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Summary

In the present study, we established a novel murine model of vitiligo by
sequential prime/boost immunizations into the hind footpad and tail dermis
with tyrosinase-related protein 2 (TRP2)-180 (SVYDFFVWL) peptide,
lipopolysaccharides and cytosine–phosphate–guanosine (CpG) oligodeoxy-
nucleotides. Immunized mice developed epidermal depigmentation in the
tail skin without hair depigmentation, thereby differentiating this approach
from established models of vitiligo. Following intradermal tail immuniza-
tion, activated CD8+ interferon (IFN)-γ+ T cells were recruited locally to the
tail skin. In-vivo cytotoxicity assays demonstrated specific lysis of TRP2-180-
presenting cells in immunized mice. Furthermore, the extent of skin depig-
mentation correlated with the frequency of TRP2-180-specific splenic CD8+

T cells, as determined by IFN-γ and tumour necrosis factor (TNF)-α produc-
tion, and cytotoxic degranulation evidenced by CD107a staining. These find-
ings suggest a correlation between the presence of TRP2-180-specific CD8+

effector T cells and the development of depigmented skin lesions in our viti-
ligo model. This new model of vitiligo, characterized by skin depigmentation
without hair depigmentation, is more similar to human disease than previ-
ous murine models. Therefore, this model is well suited to future studies on
the pathogenesis of vitiligo and the development of novel therapeutics for
vitiligo.
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Introduction

Vitiligo is a common skin disorder characterized by pro-
gressive depigmentation of the skin due to selective loss of
melanocytes. It affects 0·1–2% of the worldwide population
[1]. In humans, white depigmented patches on the skin are
observed commonly in the central face, genitals, hands and
feet [2].

Cytotoxic CD8+ T cells play a major role in the pathogen-
esis of vitiligo. In vitiligo patients, melanocyte-specific
cytotoxic CD8+ T cells are detected in the peripheral blood
and skin lesions [3,4], and the frequency of melanocyte-
specific cytotoxic CD8+ T cells correlates with the severity of
disease [5–7]. Moreover, isolated perilesional CD8+ T cells
demonstrate cytolytic ability against melanocytes ex vivo
[8]. These studies have demonstrated the pathological role
of melanocyte-specific cytotoxic CD8+ T cells in mediating
vitiligo progression.

To study the pathogenesis of vitiligo in detail, several viti-
ligo models have been established in mice. In these models,
adoptive transfer of melanocyte gp100-specific T cell recep-
tor transgenic CD8+ T cells or genetic immunization of
tyrosinase related protein 2 (TRP2) using a gene gun was
performed to develop melanocyte-specific cytotoxic CD8+ T
cell responses. These methods induced epidermal depig-
mentation successfully by T cell-mediated destruction of
epidermal melanocytes. In addition, hair follicle
melanocytes were also destroyed and hairs became
depigmented due to vigorous T cell responses against
melanocyte antigens.

In vitiligo patients the development of depigmented
hair within lesional skin is a rare occurrence, because
hair follicles are characterized by immune privilege
[9], which protects hair follicle melanocytes from
autoimmune responses. Clinically, the presence of
depigmented hair in vitiligo lesions represents a more
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severe form of vitiligo and a poor response to treatment
[10].

As previous mouse models of vitiligo induce not only
epidermal depigmentation but also hair depigmentation,
which is a feature of a rare form of severe vitiligo in
humans, a mouse model of vitiligo is needed that resem-
bles more closely the typical human disease course. In the
present study, we established a novel mouse model of viti-
ligo that results in skin depigmentation without hair dep-
igmentation. To accomplish this, we immunized mice with
H2-Kb-binding TRP2-180 (SVYDFFVWL) peptide [11] in
combination with lipopolysaccharides (LPS) and cytosine–
phosphate–guanosine oligodeoxynucleotides (CpG ODN)
to destroy self-tolerance to melanocytes. As a result, we
primed TRP2-180-specific CD8+ T cells successfully in
wild-type C57BL/6 mice, and observed that activated CD8+

T cells were recruited to the tail skin following intradermal
boost immunizations at that site. Epidermal depigmenta-
tion developed in the tail, but hair follicle melanocytes in
the lesional skin remained intact and hair colour was pre-
served. Furthermore, the extent of depigmented skin cor-
related with the frequency of TRP2-180-specific CD8+ T
cells in the spleen. This new model of vitiligo is more
similar to human disease than the previous models of viti-
ligo. Therefore, we have developed a clinically relevant
murine vitiligo model that is well suited to the study of
vitiligo pathogenesis and the development of novel thera-
peutics targeting melanocyte-specific, autoreactive CD8+ T
cells.

