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Abstract

Vitiligo is an autoimmune disease of the skin that results in disfiguring white spots. There are no
FDA-approved treatments for vitiligo, and most off-label treatments yield unsatisfactory results.
Vitiligo patients have increased numbers of autoreactive, melanocyte-specific CD8* T cells in the
skin and blood, which are directly responsible for melanocyte destruction. Here we report that
gene expression in lesional skin from vitiligo patients reveals an IFN-y-specific signature,
including the chemokine CXCL10. CXCL10 is elevated in both vitiligo patient skin and serum
and CXCR3, its receptor, is expressed on pathogenic T cells. To address the function of CXCL10
in vitiligo, we employed a mouse model of disease that also exhibits an IFN-y-specific gene
signature, expression of CXCL10 in the skin, and upregulation of CXCR3 on antigen-specific T
cells. Mice that receive Cxcr3—/— T cells develop minimal depigmentation, as do mice lacking
Cxcl10 or treated with CXCL10 neutralizing antibody. CXCL9 promotes autoreactive T cell
global recruitment to the skin but not effector function while, in contrast, CXCL10 is required for
effector function and localization within the skin. Surprisingly, CXCL10 neutralization in mice
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with established, widespread depigmentation induces reversal of disease, evidenced by
repigmentation. These data identify a critical role for CXCL10 in both the progression and
maintenance of vitiligo, and thereby support inhibiting CXCL10 as a targeted treatment strategy.

Introduction

Vitiligo is a disease of the skin that afflicts ~0.5-2% of the population and results in
prominent, disfiguring white spots that may become widespread (1). Vitiligo pathogenesis
incorporates both intrinsic defects within melanocytes that activate the cellular stress
response, as well as autoimmune mechanisms that target these cells (2-12). Patients with
vitiligo have increased numbers of autoreactive, melanocyte-specific CD8* T cells in the
skin and blood (13, 14). T cells infiltrate the skin during vitiligo and localize to the
epidermis where melanocytes, their target cells, reside. In lesional skin, CD8* T cells are
found in close proximity to dying melanocytes (15, 16), and one study reported that
melanocyte-specific, CD8* T cells isolated from lesional skin migrated into nonlesional skin
ex vivo, found their melanocyte targets in situ, and killed them (13). The melanocyte niche
in the basal layer of the epidermis is not vascularized, so T cells that migrate into the skin in
vitiligo must efficiently navigate through the dermis to find their targets and mediate
depigmentation. The signals that promote melanocyte-specific T cell migration into and
through the skin during vitiligo are unknown.

There are currently no FDA-approved medical treatments for vitiligo, and available off-label
treatments are problematic and often ineffective. Narrow-band UVB (nbUVB) light is only
provided in select facilities and requires time away from work and school multiple times per
week, resulting in lost productivity. Topical steroids are impractical when large surface
areas are affected, and carry risk of systemic absorption with suppression of the adrenal axis,
in addition to striae and skin atrophy (1). Topical calcineurin inhibitors appear to have fewer
risks but are costly, less effective, and treat only focal disease (17). Systemic
immunosuppression has been reported to halt the progression of vitiligo and reverse disease
through repigmentation (18), however the risks associated with a non-targeted systemic
approach are substantial, and usually deemed unacceptable when compared to the benefits.
Therefore, the identification of targeted therapies with an improved safety profile would be a
substantial advance. Recent progress in understanding the key cytokines that promote
psoriasis and related autoimmune diseases (i.e. rheumatoid arthritis, inflammatory bowel
disease, and others) have resulted in biologic treatments with excellent efficacy and safety
profiles, substantially improving patients’ quality of life (19). The cytokines that drive
vitiligo pathogenesis have not been well defined, although they are not likely shared with
these diseases, as biologic treatments for psoriasis have been ineffective for vitiligo (20-22).

The dynamics at play within established vitiligo lesions are unknown, although depigmented
skin is widely thought to be inactive, such that T cells have left the tissue and melanocytes
are unable to regenerate. However the ability of even long-standing lesions to repigment
following treatment suggests that this is not always the case, but rather an active immune
process is at work to maintain depigmentation. Further support for this hypothesis is found
in the rapid repigmentation of lesional human vitiligo skin following transplantation onto
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nude mice (23), suggesting that host factors play an important role in maintaining
depigmentation.

Here, we report that both human vitiligo patients and a mouse model of vitiligo reflect a
uniquely IFNy-specific Tyl cytokine signature in the skin that includes the IFNy-dependent
chemokines CXCLJ9, 10, and 11. CXCL10 is highly expressed in the skin and serum of
patients with vitiligo, and it promotes autoreactive T cell localization to the epidermis to
initiate vitiligo in our mouse model. Targeting CXCL10 therapeutically in mice not only
prevents disease development, but also induces repigmentation in established lesions,
implicating this chemokine as a critical player in both the progression and maintenance of
vitiligo. Our results support further exploration of CXCL10 neutralization as a targeted
systemic therapeutic approach in the treatment of vitiligo.

Gene expression in vitiligo reflects a Thl-mediated immune response

To identify key cytokine pathways in vitiligo, we measured the gene expression profile in
lesional skin of vitiligo patients. Our criteria for selecting skin specimens relied on the
presence of T cell infiltrates to determine inflammatory gene signatures in active lesions.
Lesional biopsies frequently miss the T cells, as visible depigmentation of the skin does not
become apparent until long after melanocyte death, up to 48 days in humans (24).
Consequently, we screened a clinical archive of formalin fixed, paraffin-embedded (FFPE)
biopsies for those that contained a T cell infiltrate, selected samples from 5 vitiligo patients
and 5 age- and site-matched controls, and analyzed their RNA expression profile using the
Illumina DASL assay. We observed significant loss of melanocyte-specific transcripts in
lesional skin compared to healthy controls, validating this approach. Chemokine expression
revealed a predominantly Ty1-mediated immune response (Figure 1A). Based on a small
panel of genes whose expression is more dependent on either Type | IFN (IFNa/p) or Type
I1 IFN (IFNY), we identified a distinctly IFNG-specific signature (Figure 1A).

