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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
vitiligo. 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
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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, andmeninges, 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 andVKH, including type1 responses (IFNg,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+Tcells react tomelanocyteantigensandexhibitmarkersof skin
resident memory T cells (20, 21).

Vitiligo andVKH incanines share similar clinical characteristics
with human vitiligo and VKH [reviewed in (22)]. Dogs that have
VKHpresent similarly tohumanswith incompleteVKH,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
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examine features of immunopathogenesis of pigmentary
disorders that are conserved during spontaneous disease in dogs
versus humans. Our findings support the IFNg-CXCR3 axis as a
prominent feature in canine autoimmune pigmentary disorders.
We also identified TGFB3, SFRP2 and CXCL7 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
December 2020 | Volume 11 | Article 590558
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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 FOXO1, 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
Frontiers in Immunology | www.frontiersin.org 3
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/Tc1 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
A B

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 mRNA 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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to healthy controls (Figure 3A). The vitiligo case exhibited even
higher ISG15 and PRF1, while IFNG, TNF, IL12, and IL15 levels
were closer to those in healthy controls. All of these genes have
been reported to be induced in immune-mediated pigmentary
disorders (21, 29–31). There was a trend towards increased
CD215, a receptor chain for IL15 that has previously been
shown to be upregulated on keratinocytes from lesional skin
(21), in the cases. IL21, which has previously been reported to be
upregulated in the Smyth chicken line, another model of
spontaneous vitiligo (32), was unchanged in our samples.
However, the IL21R was highly upregulated in lesional skin in
the VKH and vitiligo dogs. The full analyses of the immune
Frontiers in Immunology | www.frontiersin.org 4
disease related genes, interferons and granzymes, and interleukins/
cytokines are presented in Figure S4.

Mouse and human studies have shown that the chemokines
CCL5 and CXCL10 are expressed in the skin during vitiligo (14,
15, 33, 34). We found significant upregulation of CCL5 and
CXCL10, as well as CXCL7 (gene name PPBP) in canine VKH
and vitiligo. CX3CL1 was significantly upregulated in VKH only,
and there was a similar, though not significant, trend in CXCL11
upregulation. CCL2 (Figure S3) and CXCL12 (Figure 3A) were
significantly downregulated in both conditions compared to
healthy controls. The full analysis of chemokine expression is
presented in Figure S5.
A

B

D

C

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.
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IFNg 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 IFNg 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
Frontiers in Immunology | www.frontiersin.org 5
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). IL15 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 Th17
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
A B

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, ISG15, 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 vitiligo, 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-g 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 vitiligo, and 5 healthy controls.
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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
Frontiers in Immunology | www.frontiersin.org 6
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
II 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 µm 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 mm) 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.
Frontiers in Immunology | www.frontiersin.org 7
nSolver Analysis
NanoString’s software, nSolverwasused for allNanoString 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 ofmarker 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 µm sections using rabbit-anti-canine
CXCL10, IFNg (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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SUPPLEMENTARY FIGURE 1 | Heat map showing the expression patterns of
the 160 gene Nanostring panel in cases and healthy controls. Purple represents
upregulation and orange and yellow represent downregulation of gene expression.
Color density is associated with the level of gene expression. Dendrogram indicates
clustering/relatedness of samples, which segregated based on disease status.

SUPPLEMENTARY FIGURE 2 | Expression of skin, hair, and neuroendocrine
genes in VKH and vitiligo cases compared to healthy controls. The relative
expression of (A) highly expressed skin and hair genes, (B) lower level transcript
genes, and (C) neuroendocrine genes was evaluated by NanoString’s nSolver.
n = 2 VKH, 1 vitiligo, and 5 healthy controls; p values from two-way ANOVA with
Bonferroni post tests for healthy vs VKH: KRT10 p < 0.001, PECAM1 p < 0.001,
SFRP2 p < 0.01, IGFBP5 p < 0.001, CYP1B1 p < 0.001.