Materials and methods

Peptides

Anti-mouse OVA257–264 (SIINFEKL) and TRP2-180
(SVYDFFVWL) peptides were purchased from Peptron
(Daejeon, Korea). Peptides were dissolved in 5%
dimethylsulphoxide (DMSO) phosphate-buffered saline
(PBS).

Induction of vitiligo by TRP2-180 immunization

Male C57BL/6 mice were kept in accordance with our insti-
tutional guidelines, and used at the age of 4–5 weeks for
peptide immunization. Mice were immunized twice subcu-
taneously at a 1-week interval in the hind footpad with
TRP2-180 (50 μg), LPS (5 μg; Invivogen, San Diego, CA,
USA) and CpG ODN 1826 (5 μg; Genotech, Daejeon,
Korea). One week after the second footpad immunization,
TRP2-180 (50 μg), LPS (5 μg) and CpG ODN 1826 (5 μg)
were injected twice intradermally at a 1-week interval in the
tail dermis. Control mice were either not immunized or
were immunized with SIINFEKL (50 μg) instead of TRP2-
180.

Histological studies

Haematoxylin and eosin (H&E) staining was performed to
observe inflammation in the tail. Tails were excised and
fixed in 10% neutral-buffered formalin. Tail tissue was
embedded in paraffin, sectioned at a thickness of 5 μm, and
stained with H&E according to standard procedures.

TRP2 immunohistochemistry was performed to identify
the destruction of melanocytes. Paraffin-embedded tail sec-
tions were deparaffinized, rehydrated and treated with Tris-
ethylenediamine tetraacetic acid (EDTA) buffer for antigen
retrieval. Sections were fixed and permeabilized by acetone
at −20°C for 5 min, blocked in 10% normal serum, then
stained with anti-TRP2 antibodies (rabbit polyclonal;
Abcam, Cambridge, UK) at room temperature for 1 h.
Sections were then incubated with 0·3% H2O2 in PBS
for 15 min, stained with horseradish peroxidase (HRP)-
conjugated anti-rabbit antibodies [ImmPRESS anti-rabbit
immunoglobulin (Ig) kit; Vector, Burlingame, CA, USA],
and developed by 3′3′-diaminobenzidine (DAB)
(ImmPACT DAB; Vector). For evaluation of melanin distri-
bution, excised tails were dehydrated with 30% sucrose in
PBS, cryosectioned at a thickness of 30 μm, and observed
without further staining. All images were captured by an
Olympus BX51 microscope (Olympus, Tokyo, Japan).

Flow cytometric analyses of immune cells in the tail
skin during vitiligo induction