IFNYy has previously been shown to be induced in human vitiligo (13, 25), and is required for
the development of depigmentation in a mouse model of vitiligo (26). IFNy signaling
induces the expression of over 200 different gene targets (27), however our earlier results
suggested that IFNy was specifically required for T cell accumulation within the skin (26).
Therefore, IFNy-dependent chemokines, which induce T cell homing into peripheral tissues,
and endothelial adhesion molecules, which promote transmigration into tissues, were top
candidates for this role (28, 29). We found that the chemokines CXCL9, CXCL10, CXCL11,
and CCL5 were highly induced in vitiligo, while adhesion molecules ICAM1, ICAM2, and
VCAML1 were not (Figure 1A). We confirmed these expression data in an additional 11
samples (8 vitiligo samples, 3 controls) using NanoString nCounter profiling (Figure S1A).

Previous studies reported elevated levels of CXCL9 and CXCL10 in the serum of patients
with autoimmune thyroiditis and primary adrenal insufficiency (30, 31). To determine
whether these chemokines could be detected in vitiligo patients as well, serum from vitiligo
patients and healthy controls was measured via ELISA. We found that CXCL10 was indeed
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significantly elevated in vitiligo patients, but CXCL9 and CXCL11 were not significantly
different from healthy controls (Figure 1B-D).

CXCR3is expressed on autoreactive T cells

To examine the potential for autoreactive T cells to respond to IFNy-associated chemokines
expressed in the skin of patients with vitiligo, we measured the expression of CXCR3, the
common receptor for CXCL9, CXCL10 and CXCL11, on melanocyte-specific CD8* T
cells. We analyzed the blood of 5 HLA-A2+ vitiligo patients and 5 HLA-A2+ healthy
controls using melanocyte antigen-specific HLA pentamers (gp100 and tyrosinase) to
identify autoreactive CD8™* T cells (Figure 2A). Consistent with previous studies (13, 14),
~0.5 - 1% of CD8* T cells were positive for each pentamer in vitiligo patients, a significant
difference from healthy controls (Figure S2). We found that the majority of pentamer* cells
in vitiligo patients expressed CXCR3, unlike in healthy controls (Figure 2B). To determine
whether CXCR3 is expressed in the lesional skin of patients with vitiligo, we used
immunohistochemistry on skin biopsies from 4 patients with vitiligo, which revealed
CXCR3 expression within each sample (Figure 2C, Figure S3).

A mouse model of vitiligo reflects the IFNy signature observed in patient samples

To interrogate the role of CXCR3 chemokines in vitiligo, we used a mouse model that
develops depigmentation of the epidermis, similar to human disease (26). Unlike wild-type
mice, Krt14-Kitl* mice possess increased numbers of epidermal melanocytes, similar to
human skin (32). Following adoptive transfer of premelanosome protein-specific CD8* T
cells (PMELSs) and in vivo activation recombinant vaccinia virus expressing their cognate
antigen (PMEL), Krt14-Kitl* host mice develop patchy epidermal depigmentation on their
ears, tails, noses, and footpads (26). Gene expression profiling of lesional skin from mice
with vitiligo revealed a similar chemokine signature to human vitiligo, with a minimal type |
IFN gene signature (Figure 3A). Cxcl11, often co-expressed with Cxcl9 and Cxcl10, is not
expressed in the C57BL/6 mouse strain due to a spontaneous null mutation (28), and so
further studies in our mouse model focused on the contributions of Cxcl9 and Cxcl10. Both
chemokines were expressed in mouse skin following vitiligo induction, and were dependent
on IFNy for their expression (Figure 3A, Figure S1B & C). Flow cytometry analysis of cells
from the blood, spleen, and skin-draining lymph nodes of mice with vitiligo revealed that a
substantial proportion of autoreactive T cells express CXCR3 (Figure 3B, Figure S4, Table
S1), similar to humans with disease. Thus, expression of CXCL9, CXCL10, and CXCR3
strongly associated with the depigmentation in vitiligo in both humans and mice, and so we
tested their functional significance in our mouse model.

CXCR3 expression on T cells is required for the development of vitiligo

To test whether CXCR3 is required for the development of depigmentation, we adoptively
transferred either wild-type (WT) or Cxcr3—/— PMEL T cells to induce vitiligo. Cxcr3—/— T
cells were impaired in their ability to induce depigmentation (Figure 4A & B) and failed to
accumulate in the skin (Figure 4C), despite normal numbers within the skin-draining lymph
nodes (Figure 4D). This pattern is similar to that following treatment with IFNy neutralizing
antibody (26), and supports the observation that Cxcr3—/— TCR transgenic host mice are
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protected from vitiligo in a separate mouse model of hair depigmentation (33). In order to
quantify the decreased efficiency of Cxcr3—/— T cell migration to the skin within the same
host, we adoptively transferred equal numbers of CFP* WT PMEL T cells and GFP* WT or
Cxcr3—/— PMEL T cells into hosts and measured their total numbers in the skin and skin-
draining lymph nodes 5 weeks after transfer using flow cytometry. On average, WT T cells
were 3 times more prevalent than Cxcr3—/— T cells in the skin, despite similar numbers in
skin-draining lymph nodes (Figure 4E, Figure S5).