SUPPLEMENTARY FIGURE 3 | Expression of immune disease related genes in
the autoimmune pigmentary cases versus healthy controls. (A) Immune related
genes and (B) Interferons and granzymes expressed in skin. n = 2 VKH, 1 vitiligo,
and 5 healthy controls; p values from two-way ANOVA with Bonferroni post tests for
healthy vs VKH: SERPINB2 p < 0.05, VGLL3 p < 0.01, FAS p < 0.001, CTSW
p < 0.01.

SUPPLEMENTARY FIGURE 4 | Expression of interleukins/cytokines and
chemokines in cases versus healthy controls. (A) Interleukins/cytokines, (B) CC
chemokines, and (C) CXC chemokines in skin biopsies of VKH, vitiligo, and healthy
samples. n = 2 VKH, 1 vitiligo, and 5 healthy controls; p values from two-way
ANOVA with Bonferroni post tests for healthy vs VKH: IL6 p < 0.001, CCL2 p <
0.01, CCL5 p < 0.01, CXCL10 p < 0.01, CXCL14 p < 0.001.

SUPPLEMENTARY FIGURE 5 | Expression of canine immune cell genes and
housekeeping genes in cases versus healthy controls. (A) Highly expressed and
(B) lower expressed canine cell panel genes. (C)Housekeeping genes in biopsies from
cases and healthy controls. n = 2 VKH, 1 vitiligo, and 5 healthy controls; p values from
two-way ANOVA with Bonferroni post tests for healthy vs VKH: PECAM1 p < 0.01,
S100A12p<0.001, BLKp<0.01,CD244p<0.001, CD6p<0.001,CD84p<0.001,
GZMA p < 0.001, GZMB p < 0.001, IL21R p < 0.001, KLRD1 p < 0.001, KLRK1
p<0.001, SH2D1Ap<0.001, TBX21p<0.001, TNFRSF17p< 0.01, B2Mp<0.001.
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20. Cheuk S, Schlums H, Gallais Sérézal I, Martini E, Chiang SC, Marquardt N,
et al. CD49a Expression Defines Tissue-Resident CD8+ T Cells Poised for
Cytotoxic Function in Human Skin. Immunity (2017) 46:287–300.
doi: 10.1016/j.immuni.2017.01.009

21. Richmond JM, Strassner JP, Zapata LJr, Garg M, Riding RL, Refat MA, et al.
Antibody blockade of IL-15 signaling has the potential to durably reverse vitiligo. Sci
Transl Med (2018) 10(450):eaam7710. doi: 10.1126/scitranslmed.aam7710

22. ThamHL, LinderKE,OlivryT.Autoimmunediseases affecting skinmelanocytes in
dogs, cats and horses: vitiligo and the uveodermatological syndrome: a
comprehensive review. BMC Vet Res (2019) 15:251. doi: 10.1186/s12917-019-
2003-9

23. Nguyen X-X, Muhammad L, Nietert PJ, Feghali-Bostwick C. IGFBP-5
Promotes Fibrosis via Increasing Its Own Expression and That of Other
Pro-fibrotic Mediators. Front Endocrinol (2018) 9:601. doi: 10.3389/
fendo.2018.00601

24. Nakae J, Kitamura T, Kitamura Y, Biggs WH3, Arden KC, Accili D. The
forkhead transcription factor Foxo1 regulates adipocyte differentiation. Dev
Cell (2003) 4:119–29. doi: 10.1016/s1534-5807(02)00401-x

25. Regazzetti C, Joly F, Marty C, Rivier M, Mehul B, Reiniche P, et al.
Transcriptional Analysis of Vitiligo Skin Reveals the Alteration of WNT
Pathway: A Promising Target for Repigmenting Vitiligo Patients. J Invest
Dermatol (2015) 135:3105–14. doi: 10.1038/jid.2015.335

26. Gocho K, Kondo I, Yamaki K. Identification of autoreactive T cells in Vogt-
Koyanagi-Harada disease. Invest Ophthalmol Vis Sci (2001) 42:2004–9.

27. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-Residing Batf3 Dendritic
Cells Are Required for Effector T Cell Trafficking and Adoptive T Cell
Therapy. Cancer Cell (2017) 31:711–23. doi: 10.1016/j.ccell.2017.04.003

28. Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama M,
et al. Batf3 Deficiency Reveals a Critical Role for CD8a+ Dendritic Cells in
Cytotoxic T Cell Immunity. Science (2008) 322:1097–100. doi: 10.1126/
science.1164206

29. Harris JE, Harris TH, Weninger W, Wherry EJ, Hunter CA, Turka LA. A
mouse model of vitiligo with focused epidermal depigmentation requires IFN-
g for autoreactive CD8+ T-cell accumulation in the skin. J Invest Dermatol
(2012) 132:1869–76. doi: 10.1038/jid.2011.463

30. Gholijani N, Yazdani M-R, Dastgheib L. Predominant role of innate pro-
inflammatory cytokines in vitiligo disease. Arch Dermatol Res (2020) 312:123–
31. doi: 10.1007/s00403-019-01996-9

31. Dey-Rao R, Sinha AA. Vitiligo blood transcriptomics provides new insights
into disease mechanisms and identifies potential novel therapeutic targets.
BMC Genomics (2017) 18:109. doi: 10.1186/s12864-017-3510-3

32. Shi F, Erf GF. IFN-g, IL-21, and IL-10 co-expression in evolving autoimmune
vitiligo lesions of Smyth line chickens. J Invest Dermatol (2012) 132:642–9.
doi: 10.1038/jid.2011.377

33. Richmond JM, Bangari DS, Essien KI, Currimbhoy SD, Groom JR, Pandya
AG, et al. Keratinocyte-Derived Chemokines Orchestrate T-Cell Positioning
in the Epidermis during Vitiligo and May Serve as Biomarkers of Disease.
J Invest Dermatol (2017) 137:350–8. doi: 10.1016/j.jid.2016.09.016

34. Wang XX, Wang QQ, Wu JQ, Jiang M, Chen L, Zhang CF, et al. Increased
expression of CXCR 3 and its ligands in patients with vitiligo and CXCL 10 as
a potential clinical marker for vitiligo. Br J Dermatol (2016) 174:1318–26. doi:
10.1111/bjd.14416

35. Yang L, Wei Y, Sun Y, Shi W, Yang J, Zhu L, et al. Interferon-gamma Inhibits
Melanogenesis and Induces Apoptosis in Melanocytes: A Pivotal Role of CD8+
Cytotoxic T Lymphocytes in Vitiligo. Acta Derm Venereol (2015) 95:664–70.
doi: 10.2340/00015555-2080

36. Karam RA, Zidan HE, Khater MH. Genetic variants of interferon-gamma and
its mRNA expression and inflammatory parameters in the pathogenesis of
vitiligo. Biochem Cell Biol (2017) 95:474–81. doi: 10.1139/bcb-2016-0228
Frontiers in Immunology | www.frontiersin.org 9
37. Richmond JM, Masterjohn E, Chu R, Tedstone J, Youd ME, Harris JE. CXCR3
Depleting Antibodies Prevent and Reverse Vitiligo in Mice. J Invest Dermatol
(2017) 137:982–5. doi: 10.1016/j.jid.2016.10.048

38. Boniface K, Jacquemin C, Darrigade A-S, Dessarthe B, Martins C,
Boukhedouni N, et al. Vitiligo Skin Is Imprinted with Resident Memory
CD8 T Cells Expressing CXCR3. J Invest Dermatol (2018) 138:355–64.
doi: 10.1016/j.jid.2017.08.038

39. Gregg RK, Nichols L, Chen Y, Lu B, Engelhard VH. Mechanisms of spatial and
temporal development of autoimmune vitiligo in tyrosinase-specific TCR
transgenic mice. J Immunol (2010) 184:1909–17. doi: 10.4049/jimmunol.0902778

40. Yang L, Yang S, Lei J, Hu W, Chen R, Lin F, et al. Role of chemokines and the
corresponding receptors in vitiligo: A pilot study. J Dermatol (2018) 45:31–8.
doi: 10.1111/1346-8138.14004

41. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon M-L, et al. The
developmental pathway for CD103+CD8+ tissue-resident memory T cells of
skin. Nat Immunol (2013) 14:1294. doi: 10.1038/ni.2744