One week after the last immunization, tail skin pieces flayed
from two mice were pooled, minced into small pieces
(1 × 1 mm) and incubated in PBS containing 1 mg/ml of
collagenase D (Roche, Indianapolis, IN, USA) plus 40 μg/ml
of DNase (Roche) for 1 h at 37°C. Supernatants were fil-
tered using a 70 μm cell strainer, and cells were isolated by
centrifugation. The cell pellet was resuspended in 0·65 ml of
RPMI-1640 containing 1% fetal bovine serum (FBS).
Approximately 8% of the isolated cells were used to identify
the subpopulation of immune cells, via staining with anti-
CD45-V450, anti-CD3-V500, anti-CD4-allophycocyanin
(APC)-cyanin 7 (Cy7) and anti-CD8-phycoerythrin (PE)-
Cy7 (all from BD Biosciences, San Jose, CA, USA). After
washing, stained cells were analysed on an LSR flow
cytometer (BD Biosciences). The absolute cell numbers of
each subpopulation in a tail skin were calculated. The
remaining cells were used to detect interferon (IFN)-γ-
producing CD8+ T cells. Single-cell suspensions (200 μl per
well) were stimulated with SIINFEKL (5 μg/ml) or TRP2-
180 (5 μg/ml), and brefeldin A (GolgiPlug; BD Biosciences)
was added 1 h later. After another 5 h of incubation at 37°C,
cells were stained with ethidium monoazide (Sigma-
Aldrich, St Louis, MO, USA). After washing, cells were
stained with anti-CD3-Pacific blue, anti-CD4-APC-Cy7,
anti-CD8-PE-Cy7 and anti-CD44-PE (all from BD
Biosciences), permeabilized using the Cytofix/Cytoperm kit
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(BD Biosciences) and stained with anti-IFN-γ-APC (BD
Biosciences). Stained cells were analysed on an LSR flow
cytometer.

In-vivo cytotoxicity assay

Splenocytes from CD45·1 naive mice were stained with low-
dose (0·1 μM) or high-dose (10 μM) CFSE (Molecular
Probes, Eugene, OR, USA). CFSElow (0·1 μM) splenocytes
were incubated with TRP2-180 (10 μM), and CFSEhigh

(10 μM) splenocytes were incubated with SIINFEKL
(10 μM) at 37°C for 2 h. These cells (5 × 106 cells of each
population) were mixed at a 1:1 ratio and injected retro-
orbitally into non-immunized CD45·2 mice or TRP2-
180-immunized CD45·2 mice. At 18 h after injection,
splenocytes were harvested and analysed by flow cytometry.
Target cells were distinguished from recipient cells by
CD45·1 gating (anti-CD45·1-V450; BD Biosciences) and
dead cells were excluded using 7-amino-actinomycin D
(7-AAD; BD Biosciences). The percentage killing was calcu-
lated as follows: [100−(percentage of TRP2-180-loaded/
percentage of SIINFEKL-loaded) × 100].

Assessment of disease severity

At 5 weeks after the last immunization, the area of
depigmented skin per tail of TRP2-180-immunized mice
was calculated by using the ImageJ program (National Insti-
tutes of Health, Bethesda, MD, USA) and presented as the
percentage of depigmented skin/tail.

Assessment of TRP2-180-specific CD8+ T cell response

At 5 weeks after the last immunization, the frequency of
TRP2-180-specific CD8+ T cells in the spleen was analysed
by intracellular cytokine staining (ICS) for IFN-γ, tumour
necrosis factor (TNF)-α and the cytotoxic degranulation
marker, CD107a. Splenocytes were resuspended at 107/ml in
RPMI-1640 containing 1% FBS in a total volume of 200 μl
per well. TRP2-180 was added at a final concentration of
5 μg/ml, anti-CD107a-PE-Cy7 (BD Biosciences) was added
at a concentration of 1 μg/ml, and monensin (GolgiStop,
BD Biosciences) was added. Brefeldin A was added 1 h later.
After another 5 h of incubation at 37°C, splenocytes were
stained with ethidium monoazide. After washing,
splenocytes were stained with anti-CD3-V500, anti-CD4-
fluorescein isothiocyanate (FITC) and anti-CD8-APC-H7
(all from BD Biosciences), then permeabilized using the
Cytofix/Cytoperm kit and stained with anti-IFN-γ-APC and
anti-TNF-α-PE (all from BD Biosciences). Stained cells
were analysed using flow cytometry.

Statistical analysis

Data were presented as the mean ± standard error of the
mean. Statistical analyses were performed using GraphPad

Prism version 5·0 software (GraphPad Software, La Jolla,
CA, USA). A two-tailed Student’s t-test was performed to
calculate statistical significance for differences between
groups. Correlation between the disease severity and the
frequency of TRP2-180-specific CD8+ T cells was deter-
mined according to Pearson’s value correlation test. In all
cases, P ≤ 0·05 was considered statistically significant.