CXCL9, CXCL10 and CXCL11 do not act redundantly in vitiligo

Since CXCL9, CXCL10, and CXCL11 all signal through the CXCR3 receptor, we sought to
determine whether individual chemokines were required for depigmentation, or whether
they act redundantly, by testing chemokine-deficient hosts in our model. Both Cxcl9—/— and
Cxcl10—/— mice were originally created on the 129 mouse strain, and then subsequently
backcrossed to C57BL/6. Because of close genetic linkage of Cxcl9, Cxcl10, and Cxcl11,
this approach results in Cxcl9—/— and Cxcl10—/— C57BL/6 mice with an intact Cxcl11 gene,
unlike the parent strain (28). Therefore, when either knockout mouse is tested on the
C57BL/6 background, Cxcl11 expression in the knockout strain could potentially
compensate for the deficient chemokine. In our mouse model of vitiligo, Cxcl10—/— hosts
developed minimal depigmentation (Figure 5A & B) similar to when Cxcr3—/— T cells were
tested, suggesting that vitiligo depends on this single chemokine, and that CXCL11 cannot
substitute for its function. In contrast, Cxcl9—/— hosts developed depigmentation
comparable to WT controls.

CXCL10 promotes epidermal positioning and effector function of autoreactive T cells

To assess the functional contributions of CXCL10 to depigmentation, we analyzed the
positioning of PMEL T cells in the layers of the skin and their activation status 5-6 weeks
post-transfer. Since melanocytes are located in the epidermis, we first addressed whether or
not PMELSs could migrate into the epidermis in chemokine knockout mice using flow
cytometry to separately analyze the dermal and epidermal layers of the skin. Cxcl9—/— hosts
exhibited lower numbers of PMELS in both the dermis (Figure 5C) and epidermis (Figure
5D) as compared to WT hosts, supporting its role as a global positioning and recruiting
chemokine (34). However, despite the decreased recruitment efficiency of PMELS in
Cxcl9—/— hosts, the PMELSs were still highly functional, as they were capable of inducing
depigmentation comparable to WT hosts. In contrast, Cxcl10—/— hosts had similar numbers
of PMELSs in the dermis as compared to WT hosts (Figure 5C), and a trend toward a lower
number of cells in the epidermis (Figure 5D), suggesting that CXCL10 is required for T cell
function within the skin beyond simple recruitment, and may play a role in directed
migration within the skin.

CXCL10 has also been reported to play an important role in T cell tethering and activation
(34). We therefore assessed whether the cells responded to antigen and target cells in the
same capacity in our WT and Cxcl10—/— mice. Using CD69 as a marker of skin memory T
cells that had been previously activated in vivo (35), we addressed whether or not epidermal
PMELs maintained high CD44 expression (Figure 5E & F). We found that the ratio of
CD44° to CD44N epidermal CD69+ PMELS was significantly higher in Cxcl10—/— hosts,
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suggesting that they have an altered activation status compared to PMELSs in WT mice
(Figure 5E). This ratio was not elevated in the lymph nodes of host mice, indicating a skin-
specific effect (Figure 5F).

Neutralization of CXCL10 both prevents and reverses depigmentation in vitiligo

Cxcl9—/— and Cxcl10—/— hosts have previously been shown to exhibit defects in T cell
priming against viruses (34, 36, 37). Therefore, in order to avoid defective priming of
PMELSs in our model and to assess the roles of these chemokines during the effector phase
of disease in WT hosts, we treated mice with either CXCL9 or CXCL10 neutralizing
antibody or PBS control beginning 2 weeks after adoptive transfer. This timeframe thereby
allowed for normal activation of the PMEL T cells and clearance of the virus before
chemokine neutralization. Consistent with our observations in chemokine-deficient hosts,
neutralization of CXCL10 significantly reduced depigmentation in our model, while
neutralization of CXCL9 did not (Figure 6A).

In order to test the efficacy of CXCL10 neutralization as a treatment of established disease,
vitiligo was induced as above. Eight to ten weeks later, approximately 10% of mice
exhibited >50% depigmentation of the tails, and we randomized them into two groups, one
treated with CXCL10 neutralizing antibody, and a control group treated with PBS (Figure
6B) or isotype control antibody (Figure S6). Approximately 4 weeks after initiation of
treatment, mice receiving CXCL10 neutralizing antibody began to develop repigmentation,
which continued for an additional 4 weeks, whereas control mice primarily exhibited
minimal improvement or progression. Repigmentation occurred from the hair follicles on
the tail (Figure 6C).

Discussion

The recent success of systemic biologic therapies that target cytokines in psoriasis and other
inflammatory diseases suggest that a similar approach might be effective for vitiligo. Our
observation that the immune response in vitiligo is T1-specific is consistent with a
previous report (38), and may explain why targeted treatments for psoriasis, a prototypic
TH17-mediated disease, are ineffective for vitiligo (20-22). The identification of an IFNG-
specific signature in vitiligo is in sharp contrast to other inflammatory skin diseases,
including dermatomyositis, cutaneous lupus erythematosus, and lichen planus, which
express an IFN signature that reflects both Type | (IFNA/B) and Type Il (IFNG) interferons,
with a predominance of Type | over Type Il (39, 40). Consistent with our findings, other
studies report increased expression of IFNG in vitiligo skin, however they did not measure
the expression of downstream gene targets or their functional/biological significance (13, 25,
38). We previously reported that neutralizing IFNy in a mouse model of vitiligo prevented
depigmentation (26). Together, these data suggest that targeting IFNy-dependent events may
be a particularly effective treatment strategy for vitiligo.