42. Bassiouny D, Shaker O. Role of interleukin-17 in the pathogenesis of vitiligo.
Clin Exp Dermatol (2011) 36:292–7. doi: 10.1111/j.1365-2230.2010.03972.x

43. Kotobuki Y, Tanemura A, Yang L, Itoi S, Wataya-Kaneda M, Murota H, et al.
Dysregulation of melanocyte function by Th17-related cytokines: significance
of Th17 cell infiltration in autoimmune vitiligo vulgaris. Pigment Cell
Melanoma Res (2012) 25:219–30. doi: 10.1111/j.1755-148X.2011.00945.x

44. Tembhre MK, Sharma VK, Sharma A, Chattopadhyay P, Gupta S. T helper
and regulatory T cell cytokine profile in active, stable and narrow band
ultraviolet B treated generalized vitiligo. Clin Chim Acta (2013) 424:27–32.
doi: 10.1016/j.cca.2013.05.005

45. Zhou L, Shi Y-L, Li K, Hamzavi I, Gao T-W, Huggins RH, et al. Increased
circulating Th17 cells and elevated serum levels of TGF-beta and IL-21 are
correlated with human non-segmental vitiligo development. Pigment Cell
Melanoma Res (2015) 28:324–9. doi: 10.1111/pcmr.12355

46. Imai Y, Sugita M, Nakamura S, Toriyama S, Ohno S. Cytokine production and
helper T cell subsets in Vogt-Koyanagi-Harada’s disease. Curr Eye Res (2001)
22:312–8. doi: 10.1076/ceyr.22.4.312.5510

47. Huang Y, Yu H, Cao Q, Deng J, Huang X, Kijlstra A, et al. The Association of
Chemokine Gene Polymorphisms with VKH and Behcet’s Disease in a Chinese
Han Population. BioMed Res Int (2017) 2017:1274960. doi: 10.1155/2017/
1274960

48. Wang C, Tian Y, Lei B, Xiao X, Ye Z, Li F, et al. Decreased IL-27 expression in
association with an increased Th17 response in Vogt-Koyanagi-Harada disease.
Invest Ophthalmol Vis Sci (2012) 53:4668–75. doi: 10.1167/iovs.12-9863

49. El-AsrarAMA,BerghmansN,Al-ObeidanSA,Gikandi PW,OpdenakkerG,Van
Damme J, et al. Differential CXC and CX3C Chemokine Expression Profiles in
Aqueous Humor of Patients With Specific Endogenous Uveitic Entities. Invest
Ophthalmol Vis Sci (2018) 59:2222–8. doi: 10.1167/iovs.17-23225

50. Chen Y, Yang P, Li F, Hou S, Jiang Z, Shu Q, et al. Association analysis of
TGFBR3 gene with Vogt-Koyanagi-Harada disease and Behcet’s disease in the
Chinese Han population. Curr Eye Res (2012) 37:312–7. doi: 10.3109/
02713683.2011.635398

51. Commodaro AG, Peron JPS, Genre J, Arslanian C, Sanches L, Muccioli C,
et al. IL-10 and TGF-b Immunoregulatory Cytokines rather than Natural
Regulatory T Cells are Associated with the Resolution Phase of Vogt-
Koyanagi-Harada (VKH) Syndrome. Scand J Immunol (2010) 72:31–7. doi:
10.1111/j.1365-3083.2010.02401.x

52. Wang J, Ding N, Li Y, Cheng H, Wang D, Yang Q, et al. Insulin-like growth
factor binding protein 5 (IGFBP5) functions as a tumor suppressor in human
melanoma cells.Oncotarget (2015) 6:20636–49. doi: 10.18632/oncotarget.4114

53. Spritz RA. The genetics of generalized vitiligo: autoimmune pathways and an
inverse relationship with malignant melanoma. Genome Med (2010) 2:78.
doi: 10.1186/gm199

