitiligo patients. Tregs maintain immune
tolerance by controlling self-reactive cytotoxic T cells. In healthy
adults, Tregs constitute about half of the CD4 T cell population
in the skin (141). In vitiligo, however, a much lower percentage
of Tregs is often found surrounding lesions (23), which has been
associated with reduced levels of Treg growth and differentiation
factors TGF-B and IL-10 (142, 143). In particular, low TGF-
B concentrations in both serum and skin have been found to
correlate with skin depigmentation in vitiligo (142, 144). In
addition, there is an association between reduced expression
of CCL22, a skin-homing chemokine, and Treg infiltration in
vitiligo skin, suggesting impaired migration of Tregs to the
skin in vitiligo patients (24). These events can thus result in
the alteration of the Treg/cytotoxic T cell ratio, impaired Treg
differentiation, and increased inflammation in vitiligo.

In summation, the imbalance of pro-inflammatory and
suppressive cytokines further contributes to disease progression.
The interplay of these messengers, the immune system, and the
affected skin cells is being actively investigated to identify novel
therapeutic avenues.

GENETIC AND TRANSCRIPTIONAL
ALTERATIONS IN VITILIGO

Genetic predisposition is heavily linked to an overreactive
immune system and patients often exhibit more than one
autoimmune disease. While the inflammation and stress
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observed in vitiligo patients can have a variety of causes,
including environmental, there is also a high risk of vitiligo
heritability, with about 8% of patients having at least one
affected relative (7). Gene analysis studies have revealed a higher
expression of Class II MHC haplotypes HLA-DR and HLA-DQ
in Caucasian patients resulting from a polymorphism in a super-
enhancer within the Class II region (6, 145). Moreover, there
is a correlation in the expression of such MHC haplotypes and
a higher production of pro-inflammatory cytokines IFN-y and
IL-1B (6). In addition, mutations affecting other loci implicated
in immune regulation have been associated with vitiligo and
other autoimmune diseases. These genes include those encoding
IL-2Ra (146), the TCR signaling regulator UBASH3A (146),
and CCL20 receptor CCR6 (147), among others (21). While
these reports indicate that there is an association between
immune regulation and the onset of autoimmunity and vitiligo,
there is also evidence that some polymorphisms lead to
reactivity specifically against melanocytes. These include peptides
derived from tyrosinase, the transmembrane protein OCA2, and
melanocortin 1 receptor (MCI1R), all of which are naturally
processed and presented as antigens by Class I MHC molecules
(5, 148, 149). This, in combination with higher MHC expression,
increases the potential for the presentation of melanocyte-specific
antigens and for self-reactive T cells targeting these cells.

Reduced function and number of the tolerogenic Tregs has
also been associated with the development of vitiligo. Genetic
polymorphisms in Foxp3, a transcription factor critical for Treg
differentiation, and transcription factor FoxP1 (147), also critical
for Treg homeostasis (150, 151), have been associated with
Treg dysfunction in vitiligo (23, 152-154). Similarly, variants
in the genes encoding TGF-f receptor II (155) and IL-10 (156)
may affect Treg-mediated immune suppression in vitiligo. As
mentioned, both TGF-p and IL-10 are cytokines essential for Treg
differentiation and development (157-159).

Additionally, transcriptional analyses have demonstrated
altered expression of factors involved in proliferation, apoptosis
and regeneration of melanocytes (160). This is supported
by the observation that vitiliginous melanocytes display poor
proliferative capacity and cannot be sub-cultured in vitro (161,
162).

Aberrant expression of miRNAs has also been observed in
vitiligo (163-165). In particular, miRNA-211 is highly expressed
in healthy melanocytes, but its expression is severely reduced in
non-pigmented melanoma and in the vitiligo cell line PIG3V
(22). miRNA-211 target genes have functions involved in cell
respiration and metabolism, including mitochondrial complexes
L, II, and IV. In consequence, reduced miRNA-211 expression
in vitiligo is associated with increased O, consumption and

Killin

Melanocyte

Genetic predisposition
Insult

Increased oxidative stress
Cell stress: NKG2DL/HSP70
Enhanced self-antigen
presentation

Increased cytokine release

¥

Self-reactive T cell

Increased recognition of self-antigens
Enhanced TCR signaling and killing
Certification of memory formation
Resistance to immune suppression
Enhanced tissue trafficking

Pro-inflammatory
cytokines

Disease initiation, perpetuation and spreading

FIGURE 1 | NKG2D-expressing T cells initiate and perpetuate vitiligo. The occurrence of vitiligo can be associated with genetic predisposition and hereditary disease,
which in turned is linked to an overreactive immune system. Expression of certain MHC variants, for example, can lead to increased self-antigen presentation.
However, other contributing factors can trigger the onset of the disease. An inflammatory event, or insult, may lead to increased ROS production and oxidative stress
in melanocytes and their surroundings. In response to this, the production of cytokines by immune cells and keratinocytes can further induce inflammation and an
immune response. Melanocytes in turn express “danger” signals, including NKG2D ligands (e.g., MICA/B in humans) and chaperone proteins, such as hsp70.

Self-reactive cytolytic T cells are thus able to recognize melanocytes through the TCR and become activated via the engagement of NKG2D, whose signaling further
enhances the downstream effects of TCR signaling, including cytotoxicity. Moreover, NKG2D activation certifies these self-reactive T cells to become memory cells
and renders them more resistant to immune suppression. These certified T cells have enhanced local trafficking and are able to continue killing melanocytes. These
events, in combination with reduced suppression by dysfunctional Treg cells, result in the onset, perpetuation, and spreading of vitiligo. Created with BioRender.com.
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may partially explain the oxidative stress observed in patients
(22, 166).

CONCLUSIONS

Vitiligo is a complex disease with multiple causal factors,
including genetic predisposition, enhanced self-antigen
presentation, and increased pro-inflammatory = signals.
Inflammation is known to induce DNA and cell damage
and increased ROS production, triggering the expression
of NKG2DL on melanocytes. It is well-accepted that the
interaction between the autoantigen:MHC-I complex and the
self-reactive TCR on CD8 T cells is weak. However, under stress
and inflammation, the recognition of both autoantigen and
NKG2DL by NKG2D-expressing T cells causes the reduction
of the T cell activating threshold (Figure 1). In this scenario,
the expression of NKG2D ligands on stressed melanocytes is
sensed by the immune system as an instruction for destruction
(suicide by proxy). This initiation phase is followed by the
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Translational Research in Vitiligo

Erica L. Katz and John E. Harris *

Department of Medicine, Division of Dermatology, University of Massachusetts Medical School, Worcester, MA, United States

Vitiligo is a disease of the skin characterized by the appearance of white spots. Significant
progress has been made in understanding vitiligo pathogenesis over the past 30 years,
but only through perseverance, collaboration, and open-minded discussion. Early
hypotheses considered roles for innervation, microvascular anomalies, oxidative stress,
defects in melanocyte adhesion, autoimmunity, somatic mosaicism, and genetics.
Because theories about pathogenesis drive experimental design, focus, and even
therapeutic approach, it is important to consider their impact on our current
understanding about vitiligo. Animal models allow researchers to perform mechanistic
studies, and the development of improved patient sample collection methods provides a
platform for translational studies in vitiligo that can also be applied to understand other
autoimmune diseases that are more difficult to study in human samples. Here we discuss
the history of vitiligo translational research, recent advances, and their implications for new
treatment approaches.

Keywords: vitiligo, translational research, autoimmunity, melanocyte oxidative stress, genetics

INTRODUCTION: EARLY RESEARCH IN VITILIGO

Focused research in vitiligo has surged over the past 30 years. This is revealed by the exponential
increase in scientific papers published with vitiligo in the title (Figure 1) and significant progress in
developing new targeted treatment approaches. However, the first documentation of vitiligo and its
treatment exists from 3,500 years ago. These ancient texts describe the appearance of vitiligo,
emphasize the social stigma associated with the disease, and list treatment approaches used at the
time. Vitiligo patients still experience the social stigmas documented in ancient Indian and Buddhist
writings, including the restriction of marriage (1). Most of the treatments noted in these ancient
texts, including the application of elephant stool or ingestion of cobra bones, are not currently
utilized. However, the basis of one remedy is still used today. According to the Atharvaveda, an
ancient Indian medical text written in ~1400 B.C,, patients with vitiligo were instructed to chew on
black seeds from the Bavachi (Psoralea corylifolia) plant, which was later determined to be a source
of psoralen. They then sat in the afternoon sun until they began to sweat profusely, which led to
blistering sunburns of their exposed skin. While this treatment is unacceptable by today’s standards,
it would have likely been effective, as evidenced by its continued use in ancient times and its later
rediscovery in the mid 1900’s as topical or oral psoralen derivatives in combination with UVA light
treatment, currently known as (PUVA) (2).

Vitiligo has been discussed in modern medical literature for over one hundred years. These early
records were primarily case studies characterizing clinical observations and their correlation with
other diseases. Vitiligo was described as white patchy depigmentation of the skin beginning as small
macules that gradually increased and coalesced into larger patches over time, frequently sparing the
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hair pigment (3). Authors noted that patients with vitiligo
exhibited a higher incidence of other autoimmune diseases,
such as alopecia areata, type 1 diabetes, and Addison’s Disease
(4). The documented therapeutic approaches for treating vitiligo
included arsenic, sulfur, mercury, antimony, and sulphuric acid,
which are thankfully not used any longer due to limited efficacy
and the potential for severe side effects (5). Sulfuric acid was used
to burn the skin at borders of the lesions to make them less
distinct, and therefore less obvious to the observer. The tolerance
of these toxic approaches highlights the motivation of patients to
treat their disease.

It was not until the 1940s when more in-depth research studies
were performed. Haxthausen in 1947 reported that grafting vitiligo
lesional skin onto non-lesional sites led to varying degrees of
repigmentation of the lesional skin, while transplanting
nonlesional skin onto a lesional area led to the graft
depigmentation. He hypothesized that the local environment,
which might be determined by the nervous system, influenced the
pigmentation state of the graft (6). Comel, in 1948, reported similar
results with pedicled and tubed flaps. The lesional flaps
repigmented, while the nonlesional flaps attached to lesional skin
depigmented (7). Conversely, Spencer and Tolmach in 1951
reported that graft transplantation between lesional and
nonlesional skin did not lead to the repigmentation of lesional
grafts or depigmentation of nonlesional grafts, but reported
extension of depigmentation around the lesional skin graft (8). A
possible reason for the conflicting results is the different
methodologies used for the skin grafts. Haxthausen used thin split
thickness grafts, referred to as a Thiersch graft, while Spencer and
Tolmach used full thickness skin grafts. Although these were small
case studies that showed mixed results, they suggested that the
environment in which the graft is transplanted is an important
factor. It wasn’t until 1964 when Behl applied skin grafts as a large
scale treatment option for vitiligo (9), utilizing the Thiersch grafting
technique similar to the Haxthausen study and limiting the
variability in repigmentation and relapse by restricting the
procedure to only those with stable disease.

19I80
Year published

2000 2020

FIGURE 1 | Graph showing the exponential increase of publications available on Pubmed with titles including vitiligo published over time.

PATHOGENESIS OF VITILIGO

There are a number of hypotheses offered to address the
pathogenesis of vitiligo. These hypotheses consider roles for
innervation, microvascular anomalies, melanocyte degeneration
from oxidative stress, defects in melanocyte adhesion,
autoimmunity, somatic mosaicism, and genetic influences (1,
10-15) (Figures 2A-G). Some have strong evidence to support
them, while others are relatively unsupported but continue to be
discussed. We will outline these hypotheses and the evidence
offered to support them below.

Neural Theory

The hypothesis that innervation influences depigmentation,
often labeled the “neural hypothesis”, is primarily based on a
few largely unsupported observations: 1) Segmental vitiligo is
unilateral, and therefore mistakenly labeled as dermatomal;
however, disease is rarely limited to a single dermatome, and
often crosses many dermatomes (11, 16-18). 2) Lerner
hypothesized that vitiligo is caused by the increase of
neuropeptides released by neurons and that this decreases
melanocyte melanin production (19). Catecholamines have
also been reported to be elevated in the urine of vitiligo
patients, leading some to assume this came from dysfunctional
neurons (20-22). However, others dispute these results and note
catecholamines are also produced by melanocytes (23, 24). Thus,
these studies do not implicate nerves in disease pathogenesis. 3)
There are case reports of vitiligo preferentially affecting limbs
that had been traumatically denervated, but the opposite is also
true, that denervated limbs have been reported to repigment or
be spared from vitiligo altogether (19, 25, 26). In most cases,
denervation does not affect vitiligo. Thus, these discordant case
reports are more likely chance observations than actual indications
of disease pathogenesis. 4) Sweating and vasoconstriction have
been reported to be altered in lesions (27, 28). However, many
reports are contradictory. Some reports claim an increase in
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FIGURE 2 | Overview of pathogenesis for vitiligo. (A) Neuronal involvement — neurons within the skin release neuropeptides like catecholamines, which act on
melanocytes and lead to depigmentation. (B) Microvascular theory — vitiligo lesions have increased blood flow during segmental vitiligo, which allows for increased
infiltration of lymphocytes that results in autoimmune attack of melanocytes. (C) Somatic mosaicism — depigmentation develops because a somatic mutation in
melanocytes leads to genetically distinct populations that are susceptible to autoimmune attack. (D) Melanocyte adhesion — friction or oxidative stress in melanocytes
or keratinocytes leads to melanocyte loss because of reduced adhesion to the skin. (E) Degenerative theory — depigmentation occurs because of intrinsic
melanocyte defects, such as increased susceptibility to environmental stressors and dysregulation of reactive oxidative species (ROS). (F) Autoimmunity theory —
autoreactive immune cells attack and kill melanocytes, ultimately leading to depigmentation. (G) Genetics — underlies all pathways leading to vitiligo. Genetic studies
most clearly implicate autoimmunity, but also melanocyte contributions. Neuronal and microvascular theories are least supported, represented by (A, B) being

cholinergic influence in all vitiligo lesions, while others report this
observation occurs in segmental lesions but not bilateral lesions.
Data on the level of sympathetic tone is also conflicting, as
increased sympathetic tone has been observed by some groups
while others observed decreased sympathetic tone (27-34). Since
these studies are largely inconclusive, it is premature to suggest
they provide any insight into vitiligo pathogenesis. 5) Stress or
trauma appears to exacerbate vitiligo (19). This is often thought to
be due to neurohormonal mechanisms, however there is currently
no evidence to support neuronal involvement. Many autoimmune
conditions are exacerbated by stress, an observation that has not
implicated neurons in their pathogenesis. 6) Animal studies reveal
neural control of pigmentation, particularly in fish (33, 35).
However, there is no evidence for this in mammals, especially
humans (36). Thus, we suggest future discussions defer mention of
the “neural hypothesis”, at least until there is solid evidence
available to support it.

Microvascular Theory

The microvascular theory suggests there is an increased blood
flow into lesional skin during segmental vitiligo. The use of
iontophoresis and laser Doppler flowmetry demonstrated up to
triple the blood flow in lesional skin of segmental vitiligo patients
compared to healthy, but not within nonsegmental lesional skin

(37). The unilateral presentation was proposed to be from the
activation and expansion of the autoreactive T cells in the
regional lymph nodes that then exit into the blood circulation.
An increased blood flow may then escalate the migration of
lymphocytes, specifically melanocyte-specific cytotoxic T cells
because of their expression of cutaneous homing receptors, to the
lesion for the destruction of melanocytes (13, 38-40). However, a
contradictory observation is that when vitiligo develops in
melanoma patients as the result of a vaccine injected for the
expansion of melanocyte-specific T cells, disease is typically
reported to develop in a nonsegmental pattern. If the
microvascular theory were true, then it would be expected to
develop in a segmental pattern originating in the region of the
injection site (12). Furthermore, the microvascular theory is
often grouped closely with the neural theory because it has
been proposed that damaged sympathetic nerves leads to the
increased blood flow due to the vasodilation of the skin blood
vessels (41). The lack of real evidence for this theory supports
discarding it until further studies provide support.