The expression of CXCR3 on autoreactive T cells in both human vitiligo patients and in our
mouse model, as well as the requirement of CXCR3 for autoreactive T cell accumulation in
the skin and subsequent depigmentation, implicates this chemokine pathway as functionally
required for vitiligo. Therefore, small molecule inhibitors of CXCR3, currently in
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development by multiple sources (41), may be effective therapies. The clear dominance of
CXCL10 over CXCL9 in our mouse model of vitiligo is intriguing, providing an opportunity
to target CXCL10 alone for developing new treatments. Depending on the model of
inflammation studied, the CXCR3 ligands can have redundant, dominant, cooperative, or
even antagonistic functions (28). CXCL10 dominance has been reported primarily during
viral infections of peripheral tissues (28), but also in the IL-10™! model of inflammatory
bowel disease (42). In the MRL-Ipr lupus mouse model, Cxcl9—/— mice were protected
from disease while Cxcl10—/— mice were not, suggesting CXCL9 dominance in that system
(43). Other models, including brain inflammation following malarial infection (44) and
HSV-2 infection of the spinal cord (45), required both CXCL9 and CXCL10 for T cell
recruitment, suggesting that spatiotemporal differences in chemokine expression may be
responsible for a cooperative, coordinated role of these chemokines (28). The fact that mice
on the C57BL/6 background do not express CXCL11 suggests that vitiligo in our mouse
model does not depend on this chemokine. The presence of intact Cxcl11 in Cxcl9~/~ mice
did not exacerbate the disease, and in Cxcl10~/~ mice Cxcl11 was unable to compensate for
its absence. These data suggest that CXCL11 does not play a major role in our mouse model
of vitiligo, however we cannot yet rule out a role in human disease. Additional studies will
be required to determine which cell types produce CXCL9 and CXCL10 in vitiligo, how
they interact to promote vitiligo pathogenesis, and the relative importance of each
chemokine in humans.

Our observations suggest that CXCL10 is required for more than T cell recruitment to the
target tissue. This is consistent with recently described functional roles for CXCL10 within
infected tissues and lymph nodes beyond simple recruitment, including proper localization
within the lymph node microenvironment (36, 46), increased migration velocity in the brain
(47), promoting T cell interaction with dendritic cells (46), and lymph node retention (48).
Any or all of these CXCL10-dependent functions may also be important in vitiligo. The
decreased localization of autoreactive T cells to the epidermis in Cxcl10—/— mice with
relatively normal numbers in the dermis suggest that proper localization within the skin is
one of these important functions, in contrast to CXCL9-deficiency, which reveals a more
global defect in skin-homing despite normal effector function. The appearance of
CD69*CD44!° autoreactive T cells within the skin of CXCL10-/- hosts suggests that
CXCL10 may be required for maintained expression of this memory marker within the skin.
Alternatively, CXCL10 may antagonize the development of a CD44!° population of CD8* T
cells, which was shown to be capable of suppressing autoimmune responses in the gut (49).
A global defect in priming in our model is unlikely, since this population is not present
within skin draining lymph nodes. CD44 is important for the survival, activation, directed
migration (particularly through basement membranes) and general “fitness” of memory
CD8™ T cells within peripheral tissues (50). Whether our observations represent a direct
effect of CXCL10 on CD44 expression in memory cells, or a secondary effect following
mislocalization within the skin, is unknown. The specific roles CXCL10 plays within the
skin in vitiligo are important but probably complex, and will require further study.

Previous studies, including ours, reported that interfering with IFNvy prevents the onset of
depigmentation in various mouse models of vitiligo, including genetic deficiency or

Sci Transl Med. Author manuscript; available in PMC 2014 August 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rashighi et al.

Page 8

antibody neutralization (26, 33). However successful treatment strategies should be able to
reverse established disease through repigmentation, rather than simply prevent it.
Depigmentation in patients with vitiligo can be reversed upon successful treatment with
topical steroids, topical calcineurin inhibitors, or nbUVB light therapy (1), and this reversal
is primarily due to melanocyte regeneration from reservoirs in hair follicles within the lesion
(10). CXCL10 antibody treatment induced epidermal repigmentation in mice with
established vitiligo, and therefore may offer a targeted systemic therapeutic option for
patients with disease. A therapeutic strategy based on these observations may incorporate
existing neutralizing antibodies or chemical inhibitors of IFNy (51), CXCL10 (52), or
CXCR3 (41, 53), or inhibitors of IFNy or CXCL10 signaling through chemical inhibition or
RNAi-induced knockdown. Completed clinical trials have tested either CXCL10
neutralization or CXCR3 blockade for psoriasis, Crohn’s disease, and ulcerative colitis, with
disappointing results (41). However unlike vitiligo, these diseases are characterized by the
expression of additional cytokines and chemokines that likely reflect a more robust
inflammatory response with multiple redundant pathways mediating T cell recruitment to
sites of inflammation (54). Therefore, vitiligo may be the optimal autoimmune disease in
which to test compounds that target the IFNy-CXCL10-CXCR3 cytokine axis.

In addition to its therapeutic implications, the ability of CXCL10 neutralization to promote
repigmentation in our mouse model reveals that 1) mouse melanocytes are capable of
regeneration as in human vitiligo, and 2) CXCL10 is required to prevent regeneration. The
ability of melanocytes to quickly regenerate following treatment suggests that there is active
autoimmunity in depigmented skin that can be disrupted with treatment, including
neutralization of CXCL10. Exactly how CXCL10 maintains depigmentation in vitiligo is
unknown, although any of the functional roles for CXCL10 described above (localization,
migration velocity, dendritic cell interaction, or tissue retention) may be important. A recent
study found that antigen-specific CD8" resident memory T cells (Trm cells) that remain
within the vaginal mucosa following viral infection act primarily as sentinels to detect
reinfection (55). In this role, they produce large amounts of IFNy upon antigen reencounter,
which stimulates production of chemokines to recruit additional central memory effectors to
help control the infection. Therefore, a population of PMELSs may remain within
depigmented skin and act as sentinels for melanocyte regeneration, producing IFNy after
melanocyte encounter, which induces chemokines and recruits additional central memory
PMELSs to target these cells and prevent repigmentation.