54. RaoRR, Li Q, BuppMRG, Shrikant PA. Transcription Factor Foxo1Represses T-
bet-Mediated Effector Functions and Promotes Memory CD8+ T Cell
Differentiation. Immunity (2012) 36:374–87. doi: 10.1016/j.immuni.2012.01.015

55. Ouyang W, Beckett O, Flavell RA, Li MO. An essential role of the Forkhead-
box transcription factor Foxo1 in control of T cell homeostasis and tolerance.
Immunity (2009) 30:358–71. doi: 10.1016/j.immuni.2009.02.003

56. Ouyang W, Liao W, Luo CT, Yin N, Huse M, Kim MV, et al. Novel Foxo1-
dependent transcriptional programs control T reg cell function. Nature (2012)
491:554–9. doi: 10.1038/nature11581
December 2020 | Volume 11 | Article 590558

https://doi.org/10.1111/jdv.15016
https://doi.org/10.4103/0019-5154.92668
https://doi.org/10.4103/0019-5154.92668
https://doi.org/10.1016/j.jdermsci.2018.12.005
https://doi.org/10.1016/j.immuni.2017.01.009
https://doi.org/10.1126/scitranslmed.aam7710
https://doi.org/10.1186/s12917-019-2003-9
https://doi.org/10.1186/s12917-019-2003-9
https://doi.org/10.3389/fendo.2018.00601
https://doi.org/10.3389/fendo.2018.00601
https://doi.org/10.1016/s1534-5807(02)00401-x
https://doi.org/10.1038/jid.2015.335
https://doi.org/10.1016/j.ccell.2017.04.003
https://doi.org/10.1126/science.1164206
https://doi.org/10.1126/science.1164206
https://doi.org/10.1038/jid.2011.463
https://doi.org/10.1007/s00403-019-01996-9
https://doi.org/10.1186/s12864-017-3510-3
https://doi.org/10.1038/jid.2011.377
https://doi.org/10.1016/j.jid.2016.09.016
https://doi.org/10.1111/bjd.14416
https://doi.org/10.2340/00015555-2080
https://doi.org/10.1139/bcb-2016-0228
https://doi.org/10.1016/j.jid.2016.10.048
https://doi.org/10.1016/j.jid.2017.08.038
https://doi.org/10.4049/jimmunol.0902778
https://doi.org/10.1111/1346-8138.14004
https://doi.org/10.1038/ni.2744
https://doi.org/10.1111/j.1365-2230.2010.03972.x
https://doi.org/10.1111/j.1755-148X.2011.00945.x
https://doi.org/10.1016/j.cca.2013.05.005
https://doi.org/10.1111/pcmr.12355
https://doi.org/10.1076/ceyr.22.4.312.5510
https://doi.org/10.1155/2017/1274960
https://doi.org/10.1155/2017/1274960
https://doi.org/10.1167/iovs.12-9863
https://doi.org/10.1167/iovs.17-23225
https://doi.org/10.3109/02713683.2011.635398
https://doi.org/10.3109/02713683.2011.635398
https://doi.org/10.1111/j.1365-3083.2010.02401.x
https://doi.org/10.18632/oncotarget.4114
https://doi.org/10.1186/gm199
https://doi.org/10.1016/j.immuni.2012.01.015
https://doi.org/10.1016/j.immuni.2009.02.003
https://doi.org/10.1038/nature11581
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Egbeto et al. Transcriptomics of Canine VKH/Vitiligo
57. Park TJ, KimM, KimH, Park SY, Park K-C, Ortonne J-P, et al. Wnt inhibitory
factor (WIF)-1 promotes melanogenesis in normal human melanocytes.
Pigment Cell Melanoma Res (2014) 27:72–81. doi: 10.1111/pcmr.12168

58. Kang HY, Lee JY, Lee JS, Choi YM. Peroxisome proliferator-activated
receptors-gamma activator, ciglitazone, inhibits human melanocyte growth
through induction of apoptosis. Arch Dermatol Res (2006) 297:472–6.
doi: 10.1007/s00403-006-0646-4

59. Wohlfert EA, Nichols FC, Nevius E, Clark RB. Peroxisome proliferator-
activated receptor g (PPARg) and immunoregulation: enhancement of
regulatory T cells through PPARg-dependent and-independent mechanisms.
J Immunol (2007) 178:4129–35. doi: 10.4049/jimmunol.178.7.4129

