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I.INTRODUCTION

The skin, the largest organ in the body, plays a critical role in maintaining inter-
nal homeostasis, serving as a barrier between the external environment and the
internal milieu. [1] Because of its location, the skin is exposed continuously to a
fluctuating environment with potentially noxious stimuli. [1, 2] It thus requires
a precise and focused mechanism for the immediacy of its interactions with
environmental stressors; preferably, such a mechanism should already be acti-
vated while cellular/tissue damage is still contained and of low magnitude. Such
mechanisms are formed by the epidermal barrier, the secretory activity of
adnexal structures, the local pigmentary and immune systems, vascular and
mesenchymal components of the dermis. [1, 3—8] During the last few years, a
modern concept of an interactive network between cutaneous nerves, the neuro-
endocrine axis, and the immune system has been established. This response
system would restrict tissue damage and restore local homeostasis. [1]

One of the most important systems for maintaining the basal and stress-
related homeostasis is the classical hypothalamic-pituitary-adrenal (HPA) axis.
The required elements for the pathway are produced in hypothalamus, anterior
lobe of the pituitary gland, and adrenal cortex. [9] The skin is also able to
express all the elements of the HPA axis including the corticotropin-releasing
hormone (CRH), proopiomelanocortin (POMC), adrenocorticotropin (ACTH)
and B-endorphin with corresponding receptors, the glucocorticoidogenic
pathway (primarily cortisol, a potent anti-inflammatory agent), and the gluco-
corticoid receptor (GR). Thus, there is a cutaneous HPA axis, which affects the
immune system locally, but most probably influences the whole organism sys-
temically. [9-13] Similarly to the classical HPA axis, the functioning of the
local HPA axis is also regulated by different mediators, i.e. cytokines and neu-
rotransmitters. [13—22]

Vitiligo is an idiopathic disorder, where selective destruction of the skin
melanocytes results in the development of depigmented patches. It affects 0.5—
2% of the general population without any racial, sexual, or regional differences
in prevalence. [23, 24] In addition, patients often have other autoimmune
diseases; furthermore, they suffer from psychological stress and the depig-
mented patches are more susceptible to sunburns, and thus skin cancer may
develop. [23-28] Until now, the cause of vitiligo has not been fully understood;
thus, different factors potentially participate and there are several theories —
autoimmune, neural, and biochemical hypotheses. [29-34]

In the case of vitiligo pathogenesis, the pathways, which participate or
potentially affect the cutaneous HPA axis, have been demonstrated to be altered
to some extent. Our group has previously demonstrated significant differences
in POMC system peptides and receptors in vitiligo patients compared to
controls. [35] The expression of POMC, the key pro-peptide for HPA axis,
decreased in patients’ involved skin and also the melanocortin receptor level
decreased in lesions. [9, 35]
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Additionally, the expression of cytokines and the amount of neuromediators,
which regulate the activity of HPA axis, i.e. interleukin-1 (IL1), IL6, and
tumour necrosis factor alpha (TNFA), dopamine, norepinephrine, has altered in
the blood and skin of vitiligo patients. [14, 22, 34, 36—40] Our group has pre-
viously studied the IL10 cytokine family and their receptors in vitiligo patients.
We were not able to see any significant decrease in anti-inflammatory IL10
expression as shown by previous studies. [37, 41] Thus, we found that the pro-
inflammatory IL22 expression had increased in the blood of vitiligo patients;
also the expression of pro-apoptotic 1L.24 and receptor subunits IL10 receptor A
and B (IL10RA and IL10RB) had increased in patients’ blood. [37] In addition,
we found associations between the polymorphisms of /L79 and vitiligo patho-
genesis. [42]

The aim of this research was to obtain further information about the different
participating pathways in the functioning and possibly regulating the cutaneous
HPA axis; the author intended to demonstrate the expression pattern changes of
the studied genes in the case of vitiligo pathogenesis. The endogenous opioids
pathway was analysed together with CRH and melanin-concentrating hormone
(MCH) pathways, IL10 cytokine family and associated pathways and the
dopamine pathway.
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2. REVIEW OF LITERATURE

2.1. Skin as a neuroimmunoendocrine organ

The strategic location of the skin as the barrier between the environment and the
internal milieu determines its critical function in the preservation of body
homeostasis. [1] The skin is continuously exposed to many hostile environ-
mental factors and to acute transfers of solar, thermal, or mechanical energy. [2]
There are several instant mechanisms for the restoration of the structural and
functional integrity of the skin upon disruption. Such mechanisms include the
barrier-forming properties of the epidermis, the secretory activity of adnexal
structures, the immune and pigmentary systems of the skin, as well as vascular
and mesenchymal components of the dermis. [3, 5-8]

Skin is composed of three primary layers: the epidermis, the dermis, and the
hypodermis. In addition to the barrier and defensive functions, skin as the
largest organ in humans has several other important purposes among which the
sensation of heat and cold, touch, pressure, vibration and tissue injury are
mostly connected to the central nervous system (CNS) directly via efferent
nerves or CNS derived mediators or indirectly via the adrenal glands or immune
cells. Both sensory and autonomic (sympathetic) nerves influence a variety of
physiological (vasocontraction, vasodilation, body temperature, barrier func-
tion, secretion, cell growth, differentiation, nutrition) and pathophysiological
(inflammation, immune defence, apoptosis, proliferation, wound healing) func-
tions in the skin. [43, 44]

In the skin, cutaneous nerve fibres are principally sensory with additional
complement autonomic nerve fibres. [45] Most nerve fibres are found in the
mid-dermis and the papillary dermis, but also in the epidermis, blood vessels,
hair follicles, sebaceous glands, sweat glands, and apocrine glands forming a
three-dimensional network. [46, 47] In contrast to sensory nerves, autonomic
nerves never innervate the epidermis in mammals. [45] Autonomic nerve fibres
in the skin almost completely derive from sympathetic (cholinergic) and, in the
face, rarely from parasympathetic (also cholinergic) neurons. [48] Although
very effective, they constitute only a minority of cutaneous nerve fibres com-
pared with sensory nerves. Autonomic nerves innervate blood vessels, an-
terovenous anastomoses, lymphatic vessels, erector pili muscles, eccrine glands,
apocrine glands and hair follicles. [49] Both autonomic as well as sensory nerve
fibres are involved in hair follicle cycling and inflammation. [50]

As is common to neurons, cutaneous cells, such as keratinocytes, melano-
cytes, microvascular endothelial cells, Merkel cells, fibroblasts, leukocytes are
also capable of releasing neuropeptides. All epidermal cells express sensor
proteins and neuropeptides regulating the neuro immuno-cutaneous system. The
epidermis can be considered a true sensory tissue where sensor proteins and
neuron-like properties enable epidermal cells to participate in the skin surface
perception through interactions with nerve fibres. [51, 52] Dermal blood vessels
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are highly innervated by sensory and autonomic nerve fibres, they also syn-
thesize certain neuropeptides after activation and express receptors for neu-
ropeptides, which suggests that a complex autocrine and paracrine neuro-
endocrine system may exist in the skin. [53]

Langerhans cells and mast cells are key cells between neuroendocrine and
immune systems in skin. They participate in the endocrine system through the
metabolism of vitamin D and production of neurohormones. [54, 55] Langer-
hans cells are closely connected to Merkel cells and with sensory neurons, the
latter interaction inhibits the antigen presenting function of Langerhans cells,
acting as an immunomodulator. [56] [57, 58] Merkel cells are tightly interacted
with neurons and are the only excitable cells within the epidermis, in addition to
neurons; however, the activating stimuli are still not clear. [59-61] Langerhans
and Merkel cells produce different mediators, which influence keratinocytes
and melanocytes, i.e. IL10 family cytokines IL19, IL20, 1L24, 1L28 and IL29.
[62, 63]

Keratinocytes modulate the innate and adaptive immune responses; they
produce antimicrobial peptides and chemokines (independently from epidermal
or dermal immune cells) and are able to activate T cells directly, but also indi-
rectly via antigen presenting cells (APCs; dendritic cells and Langerhans cells)
in the skin. [64—69] For that purpose, keratinocytes express different cytokines
e.g. [IL1a, IL8, IL25, TNFA. [68, 70-73] They also produce mitogens, such as
basic fibroblast growth factor (bFGF), endothelins, stem cell factor (SCF),
hepatocyte growth factor, nerve growth factor, granulocyte macrophage colony-
stimulating factor (GM-CSF), leukemia inhibitory factor (LIF), a-melano-
genesis stimulating hormone (aMSH), ACTH, which are essential for regu-
lating differentiation, growth, and survival of melanocytes. [74—76] Addi-
tionally, they produce IL10 family cytokines i.e. IL10, IL19, IL20, IL24. [77—
79]

Melanocytes synthesize melanin pigments when the skin is exposed to the
sun. Ultraviolet (UV) radiation-stimulated melanocytes produce POMC. [80]
POMC derived a-, B-, y-MSH, ACTH, f-, y-lipotropin (LPH), and -endorphin
[81] can activate melanogenesis, stimulate epidermal cell proliferation, induce
melanocytes and Merkel cells to rise to a suprabasal location, have immuno-
suppressive and anti-inflammatory effects, probably through calcitonin gene-
related peptide (CGRP) and IL10, or can even elevate the intensity of the cuta-
neous innervations. [82, 83] Furthermore, in skin the melanocytes are the prin-
cipal source of anti-inflammatory IL10. [84]

2.1.1. Neuroendocrine axes: cutaneous HPA axis

In addition to endocrine activities, where hormones, neurotransmitters, neu-
ropeptides, and the corresponding receptors are produced by epidermal,
adnexal, and dermal cells or released in situ from cutaneous nerve endings,
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adnexal structures, e.g. eccrine, apocrine and sebaceous glands and hair follicles
also perform cutaneous exocrine activities. [1, 6, 8] The function of the latter is
to strengthen the epidermal barrier, to regulate thermoregulation, or to par-
ticipate in the defence against microorganisms or in social communication. [1,
5-8] All these activities can be organized into cutaneous neuroendocrine axes.
[85] Special attention should be paid to a cutaneous equivalent of the HPA axis
that would regulate local responses to stress independently from the central
level. [86] Among others are local cholinergic, catecholaminergic, and sero-
toninergic/melatoninergic systems, the steroidonergic pathway in the skin and
cutaneous expression of the pituitary-thyroid axis elements. [1, 87-95].

The classical HPA axis mediates the main adaptive responses to systemic stress
(Figure 1). [9] Activation of the HPA system starts with hypothalamic pro-
duction of CRH, which in the anterior activates CRH receptor type 1 (CRHR1)
and induces production and release of POMC-derived peptides ACTH, aMSH
and B-endorphin. [10-12] ACTH stimulates production and secretion of cortisol
by the adrenal cortex. [9—12]
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Figure 1. Classical and cutaneous HPA axis. [96]
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The HPA axis is regulated at several levels, including stimulatory or inhibitory
signals from the brain mediated through neurotransmitter systems and the
suppressive feedback influence of corticosteroids themselves. Cortisol affects
the HPA axis through binding to the GR located in hypothalamus and pituitary.
[14] In addition, the axis is regulated by the endogenous opioid system — the
opioid receptor p (OPRM) activation by B-endorphin inhibits both production
of CRH in the hypothalamus and POMC peptides in the anterior pituitary. [97,
98] Other neuromediators also participate in regulating the HPA axis activity. In
the case of dopamine it has been found that during stress it has an adaptive,
negative feedback capacity preventing excessive HPA axis activation in the rat
brain. [14] The norepinephrine system as a quick stress response pathway has
synergistic effects with a slower responding HPA axis. [15] Norepinephrine can
excite CRH production and activate the HPA axis. [16] Serotonin activates the
HPA axis in mice by increasing the expression of CRH. [17]

The neuroendocrine and immune systems communicate bidirectionally. The
neuro-immune-endocrine interface is mediated by cytokines acting as
auto/paracrine or endocrine factors regulating pituitary development, cell pro-
liferation, hormone secretion, and feedback control of the HPA axis. [18] Com-
plex interactions have been described for cytokine actions, including over-
lapping, synergistic, and antagonistic activities. By stimulating the HPA axis
cytokines antagonize their own peripheral pro-inflammatory action. Excess
HPA axis stimulation leads to immunosuppression and, therefore, increased
susceptibility to infection. [13, 18] The concept of distinct groups of pro-in-
flammatory and anti-inflammatory cytokines has emerged on the basis of their
peripheral action. [19] Glycoprotein 130 (Gp130), cytokine family (LIF, IL6,
IL11, ciliary neurotrophic factor (CNTF), and oncostatin M (OSM)) participate
in ACTH regulation and mediates the immuno-neuroendocrine interface. [20,
21] The most thoroughly studied cytokines are IL1, IL6, and TNFA, which
activate the HPA axis in response to various threats to homeostasis. [22]

Skin cells are able to produce CRH and related peptides urocortin (URC) 1
and 2. In humans, the CRH and its receptor CRHR1 expression are stimulated
by UV radiation. [2, 5, 86, 99, 100] CRHR1, which is activated by both CRH
and URC, is predominantly expressed in the epidermis; the signal transduction
pathways are coupled to cAMP, IP3, and Ca*". [96, 101-103] POMC and recep-
tors for its derivates are also produced and processed in skin. The process is
upregulated by UV radiation and increasing cAMP levels. Activation of the
melanocortin receptors regulates or modifies several skin functions including
pigmentation and local and possibly systemic immune activity. [2, 4, 104, 105]
Cortisol and corticosterone are synthesized in hair follicles and melanocytes and
fibroblasts. [101, 106, 107] Thus, Slominski et al. have proposed that the cuta-
neous defence against stressors is organized as an equivalent of HPA axis that
operates as a coordinator and executor of the local responses to stress
(Figure 1). [108]
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In skin the cascade possibly goes as follows: CRH activates CRHR1 and
further POMC expression and ACTH production in fibroblasts and melanocytes
but not in epidermal keratinocytes. [107] In response to CRH and ACTH,
melanocytes produce higher levels of cortisol and corticosterone, while fibro-
blasts only enhance the production of corticosterone, but not cortisol, which is
produced continuously. [107] In the case of hair follicle keratinocytes, the
CRH-POMC-cortisol cascade has been demonstrated to be functionional. [109]

As with the classical HPA axis, cytokines also control the activity of the
cutaneous HPA axis. The cytokine IL1 has significant stimulatory effects on
POMC gene expression and on the production of POMC-derived ACTH,
aMSH, and BLPH peptides by resident skin cells and circulating immune cells.
[110-113] IL1 also stimulates melanocortin 1 receptor (MCI1R) expression.
[114-117] TNFA stimulates POMC gene expression in dermal fibroblasts;
transforming growth factor beta (TGFB) has the opposite effect, inhibiting
POMC gene expression in the same cell system and in keratinocytes. [118]
Endothelin-1, interferon alpha, beta and gamma (INFA, INFB, and INFG) can
also stimulate the expression of functional MSH receptors on melanocytes.
[105, 114, 115, 119-121] Thus, the cutaneous immune system also participates,
through the opposing action of selected cytokines, in the regulation of the local
HPA axis.