Degenerative Theory

The degenerative theory focused on the idea that there is an
intrinsic defect within melanocytes that leads to their loss within
the skin, thereby causing depigmentation. This theory arose from
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observations that melanocytes from vitiligo patients are difficult
to culture and proliferate much slower than melanocytes from
healthy individuals (42). Additionally, dysregulation of reactive
oxidative species (ROS) and increased susceptibility to chemicals
that induce ROS have been reported in melanocytes from
patients with vitiligo (43, 44). Catalase is an enzyme that
converts hydrogen peroxide, a source of ROS, into water, and
expression of this enzyme is reportedly reduced in vitiligo
lesional skin (45). Attempts to mitigate oxidative stress in
melanocytes using a topical psuedocatalase cream does not
seem to have an impact on disease, but use in combinational
treatments with calcium and UVB light treatments have been
reported to result in effective repigmentation (46, 47). However,
Gilhar et al. demonstrated that melanocytes are functional within
lesions because human vitiligo skin grafted onto nude mice fully
repigmented and the number of melanocytes within the graft
increased (48). Therefore, although there is clear evidence
indicating melanocytes are abnormal in lesional skin, the idea
that vitiligo exclusively develops from intrinsic melanocyte
degeneration is unlikely because of the disputing studies
supporting the fact that melanocyte defects are not sufficient to
cause disease.

Melanocyte Adhesion Theory

The melanocyte adhesion theory suggests that melanocytes lose
or have decreased adhesion to the skin and are therefore easily
eliminated or otherwise lost during oxidative stress or
mechanical pressure, such as friction from clothing (49). Some
studies report a decreased expression of the adhesion molecule
E-cadherin on melanocytes, while another reported no
significant differences in expression of adhesion molecules
between healthy, nonlesional, and lesional skin but elevated
expression of an “anti-adhesion molecule” tenascin in vitiligo
lesional and nonlesional skin, which might lead to the loss of
melanocytes within the skin (50, 51). More in vivo data is needed
to determine the role of melanocyte adhesion defects during
melanocyte loss, such as whether adhesion molecules knocked
out in melanocytes in mouse models lead to increased disease
severity. Keratinocytes may also play a role in the loss of
melanocytes. Keratinocytes and melanocytes comprise a
“epidermal-melanin unit” and maintain homeostasis in the
epidermis through paracrine signaling of growth and survival
factors (52). Studies report that keratinocytes within vitiligo
perilesional and lesional skin have dysregulation of oxidative
stress (52). For example, keratinocytes have mitochondrial
abnormalities evident from increased ROS production, lower
production of antioxidants, and expression of apoptotic proteins
(53, 54). Keratinocytes clearly have a role in pathogenesis, as
their production of CXCL9 and CXCL10 recruits autoreactive
CD8+ T cells to the skin (55). Therefore, it is conceivable that
intrinsic defects within keratinocytes may play contribute to
abnormalities in melanocyte adhesion during vitiligo
pathogenesis. The current available data is intriguing and may
support a role in vitiligo pathogenesis. The loss of melanocyte
adhesion to keratinocytes might be a cause or effect of

autoimmune inflammation. For example, it may trigger
autoimmunity by a large release of autoantigens, or intrinsic
defects in handling stress or autoimmune attack itself might lead
to reduced adhesion (56).

Autoimmunity Theory
The autoimmunity theory offered that self-reactive immune cells
attack melanocytes, which then leads to their death and loss from
the skin, resulting in depigmentation. This was one of the earliest
theories, since initial case studies noted the coincident onset of
vitiligo with other autoimmune diseases, thus implicating
autoimmunity by association. In the late 1970s, a study
revealed the presence of autoantibodies against melanocytes
only in vitiligo patients and not in healthy controls using
immunofluorescence complement fixation tests (57). This
supported the notion that autoimmunity played a functional
role in disease because it indicated activation of adaptive
immunity specifically against melanocytes. Later studies
revealed that autoantibodies could lead to the destruction of
melanocytes in vivo by grafting human skin onto nude mice and
subsequently injecting purified IgG antibodies from vitiligo
patients (58). This resulted in a decrease of melanocytes in the
grafts on mice injected with vitiligo patient IgG compared to
healthy patient control IgG (58). It was later determined that
autoantibodies are likely not the main drivers of disease because
autoantibody levels do not correlate with disease severity in
vitiligo patients and autoantibodies are equally distributed
throughout the body, rather than concentrated in lesions (59).
While autoantibodies indicated an autoimmune response
against melanocytes in vitiligo, it became apparent that
melanocyte damage results from another mechanism. Early
immunohistochemical (IHC) studies noted the decrease of
melanocytes within lesional skin and the presence of immune
cells in the upper dermis and epidermis (33, 60). It was then
reported that CD8+ T cells infiltrate the skin and are positioned
within close proximity to dying melanocytes (39, 61). Van den
Boorn et al. determined that the immune system, and specifically
CD8+ T cells, were both necessary and sufficient for melanocyte
destruction in the skin of vitiligo patients by incubating T  cells
isolated from perilesional skin with nonlesional skin explants from
the same donor, which resulted in melanocyte death (62).
Furthermore, autoimmunity is supported by genome-wide
association (GWA) studies that revealed genes associated with
vitiligo risk are predominately immune-related, including genes
associated with both adaptive and innate immune responses (63).
Melanocytes during vitiligo appear to be abnormal at
baseline, producing heat shock proteins to help manage
cellular stress, which activate the unfolded protein stress
response. These abnormalities may lead to the release of
damage-associated molecular patterns (DAMPs), which signal
through pattern recognition receptors (PRRs) like TLR2, TLR4,
and NLRP inflammasomes (64). Vitiligo-inducing chemicals like
phenols initiate the unfolded protein response (UPR) in
melanocytes, which results in the production of IL-6 and IL-8
(65), two cytokines that promote immune cell recruitment.
Additional studies report infiltration of vitiligo lesional skin by
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innate immune cells, including inflammatory dendritic cells,
macrophages, and natural killer (NK) cells (39, 66, 67). Yu
et al. reported an increase of NK cells in vitiligo nonlesional
skin, suggesting a role in the onset of disease (67). These studies
suggest that melanocytes may initiate the innate immune
response through the recruitment of innate immune cells from
inflammatory signals and the release of DAMPs that are able to
signal through pathogen recognition receptors (PRRs) on these
cells. Additional studies will be important to further support
these observations and enhance our understanding how the
innate immune system bridges melanocyte stress and adaptive
autoimmunity in vitiligo.

Genetics

Genetics clearly influences the risk of developing vitiligo,
although should not be described as a theory in itself. Indeed,
genetic variation influences all pathways in the body, including
immunology, melanocyte stress and adhesion, etc. Several
epidemiological and familial studies addressing the incidence
of vitiligo report that vitiligo affects 1%-2% of the overall
population and that there is a higher risk for people who have
first-degree relatives (FDR) with disease (68-71). Many of these
studies were limited due to the low number of participants,
although a recent study by Kim et al. incorporated a large
number of individuals in a Korean population, providing
significant power in their analysis. Their study calculated
incidence risk ratio (IRR) for FDRs and found that siblings of
vitiligo patients have a higher incidence of disease, with a larger
increase if the sibling is a twin (69, 71, 72). Unlike previous
studies, Kim et al. also reported a higher IRR for offspring that
have a mother with vitiligo compared to a father (71). Although
this increased risk could be from shared environmental risks,
another possibility is the inheritance of mitochondrial DNA that
is only obtainable maternally. Overall, homogeneity of the study
population provided strong, powered data about vitiligo
heritability, but more studies will be needed to determine
whether these observations can be applied to other ethnicities
and mixed populations.

Recent GWA studies revealed small nucleotide polymorphisms
(SNPs) in many immune-related and melanocyte specific genes
(63). The identification of melanocyte-specific genes (OCA2-
HERC2, PMEL) through GWAS support a role for melanocyte
involvement, while genes involving stress and apoptosis (SOD2,
GSTP1, RERE, XPB1) support a role for melanocyte stress as well
(68, 73, 74). The autoimmunity theory is validated by GWA study
hits, as well with the melanocyte-specific genes are often
autoantigens (PMEL) and immune-related genes (FOXP3,
GMZB, XPB1). While these SNPs have provided significant
insight, functional genomic studies are needed to understand the
full relationship SNPs have on disease pathogenesis. However, it is
difficult to identify gene target of SNPs because most occur in
noncoding regions that likely regulate gene transcription, which
may be present at a significant distance from their target genes.
Recent three-dimensional (3D) genome analysis studies have
reported that SNPs can influence genes that are linearly distant

because of higher-order chromatin structures allow interactions of
distant genome regions (75-77).

While genetics clearly plays a role in vitiligo, environmental
exposures, and stochastic events factor into pathogenesis as well.
This is indicated by the fact that coincident rates for identical
twins to develop vitiligo is only 23%-26%, rather than the
expected 100% if pathogenesis was only influenced by genetics
(69, 71). Chemicals in permanent hair dyes and cosmetics, as
well as chemicals like 4-TBP and monobenyzl ether of
hydroquinone, induce and exacerbate vitiligo (78-80). This is
likely through the induction of cellular stress pathways within
melanocytes when they attempt to convert the chemical into
melanin, as the chemicals are very similar in structure to the
amino acid tyrosine, the building block of melanin synthesis.
Additionally, stochastic events within the immune system may
result in the develop of vitiligo because T cell receptors and
antibodies are generated through random recombination of
existing genes. Thus, a single panel of genetic factors as found
in identical twins could result in very different immune responses
through stochastic events. Therefore, a combination of genetic
predisposition, environmental exposures, and stochastic events
contribute to the risk of developing vitiligo.

SEGMENTAL VITILIGO

While vitiligo is typically bilateral and symmetric, segmental vitiligo
is a subtype of the disease that presents as unilateral depigmentation
that does not cross the midline. Historically, the segmental subtype
has been misnamed “dermatomal vitiligo” because its unilateral
presentation was reminiscent of shingles, which affects the skin in a
distribution overlying a single sensory nerve, which also localizes
unilaterally. However, segmental vitiligo rarely, if ever, follows a
single dermatome, but frequently involves multiple dermatomes
and even runs perpendicular to dermatomes, indicating that this
disease is not related to single nerves (12). Because of its unilateral
nature and dermatomal misnomer, many believed that segmental
vitiligo may have a separate and distinct pathogenesis,
hypothesizing that nerves might play a role in this subtype of
disease. However, more recent studies have shed light on
mechanisms that lead to segmental vitiligo, including strong
evidence that it is also driven by autoimmunity (40, 62).

In fact, there may be an important role for somatic mosaicism
in the pathogenesis of segmental vitiligo. Somatic mosaicism
occurs when there are two genetically distinct populations of
cells arising from a mutation that appears within the zygote
during development. A post-zygotic mutation occurring in an
embryonic melanocyte can be passed on to daughter cells that
then migrate ventrally from the neural crest (81). The somatic
mosaicism theory suggests that a somatic mutation creates
susceptible melanocytes by inducing melanocyte stress or
increasing the expression of melanocyte specific markers (12),
which then become the targets for autoimmune attack that is
limited to the mutant population of cells (82). The ventral
migration of these melanocytes during development without
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crossing the midline may lead to the unilateral distribution of
disease, characteristic of segmental vitiligo (11). Future studies
will be important to test this hypothesis directly.

HYPOTHESES INFLUENCE RESEARCH
QUESTIONS AND DATA
INTERPRETATION

Hypotheses that address the pathogenesis of disease influence
experimental design, as well as data interpretation, which can be
either beneficial or detrimental to progress in understanding
disease, as this natural bias can focus investigation leading to
accelerated discovery, or negatively influence data interpretation
within a narrow framework. This has been done in some respect
with the “neural hypothesis”. As discussed above, the
characteristic unilateral nature of segmental vitiligo for years
was misinterpreted as supportive of neural involvement, despite
the fact that lesions did not follow specific dermatome patterns at
all (11). In addition, the presence of elevated catecholamines in
the blood and urine of vitiligo patients were interpreted to
indicate support for the neural hypothesis, suggesting that
these catecholamines emanated from dysfunctional nerves (21).
An alternative interpretation proposed that the increased
catecholamines were a product of melanocyte destruction. This
interpretation led to studies that observed that melanocytes also
produce catecholamines, thus providing new insight about
melanocyte biology during disease and further refutes the
neural hypothesis (23, 24). Discussions and new interpretations
when exploring both proposed hypotheses about the presence of
catecholamines and nerve mapping helped drive focus to more
promising pathogenesis ideas.

Another example highlighting different data interpretations
driving experimental approaches is the observation that immune
cells infiltrate vitiligo lesions. Immunohistochemical studies
revealed infiltrating immune cells within the upper dermis and
epidermis of vitiligo lesions (33, 60). It was then identified these
immune infiltrates were predominantly CD8+ T cells and
macrophages, which were positioned within close proximity to
dying melanocytes (39, 61). Some interpreted these immune cells
as simply “cleaning up” after melanocyte degeneration, which led
to exploration of the role of macrophage clearance of debris in
promoting repigmentation (83). Alternatively, researchers
hypothesized immune infiltration into the epidermis supported
a direct autoimmune attack against melanocytes. This led to
additional characterization of the infiltrating T cells, which
reported a higher frequency of melanocyte specific CD8+ T
cells in the circulation of vitiligo patients expressing the skin
homing receptor cutaneous leukocyte-associated antigen (CLA)
(38, 84, 85). Further studies on T cells isolated directly from
lesional skin revealed that cytotoxic CD8+ T cells selectively kill
melanocytes, further validating the autoimmune theory (62).

In addition, increased production of heat shock proteins
(HSPs) was observed in melanocytes from patients with
vitiligo. One interpretation of this data in the context of the

degenerative theory is that the elevated HSPs are simply a result
of increased melanocyte stress from intrinsic defects in
regulating ROS production. This led to the exploration of
melanocyte ROS and HSP production during normal cellular
processes and under environmental stressors (65, 86-88).
Another interpretation is that the increased production of
HSPs by melanocytes acts as danger signals that induce
inflammation, leading to autoimmunity. With this in mind,
studies indicate that HSP70i is elevated in human melanocytes
during chemical-induced vitiligo, has the capacity to activate skin
dendritic cells, and is required for the induction of vitiligo in
mouse models (66, 89).

In fact, both possibilities may be true. Melanocyte intrinsic
defects regulating ROS production may play in a role in
activating autoimmunity. The interplay of endoplasmic
reticulum (ER) stress and ROS production have been
implicated in the development of multiple autoimmune
diseases, including vitiligo (90-92). Melanocytes within vitiligo
skin show signs of oxidative and ER stress, including elevated
ROS, a dilated ER, as well as gene expression consistent with UPR
activation, including X-box protein 1 (XBP1), a transcription
factor that is needed to produce cytokines involved in innate
immune cell recruitment (65, 87). Vitiligo-inducing phenols
induce expression of XBP1 in melanocytes (93), providing a
feasible connection between melanocyte oxidative and ER stress
to the immune response. Furthermore, these stress pathways
within the melanocytes lead to the production of HSPs to help
mitigate this stress, which are then secreted from the melanocyte
or released during cell death to signal through TLRs and other
PRRs to activate the immune response. Exploring multiple
hypotheses, such as melanocyte stress, innate immune
activation, and adaptive autoimmunity through complementary
approaches will give a better understanding of the complex cell
interactions and mechanisms at play during vitiligo pathogenesis.

ADDRESSING EXISTING HYPOTHESES IN
FUTURE RESEARCH

To further explore existing hypotheses and to better understand
how they interface to cause vitiligo, genetic and functional
analyses comparing lesional, nonlesional, and healthy skin will
be needed. Tracing mutations within melanocyte lineages will
interrogate somatic mosaicism development and progression.
Performing single cell RNA sequencing and functional genomics
techniques like Assay for Transposase-Accessible Chromatin
using sequencing (ATAC-seq) can guide functional studies
addressing the mutations found in lineage tracing to determine
their direct role on melanocyte homeostasis and function.

The results of genetic studies have launched many
experiments. Since many GWAS hits are in both melanocyte
and immune related genes, the identified genomic risk alleles
have guided studies that address both the degenerative and
autoimmunity theories. Studies to dissect intrinsic pathways
within melanocytes have provided insight about stress
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responses, ROS production, metabolism, and adhesion. These
insights have led to new questions that have yet to be answered,
such as understanding the interface between melanocytes and
inflammation. For example, future studies may dissect how
melanocyte stress and inflammation influence each other
during disease initiation and progression. Stressed melanocytes
may induce local inflammation that then initiates and
perpetuates autoimmunity in vitiligo. Inflammation could be
also a stressor to melanocytes, and since melanocytes are
defective in vitiligo this stress may weaken the melanocytes
further, exacerbating autoimmune attack.