Our studies provide the basis for further exploration of CXCL10 as a treatment target for
vitiligo, however, they have potential limitations. There are reports describing elevated
IL-17 in vitiligo patient serum as well as IL-17* T cells in lesional skin (56-59), although
the functional significance of these observations is currently unclear. We did not see
increased expression of IL-17 or the IL-17-dependent chemokine CCL20 in any of our 13
vitiligo patients. It is possible that our patient population reflects one subset of vitiligo with
an IFNy-specific profile, and that our mouse model reflects this particular subset. There may
be multiple subtypes of vitiligo based on cytokine expression, though this has yet to be
determined. Nevertheless, our results identify CXCL10 as an important mediator of vitiligo
pathogenesis in a mouse model of disease. In addition, they reveal that the maintenance of
depigmentation in vitiligo is an active process of immunity that requires CXCL10.
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Ultimately, clinical trials will be required to test the therapeutic implications of our
observations to patients with this devastating disease.

Materials and Methods

Study design

The overall study design was based on controlled laboratory experimentation using ex vivo
human tissue samples and a mouse model for in vivo mechanistic studies. The research
objectives at the outset of the study were to test the hypothesis that IFNy-inducible
chemokines were responsible for the recruitment of autoreactive T cells to the skin. This
hypothesis was formed on the basis of previously reported observations in our mouse model
(26). Sample size was determined using the approach described by Dell, et al. (60). Briefly,
each experiment was powered to detect a difference between group means of twice the
observed standard deviation, with a power of 0.8 and a significance level of 0.05. Replicate
experiments were performed two or three times. Inclusion/exclusion criteria for human
patient samples were as follows: Vitiligo lesional skin was obtained from clinical biopsies
that revealed characteristic features of vitiligo, including a prominent T cell infiltrate.
Control skin was acquired from tumor excision tips without notable pathology from donors
without vitiligo. Human blood and serum was collected from patients examined by a
dermatologist (JEH) and diagnosed with vitiligo, as well as healthy volunteers with no
known autoimmune diseases. Mice used for these studies were on the C57BL/6J (B6)
background, or a mixed 129 x C57BL/6 background that had been backcrossed to B6 for
more than 10 generations. Mice were randomly selected and assigned to treatment groups as
described below. Scoring of vitiligo progression in mice was done by a single investigator
who was blinded to treatments. For repigmentation experiments, scores were quantified
objectively using Image J without blinding.

Study subjects

ELISAs

Mice

The collection of serum and blood from healthy donors and patients with vitiligo was
approved by the Institutional Review Board (IRB) at the University of Massachusetts
Medical School (UMMS) and the University of British Columbia. All participants gave
written informed consent before all procedures. Identification and acquisition of FFPE
clinical tissue samples was IRB-approved at the respective institutions, and all samples were
deidentified prior to use in experiments.

Human CXCL9, CXCL10 and CXCL11 duo set ELISA kits were used to analyze patient
serum according to the manufacturer’s instructions (R&D Systems). Optical densities were
measured using a Perkin Elmer EnVision 2102 multilabel reader, and 450nm-595nm values
were used to calculate concentrations using a 4 parameter logarithmic standard curve.

KRT14-Kitl*4XTG2Bjl (Krt14-Kitl*) mice were a gift from BJ Longley, University of
Wisconsin. PMEL TCR transgenic mice are Thy1.1*, and were obtained from The Jackson
Laboratory, stock no. 005023, B6.Cg Thy13/CyTg(TcraTcrb)8Rest/J. GFP-PMEL and CFP-
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PMEL TCR transgenic mice were produced by crossing PMEL transgenic mice with
DPECFP mice, which express GFP in T cells (provided by U. von Andrian, Harvard Medical
School, Boston, MA), or with CAG-ECFP [The Jackson Laboratory, stock no. 004218,
B6.129(ICR)-Tg(CAG-ECFP)CK6Nagy/J], respectively. CFP-PMEL TCR transgenic mice
were backcrossed to B6 for a total of 10 generations. Cxcr3—/— PMEL TCR transgenic mice
were produced by crossing GFP-PMEL mice with the B6.129P2-Cxcr3t™1D3en/] strain (The
Jackson Laboratory, stock no. 005796). To develop Cxcl9- and Cxcl10-deficient recipients,
B6.12954-Cxcl9™IMf (provided by Joshua M. Farber, NIAID, Bethesda, MD) and
B6.129S4-Cxcl10tM1Adl/y (The Jackson Laboratory, stock no. 006087) mice were crossed
with Krt14-Kitl*. For consistency, the Krt14-Kitl* allele was heterozygous on all mice used
in experiments. All mice were on a C57BL/6J background, were maintained in pathogen-
free facilities at UMMS, and procedures were approved by the UMMS Institutional Animal
Care and Use Committee and in accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Vitiligo induction & chemokine neutralization

Vitiligo was induced through adoptive transfer of PMEL CD8" T cells as described
previously (26). Briefly, PMEL CD8" T cells were isolated from the spleens of PMEL TCR
transgenic mice through negative selection on microbeads (Miltenyi Biotech) according to
the manufacturer’s instructions. Purified CD8* T cells (1x10%) were injected intravenously
into sublethally irradiated (500 rads 1 day before transfer) Krt14-Kitl* hosts (12-16 weeks
of age). Recipient mice also received i.p. injection of 1x10° pfu rvVV-hPMEL (N Restifo,
NCI, NIH) on the same day of transfer. Mice used as controls for vitiligo were sublethally
irradiated but did not receive rvVV-hPMEL or PMEL CD8" T cell transfer. In order to
measure the migration efficiency of Cxcr3—/— T cell to the skin within the same host, equal
numbers (0.5 x10%) of CFP* WT T cells and GFP* WT or Cxcr3—/— T cells were injected
intravenously.