2.2, Vitiligo

Vitiligo is characterized by progressive disappearance of skin pigment cells,
with straightforward clinical translation — white macules or white hair appear,
usually without any accompanying clinical symptoms. Vitiligo occurs world-
wide with an estimate prevalence of 0.5-2% in most populations. In almost half
of the patients vitiligo starts before the age of 20 years, and males and females
are affected with approximately equal frequency. [23, 24] Vitiligo has been
associated with concomitant occurrence with a number of other autoimmune
diseases, as well as a wide range of psychosocial difficulties, significantly,
impacting quality of life. [25-27]

In the involved vitiligo, skin melanocytes are partially or completely lost,
and no melanin is synthesized in this area. The cause of destruction of epi-
dermal or follicular melanocytes is complex and not yet fully understood; how-
ever, there are several theories (autoimmune, neural, and biochemical hypothe-
ses). [29, 30] Melanocyte death may occur due to the factors from inside and/or
outside the cell and many potential systems could be involved. Histological data
have demonstrated that at the perilesional skin in patients with non-segmental
vitiligo an inflammatory infiltrate of low intensity made of mononuclear cells
occurs in the upper dermis and the dermal-epidermal interface. [122] The initia-
tion mechanism of this microinflammatory reaction is still unknown, but it has
been suggested that various local triggers alert the skin innate immune system
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and may precede adaptive immune responses targeting melanocytes. [123, 124]
The absence of melanocytes affects skin homeostasis, as noted for skin sensiti-
zation, skin dermal neural responses, photoadaption, and redox status. [122]

The genome wide association studies (GWAS) account for a limited part of
the heritability of the disease but may mediate a crucial part of disease pheno-
type, such as progression or age at onset. [125] Most vitiligo susceptibility loci
encode immunoregulatory proteins or melanocyte components that are likely to
mediate immune targeting and the relationships among vitiligo, melanoma, and
eye, skin, and hair coloration. [126] For example, associations have been estab-
lished between vitiligo pathogenesis and polymorphisms in tyrosinase gene
(TYR), catalase gene (CAT), MCIR, major histocompatibility complex genes
(MHC), protein tyrosine phosphatase non-receptor type 22 gene (PTPN22),
NLR family pyrin domain containing 1 gene (NLRPI), and X box binding pro-
tein 1 gene (XBPI). Both protective and susceptibility increasing effects have
been found in the case of different polymorphisms in these genes. [127, 128]

Additionally, Koebner’s phenomenon is considered, according to which the
induction of an isomorphic lesion follows a trauma. However, the significance
of the phenomenon is controversial: does it indicate an intrinsically poor
melanocyte attachment (melanocytorrhagy theory), or is it related to local
inflammatory activity and overall disease progression. [129, 130]

Vitiligo has been classified on the basis of clinical grounds into two major
forms: segmental (SV) and non-segmental vitiligo (NSV), the latter including
generalized, acrofacial, and universal vitiligo. [131] The term vulgaris (synony-
mous with “common”, a subgroup of generalized vitiligo) should not be used
according to the Vitiligo Global Issues Consensus Conference (VGICC; held in
2011) (Table 1). However, while the samples for our studies had been collected
prior to this decision, the term is still valid in the present dissertation. [132]
NSV is characterized by depigmented macules that vary in size from a few to
several centimetres in diameter, often involving both sides of the body with a
tendency towards symmetrical distribution. SV has a limited, segmental distri-
bution, has an earlier onset than NSV; its course is rapidly progressive but lim-
ited — depigmentation spreads within the segment over a period of 624 months
and then stops. In contrast to NSV, SV has early involvement of melanocytes of
hair follicles. [133] Mixed vitiligo is coexistence of SV and NSV. Focal vitiligo
refers to an acquired, small, isolated hypopigmented lesion that does not fit a
typical segmental distribution and which has not evolved into NSV after a
period of 1-2 years. [132] Mucosal vitiligo involves oral and/or genital muco-
sae. [132] Universal vitiligo corresponds to complete or nearly complete depig-
mentation of the skin. [32, 132] The neural hypothesis is thought to be involved
in SV whereas the autoimmune hypothesis is commonly related to NSV or focal
vitiligo. [30] Regardless of this complicated classification, different studies
suggest rather a continuum bridging all forms of vitiligo around a transient
auto-inflammatory phase, which is associated with the wiping out of melano-

18



cytes, and a predisposing background to develop autoimmune responses that
follow a risk gradient from SV to NSV. [122, 129, 130, 134, 135]

Table 1. Vitiligo classification according to the Vitiligo Global Issues Consensus Con-
ference (held in 2011) [132]

Subtypes

Non-segmental vitiligo Acrofacial

Mucosal (more than one mucosal sites)
Generalized

Universal

Mixed

Rare variants

Segmental vitiligo Uni-, bi-, or plurisegmental

Undetermined/unclassified vitiligo Focal
Mucosal (one site in isolation)

2.2.1. Vitiligo, endogenous opioids and CRH-POMC system

Neuropeptides, including endogenous opioids and hormones, are mainly pro-
duced by neurons to communicate with each other. They may also be synthe-
sized locally in skin involving the perception of pain and itch sensation and
regulating melanogenesis and melanin transport to surrounding keratinocytes.
[136, 137] We have previously studied the melanocortin system, which is an
essential coordinator and executor of responses to stress. It consists of POMC,
agouti signalling protein (4SIP), agouti related protein (AGRP) and the family
of five melanocortin receptor genes (MCI-5R). The melanocortin system is
important part of the CRH-POMC system, which is highly organized in skin-
generating functions analogous to the HPA axis. [104, 138] We showed that the
POMC mRNA expression level is significantly lower in the involved skin of
vitiligo patients compared to uninvolved skin. The mRNA expression level of
MCIR and MC4R decreased in involved skin comparing to uninvolved skin;
however, the expression is evidently higher in uninvolved skin than in the skin
of controls. [138]

The system of endogenous opioids includes several groups of different neu-
romediators — endorphins, enkephalins, dynorphins, endomorphins, nociceptins,
and their receptors. Endogenous opioids are synthesized from different pre-
cursors; in addition to the POMC gene, there are prodynorphin (PDYN), pre-
pronociceptin (PNOC), and proenkephalin (PENK) genes (Figure 2). PDYN
codes leu-enkephalin, dynorhin A and B, a- and - neodynorphin and ‘big
dynorphin’ (consists dynorphin A and B), which bind to different receptors —
mu 1, delta 1, kappa 1 opioid receptors (OPRM1, OPRDI1, OPRKI genes, re-
spectively). PNOC codes Noc II, nociceptin and nocistatin, all three bind to
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opioid receptor like 1 (OPRLI1). PENK codes both met-and leu-enkephalin
petides, which bind to OPRM1, OPRDI1, and OPRK1. [139]

Not much is known about the functions of products of PDYN and PNOC
genes, which may involve the skin. Nociceptin is believed to play a role in no-
ciceptive functions and increased adaptation to stress. [140, 141] Dynorphin A
is known to participate in nociception and hyperalgesia and in inducing migra-
tion of keratinocytes and wound healing. [142—144] It has been suggested that
OPRMI1 and OPRDI may have a role in keratinocyte proliferation and dif-
ferentiation. [145] B-endorphin may stimulate melanocyte proliferation through
OPRML. [146, 147] Opioids may affect the skin also through immune cells. For
example, OPRD1 is upregulated in T cells during activation in vitro and in vivo.
[148] Endogenous opioids reduce leukocyte proliferation through OPRMI,
which has a positive correlation with human melanoma progression. [149] In
psoriatic skin the level of dynorphin A and OPRK1 has decreased compared to
healthy skin. [150] OPRM1 is down-regulated by - endorphin and its expres-
sion has decreased in psoriatic skin. [151] No associations with vitiligo patho-
genesis have been demonstrated.

beta-endorphin r OPRMI

met-enkephalin OFRM
POMC leu-enkephalin OFRD1
PENK dynorphin £ and B OFRK1
EDY.N ;ﬁ?f;ni?ﬁlﬁj“' OPRK2Z
"hig dynorphin”

unknown endomorphin gene \ OPRL1

. endomorphin 1 and 2
PNOC NMD&-glutamate receptor

Moc 1 bradylanin receptor

CRH \ Sl
nocistatin
pu nociceptin CRHE!
PMC H\ / CRHR2
corticotrophin releasing hormone

Abi MCHEL
unidentified ligand AR PRE SRS T o
gene \ agoutt signalling peptide

unidentified ligand

Figure 2. Components connected to the CRH-POMC system: POMC, proopiome-
lanocortin; PENK, proenkephalin; PDYN, prodynorphin; PNOC, prepronociceptin,
CRH, corticotropin-releasing hormone; PMCH, pro-melanin-concentrating hormone;
ASIP, agouti signalling protein; OPRM1 and -2, opioid receptor mu 1 and 2; OPRDI,
opioid receptor delta 1; OPRK1 and -2, opioid receptor kappa 1 and 2; OPRLI, opioid
receptor like 1; NMDA-glutamate receptor, N-methyl-D-aspartic acid-glutamate recep-
tor; CRHRI1 and 2, corticotropin-releasing hormone receptor 1 and 2; MCHRI and 2,
melanin-concentrating hormone receptor 1 and 2; ATRN, attractin, NURR1, nuclear
receptor related 1

ATRN

NURR1

20



Until December 2010, there was no data about PENK mRNA expression in the
skin; however, antibodies against met-enkephalin have been found. [152]
Slominski et al. demonstrated PENK expression in fibroblasts, keratinocytes,
and melanoma cells. [153] Depending on the site of production or target cells,
the PENK-derived peptides can act in a para- or autocrine manner affecting
immune activities, having direct antimicrobial activities, regulating cell pro-
liferation and differentiation. [154—159] It was discovered in vitiligo patients
that the met-enkephalin level in the patients’ blood sera had increased and the
daily circadian rhythm had changed. [160] There is no data available about any
associations between leu-enkephalin with vitiligo pathogenesis.

CRH and its receptor CRHRI1 are the central components of the HPA axis
and important in coordinating systemic stress. [161] While CRH and CRHR1
are expressed also in human skin, they are believed to regulate various func-
tions there. In the skin the CRH system is closely connected to the POMC sys-
tem; CRH enhances the production and secretion of POMC and its peptides
(MSH, ACTH, endorphin). POMC, however, is an important regulator of
melanogenesis and survival of the melanocytes. This CRH-POMC skin system
seems to have a major role in maintaining skin integrity and homeostasis. [162—
166]

In mammals, the melanin-concentrating hormone (MCH) serves mainly as a
neuropeptide, which is found in many regions of the brain [167]. Using dif-
ferent methods melanin-concentrating hormone receptor 1 (MCHR1) expres-
sion has been detected in melanocytes but not in keratinocytes or fibroblasts.
[168] No MCHR?2 expression has been demonstrated in any skin cells. [169,
170] In the skin, the MCH system is connected to the POMC system; MCH is
known to inhibit the aMSH induced cAMP accumulation in cultured human
melanocytes, resulting in reduced melanin production. This finding suggests
that MCH may oppose the actions of the melanocortin system. [168, 171] Asso-
ciations between the MCH-MCHRI1 system and vitiligo pathogenesis have been
investigated — autoantibodies against MCHR1 have been found in the patients’
blood sera; however, the amount of antibodies is not correlated to the activity of
the disease. [172, 173]

Also connected to the POMC system, attractin (ATRN) is a receptor for
melanogenesis inhibiting agouti protein in mice. [174] ATRN is rapidly upregu-
lated on the membrane of activated T cells and the soluble form is also released
from there. It is known that loss of ATRN results in repercussion of skin pig-
mentation in mice. [175] The nuclear receptor related 1 protein (NURRI)
induces and functions downstream MCIR signalling in melanocytes. [176]
NURRI1 is thought to mediate the effects of CRH and is involved in at least two
signalling pathways mediating inflammatory signals. [177, 178] It has a key
role in maintaining the dopaminergic system of the brain. [179]
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2.2.2. Vitiligo and genes connected to IL10 family cytokines

The autoimmune theory of the destruction of melanocytes has a wide range of
supportive evidence — abnormalities in both humoral and cell-mediated
immunity have been documented in vitiligo patients. [30, 180] Additionally,
vitiligo is associated with an increased local and systemic cytokine production.
[181-186]

The IL10 cytokine family contains interleukins with a limited primary
sequence similarity and structural homology and common receptor subunits, but
distinct physiological roles. [187—189] In addition to IL10, the superfamily
consists of IL19, 11.20, 1L.22, 1L.24, and 11.26. [187] IL28A (interferon lambda 2
(IFNL2)), 1L28B (IFNL3) and 1L29 (IFNLI) are recent members of the IL10
cytokine family (also categorized under the interferon family). [190]

IL10 is most abundantly produced by monocytes and type 2 T helper cells;
however, also by mast cells, keratinocytes, dendritic cells, and eosinophiles.
[191-193] It is an important immunomodulatoy cytokine, which has an anti-
inflammatory effect while inhibiting the synthesis of pro-inflammatory cyto-
kines produced by type 1 T helper cells. Thus, it may also stimulate certain T
cells, mast cells as well as antibody production and maturation of B cells. [41,
194, 195] IL10 is associated with many autoimmune and inflammatory
diseases, such as rheumatoid arthritis, psoriasis, melanoma and systemic lupus
erythematosus. [196-200] IL19 is produced by monocytes, B cells, and
keratinocytes, and it has been reported to have a direct effect on immune cells.
[187, 201, 202] It is associated with psoriasis and asthma. [203, 204] IL20 is
synthesized in monocytes and keratinocytes, and its over-expression provokes
psoriasis-like skin lesions, which suggests its involvement in inflammatory
response in the skin. [205, 206] 1L22, which is produced by natural killer cells,
T helper cells, fibroblasts, macrophages, mast cells, and dendritic cells, induces
the expression of different pro-inflammatory molecules. [202, 205, 207-209]
While mostly derived from T cells, IL22 may have a role in innate immunity of
the skin and is associated with rheumatoid arthritis and psoriasis. [37, 207, 208,
210] IL24 is mainly synthesized by monocytes, macrophages, and type 2 T
helper cells; it is known as pro-apoptotic cytokine and is cytotoxic for various
tumour cells, including melanoma. [202, 205, 211-213] IL26 is mainly pro-
duced by T cells, monocytes, and natural killer cells [202], and it is involved in
the activation of signal-transducer and activator of transcription protein 1 and 3
(STAT1 and STAT3) pathways, which are important for the stimulation of
IL10, IL8, and intercellular adhesion molecule 1 (ICAM1) production. [214]
IL28A, IL28B and IL29 are produced by T cells, dendritic cells, and virus-
infected cells; they are believed to have antiviral, antiproliferative, and anti-
tumor activity. [190] In addition, lipopolysaccharide (LPS) stimulation appears
to induce the secretion of IL10 family cytokines suggesting their involvement in
the innate immune response. [205, 215]

Our previous study failed to detect IL10 mRNA expression in the skin, and
PBMC:s did not reveal any significant differences between vitiligo patients and
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controls. The protein level has a tendency to decrease in sera (statistically in-
significant). [37] Thus, according to other studies, the IL10 protein level in
vitiligo skin has decreased. [41] In the PBMCs of vitiligo patients the expres-
sion of IL19 has elevated, and there are associations between the poly-
morphisms of /.19 and vitiligo pathogenesis. [37, 42] LPS increases the 1L20
mRNA level in the PBMCs of controls but not in vitiligo patients. [37] The
mRNA and protein expression of IL22 is elevated in patients’ PBMCs and sera,
respectively. [37, 207] Similarly to IL20, LPS stimulation affects the IL24 mRNA
expression only in the PBMCs of controls but not in vitiligo patients. [37]

The receptor subunits for IL10 family cytokines form different receptor
complexes, on which the ligands can bind (Figure 3). ILIORB is expressed in
most cells; thus, ILIORA primarily in lymphocytes, monocytes, natural killer
cells, and dendritic cells. [202] IL20RA, IL20RB, and IL22RA1 levels are the
highest in epithelial and stromal cells. They are expressed together in con-
siderable levels only in skin and lung tissue. [202, 205] IL22RA2 is mostly
produced by plasma cells, monocytes, B and T cells, and dendritic cells. [202,
216] IL28RA is expressed in monocytes and dendritic cells, thus, most probably
also in keratinocytes and melanocytes. [62, 63]

The expression of the receptors of IL10 family cytokines has altered in dif-
ferent pathogeneses, such as psoriasis, melanoma, and chronic atopic eczema;
also UV radiation affects the expression pattern. [217-222] Our previous
studies showed that the mRNA expression level of ILIORB and IL22RA1 had
not altered in vitiligo skin. ILIORA has a tendency towards increased expres-
sion in vitiligo skin. mRNA expression of IL20RA decreased in patients’ skin.
The mRNA expression of both ILIORA and IL10RB increased in patients’
PBMC s, the IL20RA and IL22RA1 mRNA levels were under detection limits.
[37] Until now there is no data about IL22RA2 (inhibits 1L.22 activity [202,
216]) and IL28RA (the receptor complex combining IL28RA and IL10RB for-
wards the signals of IL28A, IL28B, and IL29 [190]) associations with vitiligo
pathogenesis.