Additionally, the interplay of inflammation and melanocyte
adhesion should be pursued. Skin inflammation could be
reducing melanocyte adhesion or melanocytes that lose
adhesion could be triggering inflammation and breaking
tolerance. One reason for these unanswered questions is that
cell interactions are not as easily studied in cell culture because
multiple cell types interact within the tissue within a 3-dimensional
(3D) environment. 3D skin models and animal models could be
useful tools for exploring these questions. These models will also be
helpful in working to define the complex, multicellular interactions
that characterize autoimmunity within the skin. Unanswered
questions include the mechanism of autoimmune melanocyte
killing, tolerance mechanisms for suppression or prevention of
disease, and whether other immune cells besides autoreactive
CD8+ T cells contribute to melanocyte death.

These questions will be elucidated by creatively utilizing
developing technologies and tools. Interest in understanding
these interactions has supported the advancement and
utilization of translational research tools such as flow cytometry,
cell sorting, and live in vivo imaging. As these technologies

develop, opportunities to explore these cellular interactions
will expand.

TRANSLATIONAL TOOLS FOR VITILIGO
RESEARCH

Rubio et al. defined translational research as the merging of basic,
clinical, and population research, which continuously build on
each other (94). The multi-directionality of translational research
is advantageous because it aligns mechanistic studies in a model
system with clinical observations and studies on human tissue.
Thus, translational research leverages the best of both basic and
clinical approaches, understanding the mechanism of disease
while maintaining physiologic relevance (Figure 3).

Vitiligo is uniquely suited to translational research because of
its high prevalence in the population, opportunity for visual
evaluation of disease progression, and ready access to the target
tissue. Procedures for obtaining patient skin biopsies are less
invasive than in other organs, such as the intestines where
endoscopic procedures are required or pancreas and brain
where samples can only be safely obtained postmortem. Tissue
samples are critically important for understanding human
disease pathogenesis, because other sources of patient tissue
such as the blood is at best a diluted sample of disease-causing
factors in the tissues, and at worst may be specifically depleted of
these factors.

Traditional methods used to sample the skin include punch or
shave biopsies, which yield small pieces of solid tissue for
analysis. These biopsies can be analyzed using histology,
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FIGURE 3 | Translational tools to study vitiligo. Vitiligo is uniquely positioned for translational studies because of ready access to the skin and multiple collection

techniques for human skin samples such as shave, punch, and suction blister biopsies. These biopsies can then be used for the identification and characterization of
cell populations on the single cell level with technologies like flow cytometry and single cell RNA sequencing. Animal models are available for studying initiating factors
and adaptive immune responses, as well as cell culture techniques like 3D skin models that have been useful for elucidating mechanisms during vitiligo pathogenesis.
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immunohistochemistry, and immunofluorescence to determine
protein expression, which enables positional information that
indicates spacial relationships among cells. Tissue can be
homogenized for RNA or protein quantification; however, this
eliminates information on individual cells or their position
within tissues. Finally, solid tissue can be enzymatically
digested to yield single cells for single cell analyses such as flow
cytometry, RNA sequencing, and others. Disadvantages to these
approaches include pain, need for anesthesia, scarring of the
sampled site, and requirement for sutures in some cases. In
addition, immune cells infiltrating vitiligo lesions can be difficult
to isolate, since they are frequently present in a perilesional
location, somewhere beyond the lesional border. This is because
these cells migrate through the skin outward from the lesion
center while melanocyte loss requires epidermal turnover to
observe clinically, so that the true lesion edge is located beyond
the visible border. Thus, it can be very difficult to determine
where the biopsy should be taken in order to “catch” migratory
immune cells.

The use of suction blistering on human volunteers was first
described by Kiistala and Mustakallio in 1964 for the purpose of
separating the epidermis and dermis (95). Originally, suction
blister roofs had been used for obtaining cells for culture,
quantifying bacteria on the epidermis, and studying epidermal
permeability and biochemical properties (96-98). The time
blisters took to form on various skin disease states compared
to healthy could also be used to categorize skin diseases and their
severity, especially blistering diseases like pemphigus vulgaris
(99). Blister fluid was utilized for to analyze immune cells in the
skin, such as cell recruitment during allergic inflammation
because an influx of immune cells into the blister occurred
over multiple days after induction of the blister (100). Suction
blistering later was used for epidermal grafting, using cells from
both the blister roofs and fluid, to treat stable vitiligo lesions
(101). More recently, this technique has been used in other
contexts to identify cell populations, protein levels of soluble
receptors, and secreted growth factors and cytokines (102-104).

The suction blistering approach is less invasive, not painful, does
not typically scar, and does not require anesthesia or sutures. It is
accomplished through application of negative pressure by a suction
chamber, often with the addition of gentle heating (99). While a
single punch biopsy collects 4-6 mm of skin, suction blistering can
yield many more total cells because the interstitial skin fluid that
forms the blister (up to 10mm) is drawn from an even larger area
and each subject can contribute multiple blisters, we frequently
acquire up to 10 per subject. We optimized this technique to sample
the involved and uninvolved skin of subjects with vitiligo as well as
healthy controls, and found that the extracted blister fluid contains
multiple cell types that can be characterized by flow cytometry, as
well as proteins that can be measured with ELISA (104). Thus, it is
an efficient technique to isolate migratory immune cells from vitiligo
lesions as well as soluble proteins from interstitial fluid. However,
blisters do not preserve the architecture of the skin, and thus
positional information is lost. In addition, it may preferentially
sample the epidermis and upper dermis, potentially missing cells
(particularly structural cells like fibroblasts and endothelial cells)

and fluid from the deeper dermis (105, 106). Since vitiligo consists
of melanocyte destruction at the basal epidermis, the blistering
approach is well-suited for translational studies in vitiligo.

Once single cells have been obtained from skin through
suction blistering or enzymatic digestion of solid tissue
biopsies, several techniques can be used for analysis of the cells
(Table 1). Flow cytometry has enabled the identification and
characterization of cell phenotypes on the protein level in vitiligo
patients. It does not only distinguish the number of cells that are
expressing a marker of interest but can also measure the amount
of protein expressed by each cell as mean fluorescence intensity
(MFI). In addition, since vitiligo has known autoantigens, the use
of tetramers and pentamers have been valuable tools for the
detection and characterization of circulating autoreactive cells in
peripheral blood and skin. Flow cytometry has limitations
though, as many transcription factors and intracellular proteins
are difficult to detect due to the lack of available antibodies or
sufficient permeabilization methods, and some receptors are
quickly internalized so protein expression by flow cytometry
may not always be an accurate assessment.

Single cell RNA sequencing can provide valuable insights at
the single cell level (107). This approach enables researchers to
identify unknown immune cell interactions through signaling
networks with ligand/receptor pairing, unlike flow cytometry,
which detects a small set of previously selected target proteins. It
also can use gene expression within individual cells to discover
new cell subtypes, which is not possible through bulk tissue gene
expression analysis. However, not all changes on the RNA
transcript level are reflected at the protein level. Further
regulation can occur post-transcriptionally and post-
translationally, which can affect whether a protein is available
or functional. Therefore, validation studies must be done to
determine whether RNA expression changes are reflected at the
protein level.

Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) is a technique to assess genome-wide chromatin
accessibility by probing open chromatin with hyperactive
transposases that are pre-loaded with sequencing adaptors (108).
This technique can be performed in bulk sequencing and on single
cells (109). If done at the single cell level, cell specific transcription
factors, binding sites and changes in cell-to-cell DNA accessibility
variability within different disease states can be explored (110).
These epigenetic approaches could be applied to understanding
vitiligo pathogenesis, as already described for Systemic Lupus
Erythematosus (SLE) (111). However, open chromatin does not
always lead to higher expression of genes or their expression as
proteins, and thus further studies are required to validate findings at
this level, similar to RNA sequencing.

Interstitial fluid, which cannot be obtained using conventional
biopsy approaches, can be used to analyze soluble factors that might
contribute to disease pathogenesis. For example, we used ELISA to
determine that CXCL9 was a sensitive and specific biomarker of
disease activity in vitiligo lesions (104). Metabolomics has been
performed on interstitial skin fluid, which could be used to
understand changes in metabolic processes within nonlesional
and lesional skin (112). While soluble factors in fluid cannot be

Frontiers in Immunology | www.frontiersin.org

2

March 2021 | Volume 12 | Article 624517


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Katz and Harris

Translational Research in Vitiligo

measured at the single cell level, when combined with single cell
techniques like scRNA-seq, pathways can be inferred, and new
hypotheses developed. These tools will provide new insight into
vitiligo pathogenesis and potentially fast track the discovery of new
pathways and mechanisms involved in vitiligo, in hopes of
developing better and durable therapeutic options. All these
techniques would provide a wealth of new and exciting insights
into vitiligo pathogenesis. While current techniques using suction
blister fluid lack spatial information, emerging techniques seek to
examine this, including spatial transcriptomics like Slide-seq and
RNA seqFISH+, as well as spatial mass spectrometry imaging
(113, 114).

All biopsy techniques allow for the isolation of cells for
culture. While healthy melanocytes can be cultured,
melanocytes from vitiligo lesions were difficult to establish in
vitro because they had a long lag time for growth and could not
be passaged (42, 115). In the early 1990’s, cell culture techniques
improved to enable the culture of both healthy and vitiligo
melanocytes by the addition of growth factors, such as
fibroblast growth factor (bFGF), phorbol 12-myristate 13-
acetate (PMA), and bovine pituitary extract (BPE) (115, 116).
This has supported investigation of melanocyte biology and

autoimmune killing in co-culture experiments. There are
limitations to what can studied in 2D cell culture however, and
so the future development of re-creating the skin environment
in vitro with 3D skin cultures may help further dissect
mechanisms of autoimmunity from more physiologically
relevant interactions (117-119). This has been used by Van
den Boorn et al, who cultured T cells isolated from punch
biopsies with additional biopsies from normal skin from the
same patient (62). Boukhedouni et al. also used 3D skin model to
study the effect of TNFo. on melanocyte adhesions (56).
Translational research covers a vast range of experimental
designs. While many only consider experiments containing
human samples and clinical studies to be translational, others
consider animal models that parallel human disease to be
translational work as well. It is easy to recognize the direct
impact for patients when working with patient samples, but these
studies tend to lack mechanistic insights in this context, which
basic research is better positioned to address. Therefore, the
development and use of animal models has helped to add
mechanistic understanding to clinical observations. Animal
models of vitiligo have been extensively reviewed by Essien
and Harris (120). Models of vitiligo include both spontaneous

TABLE 1 | Table comparing the advantages and disadvantages of translational tools available to study vitiligo.

Translational tools to study vitiligo

Limitations

Can cause pain; scarring of a sample site; requires anesthesia and
sutures or gelfoam
Can cause pain; scarring of a sample site; requires anesthesia

Samples epidermis and upper dermis; missing deeper, structural

Dependent on availability and quality of antibodies; limited number
of proteins can be analyzed; lacks spatial information

Requires optimization of staining and imaging; dependent on
availability and quality of antibodies; limited number of proteins can

Technique Advantages
Tissue Punch Biopsy Maintains architecture; used for histology, IHC, IF,
acquision obtaining cells for cell culture
methods  Shave Biopsy Maintains architecture; used for histology, IHC, IF.
obtaining cells for cell culture
Suction Blister Less invasive; not painful; non- scarring; collects more
cells than conventional biopsies; provides interstitial cells
skin fluid for analysis of soluble molecules
Assay Flow cytometry Identification and characterization of single cell protein
methods expression
Histology/ Identifies immune infiltration and protein expression
Immunohistochemistry/ with spacial information is maintained
Immunofluorescence

Assay for Transposase-
Accessible Chromatin using
sequencing (ATAC-seq)
Single cell RNA sequencing

(scRNA-seq) transcripts; does not require prior knowledge of genes
of interest; no antibody optimization
Metabolomics Understand changes in metabolic processes between

disease states
Spatial mass spectrometry
imaging
Enzyme-linked
immunosorbent assay
(ELISA)
Slide-seq/ RNA seqFISH+
2D cell culture

and metabolites with spatial resolution
Identify and measure soluble proteins

interactions through co-culture
3D cell culture

Determine epigenetic changes between disease states

Identification and characterization of single cell

Identify which cell types are producing which proteins

Transcriptomics with spatial information
Can characterize primary cells, including cell-cell

Modeling of 3D skin envirionment and cellular

be analyzed; less quantifiable than single-cell methods
Epigenetic changes do not always lead to protein expression; lacks
spatial information; expensive

Not all transcript changes reflect protein expression; lacks spatial
information; expensive

Unable to identify which cells are producing which metabolites
Not as quantitative as standard metabolomics

Does not identify which cell types produce which proteins
Fewer targets can be analyzed

Missing physiologically relevent conditions, including 3D

interactions, air-tissue interface
More complex methods; does not involve all cell interactions

interactions; may be useful for modeling autoimmune

cell-cell interactions
Animal models

studies

Models in vivo disease; parallels to human disease;
useful for complex cellular interactions and mechanistic

Costly to maintain; can be complex methods; some human
pathways not present in animal models
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and induced systems, and spontaneous models include Smyth
line chickens, Sinclair swine, Gray-allele horses, and a variety of
mouse models (121-125). These are useful for studying disease
initiation but can be costly to maintain and may be more difficult
to study because of limited reagents available that are compatible
with these species. Inducible models are helpful to study disease
progression after onset and include the mouse model developed
by Harris et al. that parallels human disease by developing
patches of skin depigmentation without involving hair, and
thus has the potential to repigment with treatment. Like
humans, this model is mediated by CD8+ T cells and exhibits
IFN-y driven disease with a similar Type 1 cytokine signature
(126-128). Animal models are most useful for focused studies
that probe specific questions for which the model is optimized to
answer. For example, questions about disease initiation,
including genetic influences, should be studied in spontaneous
models, models designed for this purpose, or directly in humans,
since many induced models bypass this step of pathogenesis.

LESSONS LEARNED FROM
TRANSLATIONAL RESEARCH

The long history of studying vitiligo using translational methods
has enabled us to develop a more complete picture about disease
pathogenesis, which has been more difficult to achieve in diseases
that target less-accessible tissues. Translational studies have been
great assets for understanding the mechanisms of disease, which
can then promote the development of promising new treatments
(Figure 4). For instance, patient biopsies revealed that there is an
influx of melanocyte specific CD8+ T cells into lesional skin,
which produce IFNy and IFNy-induced genes, and express
NKG2D (39, 62, 127, 129-131). One study reported type I IFN
expression within lesions using CXCL9 and MxA as surrogate
markers induced by IFNs, however these can be induced by IFNy
as well. Mouse studies do not support a role for type I IFNs in
vitiligo, as IFNa receptor (IFNaR) knockout mice still develop
vitiligo to the same extent (132). Thus, while IFNY clearly plays
an important role in vitiligo pathogenesis, it is still unclear
whether other IFNs contribute to disease.

Infiltrating CD8+ T cells express CXCR3 at high levels within
lesions, and expression of CXCR3 ligands are characteristic of
vitiligo lesions (104, 127, 133, 134). Supporting data using mouse
models reveal that CXCR3 and CXCR3 ligands are expressed
within lesional vitiligo skin in mouse models, and it is required
for recruitment of T cells during disease progression and
maintenance (127, 135, 136). Mouse models also made it
possible to determine that keratinocytes respond to IFNy
production from T cells and secrete CXCL10 to recruit
melanocyte-reactive CD8+ T cells to the skin (55). These
discoveries provided the rationale to test JAK inhibitors, which
block IFNYy signaling, as treatments for vitiligo and eventually led
to a successful Phase 2 clinical trial to test topical ruxolitinib as a
novel treatment for the disease (137-143).

However, conventional treatments (144, 145) and even JAK
inhibitors (137, 139) do not appear to provide durable responses

following treatment, as disease relapses within previous lesions
once they are stopped. Translational studies revealed that
autoreactive CD8+ T cells form tissue resident memory cells
(Trm) in vitiligo lesional skin (133, 146, 147). Mouse models
confirmed the presence of Trm in vitiligo lesions and revealed
that they are responsible for maintenance and relapse of disease
after stopping treatment (146, 148-150). Additional studies
determined that melanocyte-specific autoreactive Trm require
IL-15, and that targeting IL-15 signaling eliminates Trm from the
skin and results in durable repigmentation in mice (146). IL-15
expression is elevated in vitiligo lesional skin and may be induced
by oxidative stress in keratinocytes (151). Therefore, targeting
IL-15 may provide a durable treatment option for vitiligo, and
clinical trials to test this hypothesis are imminent (152).