60. Yang XY, Wang LH, Mihalic K, Xiao W, Chen T, Li P, et al. Interleukin (IL)-4
indirectly suppresses IL-2 production by human T lymphocytes via
peroxisome proliferator-activated receptor g activated by macrophage-
derived 12/15-lipoxygenase ligands. J Biol Chem (2002) 277:3973–8. doi:
10.1074/jbc.M105619200

61. Sullivan JA, Kim EH, Plisch EH, Peng SL, Suresh M. FOXO3 regulates CD8 T
cell memory by T cell-intrinsic mechanisms. PloS Pathog (2012) 8:e1002533.
doi: 10.1371/journal.ppat.1002533

62. Ozel Turkcu U, Solak Tekin N, Gokdogan Edgunlu T, Karakas Celik S, Oner S.
The association of FOXO3A gene polymorphisms with serum FOXO3A levels
and oxidative stress markers in vitiligo patients. Gene (2014) 536:129–34.
doi: 10.1016/j.gene.2013.11.055

63. Giri PS, Dwivedi M, Laddha NC, Begum R, Bharti AH. Altered expression of
nuclear factor of activated T cells, forkhead box P3, and immune-suppressive
genes in regulatory T cells of generalized vitiligo patients. Pigment Cell
Melanoma Res (2020) 33(4):566–78. doi: 10.1111/pcmr.12862

64. Li B, Yang P, Zhou H, Huang X, Jin H, Chu L, et al. Upregulation of T-bet
expression in peripheral bloodmononuclear cells during Vogt-Koyanagi-Harada
disease. Br J Ophthalmol (2005) 89:1410–2. doi: 10.1136/bjo.2005.074062

65. Horie Y, Takemoto Y, Miyazaki A, Namba K, Kase S, Yoshida K, et al.
Tyrosinase gene family and Vogt-Koyanagi-Harada disease in Japanese
patients. Mol Vis (2006) 12:1601–5.

66. Jin Y, Birlea SA, Fain PR, Gowan K, Riccardi SL, Holland PJ, et al. Variant of
TYR and autoimmunity susceptibility loci in generalized vitiligo. N Engl J Med
(2010) 362:1686–97. doi: 10.1056/NEJMoa0908547

67. Rezk AF, Kemp DM, El-Domyati M, El-Din WH, Lee JB, Uitto J, et al.
Misbalanced CXCL12 and CCL5 Chemotactic Signals in Vitiligo Onset and
Progression. J Invest Dermatol (2017) 137:1126–34. doi: 10.1016/j.jid.2016.12.028

68. Liang L, Li Y, Tian X, Zhou J, Zhong L. Comprehensive lipidomic,
metabolomic and proteomic profiling reveals the role of immune system in
vitiligo. Clin Exp Dermatol (2019) 44:e216–23. doi: 10.1111/ced.13961

69. Boniface K, Seneschal J, Picardo M, Taïeb A. Vitiligo: Focus on Clinical
Aspects, Immunopathogenesis, and Therapy. Clin Rev Allergy Immunol
(2018) 54:52–67. doi: 10.1007/s12016-017-8622-7

70. Walsh CM, Hill RZ, Schwendinger-Schreck J, Deguine J, Brock EC, Kucirek N,
et al. Neutrophils promote CXCR3-dependent itch in the development of
atopic dermatitis. Elife (2019) 8:e48448. doi: 10.7554/eLife.48448

71. Mitra S, De Sarkar S, Pradhan A, Pati AK, Pradhan R, Mondal D, et al. Levels
of oxidative damage and proinflammatory cytokines are enhanced in patients
with active vitiligo. Free Radic Res (2017) 51:986–94. doi: 10.1080/
10715762.2017.1402303

72. Solak B, Dikicier BS, Cosansu NC, Erdem T. Neutrophil to lymphocyte ratio
in patients with vitiligo. Postepy Dermatol Alergol (2017) 34:468–70.
doi: 10.5114/ada.2017.71114