IL10RB IL20RB IL20RB IL10RB
IL20RA| I IL28RA|

Figure 3. The receptor complexes for the IL10 family cytokines. [62, 63, 214, 223]
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There are some genes that most probably are to some extent connected to IL10
family cytokines. Nuclear protein homolog (mouse) gene (MDM1I) is located
together with /L22 and IL26 in the locus 12ql5; however, the biological func-
tion of MDMI is unknown. [224, 225] IFNA and IFNB bind to the same cell
surface receptor (IFNAR). IFNA is produced by leukocytes and keratinocytes
while IFNB is synthesized by a variety of cells (fibroblasts, epithelial cells, and
macrophages). [226, 227] Both IFNA and IFNB mRNAs have been detected in
normal human melanocytes. [228] IFNA might be important in enhancing bio-
logical defence activities against oxidative stress and may cause induction of
anti-melanocyte autoantibodies or activation of cytotoxic T cells. [229-231]
IFNB is thought to induce apoptosis and to have anti-proliferative effects on
malignant cells. [232] IFNA, IFNB, and also IFNG enhance human B cell pro-
liferation. [233] Both IFNA and IFNB therapies may cause vitiligo. [230, 234,
235] IFNG is predominantly produced by natural killer cells, cluster of differen-
tiation 4" and 8" (CD4" and CD8") T cells. [236] The association between IFNG
and several skin conditions, such as atopic dermatitis, dermatomyositis, sys-
temic lupus erythematosus, psoriasis, and melanoma, has been demonstrated.
[237-241] Its mRNA expression has increased in vitiligo-involved and un-
involved skin compared to control skin. [194, 242] IFNG stimulates the expres-
sion of ICAMI1, which is important for activating T cells and recruiting leuko-
cytes. [243, 244] ICAMI protein expression is upregulated in vitiligo skin and
in melanocytes from perilesional vitiligo skin. [245]

2.2.3. Vitiligo and Dopamine pathway

There is considerable evidence that the melanocortin pathway, the most impor-
tant melanogenesis regulator, is functionally linked with the dopamine system.
[5, 246] Dopaminergic compounds inhibit the secretion of «MSH and [3-endor-
phin and affect POMC mRNA expression level in pituitary. [247, 248] Classi-
cally, catecholamines (dopamine, norepinephrine, and epinephrine) act as neu-
rotransmitters; however, they are also involved in regulative processes in the
skin, which has a full capacity to synthesize these agents (Figure 4). [249, 250]
Vesicular monoamine transporters 1 and 2 (VMATI1, VMAT?2) participate in
the removal of the dopamine from the cells. Also, several enzymes degrading
catecholamines, such as monoamine oxidase A and B (MAOA, MAOB) and
catechol-O-methyltransferase (COMT), are present in the epidermis. [251, 252]

The dopamine pathway is potentially associated to melanoma — there are
possible associations between L-DOPA and malignant melanoma; and psoriasis
— immunoreactivity to PNMT increased ten times in lesional skin compared to
unlesional skin; L-DOPA treatment relieves psoriasis in Parkinson’s disease
patients. [253-256] Furthermore, until now the associations between vitiligo
pathogenesis and genes connected to the dopamine pathway have been proven
to some extent; however, the relations have not been fully understood as yet.
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Both phenylalanine hydroxylase (PAH) and tyrosine hydroxylase (TH), which
participate in catecholamine synthesis, use (6R)-L-erythro-5,6,7,8-tetrahydro-
biopterin (6BH,) as a cofactor. PAH and pterin-4a-carbinolamine dehydratase
(PCD; essential for regenerating 6BH4 in the PAH system) activity has
decreased in the skin and sera of vitiligo patients compared to controls, whereas
the activity of TH has increased. [257, 258] Autoantibodies against TH have
been found in patients, especially at an active stage of vitiligo. [259] Auto-
antibodies against dopa decarboxylase (DDC) have been found in the sera of
80% of type I patients of the autoimmune polyendocrine syndrome, who also
have vitiligo. [260] Also, the protein expression in patients’ epidermis is
significantly lower in association with decreased serotonin and melatonin
levels. [261] The activity of 6BH, dependent enzyme phenylethanolamine
N-methyltransferase (PNMT) has decreased in keratinocytes obtained from the
involved skin of vitiligo patients and also when measured from whole skin
samples. [251]

PAH T DDC DBH PNMT
L-Phe mmjp L-Tyr mmjpo- L-DOPA mmp» DA mmp» NE mmp E
BBH:

\ s pheomelanins

43.0H-BHs '
ﬂBHEM/
PCD eumelanins

Figure 4. Schematic representation of the catecholamine biosynthesis cascade, showing
major intermediates and enzymes involved in the process. L-Phe — L-Phenylalanine,
L-Tyr — L-Tyrosine, L-DOPA — L-3,4-dihydroxyphenylalanine, DA — dopamine, NE —
norepinephrine, E — epinephrine, 6BH; — 6(R)-L-erythro 5,6,7,8 tetrahydrobiopterin,
4a-OH-BH, — 4a-hydroxy- tetrahydrobiopterin, gBH, — quinonoid dihydrobiopterin,
PAH — Phe hydroxylase, TH — Tyr hydroxylase, DDC — dopa decarboxylase, DBH —
dopamine beta-hydroxylase, PNMT — phenylethanolamine N-methyltransferase, PCD —
pterin-4a-carbinolamine dehydratase.

In vitiligo skin the elevated H,O, level is the main cause of 6BH, recycling
errors. [262] The activity of enzymes important to metabolize H,O, has
impaired in patients’ skin and also systemically — the latter has been proven in
the case of CAT and glutation peroxidase (GPX1). [263-265] The elevated
6BH, level stimulates the activity of TH, causing an increase of catecholamines
in vitiligo skin and plasma. [39, 257] The higher level of catecholamines
induces the activities of catecholamine degrading enzymes, which has been
demonstrated in vitiligo skin in the case of MAOA and COMT. [251, 252]
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Dopamine actions are mediated through five specific cell surface receptors
coupled to G proteins and belonging to two main families (D1-like and D2-like
receptors). [266] These receptors participate in the regulation of melanogenesis.
The competitive interactions between aMSH and the receptor agonist on dopa-
mine receptor D1 (DRD1) have been demonstrated. [267] DRD1B, DRD2, and
DRD#4 participate in the regulation of pigment synthesis and transport in photo-
receptor cells. [268, 269] DRD2 agonist has been shown to inhibit hair fol-
licular melanogenesis in mice, and DRD?2 is present in a significant proportion
of melanomas. [253, 270]
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3. AIMS OF THE STUDY

The main purpose of the studies presented here was to receive more information
about the nervous and immune system interactions in the skin of vitiligo
patients. The aim of these studies was to evaluate the possible role of different
pathways in vitiligo pathogenesis: the endogenous opioids pathway together
with the CRH and MCH pathway, IL10 cytokine family and associated path-
ways, the dopamine pathway. Most likely all these pathways participate in the
function of the cutaneous HPA axis. For these purposes the following goals
were set:

e To evaluate the possible role of the CRH-POMC system and associated sys-
tems (MCH, endogenous opioids) in vitiligo pathogenesis by analysing the
mRNA expression of the following genes in skin biopsies: CRH, CRHRI,
PMCH, MCHRI, ATRN, NURRI, PDYN, PNOC, OPRD1, OPRKI, OPRMI,
and OPRLI.

e To analyse various cytokines, their receptors and some other genes po-
tentially related to the development, proliferation, and survival of melano-
cytes and the regulation of melanogenesis (IL20RB, IL22RA2, IL26, IL284,
IL28B, 1129, IL28RA, MDM1, IFNA1, IFNBI, IFNG and ICAMI) and to
evaluate their possible role in vitiligo pathogenesis. For that purpose the
mRNA levels in PBMCs and skin biopsies were observed.

e To analyse the mRNA and protein expression of dopamine pathway asso-
ciated genes in blood sera and skin biopsies (PAH, PCD, TH, DDC, DBH,
PNMT, GPX1, MAOA, MAOB, COMT, DRDI-DRDS5, VMATI and VMAT?2)
and to observe the possible connections to vitiligo pathogenesis.
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4. MATERIALS AND METHODS

4.1. Ethical considerations

The protocols and informed consent forms used in all studies were approved by
the Ethical Review Committee on Human Research of the University of Tartu.
All the participants signed a written informed consent.

4.2. Characteristics of study participants

All the patients and control subjects of these studies were Caucasians living in
Estonia. Unrelated patients with vitiligo from the Department of Dermatology
at the University of Tartu were included. The diagnosis of vitiligo was based on
the following clinical signs — loss of pigmentation with typical localization and
white colour on the skin lesions under Wood’s lamp. All the patients included
in this study have vitiligo vulgaris and none of them had received specific
therapy in the previous six months. Patients were classified as having active
vitiligo if new areas of depigmentation were observed during the previous 3
months and as stable if no new depigmentation or enlargement of depigmen-
tation had been observed for more than 3 months. The control group consisted
of volunteers free from a positive family history of vitiligo and other chronic
dermatoses. The control subjects were recruited from among health care per-
sonnel and medical students and patients present at the dermatological out-
patient clinic with either facial teleangiectasis or skin tags. The main charac-
teristics of the participants in all three studies are presented in Table 2—4.

Table 2. Main characteristics of the participants in the study “Analysis of the expres-
sion profile of CRH-POMC system genes in vitiligo skin biopsies”

Total Stage of Sex Average | Mean age | Patients
number of | vitiligo female/ |age (years) | of vitiligo with
individuals male onset family

(years) history*
Vitiligo 18 13 active, 14/4 514 27.4 3
patients** 5 stable
Controls 14 - 12/2 44.9 - -
Controls 14 - 12/2 44.9 - -

* The family history of vitiligo is based on the information received from the patients.
** Thirteen patients in this study have other autoimmune diseases (autoimmune thyroid disease
(n=5), psoriasis (n=3), rheumatoid arthritis (n=2), pernicious anemia (n=2), and alopecia areata

(n=1))
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Table 3. Main characteristics of the participants in the study “The mRNA expression
profile of cytokines connected to the regulation of melanocyte functioning in vitiligo
skin biopsy samples and PBMCs.”

SKIN PBMC
Control [ Vitiligo | Vitiligo | Control | Control | Vitiligo | Vitiligo
uninvolved | involved +L* +L*
Group size 15 15 15 17 17 15 15
Age range 19-79 19-77 19-77 | 23-69 | 23-69 | 22-69 | 22-69
Average - 26.7 26.7 - - 27.4 27.4
onset age
(years)
Male/Female | 4/11 5/10 5/10 6/11 6/11 5/10 5/10
ratio
Stage of - 9 active, 6 | 9 active, - - 12 12
vitiligo stable 6 stable active, | active,
3 stable | 3 stable

*L — LPS stimulated PBMCs. Vitiligo is considered to be in an active stage if new lesions
appeared or the present lesions expanded within three months and in a stable stage if no changes
occurred within three months.
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4.3. Analysis of mMRNA expression

4.3.1. Sample collection and RNA extraction
from skin biopsies and PBMCs

One skin biopsy (o 4 mm) from non-sun-exposed skin was taken from control
subjects. Two skin biopsies (g 4 mm) were obtained from each patient with
vitiligo — one from the involved skin and the other from non-sun-exposed un-
involved skin. All biopsies were instantly frozen in liquid nitrogen and stored at
—80 °C until RNA extraction.

For total RNA extraction from skin biopsies the RNeasy Fibrous Tissue
Mini Kit (QIAGEN Sciences, Maryland, USA) was used according to the
manufacturer’s protocol. Biopsies were homogenized with T10 basic ho-
mogenizer (IKA Labortechnik, Germany). Extracted RNA was dissolved in
RNase free water and stored at —80 °C until cDNA synthesis.

Blood was collected from subjects between 8:00 and 12:00 in the morning to
limit the effect of circadian variation of cytokine production. BD Vacutainer
CPT tubes (BD, New York, USA) were used to separate PBMCs from other
blood cells. The cells were centrifuged at 1500 g for 30 minutes at 20 °C. After
that the blood sera were collected from the top of the PBMCs. PBS (Phosphate
Buffered Saline) was used to wash the isolated PBMCs twice, after which they
were centrifuged at 190 g for 10 min at 20 °C. Half of the PBMCs were culti-
vated in the presence of LPS (L2630, Sigma, MO, USA) for 12 hours; and the
other half was cultivated without LPS stimulation using RPMI-1640 medium
(PAA Laboratories GmbH, Austria) with 10% Foetal Calf Serum (PAA Labo-
ratories GmbH, Austria) and 1% Pen/Strep (PAA Laboratories GmbH, Austria).
LPS was used to induce the expression of pro-inflammatory cytokines. [271]

For RNA extraction from the PBMCs, the TRIzol reagent (Invitrogen Corp.,
Carlsbad, CA, USA) was used according to the manufacturer’s protocol. The
RNA sediment was dissolved in RNase free water and incubated at 55 °C for 10
min. The RNA was stored at —80 °C until cDNA synthesis.

4.3.2. cDNA synthesis

For cDNA synthesis, 500 ng of total RNA and High Capacity RNA-to-cDNA
kit (Applied Biosystems, Foster City, CA, USA) was used. In the case of
TagMan® QRT-PCR assays also amplifying genomic DNA (for genes /FNAI,
IFNBI, IL28A4, IL28B and GPX1, DRD1, DRD5) QuantiTect Rev. Transcription
Kit (QIAGEN Sciences, Maryland, USA) was applied. Both cDNA synthesis
kits were used according to the manufacturer’s protocol.
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4.3.3. Quantitative real-time polymerase chain
reaction analysis

cDNA was used as a template for TagMan® QRT-PCR analysis in the ABI
Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). Two primers and a labelled probe were used to detect the mRNA
expression level of the reference gene hypoxanthine phosphoribosyl-transferase
1 (HPRTI) (HPRTI exon 6, 5’-GACTTTGCTTTCCTTGGTCAGG-3’; HPRT1
exon 7, 5-AGTCTGGCTTATATCCAACACTTCG-3’; VIC-5’- TTTCA-
CCAGCAAGCTTGCGACCTTGA-3’-TAMRA) in all studies. The assays and
primers used for the studied genes in each study are as follows.