As mentioned above, increased expression of HSP70i has
been reported in vitiligo lesions, and activates skin dendritic cells
that could prime autoreactive T cells against melanocytes (89). A
mouse model required HSP70i for vitiligo initiation and when
inhibited, disease is prevented (66, 89). Additionally,
melanocytes produce HSP70 in response to oxidative stress,
which may provide a link between cellular stress in
melanocytes and inflammation that initiates autoimmunity in
vitiligo (92, 153). Therefore, melanocyte stress could be mitigated
by targeting this pathway and thus provide a new opportunity
for treatment.

Regazzetti et al. reported a decreased expression of WNT
signaling components in melanocytes when exposed to oxidative
stress. The authors went on to demonstrate that treatment with a
chemical WNT agonist can promote melanoblast differentiation
in vitiligo skin, suggesting that activating WNT signaling in
melanocytes might promote their regeneration (154). While that
study did not show whether this differentiation fully progresses
to a mature functional melanocyte, Yamada et al. reported that
WNT signaling is critical in melanocyte stem cell differentiation
and that WNTs are secreted predominantly by keratinocytes and
melanocytes (154, 155). Furthermore, WNT signaling regulates
E-cadherin, an important adhesion molecule for melanocytes,
through the availability of B-catenin (156). Wagner et al.
reported that there is a reduction of E-cadherin expression on
melanocytes in vitiligo skin (51). Together these studies suggest
that a decrease in WNT signaling might impair melanocyte
adhesion. Additionally, Boukhedouni et al. reported that the
type 1 cytokines IFNy and TNFo impair melanocyte adhesion
from the epidermis by inhibiting melanocyte E-cadherin
expression and inducing keratinocyte release of protease
MMP-9 (56). MMP-9 cleaves E-cadherin complexes, which
results in melanocyte detachment from the epidermis. This
study also reported that when type 1 cytokines were inhibited
with JAK inhibitors, or when MMP-9 activity was inhibited,
fewer melanocytes detached (56). Therefore, anti-inflammatory
treatments like JAK inhibitors may also stabilize melanocytes
and potentially could become more durable if used in
conjunction with WNT agonists or inhibitors of detachment to
promote melanocyte regeneration and maintenance.

Some have suggested that activating immune checkpoint
inhibitors, which are receptors expressed on the surface of T

Frontiers in Immunology | www.frontiersin.org

14

March 2021 | Volume 12 | Article 624517


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Katz and Harris

Translational Research in Vitiligo

CD8 ' \ke2D

~ g
NKG2D . IFNy
Killing

mechanism?

]

"|" CXCR3

CcD8

o
\ _ cDs 4)DAMPS x/ uTem\

Initial immune

Trm

N

IFN-y

activation?

\’ &
CXCL10 CXCL10, ,
/ / Metabolic

Suppression
mechanism?

programming?
cxcra®
CD8

Useful tools: Animal models, flow cytometry,
scRNA-seq, ATAC-seq, metabolomics, etc.

created in BioRender.com.

FIGURE 4 | Vitiigo pathogenesis revealed through translational research. A simple overview of the current understanding of vitiligo pathogenesis. Autoreactive CD8+
T cells are recruited to the skin by CXCL10 produced by keratinocytes and kill melanocytes. These cells convert to resident memory T cells, which maintain vitiligo
and require IL-15 signaling in the skin. JAKi and IL15i, outlined in red, may be effective treatments for vitiigo and are currently being tested in clinical trials. Some
questions that remain include how melanocyte abnormalities initiate autoimmunity, the mechanism by which CD8+ T cells kill melanocytes, how Tregs suppress
disease, and how changes in metabolism effect disease activity. Existing and developing translational tools will help to answer these and other questions. Figure

cells that negatively regulate their activity, might be an effective
therapeutic target for vitiligo (157, 158). Blocking cutaneous
lymphocyte antigen-4 (CTLA-4) and program cell death protein
1 (PD-1) for melanoma treatment induce and exacerbate vitiligo,
presumably by removing negative regulation that prevents
autoimmune activation of these cells (159-162). Decreased
CTLA-4 mRNA expression has been reported in whole blood
of vitiligo patients, and PD-1 expression on CD8+ T cells is
positively correlated with disease activity, suggesting increasing
activation (163, 164). PD-L1 inhibits cytokine production and is
associated with maintaining peripheral tolerance (165, 166).
Miao et al. reported that the injection of a PD-L1 fusion
protein into a mouse model of vitiligo led to reduced disease
severity and an increased Treg to effector T cell ratio (167).
However, PD-1 is also a marker for T cell exhaustion and its
upregulation was reported on regulatory T cells in the peripheral
blood of vitiligo patients (168). Theoretically, PD-L1 may
negatively regulate Tregs similarly to effector T cells, however
neutralization of PD-L1 in vitro led to an expansion of human
Tregs isolated from chronically infected HCV patients (169).
Targeting these or other negative stimulatory molecules may
limit the autoreactive CD8+ T cell activity, which may allow for
Tregs to recover to reinstate tolerance, but further investigation
is needed.

There have been recent advancements in Treg-based
therapeutics. Tregs appear to actively prevent vitiligo in healthy
subjects and may be impaired in those with the disease (170). Many
report possible defects in Tregs in vitiligo patients, although they do
not necessarily agree whether the defects are in total Treg number,
ability to migrate to the skin, or suppressive function (168, 171-
176). Expansion of Tregs and adoptive transfer of these cells into
patients have promising results in mitigating some autoimmune
diseases and transplantation (177, 178). Selective expansion of
antigen-specific Tregs reportedly controls inflammation in mouse
studies to a greater extent than administration of polyclonal Tregs
(179-181). Chimeric antigen receptor (CAR)-Tregs are being
developed as treatment options for autoimmunity and GVHD.
CAR-Tregs allow for a more stable, antigen-specific Treg
population that can be engineered to migrate to the site of
inflammation, however more improvements are needed as off-
target immunosuppression can result in susceptibility to infections
and cancer development (177, 182, 183). Chatterjee et al. reported
that adoptively transferred Tregs into a spontaneous vitiligo mouse
model reduced disease onset. In addition, treating these mice with
rapamycin limited disease progression and increased the number of
circulating Tregs (184). Further investigation will be important to
optimize these therapies and reduce risks for the treatment
of vitiligo.
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USING VITILIGO TO UNDERSTAND
ORGAN-SPECIFIC AUTOIMMUNITY

Progress made through translational research in vitiligo may
facilitate progress in other diseases that are more difficult to
study because they are less common and/or because target tissues
are less accessible for translational research. Diseases in which
CD8+ T cells target a single cell type resulting in loss of that cell
type likely share a similar pathogenesis with vitiligo (92).
Examples include type 1 diabetes (T1D) within the pancreas,
Hashimoto’s thyroiditis in the thyroid, Addison’s disease in the
adrenal cortex, and multiple sclerosis (MS) in the brain. In
support of this hypothesis, GWA studies reveal common risk
SNPs (92, 185-188). In addition, studies have implicated CD8+
T cells in Hashimoto’s thyroiditis, MS, and Addison’s Disease,
similar to vitiligo (189-192), as well as an important role for the
IFN-y chemokine axis during pathogenesis. IFN-y and CXCL10
are expressed in human islets to recruit lymphocytes in T1D,
autoreactive cells produce IFN-yin Addison’s Disease, and IFN-y
level positively correlates with disease severity in Hashimoto’s
thyroiditis (193-196). IFN-y is also involved in MS, although its
role is still not fully understood (197). Furthermore, targeting IL-
15 in a NOD mouse model reduced disease severity, suggesting
IL-15 may play a role in T1D pathogenesis (198). Hence, vitiligo
pathogenesis can be used as a guide for these diseases to launch
more targeted investigations, as well as repurposing treatments.
Narrowing the potential areas for investigation can help
accelerate the understanding of pathogenesis for these
autoimmune diseases.

CONCLUSION

Vitiligo is an organ-specific autoimmune disease that results in
white patchy skin depigmentation. Since the beginning of modern
vitiligo research over 40 years ago, translational work has been at the
forefront of vitiligo studies because of the simple, non-invasive
collection of patient skin samples. These observations have led to
clinical studies and a successful clinical trial that are likely to change
how we manage patients in the clinic. In addition to sample
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Vitiligo is an acquired depigmentation skin disease caused by immune-mediated death of
melanocytes. The most common treatment for vitiligo is narrow band ultraviolet B
phototherapy, which often is combined with topical therapies such as tacrolimus.
However, patients’ responses to these treatments show large variations. To date, the
mechanism for this heterogeneity is unknown, and there are no molecular indicators that
can predict an individual patient’s response to therapy. The goal of this study is to identify
clinical parameters and gene expression biomarkers associated with vitiligo response to
therapy. Six patients with segmental vitiigo and 30 patients with non-segmental vitiligo
underwent transcriptome sequencing of lesional and nonlesional skin at baseline before
receiving combined UBUVB and tacrolimus therapy for 6 month, and were separated into
good response and bad response groups based on target lesion achieving > 10%
repigmentation or not. Our study revealed that treatment-responsive vitiligo lesions had
significantly shorter disease duration compared with non-responsive vitiligo lesions (2.5
years vs 11.5 years, p=0.046, t-Test), while showing no significant differences in the age,
gender, ethnicity, vitiligo subtype, or disease severity. Transcriptomic analyses identified a
panel of 68 genes separating the good response from bad response lesions including
upregulation of immune active genes, such as CXCL10, FCRL3, and TCR, Further,
compared with vitiligo lesions with long disease duration, the lesions with short duration
also have much higher level of expression of immune-active genes, including some (such
as FCRL3 and TCR genes) that are associated with favorable therapeutic response. In
conclusion, our study has identified clinical parameters such as short disease duration and
a panel of immune active and other gene expression biomarkers that are associated with
favorable response to immune suppressive NBUVB + tacrolimus therapy. These markers
may be useful clinically for individualized therapeutic management of vitiligo patients in
the future.

Keywords: vitiligo, RNA sequencing, biomarkers, response to therapy, phototherapy, tacrolimus, therapeutic markers
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INTRODUCTION

Vitiligo is an acquired depigmentation skin disorder that affects
0.5%-2% of world’s population (1). Patients with vitiligo develop
white patches on their skin, including in visible areas such as the
face, neck, hands, and forearms. As a result, the quality of life of
vitiligo patients can be severely reduced (2-5). Clinically two
major types of vitiligo are recognized: segmental vitiligo (SV),
which affects a localized asymmetrical area of the body, and non-
segmental vitiligo (NSV), the more common subtype, which
often involves multiple body sites in a symmetrical fashion.

In addition to loss of melanocytes, vitiligo patients have
increased risk of developing other autoimmune diseases, such
as diabetes, thyroiditis, rheumatoid arthritis, alopecia areata,
lupus erythematosus, and adrenal insufficiency (6, 7). The
pathogenesis of vitiligo is unknown, although previous studies
identified multiple factors that are potentially involved in the
development of vitiligo, including genetic predisposition (such as
polymorphisms in genes involved in the immune response and
in melanogenesis) (8-14), inducible heat shock protein 70 (15,
16), activation in vitiligo lesions of adaptive immunity [such as
CXCL10 (17)] and innate immunity [such as NK cells (18)],
environmental factors (such as exposure to certain chemicals
(19-21), abnormalities in metabolic and oxidative stress
responses (22-24), abnormalities in melanocyte cell adhesion
(25), and neurogenic inflammation (9, 10, 26-28) It is unknown
if segmental and non-segmental vitiligo involve the same
pathogenic mechanisms.

Treatment of vitiligo is challenging. Repigmentation is
often incomplete, and requires prolonged therapeutic exposure
and careful optimization of treatment protocols (29-31). At
present, the most widely available therapy is narrow band
ultraviolet B phototherapy (NBUVB) (30, 31), and topical
calcineurin inhibitors such as tacrolimus (32, 33), often used in
combination (34-41). These therapies are limited in that they are
modestly effective (31), require prolonged maintenance, and can
be associated with side effects, such as accelerated photo-aging,
and the development of photo-lichenoid papules (42). Numerous
novel therapies are under investigation, mostly by targeting the
immune response regulators, such as JAK inhibitors (43-46), are
under investigation.

At present, there are no reliable methods for predicting a
given individual patient’s treatment outcomes to vitiligo
therapies, apart from the well-established clinical observations
that facial vitiligo and pediatric patients are more responsive to
therapy. Adult vitiligo patients show a high degree of
heterogeneity in response to therapy that is not explained by
these factors. To date there are no biomarkers shown to predict
treatment response to vitiligo therapy.

In the current study, we performed a clinical-transcriptomic
correlational analysis to systemically examine the molecular
landscape and specific biological pathways of vitiligo skin
microenvironment prior to the initiation of NBUVB
phototherapy, and evaluate if any clinical features, such as
disease subtype and lesional duration, or gene expression
features are correlated with a favorable response to combined
photo-topical therapy.

Our results revealed that adult vitiligo lesions with recent
onset and the vitiligo lesions with biomarkers of active innate
and adaptive immune responses respond more favorably to the
immune suppressive combined photo-topical therapy.
Therefore, vitiligo therapy should be started as early as possible
to suppress active innate and adaptive immune activities.

MATERIALS AND METHODS

Vitiligo Patient Clinical Information and
Skin Biopsies

With approval from the Clinical Ethics Board of University of
British Columbia, 36 vitiligo patients (30 non-segmental vitiligo
and 6 segmental vitiligo) attending the outpatient dermatology
clinics at the Skin Care Center of Vancouver General Hospital
and nine healthy volunteers participated in this study.

The baseline clinical information was collected from each
individual, including demographics, general medical, and
medication history, vitiligo specific information such as onset,
duration, extent of skin involvement, anatomical distribution,
previous therapies and associated responses. A target lesion at
least 2 cm in diameter was selected from a non-cosmetically
sensitive area of the skin such as the torso or the proximal
extremities and photographed. With informed consent, two
4 mm punch full-thickness biopsies were performed, one from
the lesional skin 1 c¢m inside border of the target lesion (lesional
skin, or LS), the other, nonlesional skin 1 cm outside of the
lesional border (nonlesional skin, or NLS). The biopsies were
bisected, with one portion placed immediately in RNA Later
solution (Life Labs) and stored at -20° until further use. The
other portion was placed in formalin for histological assessment.
One subject’s lesional skin biopsy did not contain significant
reduction of melanocytes, thus the diagnosis of vitiligo was not
confirmed, and was excluded from the rest of the analyses. For
the nine healthy volunteers, a single 4 mm punch biopsy was
performed from the torso or the proximal extremities.

After the biopsies were obtained, the vitiligo patients received
NBUVB-tacrolimus combination therapy that included NBUVB
phototherapy three times per week according to the protocol
previous reported (31, 42) and topical application of tacrolimus
0.1% ointment twice daily on non-phototherapy days. The target
lesions were assessed every three months for the percentage of re-
pigmentation in comparison to the baseline photographs until
the end of 6th month. Ten percent (10%) re-pigmentation was
used as the criteria separating the responsive from non-
responsive groups. This was chosen to maximizing the
statistical power of the study as it roughly separated the vitiligo
patients undergoing treatment to two groups with similar sizes.

RNA Extraction and

Transcriptome Sequencing

Bulk RNA was extracted from each skin biopsy using the
RNeasy® Fibrous Tissue Mini Kit as we had described
previously (18), and used for transcription sequencing using
the Novo Gene Ilumina platform (HiSeq PE150, Tianjin China),

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 613031


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al. Vitiligo Skin Therapeutic Biomarkers

TABLE 1 | Clinical Information of vitiigo patients.

ID # Sub-type Sex Ethnic Age at Age at Vitiligo Vitiligo Location of Responsive

Origin Onset (yr) Biopsy (yr) Duration Severity (BSA %) Biopsied to therapy?