CXCL9 and CXCL10 blockade was performed by i.p. injection of 100 pg of either CXCL9
(clone 2A6) or CXCL10 (clone 1F11) neutralizing antibodies three times weekly for the
duration of the observation period (3-5 weeks). Mice with vitiligo used as treatment controls
for chemokine blockade were treated with either no antibody or with an equal volume of
PBS. Vitiligo score was objectively quantified by an observer blinded to the experimental
groups, using a point scale based on the extent of depigmentation at four easily visible
locations, including the ears, nose, rear footpads, and tails as described previously (26).

Each location was examined and the extent of depigmentation estimated as a percentage of
the anatomic site; both left and right ears, and left and right rear footpads were estimated
together and therefore evaluated as single sites. Points were awarded as follows: no evidence
of depigmentation (0%) received a score of 0, > 0-10% = 1 point, > 10-25% = 2 points, >
25-75% = 3 points, > 75-<100% = 4 points, 100% = 5 points. The “vitiligo score” was the
sum of the scores at all four sites, with a maximum score of 20 points.

To induce repigmentation, 7-8 weeks after induction of vitiligo, mice with at least 50% tail
depigmentation were randomly assigned to receive either CXCL10 neutralizing antibody as
before, or control treatment (PBS or isotype antibody as indicated) for a total of 8 weeks.
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Treatment efficacy was objectively quantified by comparison of the tail photographs before
and after treatment using ImageJ software (NIH). All images were converted to 8-bit black
and white and the brightness threshold adjusted so that all pigmented areas of the tails were
highlighted. Highlighted pixels were quantified and the mean level of pigmentation
determined. Fold change over baseline reflects the mean pigmentation following treatment
divided by mean pigmentation prior to treatment, and therefore a score of 1.0 reflects no
change.

Flow cytometry

Ears, tails, spleens and skin-draining lymph nodes were harvested at the indicated times.
Spleens were disrupted, and the red blood cells lysed using RBC Lysis buffer. Ears and tail
skin were incubated in skin digest media [RPMI containing 0.5% DNase | (Sigma-Aldrich)
and 0.5 mg ml~1 of liberase TL enzyme blend (Roche)] and processed using a medimachine
(BD Biosciences) as described previously (26). For separation of the dermis and epidermis,
tail skin samples were incubated with 2.4U mL™1 dispase (Roche) for 1h at 37°C. Epidermis
was removed and mechanically disrupted using 70um cell strainers, and dermis samples
were incubated with 1mg mL™1 collagenase IV with 0.5mg mL~1 DNAse | (Sigma-Aldrich)
for 1h at 37°C on a shaker. Human peripheral blood mononuclear cells (PBMCs) were
isolated using Histopaque®-1077(Sigma-Aldrich) and washed in PBS. All cells were
filtered through a 70 um mesh prior to analysis. The following antibodies were obtained
from Biolegend: Mouse (CD4, CD8b, CD45.2, CD90.1, CXCR3, CD44, CD69, Fc block),
human (CD3, CD4, CD8, CD19, CD45, CXCR3). The following fluorescent-conjugated
pentamers were obtained from Prolmmune Ltd: Tyrosinase 369-377 (371D)
YMDGTMSQV, gp100 (PMEL) 209-217 ITDQVPFSV. 10 x 106 PBMCs were allocated
per staining condition. To improve the sensitivity of detection, the cells were incubated first
at 37°C for 30 minutes in 50ul Dasatinib solution (50nM) (Axon Medchem BV) as
previously described (61). Then 10ul labeled pentamers were added and incubated at room
temperature for 10 minutes, followed by washing and the addition of secondary antibodies.
Pentamer-positive cells were identified by gating on CD45*, CD19-, CD3*, CD4~, CD8*
lymphoid cells (Fig S2). The data were collected and analyzed using BD LSR Il flow
cytometer (BD Biosciences) and FlowJo (Tree Star, Inc.).

Gene expression profiling and validation

Mouse Whole-Genome 6 version 2.0 (Illumina, Inc.) was used for expression profiling of
fresh mouse ear skin, and Whole-Genome DASL HT version 4.0 Assay (lllumina, Inc.) was
used for expression profiling of formalin-fixed, paraffin-embedded (FFPE) human samples,
according to the manufacturer’s instructions. Ear skin from mice with vitiligo was compared
to control mice that were irradiated but did not receive PMEL TCR transgenic T cells or
VV-gp100. Lesional skin with characteristic features of vitiligo and a notable T cell
infiltrate was identified from 5 vitiligo patients in a clinical biopsy database and compared
to 5 age- and site-matched controls, which were obtained from tumor excision tips
(University of Pennsylvania, Philadelphia, PA). Fold changes were calculated using quantile
normalized data (Matlab 2012b) by dividing the average intensity of vitiligo samples by the
average intensity of controls. Only genes significantly detected over background (p<0.05) in
at least one sample were considered.
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Expression of genes of interest in mouse tissues was confirmed using quantitative real-time
reverse transcriptase-PCR on ear skin from an additional 5 control and 6 vitiligo mice.
Briefly, ears were minced into <5mm strips, stored in RNAlater (Ambion) overnight at 4°C
and then transferred to —20°C until RNA was extracted using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. Complimentary DNA (cDNA) was
generated with iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was conducted with
cDNA and iQ SYBR Green (Bio-Rad) in a Bio-Rad iCycler iQ, according to manufacturer
recommendations. Mouse primer sequences are as follows: Mx1 5/-
CGATCAAGACGGCCATGAGTC-3 (sense), 5-CTCGTCGGTGTCATCTTCTGC-3’
(antisense); Cxcl9 5-ATCTCCGTTCTTCAGTGTAGCAATG-3’ (sense), 5~
ACAAATCCCTCAAAGACCTCAAACAG-3 (antisense); Cxcl10 5'-
AGGGGAGTGATGGAGAGAGG-3’ (sense), 5-TGAAAGCGTTTAGCCAAAAAAGG-3
(antisense); actin-beta (Actb): 5-GGCTGTATTCCCCTCCATCG-3’ (sense), 5~
CCAGTTGGTAACAATGCCATGT-3 (antisense). Gene expression is reported relative to
the average expression in control mice after normalization to expression of beta-actin.