Analysis of the expression profile of CRH-POMC system genes in
vitiligo skin biopsies: Two primers and a labelled probe were used for studying
OPRM1 (Fw, 5’- ATTGGTCTTCCTGTAATGTTCA-3’; Rv, 5’- CAGGTTG-
GATGAGAGAATGTTAGTGT-3; FAM-5'-AGCTACAACAAAATACAGG-
CAAGGTTCCATAGATTG-3’-MGB) [272]; OPRDI (Fw, 5’-GGGCAAC-
GTGCTTGT-3’; Rv 5’-TCTGGAAAGGCAGCGTG-3’; FAM-5’-ACGGCC-
ACCAACATCTACATCT-3’-MGB); and CRH (Fw, 5’-GCCTCCCATCTCC-
CTGGAT-3’; Rv, 5’-TGTGAGCTTGCTGTGCTAACTG-3’; FAM-5’-TCC-
TCCGGGAAGTCTTGGAAATGGC-3’-MGB) [273] and commercial assays
for measuring PDYN (Hs00225770 ml), PNOC (Hs00173823 ml), OPRK]I
(Hs00175127_m1), OPRLI (Hs00173471 _ml), CRHRI (Hs01062290 ml),
PMCH (Hs00173595_ml), MCHRI (Hs00538798 ml), ATRN
(Hs00390610_m1), NURRI (Hs01118813 m1) mRNA expression.

The mRNA expression profile of cytokines associated with the regu-
lation of melanocyte function in vitiligo skin biopsy samples and peripheral
blood mononuclear cells: Two primers and a labelled probe were used to
detect the mRNA expression level of /IL28B (Fw, 5°’- AGAGGGCCAAA-
GATGCCTTAG -3’; Rv, 5’- GGGAGCGGCACTTGCA -3; FAM-5’- AGA-
GTCGCTTCTGCTG -3’-MGB). The expression levels of other genes under
investigation were detected using the following commercial assays: /L20RB
(Hs00376373_ml), IL22RA2 (Hs00364814 ml), IL26 (Hs00218189 ml), IL284
(Hs00820125 gl), IL29 (Hs00601677 gl), IL28RA (Hs00417120_m1), MDM1
(Hs00220015_m1), IFNAI (Hs00256882 sl), IFNBI (Hs01077958 sl), IFNG
(Hs00989291 ml), ICAMI (Hs99999152 ml).

The expression profile of genes associated with the dopamine pathway in
vitiligo skin biopsies and blood sera: the expression levels of genes under
investigation were detected using the following commercial assays: PAH
(Hs00609359 ml), TH (Hs00165941 ml), PCD (Hs00165396 ml), DDC
(Hs00168031 m1), DBH (Hs01089840 ml), PNMT (Hs00160228 ml), GPXI
(Hs00829989 gH), MAOA (Hs00165140 ml), MAOB (Hs01106246 ml),
COMT (Hs00241349 ml), DRDI (Hs00377719_gl), DRD2 (Hs00241436_ml),
DRD3 (Hs00364455 m1), DRD4 (Hs00609526 _ml), DRDS5 (Hs00361234 sl),
VMATI (Hs00915191_ml), VMAT2 (Hs00161858 m1).
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4.3.4. mRNA expression data analysis

All reactions were carried out in four replicates. Data are expressed as a mean
ACT value relative to HPRT1 = S.E.M. The results of different groups were
compared pairwise and no adjustment for multiple testing was performed.
Adjustment to normal distribution was tested by the Kolmogorov-Smirnov test.
The data of the studied genes following normal distribution were parametrically
tested with unpaired t test and the data not following the normal distribution
with the Mann-Whitney test. During statistical analysis vitiligo patients were
observed as a whole group or the active and stable form separately. For statis-
tical analysis Microsoft Office 2008 Excel application for Mac (Microsoft Cor-
porate, Redmond, WA, USA) and GraphPad Prism 4 and 5 software (GraphPad
Software, San Diego, CA, USA) were applied.

4.4. Protein level measurements

4.4.1. Tissue homogenization for protein measurements

In order to measure protein levels in skin biopsies, the tissue pieces were
homogenized in PBS buffer including 1 mM ethylenediaminetetraacetic acid
and 1 mM phenylmethanesulfonylfluoride using Precellys 24 homogenizer with
the Cryolys system (BERTIN TECHNOLOGIES, Montigny le Bretonneux,
France).

4.4.2. ELISA

To detect the protein levels of DDC, MAOA, MAOB, DRDI1 and DRDS in
blood sera and skin biopsie homogenates, commercial ELISA 96-well plate
ready-to-use kits were applied (Cat. No HU9011, HU9062A, HU9062B,
HUS8296, HU8292, respectively; BIOTANG INC, Waltham, MA, USA).

4.4.3. Protein expression data analysis

Adjustment to normal distribution was tested by the Kolmogorov-Smirnov test.
The data of all the studied proteins following normal distribution were para-
metrically tested by the unpaired t test and the data not following the normal
distribution by the Mann-Whitney t test. During statistical analysis vitiligo
patients were observed as a whole group or the active and stable form sepa-
rately.
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5. RESULTS

5.1. Analysis of the expression profile of CRH-POMC
system genes in vitiligo skin biopsies

The present study focused on twelve genes (CRH, CRHRI, PMCH, MCHRI,
ATRN, NURRI, PDYN, PNOC, OPRDI, OPRKI1, OPRM]I and OPRLI) asso-
ciated with the CRH-POMC system. The mRNA expression levels were
measured in punch biopsies of the involved and uninvolved skin of vitiligo
patients and from the non-sun-exposed skin of healthy subjects.

5.1.1. mRNA expression in skin biopsies

PNOC and its receptor OPRLI expression levels were 2.99 and 1.83 times
higher, respectively, in vitiligo involved skin when compared to control skin
(P <0.05) (Fig. 5, a and b). The expression of OPRLI was increased only in the
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Figure 5. Expression levels of PNOC (a), OPRLI (b), PMCH (c), and MCHRI (d) in
skin biopsies by comparison with groups of control subjects (C) and uninvolved (V_UI)
and involved (V_I) skin of patients with vitiligo. Data are expressed as a mean ACT
value relative to HPRT1 + S.E.M. * P < 0.05; ** P < 0.01; *** P < 0.001
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case of stable form — 2.43 times (P < 0.01). The difference between the active
and stable form is 1.58 times (P < 0.05). PMCH mRNA expression level was
increased 1.85 times (P < 0.01) in vitiligo uninvolved skin and 5.36 times
(P <0.01) in involved skin compared to control skin (Fig. 5, c). The expression
level of its receptor gene MCHRI was 1.6 times higher in vitiligo uninvolved
skin (P < 0.05) and 2.23 times lower in involved skin (P < 0.05) than in control
skin (Fig. 5, d). Comparing vitiligo involved and uninvolved skin, the ex-
pression level of MCHRI differed 3.57 times (P < 0.001) and was higher in
uninvolved skin.

PDYN, OPRKI, CRHRI, ATRN, and NURRI expression levels did not differ
in vitiligo or control skin samples. The expression levels of OPRDI, OPRM]I,
and CRH mRNA exceeded the detection limit in skin when 125 ng of cDNA
was used in QRT-PCR reaction; these levels were not sufficient for an accurate
statistical analysis.

5.2. The mRNA expression profile of cytokines
related to the regulation of melanocyte functioning
in vitiligo skin biopsy samples and peripheral blood

mononuclear cells

This study focused on twelve genes (IL20RB, IL22RA2, IL26, IL284, IL28B,
1129, IL28RA, MDM1, IFNA1, IFNBI, IFNG, and ICAM]) related to immuno-
modulation, melanogenesis, and development and growth of melanocytes. The
mRNA expression levels were measured in punch biopsies of involved and
uninvolved skin of vitiligo patients and non-sun-exposed skin of healthy sub-
jects and also in PBMCs (with or without LPS stimulation) derived from
patients and controls.

5.2.1. mRNA expression in skin biopsies and PBMCs

This study showed that the mRNA expression of /L20RB was in vitiligo un-
involved skin 1.4 times higher (P < 0.01) than in controls (Fig. 6, a). The
expression was also increased in vitiligo involved skin; however, it is statisti-
cally significant only in the case of stable form (1.5 times (P < 0.05)). In blood
the mRNA expression of /L20RB was increased in vitiligo patients’ cells when
compared to controls (32.3 times (P < 0.001) without LPS stimulation and 9.6
times (P < 0.001) with LPS stimulation) (Fig. 6, b). LPS stimulation decreased
the IL20RB expression level in vitiligo patients’ PBMCs 4.3 times (P < 0.001);
this was not found in controls.

The mRNA expression level of IL22RA2 was 1.5 times higher (P < 0.05) in
vitiligo uninvolved skin compared to control skin (Fig. 6, c). The expression
was 1.6 times lower (P < 0.05) in involved skin when compared to uninvolved
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skin. This effect was observed only in the case of the active stage of vitiligo —
the IL22RA2 expression was 1.7 times (P < 0.05) higher in controls and 2.7
times (P < 0.05) higher in uninvolved skin than in involved skin. In PBMCs the
mRNA level of IL22RA2 was at the detection limit and proper statistical analy-
sis was not possible (data not shown).

The mRNA expression level of /L26 did not differ significantly in skin when
comparing patients and controls (data not shown). In PBMCs the mRNA level
of IL26 was near the detection limit and accurate statistical analysis was not
possible (data not shown).

The mRNA expressions of /L284, IL28B, IL29, and IL28RA were detected
in skin and in PBMCs; however, the levels were too low for accurate statistical
analysis in the case of /L284, IL28B, and IL29 in skin and /L29 in PBMCs (data
not shown). The mRNA expression level of IL28RA was 1.7 times higher
(P <0.01) in vitiligo uninvolved skin compared to controls (Fig. 6, d). IL284
mRNA expression was 1.7 times (P < 0.05) lower in patients’ PBMCs
compared to controls when stimulated with LPS (Fig. 6, ¢). The mRNA
expression levels of /L28B and IL28RA did not differ statistically relevantly in
the PBMCs of vitiligo patients and controls (data not shown).

The expression level of MDMI mRNA was 4.2 times (P < 0.001) higher in
uninvolved and 3.0 times (P < 0.001) higher in involved vitiligo skin when
compared to controls (Fig. 7, a). In blood the expression of MDM1I was higher
in patients’ PBMCs — 1.7 times (P < 0.01) without LPS stimulation and 1.5
times (P < 0.01) with LPS stimulation (Fig. 7, b).

In the skin the /FNAI mRNA expression level was too low for accurate sta-
tistical analysis (data not shown). In blood the expression level of IFNAI was
4.8 times (P < 0.05) higher in patients’ PBMCs compared to control cells (Fig.
7, c). In the case of the stable form /FNAI expression was even 7.3 (P < 0.05)
and 9.0 times (P < 0.01) higher without or with LPS stimulation, respectively.
The increase was not statistically relevant with the active form.

The mRNA expression of /FNBI was 4.5 times (P < 0.05) higher in vitiligo
uninvolved skin compared to control skin (Fig. 7, d) and 2.9 times (P < 0.05)
higher in patients’ PBMCs than in the cells of the controls (Fig. 7, e). In the
case of the stable form, the expression in blood cells was 3.4 times (P < 0.01)
higher without LPS stimulation and 3.0 times (P < 0.05) higher with LPS
stimulation. The increase was not statistically relevant with the active form.

The mRNA expression of /FNG was 3.9 times higher (P < 0.05) in vitiligo
involved skin than in control skin (Fig. 7, f). IFNG expression was higher in
patients” PBMCs compared to controls without or with LPS stimulation (3.5
times (P < 0.01) and 3.3 times (P < 0.01), respectively) (Fig. 7, g).

ICAM1 mRNA expression was higher in both uninvolved and involved
vitiligo skin (1.7 times (P < 0.01) and 1.4 times (P < 0.05), respectively) by
comparison with control skin (Fig. 7, h). ICAMI mRNA expression at the stable
stage had decreased in involved skin compared to uninvolved skin (1.7 times
(P <0.01)); this pattern did not occur at the active stage. The mRNA expression
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of ICAM1 was at the same level in the PBMCs of patients and controls (data not
shown).
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Figure 6. mRNA expression levels of genes associated with IL10 family cytokines in
vitiligo patients’ uninvolved (UI) and involved (I) skin and the skin of controls (C) and
patients (V) and controls (C) PBMCs with (L) or without LPS stimulation. Additionally,
patients were divided into subgroups with the active (A) and stable (S) forms of vitiligo.
Data are expressed as a mean ACT value relative to HPRT1 = S.EM. * P < 0.05;
** P <0.01; *** P <0.001
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5.3. The expression profile of genes associated
with the dopamine pathway in vitiligo skin
biopsies and blood sera

To study the possible associations between vitiligo and genes in dopamine
pathway, the mRNA expression levels of seventeen genes (PAH, PCD, TH,
DDC, DBH, PNMT, GPX1, MAOA, MAOB, COMT, DRDI1-DRDS5, VMATI, and
VMAT?2) were measured in punch biopsies from the involved and uninvolved
skin of vitiligo patients and from the non-sun-exposed skin of control subjects.
Subsequently, the protein levels of five genes were measured in homogenates of
skin biopsies and blood sera. DDC, MAOA, DRDI1, and DRDS5 were chosen
while their mRNA expression level in the skin differentiated between patients
and controls; also MAOB was included while the latter is sequentially and
functionally similar to MAOA. The protein level of other genes was not ana-
lysed due to the limited amount of biopsy material available.

5.3.1. mRNA expression in skin biopsies

We were able to detect PAH and TH mRNA in skin biopsies; however, the
levels were too low for accurate statistical analysis. The mRNA expression of
PCD, DBH, and PNMT did not differ significantly between vitiligo and control
skin. The mRNA expression of DDC was 5.2 times lower (P < 0.05) in un-
involved and 7.6 times lower (P < 0.05) in involved vitiligo skin by comparison
with control skin (Fig 8. A).

mRNA expression level of GPXI has a tendency to increase in vitiligo skin
compared to control skin. The difference was significant only in the case of
involved skin of patients with stable vitiligo — 2.7 times higher (P < 0.05)
compared to control skin. Furthermore, GPX/ mRNA level increased 2.7 times
(P < 0.01) in the involved skin of patients with stable vitiligo compared to
patients with the active form (Fig 8. B). The expression level of MAOA mRNA
was higher in the skin of vitiligo patients than in controls — in uninvolved skin
the difference was significant only in the case of the stable form (1.8 times;
P < 0.05); in involved skin the differences were 2.5 times (P < 0.001) and 2.2
times (P < 0.05) in patients with active and stable vitiligo, respectively
(Fig 8. C). In the case of MAOB (Fig 8. D) and COMT, the mRNA expression
levels did not differ between vitiligo skin and controls.

DRD1 and DRD5 mRNA expression levels were higher in vitiligo skin com-
pared to controls. In uninvolved skin the DRDI expression was elevated 4.2
times (P < 0.001) and DRD5 1.9 (P < 0.01) times (Fig 8. E and 8. F). In
involved skin the difference from controls was significant only in the case of
DRD1 (3.2 times; P < 0.05). The expression level of DRD2 did not differ when
controls and vitiligo patients were compared. mRNA expression of DRD3 and
DRD4 was detected in skin; however, the expression level was too low for
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accurate statistical analysis. The mRNA expression levels of VMATI and
VMAT?2 were equivalent in the skin samples of controls and vitiligo patients.
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Figure 8. mRNA expression of the studied genes in the uninvolved (UI) and involved
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5.3.2. Protein expression level in skin biopsies

The protein levels of all five genes (DDC, MAOA, MAOB, DRD1, DRDS5) were
different in controls and involved and uninvolved skin of vitiligo patients.

The expression of DDC protein was higher in vitiligo skin than in controls —
the difference was statistically significant in uninvolved and involved skin of
patients with active vitiligo (2.7 times; P < 0.05 and 1.8 times; P < 0.05, respec-
tively). It was reflected also in the whole group of involved skin — the dif-
ference amounted to 1.9 times (P < 0.05) (Fig 9. A).