(yr) Lesion
Vit NSV F SA 30 31.5 1.5 5 Arm ~
01
Vit NSV F SA 30 31.5 1.5 5 Arm ~
02
Vit NSV F SA 26 30 4 2 Arm no
05
Vit NSV M Cau 70 72 2 2 Hand no
12
Vit NSV M SA 54 54.5 0.5 5 Abdo yes
13
Vit NSV M Chi 10 17 7 ihl Leg no
14
Vit NSV F SA 35 39 4 10 Abdo no
20
Vit NSV M Chi 28 38 10 30 Arm no
21
Vit NSV M Chi 19 69 50 20 Back no
22
Vit NSV M Cau 35 55 20 10 Torso ~
27
Vit NSV M Cau 43 43.75 0.75 5 Torso ~
28
Vit NSV F Cau 14 14.2 0.2 10 Arm yes
29
Vit SV F SA 57 58 1 3 Neck ~
31
Vit NSV F Cau 23 33 10 10 Knee no
33
Vit NSV M SA 8 8.5 0.5 22 Abdo yes
34
Vit NSV M SA 30 70 40 10 Back no
35
Vit SV M Chi 51 51.6 0.6 2 Neck yes
36
Vit NSV F SA 55 56 1 15 Torso no
37
Vit NSV M Cau 64 65 1 7 Neck yes
39
Vit NSV F Chi 71 71.4 0.4 2 Abdo yes
40
Vit NSV M Chi 36 59 23 30 Hand yes
42
Vit SV F Cau 36 36.4 0.4 2.5 Face yes
43
Vit SV F SA 47 48 1 3 Neck no
44
Vit SV M Chi 26 26.5 0.5 5 Buttock yes
45
Vit NSV F Cau 17 32 15 5 Axilla ~
47
Vit NSV M Cau 12 27 15 10 Back ~
48
Vit NSV F Cau 63 75 12 3 Arm no
49
Vit NSV F Cau 58 59 1 6 Back ~
50
Vit NSV F Chi 36 46 10 5 Back no
51
Vit NSV M Cau 43 53 10 5 Back no
54
(Continued)
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TABLE 1 | Continued

ID # Sub-type Sex Ethnic Age at Age at
Origin Onset (yr) Biopsy (yr)

Vit NSV F Kor 28 28.5

55

Vit NSV F SA 40 40.2

56

Vit NSV M Cau 50 60

57

Vit SiY F Cau 63 63.3

58

Vit NSV M Chi 15 25

59

Vit SV F Chi 15 15.75

61

Vitiligo Vitiligo Location of Responsive
Duration Severity (BSA %) Biopsied to therapy?
(yr) Lesion
0.5 20 Flank yes
0.2 6 Shoulder yes
10 8 Arm ~
0.3 3 Neck ~
10 3 Torso no
0.75 1 Neck ~

SV, segmental vitiigo;, NSV, nonsegmental vitiligo; Cau, Caucasians; Chi, Chinese, Kor, Korean,; SA, South Asian; BSA, Body surface area; ~ not available.

generating at least 30 million clean reads for each sample. The
abundance of each transcript is normalized to the total number
of transcripts and the length of the transcripts and expressed in
FPKM. The averages of the depigmented biopsies (LS),
nonlesional biopsies (NLS), and control healthy normal skin
(HNS) were calculated for all of the coding genes of the human
genome. All of the genes showing more than 2 fold differences
(up or down regulated) between the LS and NHS (p<0.05 two
tailed t test) were identified (723 genes in total) (See
Supplemental Table 1). This table also shows the details of
expression of these genes between NLS and HNS, and between
LS and NLS (ratios and p values).

The R, IPA, Reactome PA, and SPSS packages were used for
datamining and statistical analyses.

RESULT

Vitiligo Patient Characteristics and
Therapeutic Response

The demographics and vitiligo-specific parameters are
summarized in Table 1. There was a slight female dominance
(1.12 F: M ratio), with an average age of 44.5 years (range 14.2 to
72 years) at time of assessment, and 37.2 years at time of vitiligo
onset (range 14 to 71 years). The average vitiligo severity is 8.4%
BSA (body surface area, range 1% to 30%). Thirty patient had
non-segmental vitiligo whereas six patients had segmental
vitiligo. There were 14 Caucasians and 22 Asians (including 11
South Asians and 11 East Asians).

Of the 36 vitiligo patients, 11 patients did not undergo treatment,
and were not included in the therapeutic response analysis. The
remaining 25 patients underwent NBUVB-tacrolimus combination
therapy. The NBUVB phototherapy was administered according to
protocols previously reported by Hemzavi et al. (31). On the days
when not on NBUVB phototherapy, the patients applied topical
tacrolimus 0.1% ointment BID. The repigmentation of the target
lesions was assessed at three-month intervals, with 11 achieving
more than 10% repigmentation at 6 months compared with
photographs taken at the baseline.

The 11 responders and the 14 non-responders (achieving less
than 10% repigmentation at 6 months) did not show any
significant difference in sex (female 54.5% vs 53.3%), ethnicity
(Caucasian/Asian ratio 0.38 vs 0.36), age at onset (38.9 yrs vs 35
yrs), age at biopsy (41.4 vs 46.4), vitiligo severity at baseline
(10.1% BSA vs 8.6% BSA), vitiligo subtype composition (SV/
NSG ratio 3/8 vs 1/13) (Chi-square test, p>0.05), or anatomical
location of the target lesions (acral in 1/10 patients vs 1/13
patients)(Chi-square test, p>0.05). However, there was a
significant difference in the lesional duration between these
two groups. The responding lesions had an average duration of
2.5 years (range 0.2 to 23 years) whereas the average duration of
non-responding target lesions was 8.6 years (range: 1 to 40 years)
(two tailed t test, p=0.047) (Table 2).

Transcriptomic Features of Lesional and
Non-Lesional Vitiigo Compared with
Healthy Normal Skin

Complete transcriptome analysis revealed 19,041 coding
transcripts with detectable expression in at least one of the

TABLE 2 | Correlational Analysis of Response to NBUVB-Tacrolimus Therapy.

Parameters Favorable Non-Favorable Response P

Response to Response to Not

Therapy Therapy assessed

Sex (% males) 54.5% 53.30% 36.4% ns
Ethnicity 3vs 8 4vs 10 7vs4 ns
(Caucasians vs
Asians)
Age at biopsy 41.4 46.4 43.3 ns
Age at onset 38.9 35.0 37.3 ns
Duration of 2.5 11.4 6.1 0.047
lesion
Vitiligo severity 10.1 8.6 5.5 ns
(%BSA)
Segmental vs 3vs8 1vs 13 3vs8 ns
Non-segmental
ratio
Acral vs non- 1vs 10 1vs 13 Ovs 11 ns

acral

BSA, body surface area; ns, not significant.
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FIGURE 1 | Genes with differential expression between vitiligo lesional skin and normal health skin. (A) The expression of the 723 genes with significant differential
expression (> 2 fold change, p<0.05) compared with normal healthy skin (NHS, shown in green on the top panel, N=9), lesional skin of segmental vitiligo (shown in
dark purple, N=6), and non-segmental vitiligo (bright purple, N=30) is presented as a heat map with non-supervised clustering analysis. Red and green color
designate up or down regulation, respectively, of the gene in that particular sample compared to the average of healthy normal skin. The complete list of these genes
are included in Supplemental Table 1. (B, C) Biological pathways represented by genes up and down regulated in LS over healthy normal skin, respectively. The p
values were obtained by Metascape analysis.
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skin biopsies. Compared with normal healthy skin, there were
392 and 331 genes with increased and decreased expression in
vitiligo lesional skin, respectively (>2 fold change, average level of
each group, p<0.05, two tailed t test) (See Supplemental Table 1
for details). The upregulated genes in vitiligo lesional skin
include markers of inflammation (such as MARCO, NLRP10,
PTGS2, and IL36G), oxidative response genes (DUOXA?2), and
NK cell receptors (NCR3LG1), revealing presence of activated
immune response in vitiligo lesions.

The down regulated genes include those involved in melanin
synthesis and melanocyte development (TYRP1, PMEL, DCT,
TYR, MLANA, and MC5R), neural crest cell development
(PLPI, SYN2) and lipid and surfactant metabolism (ACOT]I,
ACOT?2, ACOT4, ACOX2, ACSBG1, ACSM3, ACSM6, PCSK2,
and SFPTC), consistent with death of melanocytes, and
disturbance of lipid metabolism in vitiligo lesions.

Some of the differentially expressed genes in the lesional skin
were also differentially expressed in the nonlesional skin albeit to
a lesser degree (Supplemental Table 1).

SV and NSV Skin Lesions Are
Indistinguishable at the

Transcriptome Level

As shown in Figure 1, the lesional skin of SV and NSV were not
separable at the transcriptome level, suggesting that despite the

stark contrast in the lesional distribution, SV and NSG are
similar at the molecular level based on this small sample size
comparison involving 6 SV patients and 30 NSV patients.

Melanocyte-Signature Genes Show No
Significant Association With Therapeutic
Response or Vitiligo Duration

Given that recent research showed that preservation of
perifollicular pigmentation under dermatoscope (47), we
evaluated if there were more residual melanocytic biomarkers
in lesions of good therapeutic response or short duration. As
shown in Figure 2, all of the melanocyte marker genes showed a
trend of higher residual level of expression in good response and
short duration lesions, the degree of higher expression did not
reach the level of statistical significance (p>0.05, two tailed t test),
suggesting the level of residual melanocytic marker genes cannot
be reliably used to predict therapeutic response.

Biomarkers of Vitiligo Therapeutic
Response to NBUVB-Tacrolimus
Combination Therapy

We then compared the transcriptomes of the responsive and
non-response vitiligo patients, and identified 68 genes with >2
fold differential expression (average level of each group, p<0.05,
two tailed t test) between these two groups (Figure 3). Sixteen of
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FIGURE 2 | Expression of melanocyte marker genes in lesions with good and bad response to therapy, and between long and short duration lesions. The LS/NLS
expression ratios of major melanocyte marker genes, DCT, TYR, TYRP1, and PMEL of good and bad response groups are presented as dot plots. There was no
significant relationship between the expression levels of these genes and therapeutic response (p > 0.05).
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FIGURE 3 | Genes with differential expression between vitiligo lesions with favorable response and lesions with non-favorable response to therapy. (A) LS/NLS
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bad response, respectively.
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the 50 up-regulated genes in good response lesions are involved
in regulation of immune response (such as CXCL10, FCRL3, and
T cell receptor genes). These 68 genes were able to completely
separate the good response lesions from the bad response lesions,
demonstrating the potential of them being used for therapeutic
response prediction in the future.

Biomarkers of Vitiligo Disease Duration
Given that vitiligo lesions with shorter duration have better
response to NBUVB-tacrolimus therapy, we examined the
genes showing significant differential expression between
duration less than 12 months and duration longer that 12
months. As can be seen in Figure 4, vitiligo lesions with
shorter duration express significantly higher levels of genes in
the regulation of adaptive and cellular immunity, including some
of the genes associated with good therapeutic response such as
CXCL10, FCRL3, and T cell receptor genes.

DISCUSSION

At present, several clinical parameters have been associated with
more favorable response to vitiligo repigmentation therapies,
including pediatric age, facial location, short disease duration,
and absence of leukotrichia (poliosis) (48, 49). Since our study
focused on patients with target lesions without leukotrichia that
are mostly from torso and proximal extremities, our study was
not designed to evaluate the impact of location on facial or acral
sites, or leukotrichia on therapeutic responses. Only three of our
patients were of pediatric age (two from the good response group
and one from bad response group), therefore, our study was not
designed to yield information on the impact of pediatric age on
therapeutic response. We performed additional analyses
excluding these three patients (data not shown), the results and
the conclusions did not change.

Further, since we did not evaluate glabrous vitiligo lesions, this
study could not generate information on the impact of hair follicles
on therapeutic response. Our study did confirm that shorter
duration is associated with better therapeutic response to
NBUVB-tacrolimus combinations therapy. However, since we
did not collect information on lesional stability art baseline, we
could not comment on if the short lesional disease duration was
correlated with disease activities such as lesional progression
or regression.

The relationship between lesional skin pigmentation and the
patient’s therapeutic response to vitiligo therapy has been
unclear as the existing literature provided conflicting
conclusions. On the one hand, vitiligo lesions with peri-
follicular pigmentation under dermatoscope is associated with
more favorable response (47). On the other, the degree of
depigmentation in general did not show correlation to NBUVB
therapy (50). We systematically evaluated the level of residual
melanocyte-signature markers such as DCT, TYR, TYRP1, and
MLANA in lesions of good and bad therapeutic response.
Although there was a strong trend that good response lesions
tend to have higher levels of melanocyte-signature gene

expression, there was a wide range of variation, making the
difference non-significant statistically. This suggests that
melanocyte-signature genes are not robust markers of
therapeutic response.

Our study attempted to take a novel approach to identify
parameters associated with therapeutic response by performing
transcriptional sequencing of vitiligo patients’ lesional and non-
lesional skin, and identified a panel of 68 genes that could
completely differentiate the vitiligo lesions with good response
to therapy from those with bad response. It is of interest that
these response biomarker genes include many with functions in
immune activation, including CXCL10, which had been shown
to play critical roles in the development of vitiligo (17). This
discovery showed that there are still residual subclinical immune
activity present in established skin lesions and that these lesions
are more responsive to NBUVB and tacrolimus therapy, which
are known to be immune suppressive in nature.

Previous studies showed that short disease duration is
associated with better response to vitiligo therapy, which was
confirmed in our study (Table 2). Further, our results
demonstrated an inverse relationship between vitiligo lesional
duration and the level of persistent immune response, including
some of the immune biomarkers associated with good therapeutic
response such as CXCL10, FCRL3, and T cell receptor genes.

Taken together, our study showed that in order to maximize
the chances of therapeutic success for patients with vitiligo, one
needs to initiate immune suppressive therapies, such as NBUVB
and/or tacrolimus therapy as early as possible.

The current study has several limitations. First, the sample
size is relatively small, with transcriptomic analysis involving 36
patients (only six with segmental vitiligo) and therapeutic
response evaluable in 25 patients, limiting the statistical power
of our study. It is possible that a larger sample sized study may
uncover additional biomarkers that have not been detected in the
current study. Another limitation is that we did not examine the
biomarkers of the lesional borders, where inflammatory and
immune activities are the strongest. Future studies will be needed
to address this issue.

It should be pointed out that our study evaluated only a form of
immune-suppressive therapy, NBUVB combined with tacrolimus,
and did not directly address the therapeutic response prediction of
surgical treatments of vitiligo lesions, which have been reported to
have higher chances of success for lesions that are stable over time
with no signs of recent lesional progression. We speculate that the
favorable response biomarkers of immune suppressive therapy
discovered in this study (high expression of immune response
genes) would be biomarkers of non-favorable response to surgical
therapies of vitiligo.

In addition, since this study was designed to evaluate skin
microenvironment of well-established vitiligo lesions, the
lesional and non-lesional skin biopsies were obtained at
approximately 1 cm inside or outside the lesional borders, this
selection criteria excluded vitiligo lesions smaller than 2 cm in
sizes from being included in this study.

Further, our study was focused on the assessment of target
vitiligo lesions’” response to therapy, we could not answer the
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FIGURE 4 | Genes with differential expression between lesions with short duration and lesions with long duration. (A) The LS/NLS ratios of 85 genes with >2 fold up
or down regulated between lesions of <12 month duration and lesions >12 month duration. (B, C) Top biological genes enriched or decreased in short and long
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question if biomarkers obtained by sampling one lesion would
have predictive power for the un-sampled lesions of the vitiligo
patients, which often have multiple lesions. Further studies are
needed to address this question.

Our study involves obtaining full-thickness biopsies of the skin
lesions, which makes it impractical for routine testing in the clinic.
However, this shortcoming could be easily overcome in the future
by modification of the sampling technique, capitalizing on the
technical advance of using non-invasive techniques such as tape-
stripping to quantify biomarkers of the skin (51-53).

Finally, this study also uncovered previously unknown gene
expression changes in the skin of patients with vitiligo, including
dysregulation of genes involved in lipid metabolism (such as
SFPC and PCSK2). These indicate that the pathophysiology of
vitiligo is more complex than what have been reported at present,
such as loss of melanocytes. The functional and clinical
significance remains to be further elucidated in the future.

In summary, this study showed that short disease duration is
associated with better therapeutic response, and that higher
expression of genes regulating innate and adaptive immune
response are factors predictive of more favorable response to
vitiligo therapies that are immune suppressive in nature.
Therefore, early therapeutic initiation and suppressing persistent
immune activities of vitiligo skin lesions are required to restore
melanocytes in vitiligo.
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Related to Vitiligo
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Yujie Zhang', Xinyi Shao' and Jin Chen™

! Department of Dermatology, The First Affiliated Hospital of Chongqing Mediical University, Chongqing, China, ? Department
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Vitiligo is an pigmentation disorder caused by a variety of pathogenic factors; its main
pathophysiological conditions include oxidative stress, immune activation, and genetic
background. Additionally, DNA methylation is often associated with the pathogenesis
of vitiligo; however, the underlying mechanism remains unknown. In the present study,
we used the Human Methylation 850K BeadChip platform to detect DNA methylation
changes in the vitiligo melanocytes. We then integrated the results with the transcriptome
data of vitiligo melanocytes and lesions to analyse the correlation between differentially
methylated levels and differentially expressed genes. The results showed that there was
a significant negative correlation between methylation levels and differentially expressed
genes. Subsequently, we enriched GO and KEGG based on methylated differentially
expressed genes (MDEGs) using R package ClusterProfiler, and the results were closely
related to the pathogenesis of vitiligo. In addition, we also constructed a PPl network
of MDEGs and excavated three important functional epigenetic modules, involving a
total of 12 (BCL2L1, CDK1, ECT2, HELLS, HSP90AAT, KIF23, MC1R, MLANA, PBK,
PTGS2, SOX10, and TYRP1) genes. These genes affect melanocyte melanogenesis,
cellular oxidative stress and other important biological processes. Our comprehensive
analysis results support the significant contribution of the status of DNA methylation
modification to vitiligo, which will help us to better understand the molecular mechanism
of vitiligo and explore new therapeutic strategies.