Human microarray data were validated using nCounter® Analysis System (NanoString
Technologies, Inc.) in a separate series of FFPE samples from an additional 3 healthy and 8
vitiligo skin biopsies distinct from those used for the Illumina DASL assay. Samples were
selected as before, RNA isolated by High Pure RNA Paraffin Kit (Roche), and analyzed by
Illumina Bioanalyzer. Based on manufacturer recommendations, RNA samples were
adjusted to input ~100 ng of RNA fragments greater than 300 nucleotides, which was then
hybridized to the cartridge. Expression for each sample was normalized to 10 internal
reference genes, and all data analysis was performed according to manufacturer
recommendations.

Immunohistochemistry

Immunohistochemical studies were performed on 5-um sections of 4 FFPE clinical biopsy
specimens with characteristic features of vitiligo and a notable mononuclear infiltrate.
Samples were distinct from those used for gene expression analyses. Slides were first
deparaffinized and then rehydrated. The sections were blocked for endogenous peroxidase
activity with an application of Dual Endogenous Block (Dako) and then incubated with one
of the following antibodies: anti-CD3 mouse monoclonal antibody, clone F7.2.38, (Dako) at
a dilution of 1:200, anti-CD8 mouse monoclonal antibody, clone C8/144B, (Dako) at a
dilution of 1:80, or anti-CXCR3 mouse monoclonal antibody, clone 1C6/CXR3, (BD
Pharmingen) at a dilution of 1:100. Following a rinse in wash buffer (1 X TBS containing
0.05% Tween 20), sections were incubated with the Dako Envision+ HRP detection reagent,
washed, and treated with a solution of diaminobenzidine and hydrogen peroxide (Dako) for
10 minutes to produce the visible brown pigment.

Statistical analyses

All statistical analyses were performed using GraphPad Prism software. Dual comparisons
were made using the unpaired Student’s t test (parametric data, mouse studies) or Mann-
Whitney U test (nonparametric data, human ELISAS). Groups of 3 or more were analyzed
via ANOVA with Tukey’s post-tests for experiments comparing genotypes of mice, or with
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Dunnett’s post-tests for experiments comparing treatments to controls. P values less than
0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Vitiligo patients express IFNy-dependent chemokines in skin and blood
(A) We analyzed the gene expression profiles within skin biopsies from vitiligo patients

compared to age- and site-matched controls using quantile normalization (n=5 per group).
Melanocyte-specific transcripts were significantly reduced, consistent with melanocyte
destruction in vitiligo. Chemokine expression reflected a Ty1 profile, and the expression of
specific gene targets of either Type | or Type Il IFNs revealed an IFNy-dominant response.
The expression of genes capable of T cell recruitment to the skin reflected expression of
chemokines, rather than adhesion molecules. (B-D) Serum samples from vitiligo donors or
healthy controls were analyzed by ELISA to determine levels of CXCL9 (B), CXCL10 (C),
and CXCL11 (D). CXCL10 was significantly elevated, whereas CXCL9 and CXCL11 were
not (n=16-32 donors assayed in duplicate; two-tailed Mann-Whitney U test, *p=0.0148).
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Fig. 2. CXCR3 is expressed on antigen-specific cells in the blood and CD8+ T cells in the skin
lesions of vitiligo patients

(A) Expression of CXCR3 on melanocyte antigen-specific pentamer* CD8* T cells in the
blood of HLA-A2" patients with vitiligo, pre-gated on CD8" T cells. Flow plots
representative of 5 vitiligo patients and 5 healthy controls are shown; gp100-specific
pentamer (gp100), tyrosinase-specific pentamer (Tyr), and control, no pentamer (None). (B)
The ratio of CXCR3+:CXCR3- antigen-specific T cells is significantly higher in vitiligo
patients than in healthy controls (n=5 donors with 2 pentamers each; two-tailed unpaired t
test, **p=0.0098). (C) Immunohistochemical staining of CD3, CD8, and CXCR3 in the skin
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of 4 patients with active vitiligo, identified from a FFPE clinical tissue bank. All showed
positive staining for CD3, CD8, and CXCR3.
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Fig. 3. Expression of CXCL9, CXCL10, and CXCR3 in a mouse model of vitiligo
(A) Gene expression in fresh ear skin from mice 5 weeks after vitiligo induction and

controls were analyzed via microarray using quantile normalization (n=3 per group). As in
human disease, mice displayed T1-specific response in the skin, and expressed the IFNy-
dependent chemokines CXCL9, CXCL10, and CCL5. (B) CXCR3 was expressed on
melanocyte-specific CD8+ T cells (GFP+ PMEL) in the blood, spleen, and skin-draining
lymph nodes from mice with vitiligo, gated on CD8+ T cells (representative flow plots, n=4
mice from 3 experiments).
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Fig. 4. CXCR3 expression on T cells is required for the development of vitiligo in mice
(A) Vitiligo was induced through adoptive transfer of WT or Cxcr3—/— PMELSs. Hosts