The protein levels of MAOA and MAOB increased in vitiligo patients com-
pared to controls. In patients with active vitiligo the MAOA protein level is 2.8
times (P < 0.05) and 1.8 times (P < 0.05) higher in uninvolved and involved
skin, respectively (Fig 9. B). The effect can also be seen in whole groups: it is
2.4 times (P < 0.05) and 1.9 times (P < 0.05) higher in vitiligo uninvolved and
involved skin, respectively. The MAOB level is 2.7 times (P < 0.05) higher in
uninvolved and 2.0 times (P < 0.05) higher in the involved skin of patients with
active vitiligo (Fig 9. C). When observing whole groups: MAOB protein
expression is 2.4 times (P < 0.05) higher in uninvolved and 2.1 times (P < 0.01)
higher in the involved skin of vitiligo patients compared to controls.

Both DRD1 and DRDS5 protein expression levels are higher in vitiligo skin
than in controls. The level of DRDI1 protein is 2.6 times (P < 0.05) higher in
uninvolved and 1.8 times (P < 0.05) higher in the involved skin of patients with
active vitiligo (Fig 9. D). It is reflected also in the whole group of involved
skin — the protein level is 1.8 times (P < 0.05) higher. The DRDS5 protein level
increased 3.0 times (P < 0.01) in uninvolved skin and 2.1 times (P < 0.05) in the
involved skin of patients with active vitiligo (Fig 9. E). The effect can be seen
also in whole groups — the protein level is 2.6 times (P < 0.05) higher in vitiligo
uninvolved and 2.2 times (P < 0.05) higher in involved skin compared to
controls.

5.3.3. Protein expression level in blood sera

The protein level of DDC, MAOA, MAOB, and DRD5 did not differ statisti-
cally relevantly in the sera obtained from the blood of controls and vitiligo
patients. The expression of DRDI1 protein decreased 1.4 times
(P <0.01) in patients’ sera compared to controls (Fig 9. F).
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Figure 9. Protein expression of the studied genes in the uninvolved (UI) and involved
(I) skin of vitiligo patients and controls (C), also in patients (V) and controls (C) blood
sera. Additionally, different patient groups of skin and blood serum studies were
divided into subgroups of patients with the active (A) and stable (S) forms of vitiligo.
The columns show mean + SEM. * P < 0.05; ** P < 0.01; *** P < (0.001



6. DISCUSSION

6.1. Analysis of the expression profile of CRH-POMC
system genes in vitiligo skin biopsies

Vitiligo is a pigmentation disorder and the mechanisms leading to it are still not
completely understood. The associations between vitiligo pathogenesis and the
CRH-POMC system are becoming more and more evident. [160, 172] The pre-
sent study focused on possible interactions between vitiligo and neuropeptides
and their receptors related to the CRH-POMC system. For that purpose, twelve
different genes were studied — CRH, CRHRI, PMCH, MCHRI, ATRN, NURRI,
PDYN, PNOC, OPRM1, OPRDI1, OPRKI1, and OPRLI (Table 5).

Table 5. Expression level of the POMC-CRH-MCH pathway and other endogenous
opioid associated genes in the skin. Data combined from our previous and present
studies. [138] The mRNA levels of the studied genes in vitiligo patients compared to
controls. f — expression in vitiligo patients has increased; |} — expression in vitiligo
patients has decreased; <> — expression is not significantly different between patients
and controls; — — expression was not observed; ND — expression was not detected;
NDL - expression was near detection limit, statistical analysis not performed.
* P <0.05; # P <0.01; —P>0.05.

mRNA in skin
Uan.O Ived Involved skin
skin
S;EZ active | stable | active | stable
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The present study shows that in involved vitiligo skin the expression of PNOC
mRNA has increased significantly compared to control skin. Furthermore, the
level of its receptor OPRL1 mRNA expression increased relevantly in the
involved skin of patients with stable vitiligo compared to control samples,
which indicates the activation of this opioid-related system in vitiligo skin. The
PNOC system has not been studied properly and possible associations between
the PNOC system and vitiligo pathogenesis have not been observed previously.
A study was published, where Staphylococcal enterotoxin A, which activates
T-cells, was injected into male mice and it caused an increase in the PNOC
mRNA expression level in the brain. [274] According to another study,
nociceptin acting through OPRL1 receptors inhibits components of neurogenic
inflammation in rat skin. [275] It has also been reported that nociceptin may in
different conditions either stimulate or inhibit the proliferation and activation of
T cells. [276] Hence, this system could participate in inhibiting the progression
of lesions; PNOC and OPRLI could have a substantial immunomodulatory role
in skin as well in the nervous system and may be associated with the inflam-
mation common to vitiligo.

The present study indicates that the mRNA expression level of MCH is
detectable in skin although previous studies using reverse transcription-PCR
detected MCH expression in the endothelial cells of cultured skin, but not in the
entire skin or cultured melanocytes, keratinocytes, or fibroblasts. [168] One
possibility is that mRNA of PMCH is derived from macrophages. [277] By
comparison with control skin, the mRNA expression of PMCH was increased
both in uninvolved and involved vitiligo skin. The considerable accumulation of
MCH found in vitiligo involved skin contributes to the previous finding that
MCH inhibits the melanogenic action of aMSH. [172]

Measuring the level of MCHRI1 in different groups indicated that the expres-
sion is upregulated in uninvolved vitiligo skin and down-regulated in involved
skin when compared to control skin. In the literature there is no information
about the expression level of MCHRI1 in vitiligo skin compared to control skin.
However, as noted, autoantibodies against MCHR1 have been found in the sera
of vitiligo patients. [171] Melanocytes have been found to be the only skin cells
expressing MCHR1 [168], and vitiligo involved skin has fewer or no melano-
cytes, which explains the lower MCHR1 expression level. The increase of
MCHRI1 expression in uninvolved vitiligo skin is probably connected to the
antagonizing mechanism of the POMC system and could be a part of the ini-
tiating process of the reduction of melanogenesis and destruction of melano-
cytes. However, further studies are needed to confirm how exactly MCH with
its receptors and the CRH-POMC system are associated in skin.
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6.2. THE mRNA expression profile of cytokines
associated with the regulation of melanocyte
functioning in vitiligo skin biopsy samples and

peripheral blood mononuclear cells

Several cytokines have been suggested to participate in vitiligo pathogenesis.
The present study assessed the importance of cytokines and their receptors and
a few other genes connected to IL10 family cytokines and possibly involved in
the regulation of the development and survival of melanocytes and melano-
genesis. [181-186] See Table 6 for a better overview of our previous and
present studies about IL10 family cytokines and their receptors in the skin and
blood samples of vitiligo patients.

In addition to our previous studies, the present study revealed supplemental
changes in the expression of cytokines and receptor genes associated with the
IL10 cytokine family. The I/L20RB mRNA level was higher in the skin samples
of vitiligo patients. Previous work indicated that the /L20RA expression level
decreased and the /L22RA1 mRNA level remained the same in vitiligo skin
compared to control skin. Ligands for these receptor complexes — IL19, 1L20
and IL24 were not detected in the skin when QRT-PCR was used. [195] Here
the increased IL20RB level may occur due to a compensating mechanism,
which tries to retain the normal amount of the IL20RA-IL20RB complex;
however, further studies are needed to see how the mechanism works in the
skin.

As in the skin, the /L20RB mRNA level was also higher in patients’ PBMCs
compared to control cells. We have demonstrated earlier that the mRNA
expression level of IL20RA and IL22RA1 are near detection limit in PBMCs
when using QRT-PCR. The IL19 mRNA expression increased; the IL20 mRNA
and protein levels have a tendency to decrease, and I1L24 mRNA expression
remains the same in vitiligo patients’ blood compared to controls. [195] The
increased expression level of IL20RB in PBMCs may be somehow associated
with the higher levels in the skin, while the regulation mechanism could be
similar locally and systemically.

IL22RA2 (antagonizing IL22 receptor complex) mRNA expression level
decreased in involved vitiligo skin comparing to uninvolved vitiligo skin and
control skin — these changes appear only in the case of active vitiligo. We have
showed earlier that /L22 expression increased significantly in patients’ PBMCs
(these changes occur only at the active stage of vitiligo), and also the protein
level is higher in patients’ blood sera comparing to controls. [195] IL22 recep-
tor complex genes IL22RA1 and IL10RB expression levels are at the same level
in the skin of patients and controls. [195] Thus, it is possible that a certain level
of IL22RA2 is essential for binding the excess of IL22; and in the case of the
active stage of vitiligo the lack of IL22RA2 may possibly lead to inflammation
and thereby destruction of melanocytes.
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Table 6. Expression level of IL10 cytokine family associated genes. Data combined
from our previous and present studies. [37] The mRNA and protein levels of the studied
genes in vitiligo patients compared to controls. {l — expression in vitiligo patients has
increased; U — expression in vitiligo patients has decreased; < — expression is not sig-
nificantly different between patients and controls; — — expression was not observed;
ND — expression was not detected; NDL — expression was near detection limit, statis-
tical analysis not performed. * P < 0.05; ** P < 0.01; ***P < 0.001; — P > 0.05.

mRNA in skin mRNA in PBMCs Protein in
blood sera
Unmvplved Involved skin Vitiligo Vitiligo + Vitiligo blood
skin LPS sera
Gene Active | Stable | Active | Stable | Active | Stable | Active | Stable | Active | Stable
name
IL10 ND - U-
IL19 ND ND —
isoform 1
IL19 ND M | o | f* SN —
isoform 2
1L20 ND U- U-
1L22 ND e | o [ -] o fres
IL24 ND PEN = —
1L.26 = NDL —
IL28A NDL U | U* _
1L28B NDL o —
1L29 NDL NDL —
IL10RA - e —
IL10RB o e | o —
IL20RA R ND —
IL20RB ﬂ** ‘ PN ‘ ﬂ* ﬂ*** o
IL22RA1 o ND —
(IL22RA)
IL22RA2 1K U= = NDL —
(IL22RB)
IL28RA e = =3 —

It is known that IL20 and IL22 have similar functions — preventing terminal
differentiation of keratinocytes and upregulating antimicrobial peptides to pro-
tect epithelial surface from invading pathogens. [278, 279] IL22 has been
shown to induce the expression of IL20 and they also share one receptor
subunit — IL22RA1, which is expressed similarly in the skin of controls and
vitiligo patients. [189, 195, 279] According to previous findings, the IL20 and
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IL22 are both upregulated in the skin of psoriasis patients and the blood levels
correlate with the significance of the disease. [279-281] In the case of vitiligo
the expression pattern of IL20 and IL22 is dissimilar — IL20 expression has a
tendency to decrease and IL.22 expression increased in patients’ PBMCs and no
expression is detected in the skin. [195] The receptors expression pattern does
not match either. [195, 282] This indicates that in the case of various auto-
immune diseases associated with skin, the 1L20 and IL22 may act differently,
the regulation methods may be dissimilar, and thus, the effect on skin cells
varies.

The mRNA expression level of /L284 decreased in vitiligo patients’ PBMCs
and /L28B expression has a tendency to increase in patients’ PBMCs (statisti-
cally insignificant) when comparing to controls. /L284, IL28B, and IL29
mRNA levels are near detection limit in the skin. /L28RA4 expression is higher
in patients’ uninvolved skin compared to controls and has a tendency to
decrease in involved skin. Our previous studies showed that the mRNA expres-
sion of /L10RB, which together with IL28RA constructs a receptor complex for
IL28A, IL28B, and IL29, increased significantly in vitiligo patients’ PBMCs
compared to controls; however, the level remained uniform in the skin. [195] It
has been shown that both epidermal melanocytes and keratinocytes are major
targets for IL28A, IL28B, and 1L.29. [283] Maturing dendritic cells and regu-
latory T cells may produce these cytokines; growth inhibition has been demon-
strated in the case of keratinocytes. [62] The results of our study indicate the
possibility that IL28A, 1L28B, and IL29 could participate in vitiligo patho-
genesis and could possibly influence also the proliferation of melanocytes.
These cytokines and their receptor subunits should be studied further to achieve
more confident implications.

A major finding in the case of IL10 family cytokines and their receptors is
the controversial effects of LPS stimulation. In previous and present studies we
have observed LPS stimulation in the case of PBMCs derived from patients and
controls. [195] The LPS affects differently the mRNA expression levels of /1220
(a tendency to increase in controls, a similar level in patients), /L22 (an increase
in controls, a tendency to decrease in patients), /L24 (a tendency to increase in
controls, a tendency to decrease in patients; a significant decrease of 1L24
mRNA expression appears only in the case of LPS stimulation), /L/0ORB (the
level remains the same in controls, an increased level in patients decreases to
the control level) and /L20RB (a similar level in controls, a decreased level in
patients). LPS is recognized by toll-like receptor 4 (TLR4), which further
induces the production of proinflammatory cytokines to create the innate
immune response. [284] Our findings may imply that in the case of vilitigo
pathogenesis, in addition to the adaptive immune system, the innate immune
response is somehow involved. Another finding is that the altered innate
immune response may lead to the activation of autoimmunity, which was
proven in the case of vitiligo. [285]
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The present work demonstrated that MDM1 mRNA expression is higher in
vitiligo patients’ skin and PBMCs when compared to controls. MDM1 (located
near /L22 and IL26 on chromosome 12) may have a common expression regu-
lation mechanism with /122, while both are upregulated in patients’ PBMCs.
[195] The function of MDMI1 is still unknown; its connections to oncogenic
processes, transcriptional machinery, and iron management have been sug-
gested. [224, 225, 286, 287] Our work demonstrates that MDM1 is possibly
related to vitiligo pathogenesis and needs further analysis. Additional support to
its role in melanocyte survival comes from a recent study where MDM1 mutant
mice exhibited pigmentary abnormalities and had an increased number of
phagosomes in retinal pigment epithelium. [288]

The expression profiles of IFNA and IFNB were also changed — IFNAI and
IFNBI mRNA expression were higher in vitiligo patients’ PBMCs (especially
in the case of stable form) compared to controls; /FNBI expression increased
significantly in vitiligo uninvolved skin. Previously it has been demonstrated
that IFNA and IFNB subcutaneous treatment could cause vitiligo. [230, 234,
235] The mechanism could move through both the innate and adaptive immune-
system pathways while IFNA and IFNB as important agents against viral in-
fection are also able to affect T and B cells. [230, 231, 233] Our findings sug-
gest that vitiligo could be triggered also by the inner changes (both local and
systemic) of the expression patterns of these interferons. The fact that the
mRNA levels are even higher in the stable stage of vitiligo implies the possi-
bility that IFNA and IFNB may participate in maintaining the depigmented
lesions.

Our study confirmed that the /JFNG mRNA expression level increased sig-
nificantly in patients’ involved skin and also in PBMCs compared to controls.
ICAM1 mRNA expression increased in both uninvolved and involved vitiligo
skin compared to controls. Furthermore, in patients with stable vitiligo the
ICAMI expression decreased in involved skin compared to uninvolved skin,
which did not occur in the case of patients with active vitiligo. These results are
supported by previous findings — in vitiligo skin, the amount of cytotoxic T
cells increased, which is probably due to an increased level of leukocytes
recruiting ICAMI1 and its expression stimulating agent IFNG. [244, 245, 289]
Thus, ICAMI1 is probably an important link between cytokines and T cells
involved in vitiligo pathogenesis. The reason why the /CAMI mRNA level has
a tendency to decrease in involved skin compared to uninvolved skin of stable
vitiligo could be in the loss of melanocytes in depigmented areas. On the other
hand, the epidermal cells express more ICAM1 than they should at the active
stage of vitiligo, which leads to already proven T cell activation in vitiligo skin.
[290] However, further research is needed.
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6.3. The expression profile of genes associated
with the dopamine pathway in vitiligo skin
biopsies and blood sera

Melanogenesis can be initiated from either L-Phe or L-Tyr, which are
hydroxylated to L-DOPA. The latter serves as a precursor for melanins and
catecholamines, which both are synthesized in skin via separate pathways.
These pathways share several enzymes, cofactors and are competitive on certain
levels. [250] It has been shown that the levels of dopamine, norepinephrine,
epinephrine, and their metabolites have increased in vitiligo patients’ plasma
and urine. [34, 39, 40] The increase in the catecholamine level even suggests
that it might be an initiating event of vitiligo pathogenesis. [291] Thus, only
dopamine has been proven to have an apoptotic effect on melanocytes, most
probably while increasing the reactive oxygen species level in cells. [292, 293]

Our study revealed that the expression profile of several genes connected to
the dopamine pathway has altered in vitiligo skin (Table 7). In the case of
enzymes in the catecholamine synthesis pathway the DDC (essential to produce
dopamine from L-DOPA) mRNA level decreased in patients’ skin, which
correlates with the findings that the protein level in epidermis is significantly
lower, and the serotonin and melatonin levels have decreased. [261] Though,
the findings of our study contradict the previous studies of mRNA expression
and protein — the DDC protein level in vitiligo skin increased. However, the
latter supports the fact that the level of dopamine increased in patients. [34, 39,
40] DDC is important for both dopamine and serotonin production, and these
controversial results need additional studies; the present data do not enable us to
make any further conclusions.