Keywords: vitiligo melanocyte, 850K, MDEGs, PPI, functional epigenetic modules

INTRODUCTION

Vitiligo is an acquired chronic skin pigmentation disease that affects 0.5-2% of the world’s
population (1). The reported epidemiological data varies according to region, and the disease
impact may be related to the respective social and cultural stigmas (2). The pathogenesis of
vitiligo manifests as oxidative stress, infiltration of inflammatory mediators, melanocyte loss, and
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autoimmune responses (3). It is caused due to the complex
interaction among environmental and genetic factors that
eventually leads to melanocyte dysfunction (4). However, the
inherent defect in melanocytes is an early event in vitiligo;
the gradual disappearance of melanocytes may involve multiple
processes, including immune system attack, cell degeneration,
and exfoliation among others (1).

Epigenetic factors such as DNA methylation, histone
modification, and gene silencing through microRNAs play
an important role in the pathogenesis and progression of
autoimmune dermatoses, such as psoriasis and atopic dermatitis
(5). Increasing number of studies have shown that failure to
maintain the level and pattern of DNA methylation can lead to
abnormal cell function and proliferative activity (6). Although
epigenetics plays a key role in the pathogenesis of skin tumors,
researchers have recently begun to pay more attention to the
epigenetics in the pathogenesis of inflammatory skin diseases,
such as psoriasis, atopic dermatitis, and other inflammatory skin
diseases (7-9). Abnormal DNA methylation has been identified
as a major epigenetic change leading to the development
of various skin cancers (10). However, DNA methylation is
reversible and is therefore considered an attractive therapeutic
intervention (11, 12) to provide the possibility treatment
methods for various skin diseases.

Evidences have shown that abnormal DNA methylation is
involved in the development of vitiligo. For example, the DNA
methylation level of peripheral blood mononuclear cells (PBMC)
in vitiligo have been investigated and the emerging evidence
suggests an epigenetic regulation of CD8+ T cells. Zhao M
et al. reported that in vitiligo patients, DNA methylation of
peripheral blood mononuclear cells affects the mRNA expression
level of DNMT, MBD, IL-10, and other genes (13). Another study
suggests that in autoimmune diseases such as type 1 diabetes
(T1D), systemic lupus erythematosus (SLE), and vitiligo genes
associated with the proliferation or activation of CD8+ T cells are
affected by epigenetic modification (14). However, the important
biological pathway regulated by abnormal methylation has not
been elucidated yet, and the role of epigenetic factors in the
vitiligo pathogenesis needs further research.

In the present study, we integrated and analyzed the
differential transcriptomic data (from vitiligo melanocyte cell
lines and vitiligo lesions) and differential methylation data (from
vitiligo melanocyte cell lines). We used Infinium Methylation
EPIC BeadChip for the methylation sequencing of vitiligo
melanocyte PIG3V and normal melanocyte PIG1. The 850K
microarray covered the gene promoter region, gene coding
region, CpG island, and enhancer regions present in ENCODE
and FANTOMS. The data of the transcriptional group were
derived from vitiligo lesion transcriptional sequencing datasets
GSE75819 (15 non-segmental vitiligo patients with lesion skin
and peri-lesion skin biopsies, the peri-lesion skin biopsies as
controls) in the GEO database and our cell line transcriptional
sequencing data (PIG3V and PIGI1). Subsequently, we
conducted GO/KEGG pathway analysis, PPI, and functional
epigenetic module analysis of MDEGs to further explore
the potential mechanism driven by abnormal methylation
of vitiligo. Flowchart of bioinformatics analysis is shown
in Figure 1.

MATERIALS AND METHODS

Study Subjects

The human vitiligo melanocyte cell line PIG3V and the
human normal melanocyte cell line PIG1 (gifted by Dr. Li
Chunying, Xijing Hospital, Fourth Military Medical University,
Xi’an, Shanxi Province) were cultured in human melanocyte
growth medium 254 supplemented with 5% fetal bovine
serum and penicillin- streptomycin at 37°C in a 5% CO2
incubator. To integrate and study the correlation between the
methylation status and transcriptome dataset, we sequenced
the whole genome of two cases of PIGl cell line and
two cases of PIG3V cell line, and used it as cell line
methylation dataset and expression dataset. Vitiligo lesion
expression GSE75819 was downloaded from the Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). Fifteen
vitiligo focal skin samples and fifteen vitiligo peri-focal
skin samples were included in the GSE75819 to verify the
expression dataset.

Infinium Human Methylation EPIC Array

Using 850K BeadChip and Data Analysis

DNA was isolated from cell samples, using DNeasy Blood &
Tissue Kit (Qiagen, Germany). The purity and concentration
of DNA was estimated using Nanodrop 2000 (Thermo Fisher
Scientific, China). Approximately 500 ng of genomic DNA
from each sample was used for sodium bisulfite treatment
using the EZ DNA methylation Gold Kit (Zymo Research,
USA) following the manufacturer’s protocol. Genome-wide
DNA methylation was assessed using the Infinium Human
Methylation 850K BeadChip (Illumina Inc, USA) according to
the manufacturer’s instructions. The array data (IDAT files)
were analyzed using the ChAMP package in R for deriving the
level of methylation. The methylation status of all the probes
was denoted as p value, which is the ratio of the methylated
probe intensity to the overall probe intensity (sum of methylated
and unmethylated probe intensities plus constant o, where o
= 100). A CpG site with |AB| > 0.20 (in test vs. control)
and adjusted P-value < 0.05 was considered as a differentially
methylated site. A CpG was considered hypermethylated if Af
> 0.20 or hypomethylated if Ap < —0.20. The average p
value of promoters and CpG islands was compared between
diseased and normal conditions. Promoters and CGIs with
|AB| > 0.20 and adjusted P-value < 0.05 were considered for
further analysis.

Copy Number Variation Analysis

We wused the consumer package to analyse the human
measurement epic data to identify copy number variation (CNV).
CNV analysis was carried out in two steps. First, the combined
signal values of “methylated” and “unmethylated” CPGs were
normalized using the control group (PIG1 as control). This step
required correcting the probe and sample deviation. Second, the
adjacent probes were combined to generate a probe bin with the
minimum size and quantity to reduce the remaining technical
changes and achieve meaningful segmentation results. For CNV
results and differential methylation sites, we used the Circos map
for joint analysis.
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FIGURE 1 | Flowchart of bioinformatics analysis. DMGs, Differentially methylated genes; DEGs, Differentially expressed genes; PIG1, human normal melanocyte;
PIG3V, human vitiligo melanocyte.

Acquisition and Processing of Expression used R package ggplot2 to visualize the important projects of each

Spectrum Data group function and pathway enrichment analysis.

RNA-Seq strand-specific libraries were constructed using a

VAHTS Total RNA-Seq (H/M/R) Library Prep Kit (Vazyme, ~ Construction of PPl Network and Related
China). The original gene expression data set GSE75819 was Analysis

downloaded from the GEO public database. We used R 4.0.0 To further explain the interactions between the two sets of

to analyse the expression matrix. The robust multiarray genes in the pathogenesis of vitiligo and the specific molecular
average (RMA) method was used to pre-process data, . . .
) ) . L mechanisms, PPI analysis was performed. Since the number
including background adjustment, normalization, and log . .

) . of hypomethylation and hypermethylation genes was small, we
value conversion. The Limma package was used to search for .

) . integrated them to construct PPI networks. STRING 11.0 was
differential genes. The threshold of up and down genes was set as K (h . h
llog FC| > 1 and P < 0.05 used to generate a PPI network (https://string-db.org/). The

8 - - cutoff value was set to 0.4 of the interaction score. The results
were imported into Cytoscape 3.8.0 for subsequent analysis.
FunRich CytoHubba app (http://apps.cytoscape.org/apps/cytohubba) was
FunRich 3.1.3 (http://www.funrich.org) is an independent used to screen the hub genes. The first 3 modules were applied
software tool, used mainly for the functional enrichment in Cytoscape by the MCODE app software package. We used
and interaction network analysis of genes and proteins (15).  FunRich 3.1.3 to identify and visualize the potential genes related
The software was used to identify hypomethylation and  to each module.
hypermethylation genes for further analysis.

Statistical Analysis
GO and KEGG Enrichment The correlation between differentially expressed genes and
GO and KEGG enrichment were carried out for hypomethylation =~ methylation levels was analyzed by Pearson’s correlation
and hypermethylation genes using R package clusterProfiler.  coeflicient. Results with P < 0.05 were considered statistically
Results with P < 0.05 were considered statistically significant. We  significant. The statistical analyses were performed using R 4.0.0.
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GraphPad Prism 8 (GraphPad Prism Software Inc., San Diego,
California) to correlate analysis and graphic display.

RESULTS

Global Methylation Pattern of Vitiligo
Melanocytes and Normal Melanocytes

The characteristics of DNA methylation were significantly
different between vitiligo melanocyte cell line and normal
melanocyte cell line. The analysis of differential methylation
position (DMP) showed 83 451 differential methylation positions
in PIG3V compared with PIGl. Among them, 53 895 were
hypermethylated and 29 556 were hypomethylated. CpGs showed
bimodal methylation distribution in PIG3V, and most of
them showed hyper/hypo methylation levels. The differential
methylation positions are shown in the cluster heat map
(Figure 2A) and the volcano map (Figure2B). The genes
corresponding to the top 20 differences in methylation positions
are listed at the two tips of the volcanic map. In addition, to
examine the methylation changes throughout the genome, we
used Circos maps for joint analysis (Figure 2C).

Integration of Epigenomic and the

Transcriptomic Data

The intersection of transcriptomic data on vitiligo cell lines
and lesions was visualized in the veen map (Figure3A);
there were 117 down-regulated and 149 up-regulated genes.
The intersection of transcriptomic methylation data of vitiligo
melanocyte cell line was also visualized by veen map (Figure 3B)
and 126 overlapping genes were obtained. We analyzed the
correlation between intersectional genes and their methylation
levels, and the results showed that DNA methylation in
vitiligo melanocyte cell line is negatively correlated with gene
expression (Figure 3C), but there was no significant positive
correlation (Figure 3D). Therefore, we selected the genes with
a high expression of low methylation and low expression of

high methylation for further study. There were 69 genes that
met these requirements, including 14 down-regulated genes
with hypermethylation and 55 up-regulated genes with low
methylation. It is important to note that GEO currently does not
have DNA methylation data for vitiligo, so there is no verification
set for vitiligo methylation.

Enrichment Analysis of GO and KEGG

Pathways

In PIG3V, the biological processes of MDEGs, such as oxidation-
reduction oxidoreductase activity, are mainly related to oxidative
stress, immune responses, and melanogenesis (Figures 4A,B).
The response to oxidative stress is related to the positive
regulation of T cell proliferation, whereas regulation of acute
inflammatory responses is involved in inflammation, and
melanocyte differentiation and melanosome transport affect
melanogenesis. The specific genes involved in each GO term
are shown in the Supplementary Table 1. Apart from these,
some other processes such as the regulation of cell aging,
response to vitamin D, autophagy, and the positive regulation
of fatty acid metabolic processes are related to the pathogenesis
of vitiligo.

KEGG analysis identified a variety of pathways in enrichment
analysis, and we visualized the top 10 (Figures 4C,D). According
to KEGG classification, the pathways rich in MDEGs are
commonly involved in IL-17 signaling, Th17 cell differentiation,
TNF signaling, and NOD-like receptor signaling pathway.
Further, different pathways may overlap due to common
elements. For the transcripts of differential regulation,
some pathways are concentrated in the glucagon signaling
such as insulin resistance, insulin signaling, and thyroid
hormone signaling. This may be related to the crosstalk
among vitiligo, diabetes, thyroid, and other autoimmune
diseases, and the MDEGs involved in these pathways
may be important biomarkers for the mutual crosstalk in
immune diseases.

~log10(ad.P.Val)

PIGV-1 PIG3V-2 PIGI-1 PIGI2

00
deltaBeta

FIGURE 2 | (A) The heat map, (B) the Volcano map analysis of genes with differential methylation between vitiligo melanocyte and normal melanocyte. (C) A joint
analysis of CNV results and differential methylation sites performde by the Circos diagram. CNV and the outermost circle represent chromosome regions, and the
second inward circle represents the CNV copy number (red represents ratio > 0, green represents ratio < 0), The inner circle represents the DMR area.

DMR
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FIGURE 3 | Integrative analysis of methylome and transcriptome of vitiligo. (A) Veen diagram of differentially expressed genes between vitiligo skin lesion microarray
and vitiligo melanocyte microarray. (B) Venn diagram between differentially methylated genes and differentially expressed genes of vitiligo. Correlation analysis between
differentially methylated genes and differentially expressed genes: (C) negative correlation analysis, (D) positive correlation analysis.

PPI Network and Functional Epigenetic

Modules

The PPI network analyzed by STRING showed 69 nodes and
66 edges. Cytoscape 3.8.0 was used to visualize the PPI network
(Figure 5A), CytoHubba app in Cytoscape software is used to
select the hub nodes genes of the PPI network. In the results, a
total of 7 genes of the top 10 hub genes detected by six ranked
methods in cytoHubba were overlap hub genes (Figure 5B),
including CDK1 (cyclin dependent kinase 1), HSP90AA1 (heat
shock protein 90 alpha family class A member 1), AKT1 (AKT
serine/threonine kinase 1), BCL2L1 (BCL2 like 1), HDAC2
(histone deacetylase 2), HELLS (helicase, lymphoid specific), and
KIF23 (kinesin family member 23). Among them, BCL2L1 was
hypermethylated and its expression was downregulated, whereas
the other six genes are hypomethylated and their expression was
upregulated. Finally, based on the PPI network, three important
epigenetic function modules were identified and were established
as statistically significant. The results of enrichment analysis
of functional epigenetic modules showed that the MDEGs of
module 1 (Figure 5C) played an important role in the regulation
of cell cycle and cell division, and the MDEGs of module 2
(Figure 5D) affected melanogenesis and pigmentation. Module 3
(Figure 5E) involved the regulation of cellular response to stress,
negative regulation of intrinsic apoptotic signaling pathway,

and complex pathway regulation. The enrichment results are
presented in detail in Table 1.

DISCUSSION

Vitiligo is considered to be an autoimmune disease because
cytokines such as (IFN)-y, IL-1, IL-6, IL-8, and IL-10 are
overexpressed in lesions, and activated CD8 + T lymphocytes,
TH17, and other immune cells are significantly aggregated in the
lesion area (16-19). However, some researchers have suggested
that autoimmunity may be secondary to high oxidative stress
in vitiligo skin, leading to inherent defects of melanocytes and
changes in its microenvironment (4). At present, the unified view
is that the inherent defect of melanocytes is an early event in
vitiligo, and the gradual disappearance of epidermal melanocytes
leads to skin depigmentation of vitiligo lesions.