receiving Cxcr3—/— PMELSs developed less depigmentation than those that received WT
PMELSs (representative images of tail depigmentation shown). (B) The degree of
depigmentation was scored blindly by one observer 5 weeks after vitiligo induction. Disease
scores were significantly lower in mice that received Cxcr3—/— PMELSs compared to those
that received WT PMELSs (one way ANOVA with Tukey’s post-tests: control vs. WT
p<0.0001, WT vs. Cxcr3—/— p<0.0001). (C) There was impaired accumulation of Cxcr3—/—
PMELs in the ear skin 5-6 weeks after vitiligo induction (two-tailed unpaired t test
p<0.0001), however there was (D) no significant difference in the skin-draining lymph

Sci Transl Med. Author manuscript; available in PMC 2014 August 12.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Rashighi et al.

Page 23

nodes. ((A-D) data pooled from 3 independent experiments, n=30 mice per group). (E) WT
CFP* PMELs and WT or Cxcr3—/— GFP* PMELSs were co-transferred in equal proportions
into hosts to induce vitiligo. The ratio of WT:WT or WT:Cxcr3—/— PMELSs (frequency
ratio) in the skin and skin-draining lymph nodes was analyzed by flow cytometry. The
frequency ratio for WT:Cxcr3—/— was significantly higher than WT:WT in the skin, but
equal frequency ratios were found skin-draining lymph nodes, indicating impaired skin
homing of Cxcr3—/— PMELSs (n=4-5 mice per group, 3 experiments; representative
experiment shown; two-tailed unpaired t test, skin p=0.0303).
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Fig. 5. CXCL9 and CXCL10 play non-redundant roles in vitiligo: CXCL9 induces global
recruitment, while CXCL10 promotes epidermal positioning and activation status

Vitiligo was induced in WT, Cxcl9—/— or Cxcl10—/— hosts. (A) Representative pictures of
tail depigmentation. (B) The degree of depigmentation was scored blindly 5-6 weeks after
vitiligo induction. Cxcl10—/— mice had significantly lower disease scores than WT mice
(n=27 control, 80 WT, 44 Cxcl9—/—, 59 Cxcl10—/— mice from 9 separate experiments; one-
way ANOVA p<0.0001 with Tukey’s post-tests: control vs. WT p=0.0003, control vs.
Cxcl9—/— p=0.0002, WT vs. Cxcl10—/— p=0.0009, Cxcl9—/— vs. Cxcl10—/— p=0.0007).
PMEL accumulation in the skin was analyzed by flow cytometry of the dermis and
epidermis. (C) Reduced number of PMELSs in the dermis of Cxcl9—/—, but not Cxcl10—/—
mice (one-way ANOVA p=0.0219 with Tukey’s post-tests: WT vs. Cxcl9—/— p=0.0304).
(D) Reduced number of PMELSs in the epidermis of Cxcl9—/—, and a trend toward reduced
PMELSs in Cxcl10—/— mice compared to WT mice (one-way ANOVA p=0.022 with
Tukey’s post-tests: WT vs. Cxcl9—/— p=0.0223). ((C-D) data pooled from 2 separate
experiments, n=11 WT, 11 Cxcl9—/—, and 8 Cxcl10—/— age-matched male mice). (E) The
ratio of antigen-experienced (CD69") CD44!° to CD44" PMELSs was significantly higher in
the epidermis of Cxcl10-deficient mice compared to WT mice (n=9 WT, 7 Cxcl9—/—, and 7
Cxcl10—/— pooled from 2 separate experiments, zero ratios not reported; one way ANOVA
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with Tukey’s post-tests: WT vs. Cxcl10—/— p=0.0478). (F) However this ratio was
unchanged in skin-draining lymph nodes, indicating an epidermis-specific defect.
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Fig. 6. CXCL10 neutralizing antibody both prevents and reverses vitiligo
(A) Vitiligo was induced and mice were treated with either no treatment or PBS (No Tx,

n=21), CXCL9 neutralizing antibody (CXCL9 Ab, n=15), or CXCL10 neutralizing antibody
(CXCL10 Ab, n=15). Antibodies were administered 3x weekly beginning 2 weeks after
vitiligo induction. The degree of depigmentation was scored blindly by one observer 5
weeks after vitiligo induction (after 3 weeks of treatment). CXCL10 Ab-treated mice had
significantly lower disease scores than control mice (pooled from 3 independent
experiments; one-way ANOVA p=0.0012, with Tukey’s post-tests: control vs. no treatment
p=0.0011, no tx vs. CXCL10 Ab p=0.0273). (B—-C) Mice with extensive vitiligo (>50%
depigmentation on the tail) were treated with CXCL10 neutralizing antibody (CXCL10 Ab,
n=7) or vehicle control (PBS, n=3) for 8 weeks. (B) Degree of repigmentation in the tails.
Photographs of mouse tails before and 8 weeks after treatment were analyzed using ImageJ
software to quantify the extent of repigmentation. Fold change over baseline reflects the
total pigmentation following treatment divided by total pigmentation prior to treatment,
therefore a score of 1.0 reflects no change. CXCL10 Ab treatment resulted in repigmentation
of the tails, whereas control mice experienced disease progression (one-tailed unpaired t test,
**p=0.0019). (C) Repigmentation in a mouse with vitiligo following 8 weeks of treatment
with CXCL10 Ab (representative example shown).
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