Results

Development of epidermal depigmentation without
hair depigmentation in the tail skin

To prime melanocyte-specific autoreactive CD8+ T cells,
C57BL/6 mice were immunized subcutaneously twice at a
1-week interval into the hind footpad with TRP2-180, LPS
and CpG ODN (Fig. 1a). The priming immunization did
not result in depigmented skin lesions in any site of the
body. For the boost immunizations, 1 week after the second
footpad immunization, TRP2-180, LPS and CpG ODN
were injected twice intradermally into the tail, again at a
1-week interval (Fig. 1a). Four to 5 weeks after the last
immunization, TRP2-180-immunized mice developed a
depigmented skin lesion around the tail injection site,
whereas neither non-immunized nor SIINFEKL-
immunized control mice developed skin lesions (Fig. 1b,c).
More than 90% (22 of 24) of the TRP2-180-immunized
mice developed depigmented skin lesions and, once visible,
depigmented skin lesions were maintained for more than 1
year (data not shown). Histological examination revealed
loss of melanin (Fig. 1d) and melanocytes (Fig. 1e) in the
affected skin lesions of TRP2-180-immunized mice, but not
in the skin of non-immunized and SIINFEKL-immunized
control mice. Interestingly, hair colour was preserved in
depigmented skin lesions in all mice with vitiligo develop-
ment (Fig. 2a). Histological examination also demonstrated
that hair follicle melanocytes were conserved, despite the
disappearance of epidermal melanocytes in the affected skin
lesion (Fig. 2b). These results were obtained in all mice
developing skin depigmentation.

Recruitment of activated CD8+ T cells to tail skin

We examined recruitment of immune cells to the site of
immunization in the tail skin 1 week after the last boost
immunization, prior to skin depigmentation. Upon histo-
logical examination, mononuclear cells were observed at the
dermal–epidermal junction in peptide-immunized mice,
but not in non-immunized mice (Fig. 3a). We also isolated
immune cells from the whole tail skin and performed flow
cytometric analysis. The total number of CD45+ leucocytes
per tail skin was increased significantly in TRP2-180- or
SIINFEKL-immunized mice compared to non-immunized
mice (Fig. 3b). The frequency of CD8+ cells within the CD3+

T cell population was also increased in TRP2-180- or
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SIINFEKL-immunized mice, whereas the frequency of
CD4+ cells was not increased (Fig. 3c). In the CD8+ T cell
population, antigen-experienced cells were identified by
high CD44 expression, and the frequency of CD44high cells
was increased significantly in TRP2-180- or SIINFEKL-
immunized mice compared to non-immunized mice
(Fig. 3d,f). Next, IFN-γ production by CD8+ T cells was
evaluated via ICS and flow cytometric analysis using iso-
lated cells from the whole tail skin. IFN-γ-producing
CD44high CD8+ T cells were detected even without ex-vivo
antigenic peptide restimulation in TRP2-180- or
SIINFEKL-immunized mice, and the frequency of IFN-γ-
producing T cells increased further with ex-vivo TRP2-180
restimulation when cells were derived from TRP2-180-
immunized mice (Fig. 3e,f). Collectively, these results indi-
cate that boost immunizations recruited IFN-γ-producing
effector CD8+ T cells to the tail skin. The recruited effector
CD8+ T cells could be activated further by cognate antigen
which, in the case of TRP2-180, is presented by
melanocytes.

TRP2-180-specific cytotoxicity in the immunized mice

As destruction of melanocytes is the major pathogenic
outcome in vitiligo, we determined if cells presenting TRP2-

180 peptide were lysed in TRP2-180-immunized mice. We
performed in-vivo cytotoxicity assays by pulsing splenocytes
from naive mice with either TRP2-180 peptide or the
control peptide SIINFEKL, then labelled cells with differen-
tial doses of CFSE. Peptide-loaded, CFSE-labelled target
cells (CD45·1+) were transferred adoptively into recipient
mice (CD45·2+) that were either TRP2-180-immunized or
unimmunized controls. Whereas TRP2-180-specific killing
was robust in TRP2-180-immunized mice, it was not
detectable in non-immunized naive mice (Fig. 4a,b). These
data demonstrate that following TRP2-180-immunization,
TRP2-180-presenting cells such as melanocytes are lysed
readily in vivo.