GO enrichment analyses of the oxidation-reduction process,
response to oxidative stress, and oxidoreductase activity have
been partially studied in vitiligo (20-23). Inflammation-related
processes such as positive regulation of T cell proliferation,
regulation of acute inflammatory response, and melanogenesis-
related processes such as cellular pigmentation, melanocyte
differentiation, melanosome transport were also widely studied
in vitiligo (24-26). However, previous studied did not consider
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FIGURE 4 | GO and KEGG enrichment analysis of methylated-differentially expressed genes related with vitiligo melanocyte. Top 10 GO terms in (A) GO enrichment
analysis of Hyper-MDGEs, (B) GO enrichment analysis of Hypo-MDGEs. (C) KEGG pathway analysis of Hyper-MDGEs, (D) KEGG pathway analysis of Hypo-MDGEs.
The horizontal axes shows -log10 transformed P-value and p < 0.05 is considered significant.

methylation modification, and our study shows that the  crosstalk between immune diseases. Previous studies have
methylation levels of key genes involved in these important  shown that the effective treatment of psoriasis, an immune
regulatory processes, such as TYP1, IL17, and MCIR, are altered  inflammatory skin disease, can reverse DNA methylation in the
in vitiligo melanocyte PIG3V. Therefore, based on our findings,  epidermis (33, 34), suggesting that further studies on vitiligo
we propose that the change in methylation level may regulate the ~ methylation may be potentially identify new treatment strategies
differential expression of functional genes in vitiligo. To the best  for vitiligo.
of our knowledge, this is the first study to analyze the methylation Futhermore, the PPI network showed that CDK1, HSP90AA1,
profile of vitiligo melanocytes. AKT1, BCL2L1, HDAC2, HELLS, and KIF23 are 7 central genes
The infiltration of immune cells and the release of pro-and  identified by the top 10 high hub nodes after gene overlap.
anti-inflammatory cytokines is key to the pathogenesis of vitiligo. =~ Among these central genes, CDKI is a set of Ser/Thr kinase
KEGG results showed that MDEGs were significantly enriched  system corresponding to cell cycle progression (35), and its
in IL-17 signaling pathway, Th17 cell differentiation, TNF  differential expression was found in another vitiligo study (36);
signaling pathway, and NOD-like receptor signaling pathways, =~ HSP90AA1 plays a key role in signal transduction, protein
and these signaling pathways have been proved to be involved  folding, protein degradation, and morphological evolution (37);
in mediating the immune regulation of vitiligo (18, 27, 28). = AKT1 and BCL2L1 are involved in apoptosis (38, 39), and
In addition, differential methylation of AKT1, PYGB, HDAC2  AKT methylation has been shown to promote skin tumors
were frequently observed in the insulin signaling and thyroid  (40); HDAC2 interferes with histone deacetylase function (41);
hormone signaling pathways. These pathways play an important ~ KIF23 plays an important role in the changes of cellular motor
role in abnormal glucose metabolism in diabetes and thyroid  cytoskeleton (42); HELLS is considered to be a regulator of cell
diseases (29-31), while vitiligo is frequently associated with  senescence and is necessary for DNMT1-mediated methylation
other autoimmune diseases, particularly autoimmune thyroid  maintenance and DNMT3A/DNMT3B-mediated remethylation
diseases (Hashimoto’s thyroiditis and Graves disease), adult-  (43). Therefore, we speculate that these hub genes may be
onset type 1 diabetes mellitus, psoriasis, and so on (32). involved in the pathological process in the early stage of
Thus, genes in these signaling pathways are regulated by  melanocyte loss in vitiligo, but further functional experiments are
methylation modification may play an important role in  needed to further explore.

Frontiers in Immunology | www.frontiersin.org 99 March 2021 | Volume 12 | Article 587440


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pu et al.

MDEGs of Vitiligo Melanocyte

KRIT1

Rank methods in cytoHubba

&
g

“”“ ECT2 Catelogy
// \ / \ MNC mcc EPC Degree Closeness Radiality
Gvee, i . PBK
\./ N / CDKI CDKI CDKI CDKI CDKI AKTI
P / \ \ / . HSPI0AAI AKTI AKTI AKTI AKTI CDKI
. N S E/. AKTI KIF23  HSP90AAI HSP90AAI  HSP0AAI  HSP90AAI
@ / & BCL2LI HELLS BCL2LI HDAC2 HDAC2 HDAC2
e HDAC2 ECT2  HDAC2  KIF23 DNMIL BCLALI
/ ]/ v HELLS PBK HELLS DNMIL BCL2LI DNMIL
YOS S Y € .a Genesymboltop 10 Rp |7~ HSP9OAAI  KIF23  BCL2LI PSMA4 PSMA4
e \ / ifie ECT2 BCL2LI PTGS2 PSMA4 KIF23 PTGS2
s @ 2 KIF23 HDAC2  DNMIL  HELLS HELLS KIF23
\ / PBK DNMIL ECT2 RPLI7 PTGS2 HELLS
SOX10
IFl44.
\ SNCB
POU3F1
C D E

FIGURE 5 | (A) Protein-protein interaction network of MDEGs, Disconnected nodes were hid in the network. (B) Hub genes for MDEGs ranked in cytoHubba,
functional epigenetic modules of the protein-protein interaction network: (C) module1, (D) module2, (E) module3.

HSPSOAA1

The analysis of the epigenetic module shows that the MDEGs
in module 1 is highly enriched in the processes of cell cycle
regulation, whereas the MDEGs in module 2 is involved in
the process of pigmentation and the pathway of regulating
melanin production. Interestingly, the functions of MDEGs
in these modules are relatively concentrated, which suggests
that these biological processes may be collectively regulated by
methylation. Whether demethylation can reverse these processes
needs to be verified by further studies. Module 3 involves
cellular stress, apoptosis, and regulation of complex biological
processes and pathways (44, 45) key to the pathogenesis
of vitiligo. These findings suggest that MDEGs in vitiligo
melanocytes may have regulatory functions in these biological
processes and molecular functions. However, some genes and
pathways identified in this study have not been formally
studied as targets of the vitiligo process, and need to be
evaluated further.

Although our research attempts to bridge an important gap,
it does have several limitations that can be addressed in the
future studies. Firstly, the sample size was relatively small as
only four microarray profiles were analyzed and there was no
vitiligo methylation data available on the GEO platform. Hence,

a replication with larger samples will be required to validate the
findings. Secondly, the study lacked experimental verification
of the effects of aberrant methylation on gene expression and
functions in vitiligo melanocytes. Therefore, supplementary
molecular experiments should be conducted to verify the results
of our investigation. Furthermore, due to the limited sample
size, the GEO verification set of differentially expressed genes
selected only differential datasets rather than general high and
low expression sets due to the differences between cell lines and
human samples. This strict intersection may mask genes that play
significant roles.

In conclusion, using a series of bioinformatics databases
and tools, we found that the interactions among MDEGs
with different functions and signaling pathways is related to
the pathogenesis of vitiligo melanocytes. The hub genes of
vitiligo melanocytes include CDK1, HSP90AA1, AKT1, BCL2L1,
HDAC2, HELLS, and KIF23. The genes involved in three
important epigenetic modules include BCL2L1, CDK1, ECT2,
HELLS, HSP90AA1, KIF23, MCIR, MLANA, PBK, PTGS2,
SOX10, and TYRPI1. This study provides hypothetical and
biological characteristic insight into the pathogenesis of vitiligo.
However, additional molecular-level studies are needed to
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TABLE 1 | GO and KEGG enrichment analysis of functional epigenetic modules related with vitiigo melanocyte.

Category Term Count FDR Gene

Module1 G0:0072686— mitotic spindle 3 4.33E-05 CDK1, ECT2, KIF23
G0:0097149— centralspindlin complex 2 4.33E-05 ECT2, KIF23
G0:0030496— midbody 3 0.00017 CDK1, ECT2, KIF23
GO0:0005524— ATP binding 4 0.0097 CDK1, HELLS, KIF23, PBK
G0:0004674— protein serine/threonine kinase activity 2 0.0233 CDK1, PBK
GO:0007049— cell cycle 5 0.00072 CDK1, ECT2, HELLS, KIF23, PBK
G0:0051301— cell division 4 0.00072 CDK1, ECT2, HELLS, KIF23
G0:0000278— mitotic cell cycle 4 0.0011 CDK1, ECT2, KIF23, PBK
GO:0090068— positive regulation of cell cycle process 3 0.0043 CDK1, ECT2, KIF23
G0:0032467— positive regulation of cytokinesis 2 0.0052 ECT2, KIF23
G0:0042307— positive regulation of protein import into nucleus 2 0.0052 CDK1, ECT2
G0:0000281— mitotic cytokinesis 2 0.0055 ECT2, KIF23
G0:0070301— cellular response to hydrogen peroxide 2 0.0071 CDK1, ECT2
G0:1908047— mitotic cell cycle process 3 0.0082 CDK1, ECT2, KIF23
G0:0071478— cellular response to radiation 2 0.0144 ECT2, PBK
G0:0006323— DNA packaging 2 0.019 CDK1, HELLS
G0:0022607— cellular component assembly 4 0.019 CDK1, ECT2, HELLS, KIF23
G0:0051276— chromosome organization 3 0.0218 CDK1, HELLS, KIF23
G0:0010038— response to metal ion 2 0.0395 CDK1, ECT2
GO:0001932— regulation of protein phosphorylation 3 0.0405 CDK1, ECT2, PBK
G0:0032147— activation of protein kinase activity 2 0.0405 CDK1, ECT2
GO0:0016569— covalent chromatin modification 2 0.0411 CDK1, HELLS
G0:0000226— microtubule cytoskeleton organization 2 0.0459 CDK1, KIF23
G0:0065003— protein-containing complex assembly 3 0.0468 CDK1, ECT2, HELLS

Module2 G0:0042470— melanosome 2 0.0141 MLANA, TYRP1
G0:0043473— pigmentation 2 0.0332 MC1R, TYRP1
hsa04916 — Melanogenesis 2 0.00062 MC1R, TYRP1

Module3 G0:0042803— protein homodimerization activity 3 0.0057 BCL2L1, HSP90AA1, PTGS2
G0:0019899— enzyme binding 3 0.0263 BCL2L1, HSP90OAAT, PTGS2
G0:0019901— protein kinase binding 2 0.041 BCL2L1, HSPO0AAT
G0:0019904— protein domain specific binding 2 0.0436 BCL2L1, HSPO0AA1
GO:0007006— mitochondrial membrane organization 2 0.0114 BCL2L1, HSPO0AAT
G0:0009408— response to heat 2 0.0114 HSPO0AA1, PTGS2
G0:0009628— response to abiotic stimulus 3 0.0114 BCL2L1, HSPO0AA1, PTGS2
G0:0019221— cytokine-mediated signaling pathway 3 0.0114 BCL2L1, HSPO0AA1, PTGS2
G0:0033138— positive regulation of peptidyl-serine phosphorylation 2 0.0114 HSPO0AA1, PTGS2
G0:0045429— positive regulation of nitric oxide biosynthetic process 2 0.0114 HSP90AAT1, PTGS2
GO0:0051726— regulation of cell cycle 3 0.0114 BCL2L1, HSP90AAT, PTGS2
GO0:0071478— cellular response to radiation 2 0.0114 BCL2L1, PTGS2
G0:0080135— regulation of cellular response to stress 3 0.0114 BCL2L1, HSPO0AAT, PTGS2
G0:1908827— regulation of cellular protein localization 3 0.0114 BCL2L1, HSPO0AA1, PTGS2
G0:1904407— positive regulation of nitric oxide metabolic process 2 0.0114 HSPO0AA1, PTGS2
G0:2001243— negative regulation of intrinsic apoptotic signaling pathway 2 0.0114 BCL2L1, PTGS2
G0:0006839— mitochondrial transport 2 0.0122 BCL2L1, HSPO0AA1
G0:0010647— positive regulation of cell communication 3 0.0174 BCL2L1, HSPO0AA1, PTGS2
G0:0023056— positive regulation of signaling 3 0.0174 BCL2L1, HSPO0AA1, PTGS2
G0:0046677— response to antibiotic 2 0.0185 BCL2L1, HSPO0AA1
G0:1902531— regulation of intracellular signal transduction 3 0.0185 BCL2L1, HSPO0AAT, PTGS2
G0:0001101— response to acid chemical 2 0.0196 BCL2L1, PTGS2
G0:0009653— anatomical structure morphogenesis 3 0.0247 BCL2L1, HSPO0AAT, PTGS2

(Continued)

Frontiers in Immunology | www.frontiersin.org 101 March 2021 | Volume 12 | Article 587440


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pu et al.

MDEGs of Vitiligo Melanocyte

TABLE 1 | Continued

Category Term Count FDR Gene
G0:0048584— positive regulation of response to stimulus 3 0.0263 BCL2L1, HSP9OAAT, PTGS2
G0:0048608— reproductive structure development 2 0.0275 BCL2L1, PTGS2
G0:0009636— response to toxic substance 2 0.0316 BCL2L1, PTGS2
G0:0032990— cell part morphogenesis 2 0.0316 BCL2L1, HSPO0AA1
G0:0051186— cofactor metabolic process 2 0.0316 HSP90AA1, PTGS2
G0:0071417— cellular response to organonitrogen compound 2 0.0319 BCL2L1, PTGS2
G0:0006897— endocytosis 2 0.0345 BCL2L1, HSPOOAAT
G0:0045786— negative regulation of cell cycle 2 0.0345 BCL2L1, PTGS2
G0:1903047— mitotic cell cycle process 2 0.0389 BCL2L1, HSPOOAA1
GO:0007276— gamete generation 2 0.0421 BCL2L1, PTGS2
G0:0007346— regulation of mitotic cell cycle 2 0.0421 BCL2L1, HSPO0OAA1
G0:0043065— positive regulation of apoptotic process 2 0.0421 BCL2L1, PTGS2
G0:0010564— regulation of cell cycle process 2 0.0464 BCL2L1, HSPO0AA1
hsa05200— Pathways in cancer 3 0.00079 BCL2L1, HSP9OAAT, PTGS2
hsa04064— NF-kappa B signaling pathway 2 0.0015 BCL2L1, PTGS2
hsa04657— IL-17 signaling pathway 2 0.0015 HSPO0AA1, PTGS2
hsa05222— Small cell lung cancer 2 0.0015 BCL2L1, PTGS2
hsa04621— NOD-like receptor signaling pathway 2 0.0019 BCL2L1, HSPO0OAA1
hsa04151— PI3K-Akt signaling pathway 2 0.0068 BCL2L1, HSPOOAAT

confirm the identified genes and pathways in vitiligo to elucidate ~ FUNDING

potential mechanisms, and in vitro and in vivo functional studies
are also required to find the crucial role of the identified genes in
vitiligo pathogenesis.
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Multiple factors are involved in the process leading to melanocyte loss in vitiligo including
environmental triggers, genetic polymorphisms, metabolic alterations, and autoimmunity.
This review aims to highlight current knowledge on how danger signals released by
stressed epidermal cells in a predisposed patient can trigger the innate immune system
and initiate a cascade of events leading to an autoreactive immune response, ultimately
contributing to melanocyte disappearance in vitiligo. We will explore the genetic data
available, the specific role of damage-associated-molecular patterns, and pattern-
recognition receptors, as well as the cellular players involved in the innate immune
response. Finally, the relevance of therapeutic strategies targeting this pathway to
improve this inflammatory and autoimmune condition is also discussed.

Keywords: innate immunity, vitiligo, PAMPs, DAMPs, ILC, DC, melanocytes

INTRODUCTION

Clinical, translational, and fundamental research studies performed over the last decade have
tremendously improved our understanding of vitiligo physiopathology and new therapeutic
perspectives are emerging for this disease which suffers from the lack of effective treatments.
Vitiligo is a puzzling disease combining multiple intertwined components including environmental
triggers, genetic predisposition, increased oxidative stress, and abnormal immune and inflammatory
response (1, 2). Vitiligo is defined by the loss of epidermal melanocytes, nonetheless several cell
subsets of immune and non-immune cells are involved to induce and/or contribute to their
disappearance. Vitiligo skin is consistently associated with infiltration of T cells with a Th1/Tcl
skewed immune profile which target melanocytes (3, 4). Besides the role of the adaptive immune
response, increasing data highlight a major role of innate immune cell subsets and their immune-
related pathways that could spark the induction of the disease in the “normal-appearing” skin.
Therefore, this short review is focusing on the innate side of the disease, discussing how genetic and
transcriptomic data revealed the importance of innate immunity in vitiligo, as well as the interplay
between epidermal cells (keratinocytes and melanocytes) and innate immune cells to contribute to
the initiation and/or progression of the disease through the release of danger signals, cytokines, and
chemokines, leading to activation of the adaptive immune response and ultimately the loss of
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melanocyte. This better understanding now offers novel insight
into the development of targeted therapies that could prevent the
induction as well as the recurrence of the disease.

GENETIC AND TRANSCRIPTOME DATA

Genome wide association studies (GWAS) have identified over
50 susceptibility loci involved in melanogenesis and immunity in
vitiligo patients (5). On the other hand, a delay in vitiligo age-of-
onset over the past 30 years emphasizes the key role of
environmental factors in triggering vitiligo in genetically
predisposed individuals (6, 7). These GWAS studies not only
demonstrated the implication of genes involved in
melanogenesis and adaptive immunity but also revealed allelic
variations in key genes involved in the innate immune responses,
such as IFIHI, NLRP1, or TICAM1 (7-9).