73. Carter WJ, Crispin SM, Gould DJ, Day MJ. An immunohistochemical study of
uveodermatologic syndrome in two Japanese Akita dogs. Vet Ophthalmol
(2005) 8:17–24. doi: 10.1111/j.1463-5224.2005.04059.x

74. Kemp EH, Waterman EA, Gawkrodger DJ, Watson PF, Weetman AP.
Autoantibodies to tyrosinase-related protein-1 detected in the sera of vitiligo
patients using a quantitative radiobinding assay. Br J Dermatol (1998) 139:798–
805. doi: 10.1046/j.1365-2133.1998.02503.x

75. Kemp EH, Gawkrodger DJ, Watson PF, Weetman AP. Autoantibodies to
human melanocyte-specific protein pmel17 in the sera of vitiligo patients: a
sensitive and quantitative radioimmunoassay (RIA). Clin Exp Immunol (1998)
114:333–8. doi: 10.1046/j.1365-2249.1998.00746.x
Frontiers in Immunology | www.frontiersin.org 10
76. Chan OT, Hannum LG, Haberman AM, Madaio MP, Shlomchik MJ. A novel
mouse with B cells but lacking serum antibody reveals an antibody-
independent role for B cells in murine lupus. J Exp Med (1999) 189:1639–
48. doi: 10.1084/jem.189.10.1639

77. De Winter JCF. Using the Student’s t-test with extremely small sample sizes.
Pract Assess Res Eval (2013) 18:10.

78. Craiglow BG, King BA. Tofacitinib Citrate for the Treatment of Vitiligo: A
Pathogenesis-Directed Therapy. JAMA Dermatol (2015) 151:1110–2.
doi: 10.1001/jamadermatol.2015.1520

79. Liu LY, Strassner JP, Refat MA, Harris JE, King BA. Repigmentation in vitiligo
using the Janus kinase inhibitor tofacitinib may require concomitant light
exposure. J Am Acad Dermatol (2017) 77:675–82. doi: 10.1016/j.jaad.
2017.05.043

80. Harris JE, Rashighi M, Nguyen N, Jabbari A, Ulerio G, Clynes R, et al. Rapid
skin repigmentation on oral ruxolitinib in a patient with coexistent vitiligo
and alopecia areata (AA). J Am Acad Dermatol (2016) 74:370–1. doi: 10.1016/
j.jaad.2015.09.073

81. Rothstein B, Joshipura D, Saraiya A, Abdat R, Ashkar H, Turkowski Y,
et al. Treatment of vitiligo with the topical Janus kinase inhibitor
ruxolitinib. J Am Acad Dermatol (2017) 76:1054–60. doi: 10.1016/
j.jaad.2017.02.049

82. Gonzales AJ, Bowman JW, Fici GJ, Zhang M, Mann DW, Mitton-Fry M.
Oclacitinib (APOQUEL®) is a novel Janus kinase inhibitor with activity against
cytokines involved in allergy. J Vet Pharmacol Ther (2014) 37:317–24. doi:
10.1111/jvp.12101

83. Cosgrove SB, Wren JA, Cleaver DM, Martin DD, Walsh KF, Harfst JA, et al.
Efficacy and safety of oclacitinib for the control of pruritus and associated skin
lesions in dogs with canine allergic dermatitis. Vet Dermatol (2013) 24:479–
e114. doi: 10.1111/vde.12047

84. Little PR, King VL, Davis KR, Cosgrove SB, Stegemann MR. A blinded,
randomized clinical trial comparing the efficacy and safety of oclacitinib and
ciclosporin for the control of atopic dermatitis in client-owned dogs. Vet
Dermatol (2015) 26:23–e8. doi: 10.1111/vde.12186

85. Cosgrove SB, Wren JA, Cleaver DM, Walsh KF, Follis SI, King VI, et al. A
blinded, randomized, placebo-controlled trial of the efficacy and safety of
the J anus kinase inhibitor oclacitinib (A poquel®) in client-owned dogs
with atopic dermatitis. Vet Dermatol (2013) 24:587–e142. doi: 10.1111/
vde.12088