Correlation of TRP2-180-specific CD8+ T cell response
with the disease severity

Finally, we evaluated whether the frequency of TRP2-180-
specific effector CD8+ T cells correlated with the severity of
vitiligo, which is determined by the relative area of
depigmented skin lesions in a tail. TRP2-180-specific effec-
tor CD8+ T cell responses were quantified by ICS and flow
cytometric analysis for IFN-γ, TNF-α and the cytotoxic
degranulation marker, CD107a. All three effector functions
of CD8+ T cells correlated significantly and positively with

Fig. 1. Peptide immunization schedule and development of vitiligo in mice. (a) Peptide immunization schedule. C57BL/6 mice were immunized

subcutaneously twice at a 1-week interval in the footpad with tyrosinase-related protein (TRP)2-180 (50 μg), lipopolysacchride (LPS) (5 μg) and

cytosine–phosphate–guanosine (CpG) oligodeoxynucleotides (ODN) (5 μg). For boost immunizations, TRP2-180 (50 μg) with the same adjuvants

was injected twice intradermally at a 1-week interval into the tail dermis. Control mice were either not immunized or were immunized with

SIINFEKL (50 μg) instead of TRP2-180. s.c.: subcutaneous; i.d.: intradermal. (b,c) Gross examination of the tail skin. Five weeks after the last

immunization, TRP2-180-immunized mice developed depigmented skin lesions in the tail, but control mice did not (b). Flayed tail skins from these

mice are shown (c). (d,e) Histological examination of the tail skin. Depigmented skin lesions of TRP2-180-immunized mice revealed the absence of

melanin in unstained cryosections (30 μm) (d) and the absence of melanocytes in immunohistochemistry sections (5 μm) using anti-TRP2

antibodies (e). Scale bars = 200 μm.
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the relative area of depigmented skin lesions (Fig. 5a,b),
demonstrating that acquisition of effector function in
TRP2-180-specific CD8+ T cells is associated directly with
the development of depigmented skin lesion in our vitiligo
model.

Discussion

In the present study, mice were immunized in the footpad
and tail dermis with TRP2-180 peptide/LPS/CpG ODN to
prime TRP2-180-specific autoreactive CD8+ T cells. Follow-
ing boost immunizations, TRP2-180-specific CD8+ T cells
were recruited to the tail skin, and epidermal depigmenta-
tion developed. Importantly, epidermal depigmentation was

(a)

(b)

Fig. 2. Hair colour and hair follicle melanocytes in depigmented skin

lesions. (a) Hair colour in the depigmented skin lesion. In C57BL/6

mice, a black hair stripe is present on the dorsal part of tail. The

photograph shows a representative tail with vitiligo 4 months after

depigmentation developed. (b) Immunohistochemistry using

anti-tyrosinase-related protein (TRP)2 antibodies shows intact hair

follicle melanocytes, whereas epidermal melanocytes were not

detected. Arrow indicates melanocytes in the hair follicle. Scale

bar = 200 μm.

▶
Fig. 3. Recruitment and cytokine production of CD8+ T cells in the

tail skin. Mice were killed 1 week after the last immunization, prior to

skin depigmentation. (a) In haematoxylin and eosin (H&E) staining,

mononuclear cells are seen infiltrating to the dermal–epidermal

junction in peptide-immunized mice. Scale bars = 200 μm. (b,c) After

isolation of immune cells from the tail skin, CD45+ cells were

identified by flow cytometry and the calculated total numbers of

CD45+ cells are shown (b). The frequency of CD4+ or CD8+ cells

within the CD3+ T cell population was analysed by flow cytometry (c).