Transcriptional analysis comparing gene expression profiles
of skin from vitiligo patients with normal skin of healthy
volunteers also emphasized the role of innate immunity (10,
11). Thus, natural killer (NK) cell activation markers, such as
NKG2D, KLRC2, and KLRC4, ligands for NK receptor
(CLEC2B), as well as markers of oxidative stress (CANP and
POSTN) and innate immunity (DEFB103A) were shown to be
increased in vitiligo skin (10). In our study, we also found a
significant increase in NK receptors, including NKTR and
KLRC1, as well as trends for increased EOMES (master
regulator of NK cells), CCL20, and NK-related cytokines
(TNFo and IL-15) (11). Interestingly, activation of these innate
immunity markers was found in the non-lesional skin of vitiligo
patients, suggesting that the activation of the innate immunity
may be present throughout the entire skin surface of patients
(10, 11).

Taken together, these data illustrate that vitiligo patients have
genetic predisposition affecting their innate immune response in
their apparent non-affected skin. Such findings may be indicative
of a subclinical activation of innate immunity, loss of protective
mechanisms to stress (such as defective unfolded protein
response in target cells following endoplasmic reticulum
stress), and/or increased sensitivity to endogenous or external
stress, such as several damage-associated-molecular patterns
(DAMPs) or pathogen-associated-molecular patterns
(PAMPS) (12).

ACTIVATION OF INNATE IMMUNE CELLS
BY DANGER SIGNALS

DAMPs

Several DAMPs have been detected in perilesional skin of vitiligo
patients. Previous studies have shown that the chromatin-
associated nuclear protein High-mobility group-box-1
(HMGB1) could be released by melanocytes under oxidative
stress and could directly impact melanocyte survival (13-15).
Additionally, HMGB1 could bind free DNA and HMGB1-DNA
complexes and induce maturation of vitiligo patients’ dendritic

cells (DC), as well as the production of cytokines and chemokines
by keratinocytes (16). Another candidate for sensing the immune
system in vitiligo is calreticulin (CRT). In response to stress, CRT
can localize at the surface of immune cells, affecting their antigen
presentation, complement activation, and clearance of apoptotic
cells. Moreover, CRT can translocate to the melanocyte surface
when these cells undergo H,0,-mediated oxidative stress,
increasing melanocyte immunogenicity. CRT may also enhance
the immunogenic potential of melanocytes through their
induction of pro-inflammatory cytokine production, such as IL-
6 and TNFq (17).

Heat shock proteins (HSP) are likely important candidates
bridging stress to the skin with the innate immune response.
Indeed, inducible HSP70 (HSP70i) released in the context of
cellular stress, notably by epidermal cells (including
keratinocytes and melanocytes) has been shown to accelerate
the progression of the disease in a preclinical model (18-20).
Likewise, modified HSP70i prevented or reversed vitiligo in a
mouse and Sinclair Swine models of the disease (21, 22). In
vitiligo patients, the expression of HSP70 in the skin correlated
with disease activity and was lower in patients with stable disease
(23). As discussed below, HSP70i could interact with several cell
subsets, leading to their activation.

Pattern Recognition Receptors

PAMPs are critical in initiation of the innate immune response
through activation of pattern recognition receptors (PRRs).
Implication of PRRs in vitiligo has been demonstrated in
several GWAS, in particular genes encoding TLRs and their
signaling pathway (24, 25). In addition, polymorphisms in NLRs
have been described in patients with non-segmental vitiligo.
Upregulated NLRP3 expression has been detected in
perilesional keratinocytes in vitiligo skin and associated with
higher cutaneous IL-1f expression and increased severity of the
disease (26, 27).

Viral components are likely involved in vitiligo pathogenesis,
as they can trigger activation of the immune system, however
whether viruses can activate the innate immune response in the
context of vitiligo is poorly described. Viruses possess several
structurally diverse PAMPs, including surface glycoproteins,
DNA, and RNA species (28). Virus infection could thus
activate the innate response and potentially trigger a vitiligo
flare. There is some evidence that viral infections in a genetically
predisposed host may induce excessive ROS production by
recruited lymphocytes leading to destruction of epidermal
melanocytes (29). Furthermore, IFIH1, encoding intracellular
virus sensor MDA5, has been identified as a vitiligo susceptibility
gene capable of inducing secretion of CXCL10 and CXCL16
from keratinocytes and inducing infiltration of CD8" T cells in
vitiligo (30).

Bacteria are among the top producers of PAMPs and could
directly trigger PRRs activation and therefore participate in
activation of the innate immune response in vitiligo, however
their direct role in triggering vitiligo has yet to be proven. While
gut dysbiosis has been reported in several auto-immune
disorders, there exists only one study suggesting skin dysbiosis
in lesional zone of vitiligo patients compared to their non-
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lesional skin; however in that study there was no comparison to
skin microbiota from healthy skin (31). The second study in
mouse model of vitiligo treated with antibiotics has shown that
depletion of certain bacterial strains in the gut induces skin
depigmentation, suggesting possible gut-skin axis in the disease
(32). We have recently demonstrated gut and skin dysbiosis in
vitiligo compared to healthy controls; the most striking
differences were seen in the deeper regions of vitiligo skin (33).
Importantly, these changes were associated with mitochondrial
damage and loss of protective bacteria at the same site with
elevated systemic innate immunity in vitiligo patients.

ROLE OF INNATE IMMUNE CELLS IN
VITILIGO

As suggested above, a large number of innate immunity genes
that confer risk for vitiligo have been identified in genetic studies.
Collectively, these papers undeniably support innate immunity
pathways as critical in the development of the disease, which was
further confirmed at the transcriptional level, with increased
expression of innate immune related genes both in non-lesional
and lesional skin of vitiligo patients (10, 11). If there is activation
of innate immune pathways, naturally we would expect to see
influx or activation of resident innate immune cells in the skin of
vitiligo patients; however, the data in this area of research is only
now starting to emerge. Although it has been known for a while
that there is infiltration of macrophages, inflammatory DCs,
dermal DCs, Langerhans cells, and NK cells to the leading edge
or the lesional sites (34-37), their roles in vitiligo have not been
thoroughly explored. The contribution of inflammatory DCs
(CD11c" CD11b") has been demonstrated in DAMP-induced
animal model of vitiligo driven by HSP70 (21), however their
role in human disease remains to be proven. Studies dating over
10 years ago have demonstrated a positive correlation between
levels of macrophage migration inhibitory factor (MIF) in the
blood of vitiligo patients and their disease duration suggesting
MIF may be a useful serum biomarker of vitiligo activity (38-40),
however direct contribution of macrophages to the disease in the
skin is unknown.

Plasmacytoid Dendritic Cells

Plasmacytoid dendritic cells (pDCs) certainly represent an
important player in the initiation of the inflammatory response
and the type I/IT IFN signature in vitiligo skin. pDCs have been
involved in various chronic inflammatory dermatoses, including
cutaneous lupus erythematosus and psoriasis, mainly through
their propensity to release high levels of IFNa. (41). We showed
that perilesional skin of vitiligo patients in the active phase of the
disease harbors infiltrates of pDCs, associated with a local IFN
response (36). Activation of this cell subset is likely mediated by
the release of DAMPs from epidermal cells, as shown with
HSP70i, potentiating IFNo secretion by pDCs and subsequent
production CXCL9 and CXCL10 chemokines by epidermal cells,
leading to the Thl adaptive immune response establishment
characteristic of vitiligo skin (42).

Furthermore, the other question which has been puzzling
researchers was the initial source of the signature vitiligo
cytokine IFNYy. We know that IFNYy is critical for the
progression of vitiligo through 1) its induction of CXCL9 and
CXCL10 chemokines and thereby recruitment of CD8" T cells
expressing CXCR3, which are without doubt responsible for the
loss of melanocytes and 2) its direct effect together with TNFo. on
melanocyte, through induction of melanocyte detachment from
the basal layer of the epidermis (43). We recently highlighted that
type 1 innate lymphoid cells (ILC1) are also poised to release
IFNY (37).

NK Cells

NK cells are described as a bridge between innate and adaptive
immune system. They are characterized by their early and potent
production of IFNY. As discussed above, the transcriptional data
supporting role of innate immunity in vitiligo is primarily based
on differential gene expression associated with NK cell function,
activity, and cytotoxicity (10, 11). It has been known for almost
30 years that there is an increase in circulating NK cells in the
blood of vitiligo patients with abnormalities in their expression
of inhibitory receptor CD158a and their activity (44-47), yet
their role in vitiligo skin remained unexplored until recently. We
have now confirmed the increased number of cytotoxic NK cells
in not only the blood but also in the skin of vitiligo patients
compared to healthy controls, predominantly in non-lesional
skin (37). Furthermore, vitiligo NK cells are much more sensitive
to stress, produce much larger amounts of IFNYy following stress,
and are directly implicated in initiation of long-term adaptive
immunity against melanocytes (37).

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are the innate counterparts of T
cells. In response to IL-12, IL-15, and IL-18, they secrete IFNYy; a
signature vitiligo cytokine. We have recently demonstrated
increased presence of ILC1 (but not ILC2 or ILC3) in vitiligo
blood and skin and these cells to be the initial source of IFNY,
which is involved in early melanocyte apoptosis and subsequent
T-cell mediated destruction of melanocytes (37).

Melanocytes

It has been known for a long time that melanocytes from vitiligo
patients are intrinsically abnormal and are more sensitive to
external stress (48, 49), however this defect alone doesn’t explain
the disease pathology as stressed melanocytes remain viable. As
shown in a chicken model of spontaneous vitiligo, innate
immunity is an important link between melanocyte stress and
long-term adaptive immunity (50). Melanocytes have also been
proposed as immunocompetent cells being able to process and
present antigen, upregulate their own co-stimulatory markers
and directly stimulate cytotoxic T lymphocytes following IFNy
stimulation (51, 52). We have recently shown that human
melanocytes express chemokine receptor of the B-isoform
(CXCR3B), whose expression is upregulated in vitiligo
melanocytes compared to healthy melanocytes and this
receptor to play a critical role in anti-melanocyte immunity in
vitiligo (37).
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Together, recent literature highlighted that innate immune
pDCs, NK cells and ILC1 are capable of directly responding to
stressed melanocytes and are critical in initiation of the disease,
making these cells ideal primary target for therapeutic intervention.

THERAPEUTIC PERSPECTIVES

Vitiligo is a chronic inflammatory skin disorder and future
therapeutic strategies might consider targeting the innate
immunity side of the disease to halt initiation and/or
progression of the disease, but such approach could also be
envisioned as a maintenance therapy to prevent relapse.

Topical or systemic immunosuppressive drugs that are
actually used for treating vitiligo such as corticosteroids,
methotrexate or calcineurin inhibitors, have some potential
impact on the innate immune response (53, 54). However,
these agents have a broad impact on innate and adaptive
immunity. Future approaches targeting more specifically the
pathways involved in vitiligo could provide better responses
with safer profile.

The elicitation of DAMPs depends on endoplasmic reticulum
stress and oxidative stress. Many studies have described the role
of the oxidative stress in vitiligo and how it can trigger the
immune response (55-58). However, the efficacy of antioxidants
in treating vitiligo is still a matter of debate as it relies on
inconclusive studies or studies with contradictory results (59).
This discrepancy between robust fundamental evidences and
questionable clinical data could be explained by the differences in
the type of antioxidant therapies used. More effective
antioxidants with better bioavailability could effectively reduce
the oxidative stress in the skin and provide a useful approach in
treating vitiligo. There is increasing evidence showing
mitochondrial alterations with increased production of ROS in
vitiligo skin (60, 61). Compounds protecting specifically against
this kind of mitochondrial damages could be of great interest in
treating or preventing vitiligo relapses. Inhibition of DAMPs
released by epidermal cells could also represent an interesting
approach to prevent activation of innate cells. Indeed, mutant
HSP70i have been shown to prevent auto-immune
depigmentation or induce repigmentation both in mouse and
Sinclair swine models (21, 22).

As detailed above, bacteria are major producers of PAMPs
and alteration of skin and gut microbiome could participate in
activation of the innate immune response in vitiligo (31-33).
Modulating the skin or gut microbiome appears as an appealing
approach. Recent data conducted in atopic dermatitis skin,
demonstrated that topical formulation containing specific
strains of probiotics could improve skin lesions (62).
Additional studies are urgently needed, especially those in
vitiligo, but modulation of microbiome, using prebiotics,
probiotics, postbiotics, or fecal microbiota transplantation,
could be an alternative approach for secondary prevention
in vitiligo.

The development of antibodies targeting specifically the B
isoform of CXCR3, could prevent the initial apoptosis of

melanocytes and thus could be an effective preventive
approach (37). Another strategy could rely on direct action on
innate cells themselves. BDCA2 is a C-type lectin specifically
expressed on pDCs, whose engagement inhibits the release of
IFNo. Of interest, the use of a monoclonal antibody targeting
BDCA2 showed improvement of skin lesions in systemic lupus
erythematosus (63), however no preclinical studies have been
performed so far to evaluate the efficacy of such strategy in
vitiligo. In line with the important role of IFNo in disease
pathogenesis, hydroxychoroquine, a TLR7 and TLR9 inhibitor
downregulating IFNa production by pDCs, was shown to induce
repigmentation of vitiligo lesions in a clinical case reports (64,
65). Whether inhibition of IFNa. or its receptor could be an
alternative strategy to block the type I IFN pathway in vitiligo has
not yet been assessed.

NKG2D is one of the most frequent allelic variation found in
vitiligo population. It also regulates both NK and T cell responses
and thus, targets both innate and adaptive immune responses
(66), and has been involved in vitiligo pathogenesis (67, 68). The
use of anti-NKG2D antibodies could be a very promising
approach for treating vitiligo.

In line with a therapy that would dampen both innate and
adaptive immune response, IL-15 could represent another
attractive strategy. Indeed, this cytokine is important for both
T cells and NK cells maintenance and function. Recent studies
highlighted the role of IL-15 on resident memory T cells in
vitiligo pathogenesis and the interest to inhibit this cytokine or
its receptor in vitiligo (68-70). Clinical phase II study is about to
start, evaluating the efficacy of AMG714 for treatment of vitiligo
(NCT04338581). Whether such targeting would also impact the
innate response remains to be evaluated.

Targeting multiple cytokine pathways with JAK inhibitors is
showing promising clinical outcome in vitiligo patients, as shown
with the use of tofacitinib (blocking JAK1/3) or ruxolitinib
(blocking JAK1/2) (71-73). Besides targeting IFNYy signaling,
such therapies will also likely block IFNo. impact on epidermal
cells, as this cytokine signals through JAK1/TYK2. Interestingly,
a phase 2 clinical trial evaluating the efficacy of systemic
administration of a JAK1/TYK2 inhibitor is ongoing
(NCT03715829) and will provide new insights into the
physiopathology of vitiligo.

CONCLUSION

Innate immunity has long time been overlooked in autoimmune
disorders, including in vitiligo. However, from genetic and
transcriptome data to modulation of key innate cells in vitiligo
skin and blood, there are now accumulating and strong evidences
supporting the key role of the innate immunity in pathogenesis
of vitiligo (Figure 1). Activated by the PAMPs and DAMPs, the
innate immunity appears as the bridge between potential
triggering factors of vitiligo flares such as stress, Koebner
phenomenon or infections, and the secondary activation of the
adaptative immune response. These data foster new therapeutic
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FIGURE 1 | Role of innate immunity in loss of melanocytes and therapedutic strategies to combat the disease. Combined genetic and environmental (PAMPs) or
endogenous (DAMPs) stress activates innate immune cells ILC1/NK and pDCs to increase their production of IFNy and IFNe, respectively. In turn, IFNy is involved in
melanocyte detachment from the basal layer of the epidermis and upregulates melanocytic CXCR3B expression. In some melanocytes, CXCR3B activation induces
melanocyte apoptosis which triggers increased expression of co-stimulatory molecules in other melanocytes and subsequent recruitment of cytotoxic T cells.
Possible clinical therapeutic targets include the use of anti-CXCR3B (to block initial apoptosis), JAK inhibitors (to inhibit cytokine release from ILC1, pDCs and
memory T cells, Try), anti-NKG2D (to block activating NKG2D receptor on NK and Try), anti-BDCA2 and hydroxychloroquine (to inhibit IFNa. production from pDCs)
and probiotics to restore skin homeostasis.
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