The studies of the activity of H,O, degrading enzyme GPXI1 in vitiligo
patients have yielded controversial results — the activity has been higher, lower,
or similar comparing to the blood and skin of controls. [265, 294-300] Our
study found that the mRNA expression of GPX1 has a tendency to increase in
patients’ uninvolved skin compared to controls. On the other hand, we showed
that the GPX1 mRNA level was at the same level in controls and involved skin
of patients with active vitiligo; however, the level is significantly higher in the
involved skin of patients with the stable form. These results correlate with the
previous results, where among active vitiligo cases only 4% of the studied
individuals had an increased GPX1 activity; however, in stable cases 20% had a
higher GPX1 activity. [295] The increased transcription of GPXI/ may some-
how be involved in inhibiting the progression of the disease; however, the dif-
ferences between the active and stable forms needs further analysis.
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Table 7. The mRNA and protein levels of the studied genes in vitiligo patients com-
pared to controls. fl — expression in vitiligo patients has increased; U — expression in
vitiligo patients has decreased; << — expression is not significantly different between

patients and controls; — — expression was not observed. * P < 0.05; ** P < 0.01; ***P
< 0.001.
mRNA in skin Protein in skin Protein in
blood sera
Uninvolved | Involved skin | Uninvolved | Involved skin | Vitiligo blood
skin skin sera
Gene | active | stable | active | stable | active | stable | active | stable | active | stable
name
DDC o Y M =N I =N =N
GPXI . o | M — —
MAOA| < | M= fpiss e[ ™| <
MAOB =N =N ™ | < M =N =N
DRDI [Pt fr* ™| < = = Y
DRDS5 faes N M | o I =N =N

The activity of catecholamine degrading enzymes COMT and MAOA has
previously been demonstrated to be higher in vitiligo skin. [251, 252] We found
that the mRNA expression of COMT was similar in the skin of vitiligo patients
and controls, which may indicate the possibility that the increased activity is
due to the changes in the protein level. In the case of MAOA and MAOB we
found that the mRNA level of MAOA was higher in patients’ skin compared to
controls; the MAOB mRNA expression level did not differ significantly
between the groups. Both MAOA and MAOB protein levels were higher in
patients’ uninvolved and involved skin. Our results support the previous
findings that the activity of MAOA increased in patients’ skin compared to
controls. [251] While MAOA and MAOB equally metabolize dopamine, one
might suggest that MAOB activity also increases in vitiligo skin, which needs
to be confirmed. The fact that in vitiligo uninvolved skin the protein levels of
MAOA and MAOB increased at the active stage compared to the stable form,
may imply an attempt to reduce the dopamine level in the skin while new
patches are developing on the skin.

Dopamine has five receptors (DRD1-DRD5) of which DRD1, DRD2, and
DRD4 have been demonstrated to participate in the regulation of melano-
genesis. [268-270] DRD1 and DRDS5 both belong to the D1- like family; they
activate adenylyl cyclase, which increases the intracellular cAMP level. The
cAMP/PKA pathway is the main pathway through which melanogenesis
enzymes can be reached, and it is used by melanocortins to modulate melano-
genesis. [5, 301, 302] In addition to activating the cAMP/PKA pathway, both
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dopamine receptors and melanocortin receptors have a similar expression
pattern in vitiligo skin — our present and previous studies showed that the levels
of MCIR and MC4R mRNA and dopamine D1-like family receptors’ mRNA
and protein increased in uninvolved skin and again decreased in the involved
skin of vitiligo patients. [138] The mRNA expression of POMC decreased and
the level of dopamine increased in involved vitiligo skin. [35, 303] Fur-
thermore, previous studies demonstrated that aMSH binds to DRDI1 and in-
hibits the attachment of the ligand — in the presence of both aMSH and dopa-
mine the cAMP level decreased compared to the presence of these two media-
tors separately (indicated in the brain). [267] There is also data that aMSH
might increase the dopamine level in nucleus accumbens through MC4R. [246]
We did not find any data in the literature about dopamine binding or affecting
the melanocortin receptors directly. We have suggested previously that the up-
regulation of the melanocortin system in vitiligo uninvolved skin is relevant to
compensation of the loss of pigment in involved skin. [35] Nevertheless, the
major challenge is to find out how exactly melanocortin and dopamine path-
ways are connected to each other while regulating melanogenesis in the skin
and participating in vitiligo pathogenesis.

When observing from a different perspetive, it has been demonstrated that
the level of dopamine and its metabolites increased in vitiligo patients’ skin,
urine, and peripheral blood. [34, 39, 264] In the case of DRDI1 it has been
shown that dopamine stimulates the DRDI1 promoter and thereby mRNA
expression. [304] Furthermore, dopamine acts on DRDI, which causes the
negative feedback and a decrease in dopamine release (demonstrated in the
brain). [305] In vitiligo uninvolved skin the elevation of D1-like receptors may
also be caused by the increased level of dopamine in patients. Furthermore, the
decrease of D1-like receptor expression in involved skin may be caused by the
negative feedback pathway. However, these suggestions need further studies
and more supportive evidence.

Our study showed that the DRD1 protein level decreased in patients’ blood
sera compared to controls. When dopamine activates D1-like receptors on
regulatory T cells, they are less able to suppress the proliferation of effector T
cells. Activated effector T cells increase the synthesis of cytokines and adhesion
molecules and affect different target cells. [306] In vitiligo patients the decrease
of DRDI1 protein in blood sera may point to a possible compensating mecha-
nism — an attempt to decrease the elevated level of activated effector T cells in
the organism. Nevertheless, additional studies are required.
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6.4. Local HPA axis in vitiligo skin

The main adaptive responses to systemic stress are mediated by the HPA axis.
[9] Activation of this pathway proceeds through the hypothalamic production of
CRH, which stimulates CRHR1 in pituitary. Anterior pituitary-derived POMC
peptides activate the MC2R receptors in the adrenal gland and cortisol is re-
leased. The HPA axis is suppressed through negative feedback via cortisol re-
ceptors in hypothalamus and pituitary. [9-12, 104]

Skin expresses the neuroendocrine system using mediators similar to those
involved in the classical endocrine systems at the brain and pituitary levels
(CRH, URC, and POMC derived peptides); furthermore, skin cells express
functional receptors activated by different neuropeptides. [1, 104, 307-309]
Local effectors of this axis would regulate the pigmentary, immune, epidermal,
dermal, and adnexal systems of the skin. Accordingly, physical stress (UV
light) or biological or chemical stress would trigger multiple pathways in-
volving structuralized or simultaneous local production of CRH, CRH-related
peptides, and POMC derived messages. [86, 104] This complex response would
be susceptible to heterotrophic modulation through feedback inhibition by cor-
tisol. Thus, by analogy with the central axis, stress would stimulate the pro-
duction and secretion of ACTH of cutaneous origin, which would further
increase the level of glucocorticoids — recognized inhibitors of the immune
system. [96]

In the case of vitiligo the mechanisms, which should ensure the homeostasis
in the skin, have altered. In our studies, we observed different agents partici-
pating in cutaneous HPA axis. When moving along the signal cascade of the
classical HPA axis the first agent is CRH, which through CRHR1 participates in
cell proliferation, apoptosis, differentiation, and immune activities in the skin.
[101, 103, 108, 310, 311] Our studies did not reveal any differences in CRH or
its receptor CRHRI mRNA expression in vitiligo skin compared to control skin.
CRH, which is produced in skin cells, is also suggested to be released from
peripheral nerve endings. [312] The factors that have been demonstrated to
affect the expression of CRH and CRHRI in the skin are UV radiation and an
increased intracellular cAMP level. [162, 313, 314] Thus, in vitiligo patients, it
is possible that the CRH system may have remained normal, and the effects are
due to the further agents of this cascade.

Activated CRHR1 should stimulate the expression of POMC and the pro-
duction of aMSH, ACTH, and B-endorphin, which are essential regulators of
melanogenesis and survival of the melanocytes. [162—166] In vitiligo involved
skin, the POMC mRNA expression level is significantly lower compared to
uninvolved skin, and the mRNA expression level of MCIR and MC4R has
decreased in involved skin comparing to uninvolved skin. However, the expres-
sion is evidently higher in uninvolved skin than in the skin of controls. [138§]
Studies from other groups showed that the aMSH level had decreased in
patients’ skin and sera. [315] The level of ACTH increased in vitiligo patients’
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skin and plasma. [316, 317] The levels of B-endorphin in patients’ plasma and
tissue fluids from skin lesions increased, which could be an attempt to maintain
the melanogenesis and number of melanocytes. [318, 319] Also, the met-
enkephalin levels increased in patients’ plasma. [160] The increased level of
POMC-derived peptides could be explained by a systemic increase while
locally the POMC expression decreased.

The decreased aMSH levels may be one of the reasons for higher in-
flammatory signals (IL1, IL6, ILS8, IL22, and TNFA) and activation of adhesion
molecules (ICAM1), as well as decreased IL10 levels in vitiligo patients. [36—
38, 41] The causes of changed POMC and its derivates and also receptor levels
may be different. In vitiligo skin the increased H,O, level leads to the oxidation
of epidermal ACTH, aMSH, and B-endorphin. In the case of B-endorphin it is
known to lose its ability to induce melanogenesis. [320] The MCIR has been
found to be expressed only in melanocytes, which explains the decrease in
lesional skin. [37, 321] B-endorphin possibly stimulates the proliferation of
melanocytes through OPRM1 [146, 147]. However, we were unable to evaluate
the possible changes in OPRM1 mRNA expression levels in the skin. Addi-
tionally, the increased expression of MCH and its receptor MCHR1 seem to
inhibit the further signal pathway of aMSH in patients’ skin. [171] Thus, the
expression pattern and activity of genes associated with the POMC system have
severely changed in the case of vitiligo pathogenesis, which may lead to the
destruction of melanocytes.

In addition to the melanocortin system, the system of another endogenous
opioid PNOC and its receptor OPRL1, have a potential role in maintaining the
normal functioning of the inflammatory mechanisms in the skin. [275, 276] In
vitiligo patients’ skin, the activation of the PNOC system may not be sufficient
to inhibit the increased inflammatory signals. [36—38] Thus, it may be a part of
a cutaneous HPA axis regulation mechanism.

The next agents in the HPA axis are glycocorticoids, which are produced by
melanocytes, fibroblast, and hair follicle keratinocytes. [107, 109] Gluco-
corticoid receptors are ligand-dependent transcription factors, which are highly
expressed in keratinocytes, fibroblasts, and Langerhans cells and less expressed
in melanocytes. [322] In vitiligo patients the cortisol levels in serum have not
changed by comparison with controls. [160] So far there is no information
about GR expression in vitiligo patients. However, glucocorticoids (corti-
costeroids) are used as immunosuppressive and anti-inflammatory agents in
vitiligo therapy and repigmentation occurs. Combined with UV therapy, it
induces the apoptosis of skin-infiltrating T cells and reduces the melanocyte
associated antigen level. [323-326] Thus, according to the available data, one
may suggest the importance of the glucocorticoid system in maintaining the
melanocytes and protecting them from potential autoimmunity, but nothing
further.

Cytokines have an important role in regulating the HPA axis. In the case of
vitiligo, the expression pattern of pro- and anti-inflammatory cytokines has
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altered. [36-38, 41] For example, the pro-inflammatory cytokine IL6, which
increases the ICAMI1 expression in melanocytes promoting melanocyte-
leukocyte interaction and thus the apoptosis of melanocytes [182]; TNFA,
which activates apoptotic pathways potentially destroying melanocytes; and
IL1, which stimulates the proliferation of CD4" and CD8" T cells and B cells.
[36] IL1, IL6, and TNFA also stimulate each other’s expression. [22, 36, 182]
The expression level of these three cytokines has increased in vitiligo patients.
[22, 36, 182] All these cytokines stimulate the HPA axis; however, it is known
that excessive activation of the classical HPA axis leads to immunosupression.
[13, 18,22, 182]

Among IL10 family cytokines, the expression of the pro-inflammatory cyto-
kines IL19, which potentially stimulate apoptosis through IL6 and TNFA, and
IL22, which initiates the innate immune system, has increased in patients’
blood. [195, 327, 328] There is no information about any associations between
these two cytokines and HPA axis regulation; thus, they may potentially stimu-
late the HPA axis through IL6, TNFA, and other mechanisms. The expression
of the anti-inflammatory cytokine IL10 decreased in patients. [41] IL10, which
inhibits the synthesis of pro-inflammatory cytokines, such as TNFA, is an
important regulator of the HPA axis. [329] In the classical HPA axis, IL10
stimulates the production of CRH and ACTH, which may possibly be similar
locally in the skin. [330]

Interferons are also important in regulating the HPA axis. The level of
IFNG, which is essential for activating both the adaptive and the innate immune
systems, has increased in vitiligo patients’ skin. [242] It has been shown that it
can inhibit and activate the HPA axis, depending on the concentration — higher
levels stimulate the HPA axis. [331, 332] The pattern is similar in the case of
IFNA and IFNB - the expression has increased in vitiligo patients, and they
both activate ACTH and cortisol synthesis in the classical HPA axis. [333-335]
Thus, assuming that in the classical and cutaneous HPA axis, the effects of dif-
ferent cytokines are similar, one might suggest that the IL-10 family cytokines,
interferons, and other pro-inflammatory cytokines all support the elevated acti-
vation of the cutaneous HPA axis in the case of vitiligo pathogenesis.

Dopamine is known to prevent excessive HPA axis activation during stress
(in the rat brain). [14] In vitiligo patients’ skin, plasma, and urine, the dopamine
level is elevated, possibly promoting the destruction of melanocytes. [34, 39,
40, 264, 292, 293] We also demonstrated that several genes associated with the
dopamine pathway, are expressed differently in vitiligo patients’ skin. Thus, if
the dopamine effect on the cutaneous HPA axis is similar to the classical dopa-
mine system, contrary to cytokines, it seems to inhibit the cutaneous HPA axis.

In vitiligo patients, the functioning of the cutaneous HPA axis (possibly the
classical HPA axis, too) is somehow altered. Although the CRH system may
have remained normal, the POMC system, which is essential for retaining
melanogenesis active and melanocytes alive [162—166] is severely shifted — this
pathway seems to be inhibited. According to the available data, the glyco-
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corticoids system appears to be functioning tolerably. The cytokines seem to
activate the HPA axis in vitiligo patients and the dopamine seems to inhibit it.
Thus, in vitiligo patients’ skin, the different mediators of the local HPA axis
appear to have taken the system out of its ordinary course. The most important
displacement, the melanocortin system, may potentially be the heart of this
digression, and the activating and inhibiting agents may attempt to restore the
normal state.
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7. CONCLUSION

In vitiligo patients, the function of the cutaneous HPA axis has deviated from
its normal state. The main inducer appears to be the changes in the
melanocortin system, and the activating (cytokines) and inhibiting (dopamine)
agents may attempt to restore the normal state of skin homeostasis.