Each bar graph represents the mean ± standard error of the mean

(s.e.m.) from five independent experiments with five mice per group

(*P < 0·05; **P < 0·01; ****P < 0·0001; n.s.: not significant). (d,e) The

frequency of CD44high cells within the CD8+ T cell population was

analysed by flow cytometry (d). Interferon (IFN)-γ intracellular

cytokine staining (ICS) was performed on cells isolated from the tail

skin with or without in-vitro antigenic peptide stimulation, and the

frequency of CD44high IFN-γ+ cells within the CD8+ T cell population

was analysed by flow cytometry (e). Each bar graph represents the

mean + s.e.m. from four independent experiments with four mice per

group (**P < 0·01; ***P < 0·001; ****P < 0·0001). (f) Representative

plots illustrate CD44high and IFN-γ+ cells within the CD3+ CD8+ T cell

gate.
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not accompanied by hair follicle depigmentation, illustrat-
ing the similarities between this murine vitiligo model and
the common clinical form of human vitiligo.

Our results demonstrate that this immunization strategy
can break self-tolerance to melanocyte self-antigens, and
prime TRP2-180-specific autoreactive CD8+ T cells even
without boost immunizations (data not shown). However,
in the absence of boost immunizations, activated
autoreactive CD8+ T cells did not destroy melanocytes, and
vitiligo did not develop in any site of the body (data not
shown). Thus, in our model, epidermal depigmentation
developed only after boost immunizations, which recruited
autoreactive CD8+ T cells to the immunization site in the
tail dermis. Considering a previous report, that the develop-
ment of vitiligo is regulated by local inflammation in the

skin [12], inflammatory signals stimulated by Toll-like
receptor (TLR) ligands such as LPS and CpG ODN might
be important for triggering melanocyte destruction at the
boost immunization site.

Previous studies in mouse models of vitiligo have dem-
onstrated that the development of vitiligo requires IFN-γ
production by CD8+ T cells [13], and local IFN-γ release in
the lesion promotes further recruitment of melanocyte-
specific CD8+ T cells into the site [14]. In our model, IFN-γ-
producing CD8+ T cells were detected at the immunization
site before epidermal depigmentation (Fig. 3e,f), and IFN-γ
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Fig. 5. The tyrosinase-related protein (TRP)2-180-specific CD8+ T cell

response correlates with disease severity. Five weeks after the last

immunization, TRP2-180-specific CD8+ T cells were analysed by

intracellular cytokine staining (ICS) for interferon (IFN)-γ, tumour

necrosis factor (TNF)-α and the cytotoxic degranulation marker,

CD107a in the spleens of mice with evident vitiligo. (a) Correlation

analyses were performed between each effector function and disease

severity, which was determined by the percentage of depigmented skin

lesion/tail using ImageJ. Pearson’s value correlation test was used for

statistical analysis of correlation. (b) Representative plots from three

mice illustrate IFN-γ+ cells, TNF-α+ cells or CD107a+ cells within the

CD3+ T cell gate.
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production was increased further by in-vitro stimulation of
TRP2-180 (Fig. 3e,f). Furthermore, the frequency of TRP2-
180-specific, IFN-γ-producing CD8+ T cells in the spleen
correlated with the severity of disease determined by the
relative area of depigmented lesion (Fig. 5a,b). These data
suggest that blocking local recruitment of melanocyte-
specific CD8+ T cells or IFN-γ production by them could be
promising therapeutic targets to prevent vitiligo progres-
sion. Our new murine vitiligo model will be beneficial
during the development of immune-modulating therapeu-
tics for vitiligo.

The most interesting feature of our novel vitiligo model
is the fact that hair follicle melanocytes were not destroyed
and hair colour was conserved. This is an important issue in
terms of skin repigmentation. Hair follicle melanocytes are
known to provide a resource for regeneration of epidermal
melanocytes and eventual repigmentation of skin [15,16].
Therefore, our vitiligo model can be used to study
repigmentation mechanisms and drug development for
repigmentation of vitiligo lesions.

In summary, we have established successfully a novel
mouse model of vitiligo of epidermal depigmentation
without hair depigmentation. This was accomplished by
immunization with TRP2-180 peptide plus TLR agonists.
This new model of vitiligo is more similar to human disease
than the previous murine models of vitiligo; therefore, this
model is well suited to the study of vitiligo pathogenesis
and the development of novel therapeutics that target
melanocyte-specific, autoreactive CD8+ T cells.
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