86. Cavalcanti JVJ, Hasbach A, Barnes K, Dange RB, Patterson J, Saavedra PV.
Skin depigmentation associated with toceranib phosphate in a dog. Vet
Dermatol (2017) 28:400–e95. doi: 10.1111/vde.12422

87. Peterson AC, Swiger S, Stadler WM, Medved M, Karczmar G, Gajewski TF.
Phase II study of the Flk-1 tyrosine kinase inhibitor SU5416 in advanced
melanoma. Clin Cancer Res (2004) 10:4048–54. doi: 10.1158/1078-0432.CCR-
03-0766

88. Danaher P, Warren S, Dennis L, D’Amico L, White A, Disis ML, et al. Gene
expression markers of Tumor Infiltrating Leukocytes. J Immunother Cancer
(2017) 5:18. doi: 10.1186/s40425-017-0215-8

Conflict of Interest: JMR is an inventor on patent application #15/851,651, “Anti-
human CXCR3 antibodies for the Treatment of Vitiligo” which covers targeting
CXCR3 for the treatment of vitiligo; and on patent #62489191, “Diagnosis and
Treatment of Vitiligo” which covers targeting IL-15 and Trm for the treatment of
vitiligo. CND is an employee of Nanostring Technologies.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Egbeto, Garelli, Piedra-Mora, Wong, David, Robinson and
Richmond. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
December 2020 | Volume 11 | Article 590558

https://doi.org/10.1111/pcmr.12168
https://doi.org/10.1007/s00403-006-0646-4
https://doi.org/10.4049/jimmunol.178.7.4129
https://doi.org/10.1074/jbc.M105619200
https://doi.org/10.1371/journal.ppat.1002533
https://doi.org/10.1016/j.gene.2013.11.055
https://doi.org/10.1111/pcmr.12862
https://doi.org/10.1136/bjo.2005.074062
https://doi.org/10.1056/NEJMoa0908547
https://doi.org/10.1016/j.jid.2016.12.028
https://doi.org/10.1111/ced.13961
https://doi.org/10.1007/s12016-017-8622-7
https://doi.org/10.7554/eLife.48448
https://doi.org/10.1080/10715762.2017.1402303
https://doi.org/10.1080/10715762.2017.1402303
https://doi.org/10.5114/ada.2017.71114
https://doi.org/10.1111/j.1463-5224.2005.04059.x
https://doi.org/10.1046/j.1365-2133.1998.02503.x
https://doi.org/10.1046/j.1365-2249.1998.00746.x
https://doi.org/10.1084/jem.189.10.1639
https://doi.org/10.1001/jamadermatol.2015.1520
https://doi.org/10.1016/j.jaad.2017.05.043
https://doi.org/10.1016/j.jaad.2017.05.043
https://doi.org/10.1016/j.jaad.2015.09.073
https://doi.org/10.1016/j.jaad.2015.09.073
https://doi.org/10.1016/j.jaad.2017.02.049
https://doi.org/10.1016/j.jaad.2017.02.049
https://doi.org/10.1111/jvp.12101
https://doi.org/10.1111/vde.12047
https://doi.org/10.1111/vde.12186
https://doi.org/10.1111/vde.12088
https://doi.org/10.1111/vde.12088
https://doi.org/10.1111/vde.12422
https://doi.org/10.1158/1078-0432.CCR-03-0766
https://doi.org/10.1158/1078-0432.CCR-03-0766
https://doi.org/10.1186/s40425-017-0215-8
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	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
	Introduction
	Case Presentations
	Case 1
	Case 2
	Case 3

	Results
	Gene Expression Analysis From Case Series Reveals Both New and Previously Identified Genes Relevant to Anti-Melanocyte Autoimmunity
	IFN&gamma; and CXCL10 Protein Expression Are Increased in Lesional Skin of VKH and Vitiligo Compared to Healthy Controls

	Discussion
	Materials and Methods
	Clinical Samples
	Isolation of RNA From FFPE Blocks
	Nanostring Cartridge and Processing
	nSolver Analysis
	IHC
	Statistics

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