When evaluating the possible role of the CRH-POMC system and the
associated systems (MCH, endogenous opioids) in vitiligo pathogenesis,
we found the following results:

This study identified new genes, which may possibly be related to
vitiligo pathogenesis — PNOC and its receptor OPRL1 are both
upregulated in involved vitiligo skin compared to controls. Until now,
there is no information about the POMC and PNOC derived peptides
sharing their receptors with each other. The CRH-POMC system
seems to have a major role in regulating different skin functions; it is
highly likely that PNOC is also connected to this pathogenic network.
We were able to detect PMCH mRNA in whole skin biopsies, which
has not been demonstrated before. We confirmed the previous results
about the possible involvement of the MCH system in vitiligo
pathogenesis — increased mRNA levels of PMCH in vitiligo skin and
its receptor MCHRI in uninvolved vitiligo skin may be associated
with the POMC system antagonizing mechanism and lead to
decreased melanogenesis and destruction of melanocytes.

Until now the possible associations between vitiligo and CRH and its
receptors CRHR1 and CRHR2 have not been investigated. The
present study did not establish any, direct associations between the
CRH system and vitiligo pathogenesis.

When analysing different cytokines, their receptors, and a few other
genes possibly related to the development, proliferation, and survival of
melanocytes and regulation of melanogenesis, we demonstrated the fol-
lowing:

— The present study found additional support that IL10 family cytokines

and their receptors are important in vitiligo pathogenesis — there were
significant changes in mRNA expression levels of IL20RB, IL22RA2,
IL28A4, and IL28RA in vitiligo patients’ skin and/or PBMCs compared
to controls.

This study supported our previous findings about the possible
involvement of IL22 in vitiligo — the decreased level of IL22RA2 in
the active stage vitiligo skin is unable to bind enough IL22, which
potentially leads to increased inflammation.

We found additional information that LPS stimulation has different
effects on the expression of IL10 family cytokines in the PBMCs of
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patients compared to controls. This could indicate changes in the
innate immunity system in the case of vitiligo pathogenesis.

— We found that MDM1 may be associated with vitiligo pathogenesis,
which has not been implied before. The possible involvement of IFNA
and IFNB in the induction and maintenance of vitiligo lesions was
supported by the present study. The study supplied additional
information to previous work by other research teams about the
involvement of IFNG together with ICAMI in vitiligo pathogenesis.

When evaluating the possible role of genes related to the dopamine path-

way and vitiligo pathogenesis, we found additional support that the

dopamine pathway may have an essential role in vitiligo pathogenesis:

— In addition to influencing skin processes through the melanocortin
pathway, the dopamine pathway potentially acts directly as well. In
addition to enzyme activity data, we now have evidence of mRNA
and protein expression changes in vitiligo patients’ skin in the case of
MAOA, MAOB, and DDC.

— We demonstrated the changes in the expression pattern of D1-like
family dopamine receptors in vitiligo patients’ skin and blood.

57



8. FUTURE PROSPECTS

Our present studies are mostly based on on measuring the mRNA expression
level of different genes in PBMCs and the skin. However, the mRNA profile
does not necessarily reflect the protein levels. We need to conduct also protein
studies for the IL10 family cytokines and their receptors and associated genes;
also, the genes of the endogenous opioid system should be included.

In the case of the endogenous opioids pathway, we need to observe the
PENK gene and protein expression in the future; recently it has been shown to
be associated with vitiligo pathogenesis.

In dopamine pathway studies, we measured also the protein level of some
genes in the skin and in blood sera. However, in the case of enzymes, the
activity is also an essential indicator to consider. Thus, this could also be one of
our future goals — to observe the activity of enzymes participating in the CRH-
POMC pathway, other endogenous opioids pathways, the dopamine pathway,
and the associated pathways of IL10 family cytokines.

We also would like to carry out some immunohistochemical studies with
skin and blood cells from vitiligo patients and controls. It could provide
additional information — in which cells exactly our study objects are expressed
in different conditions.

58



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

9. REFERENCES

Slominski, A. and J. Wortsman, Neuroendocrinology of the skin. Endocr Rev,
2000. 21(5): p. 457-87.

Slominski, A. and J. Pawelek, Animals under the sun: effects of ultraviolet
radiation on mammalian skin. Clin Dermatol, 1998. 16(4): p. 503-15.

Bos, 1.D., The skin as an organ of immunity. Clin Exp Immunol, 1997. 107 Suppl
1: p. 3-5.

Luger, T.A., et al., The proopiomelanocortin system in cutaneous neuroimmuno-
modulation. An introductory overview. Ann N'Y Acad Sci, 1999. 885: p. xi—xiv.
Slominski, A., et al., Melanin pigmentation in mammalian skin and its hormonal
regulation. Physiol Rev, 2004. 84(4): p. 1155-228.

Stenn, K.S. and R. Paus, Controls of hair follicle cycling. Physiol Rev, 2001.
81(1): p. 449-494.

Elias, P., et al., Origin of the epidermal calcium gradient: regulation by barrier
status and role of active vs passive mechanisms. J Invest Dermatol, 2002. 119(6):
p. 1269-74.

Zouboulis, C.C. and M. Bohm, Neuroendocrine regulation of sebocytes — a patho-
genetic link between stress and acne. Exp Dermatol, 2004. 13 Suppl 4: p. 31-5.
Chrousos, G.P., The hypothalamic-pituitary-adrenal axis and immune-mediated
inflammation. N Engl J Med, 1995. 332(20): p. 1351-62.

Aguilera, G., Corticotropin releasing hormone, receptor regulation and the stress
response. Trends Endocrinol Metab, 1998. 9(8): p. 329-36.

Grammatopoulos, D.K. and G.P. Chrousos, Functional characteristics of CRH
receptors and potential clinical applications of CRH-receptor antagonists. Trends
Endocrinol Metab, 2002. 13(10): p. 436—44.

Smith, A.I. and J.W. Funder, Proopiomelanocortin processing in the pituitary,
central nervous system, and peripheral tissues. Endocr Rev, 1988. 9(1): p. 159—
79.

Sternberg, E.M., Neuroendocrine regulation of autoimmune/inflammatory di-
sease. J Endocrinol, 2001. 169(3): p. 429-35.

Sullivan, R.M. and M.M. Dufresne, Mesocortical dopamine and HPA axis
regulation: role of laterality and early environment. Brain Res, 2006. 1076(1): p.
49-59.

van Stegeren, A.H., et al., Endogenous cortisol level interacts with noradrenergic
activation in the human amygdala. Neurobiol Learn Mem, 2007. 87(1): p. 57-66.
Saphier, D., Electrophysiology and neuropharmacology of noradrenergic projec-
tions to rat PVN magnocellular neurons. Am J Physiol, 1993. 264(5 Pt 2): p.
R891-902.

Heisler, L.K., et al., Serotonin activates the hypothalamic-pituitary-adrenal axis
via serotonin 2C receptor stimulation. J Neurosci, 2007. 27(26): p. 6956—64.
Chesnokova, V. and S. Melmed, Minireview: Neuro-immuno-endocrine modu-
lation of the hypothalamic-pituitary-adrenal (HPA) axis by gpl30 signaling
molecules. Endocrinology, 2002. 143(5): p. 1571-4.

Allan, S.M. and N.J. Rothwell, Cytokines and acute neurodegeneration. Nat Rev
Neurosci, 2001. 2(10): p. 734-44.

Auernhammer, C.J. and S. Melmed, Leukemia-inhibitory factor-neuroimmune
modulator of endocrine function. Endocr Rev, 2000. 21(3): p. 313-45.

59



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Arzt, E., gp130 cytokine signaling in the pituitary gland: a paradigm for cytokine-
neuro-endocrine pathways. J Clin Invest, 2001. 108(12): p. 1729-33.

Turnbull, A.V. and C.L. Rivier, Regulation of the hypothalamic-pituitary-adrenal
axis by cytokines: actions and mechanisms of action. Physiol Rev, 1999. 79(1): p.
1-71.

Taieb, A. and M. Picardo, Clinical practice. Vitiligo. N Engl J Med, 2009. 360(2):
p. 160-9.

Huggins, R.H., R.A. Schwartz, and C.K. Janniger, Vitiligo. Acta Dermatovenerol
Alp Panonica Adriat, 2005. 14(4): p. 13742, 144-5.

Kostopoulou, P., et al., Objective vs. subjective factors in the psychological
impact of vitiligo: the experience from a French referral centre. Br J Dermatol,
2009. 161(1): p. 128-33.

Mashayekhi, V., et al., Quality of life in patients with vitiligo: a descriptive study
on 83 patients attending a PUVA therapy unit in Imam Reza Hospital, Mashad.
Indian J Dermatol Venereol Leprol. 76(5): p. 592.

Wang, K.Y., K.H. Wang, and Z.P. Zhang, Health-related quality of life and
marital quality of vitiligo patients in China. J Eur Acad Dermatol Venereol. 25(4):
p. 429-35.

Schallreuter, K.U., D.J. Tobin, and A. Panske, Decreased photodamage and low
incidence of non-melanoma skin cancer in 136 sun-exposed caucasian patients
with vitiligo. Dermatology, 2002. 204(3): p. 194-201.

Kemp, E.H., E.A. Waterman, and A.P. Weetman, Autoimmune aspects of vitiligo.
Autoimmunity, 2001. 34(1): p. 65-77.

Ongenae, K., N. Van Geel, and J.M. Naeyaert, Evidence for an autoimmune
pathogenesis of vitiligo. Pigment Cell Res, 2003. 16(2): p. 90-100.

Rateb, A.A.E.H., et al., The role of nerve growth factor in the pathogenesis of
vitiligo. ] Egypt wom Dermatol Soc, 2004. 1(1): p. 18-24.

Boissy, R.E. and P. Manga, On the etiology of contact/occupational vitiligo.
Pigment Cell Res, 2004. 17(3): p. 208—14.

Lerner, A.B., Vitiligo. J Invest Dermatol, 1959. 32(2, Part 2): p. 285-310.

Cucchi, M.L., et al., Higher plasma catecholamine and metabolite levels in the
early phase of nonsegmental vitiligo. Pigment Cell Res, 2000. 13(1): p. 28-32.
Kingo, K., et al., Gene expression analysis of melanocortin system in vitiligo.
Journal of Dermatological Science, 2007. 48(2): p. 113-122.

Birol, A., et al., Increased tumor necrosis factor alpha (TNF-alpha) and inter-
leukin 1 alpha (ILI-alpha) levels in the lesional skin of patients with nonseg-
mental vitiligo. Int ] Dermatol, 2006. 45(8): p. 992-3.

Rétsep, R., et al., Gene expression study of IL10 family genes in vitiligo skin
biopsies, peripheral blood mononuclear cells and sera. British Journal of
Dermatology, 2008. 159(6): p. 1275-1281.

Toosi, S., S.J. Orlow, and P. Manga, Vitiligo-Inducing Phenols Activate the
Unfolded Protein Response in Melanocytes Resulting in Upregulation of IL6 and
IL8. J Invest Dermatol, 2012.

Morrone, A., et al., Catecholamines and vitiligo. Pigment Cell Res, 1992. 5(2): p.
65-9.

Salzer, B.A. and K.U. Schallreuter, Investigation of the personality structure in
patients with vitiligo and a possible association with impaired catecholamine
metabolism. Dermatology, 1995. 190(2): p. 109-15.

60



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Taher, Z.A., et al., Analysis of interleukin-10 levels in lesions of vitiligo following
treatment with topical tacrolimus. Br J Dermatol, 2009. 161(3): p. 654-9.

Kingo, K., et al., Association Analysis of Genes of the IL19 Cluster and Their
Receptors in Vitiligo Patients. Dermatology, 2010.

Roosterman, D., et al., Neuronal control of skin function: the skin as a
neuroimmunoendocrine organ. Physiol Rev, 2006. 86(4): p. 1309-79.

Kanitakis, J., Anatomy, histology and immunohistochemistry of normal human
skin. Eur J Dermatol, 2002. 12(4): p. 390-9; quiz 400-1.

Breathnach, A.S., Electron microscopy of cutaneous nerves and receptors. ]
Invest Dermatol, 1977. 69(1): p. 8-26.

Kelly, E.J., et al., Nerve fibre and sensory end organ density in the epidermis and
papillary dermis of the human hand. Br J Plast Surg, 2005. 58(6): p. 774-9.

Paus, R., T.C. Theoharides, and P.C. Arck, Neuroimmunoendocrine circuitry of
the 'brain-skin connection'. Trends Immunol, 2006. 27(1): p. 32-9.

Brain, S.D. and P.K. Moore, eds. Pain and neurogenic inflammation. Progress in
Inflammation Research, ed. M.J. Parnham1999, Birkhauser: Basel.

Vetrugno, R., et al., Sympathetic skin response: basic mechanisms and clinical
applications. Clin Auton Res, 2003. 13(4): p. 256-70.

Paus, R., et al., Neural mechanisms of hair growth control. J Investig Dermatol
Symp Proc, 1997. 2(1): p. 61-8.

Leung, M.S. and C.C. Wong, Expressions of putative neurotransmitters and
neuronal growth related genes in Merkel cell-neurite complexes of the rats. Life
Sci, 2000. 66(16): p. 1481-90.

Wang, H., et al., Production and secretion of calcitonin gene-related peptide from
human lymphocytes. J Neuroimmunol, 2002. 130(1-2): p. 155-62.

Adly, M.A., et al., Human scalp skin and hair follicles express neurotrophin-3
and its high-affinity receptor tyrosine kinase C, and show hair cycle-dependent
alterations in expression. Br ] Dermatol, 2005. 153(3): p. 514-20.

Misery, L., Langerhans cells in the neuro-immuno-cutaneous system. J Neuro-
immunol, 1998. 89(1-2): p. 83-7.

Boulais, N. and L. Misery, Merkel cells. ] Am Acad Dermatol, 2007. 57(1): p.
147-65.

Taira, K., et al., Spatial relationship between Merkel cells and Langerhans cells in
human hair follicles. J Dermatol Sci, 2002. 30(3): p. 195-204.

Gaudillere, A., et al., Intimate associations between PGP9.5-positive nerve fibres
and Langerhans cells. Br J Dermatol, 1996. 135(2): p. 343-4.

Hosoi, J., et al., Regulation of Langerhans cell function by nerves containing
calcitonin gene-related peptide. Nature, 1993. 363(6425): p. 159-63.

Halata, Z., M. Grim, and K.I. Bauman, Friedrich Sigmund Merkel and his
“Merkel cell”, morphology, development, and physiology: review and new
results. Anat Rec A Discov Mol Cell Evol Biol, 2003. 271(1): p. 225-39.

Fagan, B.M. and P.M. Cahusac, Evidence for glutamate receptor mediated
transmission at mechanoreceptors in the skin. Neuroreport, 2001. 12(2): p. 341-7.
Cahusac, P.M. and S.S. Senok, Metabotropic glutamate receptor antagonists
selectively enhance responses of slowly adapting type I mechanoreceptors.
Synapse, 2006. 59(4): p. 235-42.

Wolk, K., K. Witte, and R. Sabat, Interleukin-28 and interleukin-29: novel
regulators of skin biology. J Interferon Cytokine Res, 2010. 30(8): p. 617-28.

61



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Wolk, K., et al., Maturing dendritic cells are an important source of IL-29 and IL-
20 that may cooperatively increase the innate immunity of keratinocytes. J Leukoc
Biol, 2008.

Niebuhr, M., K. Baumert, and T. Werfel, TLR-2-mediated cytokine and chemo-
kine secretion in human keratinocytes. Exp Dermatol. 19(10): p. 873-7.
Gutowska-Owsiak, D. and G.S. Ogg, The epidermis as an adjuvant. J Invest
Dermatol, 2012. 132(3 Pt 2): p. 940-8.

Black, A.P., et al., Human keratinocyte induction of rapid effector function in
antigen-specific memory CD4+ and CD8+ T cells. Eur J Immunol, 2007. 37(6):
p- 1485-93.

Lebre, M.C., et al., Human keratinocytes express functional Toll-like receptor 3,
4, 5, and 9. J Invest Dermatol, 2007. 127(2): p. 331-41.

Ogawa, T., et al., Upregulation of the release of granulocyte-macrophage colony-
stimulating factor from keratinocytes stimulated with cysteine protease activity of
recombinant major mite allergens, Der f 1 and Der p 1. Int Arch Allergy
Immunol, 2008. 146(1): p. 27-35.

Thomas, D.S., et al., In vitro modulation of human keratinocyte pro- and anti-
inflammatory cytokine production by the capsule of Malassezia species. FEMS
Immunol Med Microbiol, 2008. 54(2): p. 203—14.

Dallos, A., et al., Effects of the neuropeptides substance P, calcitonin gene-related
peptide, vasoactive intestinal polypeptide and galanin on the production of nerve
growth factor and inflammatory cytokines in cultured human keratinocytes.
Neuropeptides, 2006. 40(4): p. 251-63.

Corrigan, C.J., et al., Allergen-induced expression of IL-25 and IL-25 receptor in
atopic asthmatic airways and late-phase cutaneous responses. J Allergy Clin
Immunol, 2011. 128(1): p. 116-24.

Little, M.C., et al., The participation of proliferative keratinocytes in the
preimmune response to sensitizing agents. Br J Dermatol, 1998. 138(1): p. 45-56.
Kerstan, A., E.B. Brocker, and A. Trautmann, Decisive role of tumor necrosis
factor-alpha for spongiosis formation in acute eczematous dermatitis. Arch
Dermatol Res, 2011. 303(9): p. 651-8.

Hirobe, T., Role of keratinocyte-derived factors involved in regulating the
proliferation and differentiation of mammalian epidermal melanocytes. Pigment
Cell Res, 2005. 18(1): p. 2—12.

Hirobe, T., M. Osawa, and S. Nishikawa, Steel factor controls the proliferation
and differentiation of neonatal mouse epidermal melanocytes in culture. Pigment
Cell Res, 2003. 16(6): p. 644-55.

Lee, A.Y., Role of keratinocytes in the development of vitiligo. Ann Dermatol,
2012. 24(2): p. 115-25.

Azuma, Y.T., et al., Interleukin-19 is a negative regulator of innate immunity and
critical for colonic protection. J Pharmacol Sci, 2011. 115(2): p. 105-11.
Wegenka, UM., IL-20: biological functions mediated through two types of
receptor complexes. Cytokine Growth Factor Rev, 2010. 21(5): p. 353-63.
Otkjaer, K., et al., The p38 MAPK regulates IL-24 expression by stabilization of
the 3' UTR of IL-24 mRNA. PLoS One, 2010. 5(1): p. e8671.

Luger, T.A., Immunomodulation by UV light: role of neuropeptides. Eur J
Dermatol, 1998. 8(3): p. 198-9.

Tobin, D.J. and S. Kauser, Hair melanocytes as neuro-endocrine sensors —
pigments for our imagination. Mol Cell Endocrinol, 2005. 243(1-2): p. 1-11.

62



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Bayerl, C., et al., Immunohistochemical characterization of HSP, alpha-MSH,
Merkel cells and neuronal markers in acute UV dermatitis and acute contact
dermatitis in vivo. Inflamm Res, 1997. 46(10): p. 409—11.

Misery, L., The neuro-immuno-cutaneous system and ultraviolet radiation.
Photodermatol Photoimmunol Photomed, 2000. 16(2): p. 78-81.

Teunissen, M.B., et al., In contrast to their murine counterparts, normal human
keratinocytes and human epidermoid cell lines A431 and HaCaT fail to express
IL-10 mRNA and protein. Clin Exp Immunol, 1997. 107(1): p. 213-23.

Slominski, A. and J. Wortsman, Self-regulated endocrine systems in the skin.
Minerva Endocrinol, 2003. 28(2): p. 135-43.

Slominski, A. and M.C. Mihm, Potential mechanism of skin response to stress. Int
J Dermatol, 1996. 35(12): p. 849-51.

Grando, S.A., Biological functions of keratinocyte cholinergic receptors. ]
Investig Dermatol Symp Proc, 1997. 2(1): p. 41-8.

Schallreuter, K.U., et al., Catecholamines in human keratinocyte differentiation. J
Invest Dermatol, 1995. 104(6): p. 953-7.

Gillbro, J.M., et al., Autocrine catecholamine biosynthesis and the beta-adreno-
ceptor signal promote pigmentation in human epidermal melanocytes. J Invest
Dermatol, 2004. 123(2): p. 346-53.

Slominski, A., et al., Serotoninergic and melatoninergic systems are fully
expressed in human skin. Faseb J, 2002. 16(8): p. 896-8.

Slominski, A., J. Wortsman, and D.J. Tobin, The cutaneous serotoninergic/
melatoninergic system: securing a place under the sun. Faseb J, 2005. 19(2):
p- 176-94.

Labrie, F., et al., Intracrinology and the skin. Horm Res, 2000. 54(5-6): p. 218—
29.

Zouboulis, C.C. and K. Degitz, Androgen action on human skin — from basic
research to clinical significance. Exp Dermatol, 2004. 13 Suppl 4: p. 5-10.

Chen, W., D. Thiboutot, and C.C. Zouboulis, Cutaneous androgen metabolism:
basic research and clinical perspectives. J Invest Dermatol, 2002. 119(5): p. 992—
1007.

Slominski, A., et al., Expression of hypothalamic-pituitary-thyroid axis related
genes in the human skin. J Invest Dermatol, 2002. 119(6): p. 1449-55.

Slominski, A.T., et al., Cutaneous expression of CRH and CRH-R. Is there a “skin
stress response system?”. Ann N'Y Acad Sci, 1999. 885: p. 287-311.
Culpepper-Morgan, J.A. and M.J. Kreek, Hypothalamic-pituitary-adrenal axis
hypersensitivity to naloxone in opioid dependence: a case of naloxone-induced
withdrawal. Metabolism, 1997. 46(2): p. 130-4.

Kosten, T.R., et al., Cortisol levels during chronic naltrexone maintenance treat-
ment in ex-opiate addicts. Biol Psychiatry, 1986. 21(2): p. 217-20.

Roloff, B., et al., Hair cycle-dependent expression of corticotropin-releasing
factor (CRF) and CRF receptors in murine skin. Faseb J, 1998. 12(3): p. 287-97.
Slominski, A., et al., The skin produces urocortin. J Clin Endocrinol Metab, 2000.
85(2): p. 815-23.

Slominski, A., et al., Cultured human dermal fibroblasts do produce cortisol. J
Invest Dermatol, 2006. 126(5): p. 1177-8.

Wiesner, B., et al., Intracellular calcium measurements of single human skin cells
after stimulation with corticotropin-releasing factor and urocortin using confocal
laser scanning microscopy. J Cell Sci, 2003. 116(Pt 7): p. 1261-8.

63



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Zbytek, B., et al., Corticotropin-releasing hormone triggers differentiation in
HaCaT keratinocytes. Br ] Dermatol, 2005. 152(3): p. 474-80.

Slominski, A., et al., Corticotropin releasing hormone and proopiomelanocortin
involvement in the cutaneous response to stress. Physiol Rev, 2000. 80(3): p. 979—
1020.

Chakraborty, A., et al., Ultraviolet B and melanocyte-stimulating hormone (MSH)
stimulate mRNA production for alpha MSH receptors and proopiomelanocortin-
derived peptides in mouse melanoma cells and transformed keratinocytes. J Invest
Dermatol, 1995. 105(5): p. 655-9.

Slominski, A., et al., CRH stimulates POMC activity and corticosterone pro-
duction in dermal fibroblasts. ] Neuroimmunol, 2005. 162(1-2): p. 97-102.
Slominski, A., et al., CRH stimulation of corticosteroids production in melano-
cytes is mediated by ACTH. Am J Physiol Endocrinol Metab, 2005. 288(4): p.
E701-6.

Slominski, A., Neuroendocrine system of the skin. Dermatology, 2005. 211(3): p.
199-208.

Ito, N., et al., Human hair follicles display a functional equivalent of the
hypothalamic-pituitary-adrenal axis and synthesize cortisol. Faseb J, 2005.
19(10): p. 1332-4.

Besedovsky, H.O. and A. del Rey, Immune-neuro-endocrine interactions: facts
and hypotheses. Endocr Rev, 1996. 17(1): p. 64-102.

Blalock, J.E., A molecular basis for bidirectional communication between the
immune and neuroendocrine systems. Physiol Rev, 1989. 69(1): p. 1-32.
Chakraborty, A.K., et al., Production and release of proopiomelanocortin
(POMC) derived peptides by human melanocytes and keratinocytes in culture:
regulation by ultraviolet B. Biochim Biophys Acta, 1996. 1313(2): p. 130-8.
Luger, T.A., et al., Cutaneous immunomodulation and coordination of skin stress
responses by alpha-melanocyte-stimulating hormone. Ann N'Y Acad Sci, 1998.
840: p. 381-94.

Birchall, N., et al., Interactions between ultraviolet light and interleukin-1 on
MSH binding in both mouse melanoma and human squamous carcinoma cells.
Biochem Biophys Res Commun, 1991. 175(3): p. 839-45.

Chakraborty, A.K., et al., UV light and MSH receptors. Ann N'Y Acad Sci, 1999.
885: p. 100-16.

Scholzen, T.E., et al., Expression of functional melanocortin receptors and
proopiomelanocortin peptides by human dermal microvascular endothelial cells.
Ann N'Y Acad Sci, 1999. 885: p. 239-53.

Scholzen, T.E., et al., Expression of proopiomelanocortin peptides and pro-
hormone convertases by human dermal microvascular endothelial cells. Ann N'Y
Acad Sci, 1999. 885: p. 444-7.

Teofoli, P., et al., Propiomelanocortin (POMC) gene expression by normal skin
and keloid fibroblasts in culture: modulation by cytokines. Exp Dermatol, 1997.
6(3): p. 111-5.

Funasaka, Y., et al., Modulation of melanocyte-stimulating hormone receptor
expression on normal human melanocytes: evidence for a regulatory role of
ultraviolet B, interleukin-lalpha, interleukin-1beta, endothelin-1 and tumour
necrosis factor-alpha. Br J Dermatol, 1998. 139(2): p. 216-24.

Kameyama, K., et al., Interferons modulate the expression of hormone receptors
on the surface of murine melanoma cells. J Clin Invest, 1989. 83(1): p. 213-21.

64



121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

Suzuki, L., et al., Binding of melanotropic hormones to the melanocortin receptor
MCIR on human melanocytes stimulates proliferation and melanogenesis.
Endocrinology, 1996. 137(5): p. 1627-33.

Picardo, M. and A. Taieb, Vitiligo. 1st ed2010, Heidelberg: Springer. 486.

van den Boorn, J.G., et al., Skin-depigmenting agent monobenzone induces potent
T-cell autoimmunity toward pigmented cells by tyrosinase haptenation and
melanosome autophagy. J Invest Dermatol. 131(6): p. 1240-51.

Kroll, T.M., et al., 4-Tertiary butyl phenol exposure sensitizes human melanocytes
to dendritic cell-mediated killing: relevance to vitiligo. J Invest Dermatol, 2005.
124(4): p. 798-806.

Jin, Y., et al., Genome-Wide Analysis Identifies a Quantitative Trait Locus in the
MHC Class Il Region Associated with Generalized Vitiligo Age of Onset. J Invest
Dermatol, 2011.

Jin, Y., et al., Genome-wide association analyses identify 13 new susceptibility
loci for generalized vitiligo. Nat Genet, 2012. 44(6): p. 676—80.

Spritz, R.A., Six decades of vitiligo genetics: genome-wide studies provide in-
sights into autoimmune pathogenesis. J Invest Dermatol, 2012. 132(2): p. 268-73.
Bulut, H., et al., Lack of association between catalase gene polymorphism (T/C
exon 9) and susceptibility to vitiligo in a Turkish population. Genet Mol Res,
2011. 10(4): p. 4126-32.

van Geel, N., et al., In vivo vitiligo induction and therapy model: double-blind,
randomized clinical trial. Pigment Cell Melanoma Res, 2011. 25(1): p. 57-65.
van Geel, N., et al., Koebner's phenomenon in vitiligo: European position paper.
Pigment Cell Melanoma Res, 2011. 24(3): p. 564-73.

Taieb, A. and M. Picardo, The definition and assessment of vitiligo: a consensus
report of the Vitiligo European Task Force. Pigment Cell Res, 2007. 20(1): p. 27—
35.

Ezzedine, K., et al., Revised classification/nomenclature of vitiligo and related
issues. the Vitiligo Global Issues Consensus Conference. Pigment Cell Melanoma
Res. 25(3): p. E1-13.

Hann, S.K., Nordlund, J. J., Vitiligo. Blackwell Science2000, Oxford.

Silva de Castro, C., et al., A pattern of association between clinical form of
vitiligo and disease-related variables in Brazilian population. Journal of
Dermatological Science, 2012. 65(1): p. 63—7.

van Geel, N.A., et al., First histopathological and immunophenotypic analysis of
early dynamic events in a patient with segmental vitiligo associated with halo
nevi. Pigment Cell Melanoma Res. 23(3): p. 375-84.

Szallasi, A., Autoradiographic visualization and pharmacological characteri-
zation of vanilloid (capsaicin) receptors in several species, including man. Acta
Physiol Scand Suppl, 1995. 629: p. 1-68.

Rozengurt, E., Convergent signalling in the action of integrins, neuropeptides,
growth factors and oncogenes. Cancer Surv, 1995. 24: p. 81-96.

Kingo, K., et al., Gene expression analysis of melanocortin system in vitiligo. J
Dermatol Sci, 2007. 48(2): p. 113-22.

Rapaka, R.S. and R.L. Hawks, Opioid peptides. Medicinal Chemistry, 1986.
NIDA Research Monograph, No 69.

Koster, A., et al., Targeted disruption of the orphanin FQ/nociceptin gene
increases stress susceptibility and impairs stress adaptation in mice. Proc Natl
Acad Sci U S A, 1999. 96(18): p. 10444-9.

65



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Meunier, J.C., et al., Isolation and structure of the endogenous agonist of opioid
receptor-like ORLI receptor. Nature, 1995. 377(6549): p. 532-5.

Tominaga, M., H. Ogawa, and K. Takamori, Possible roles of epidermal opioid
systems in pruritus of atopic dermatitis. J Invest Dermatol, 2007. 127(9): p. 2228-
35.

Bigliardi, P.L., et al., Expression of mu-opiate receptor in human epidermis and
keratinocytes. J Invest Dermatol, 1998. 111(2): p. 297-301.

Morris, J.L., Distribution and peptide content of sympathetic axons innervating
different regions of the cutaneous venous bed in the pinna of the guinea pig ear. J
Vasc Res, 1995. 32(6): p. 378-86.

Bigliardi, P.L., et al., Opioids and the skin — where do we stand? Exp Dermatol,
2009. 18(5): p. 424-30.

Kauser, S., et al., Regulation of human epidermal melanocyte biology by beta-
endorphin. J Invest Dermatol, 2003. 120(6): p. 1073-80.

Kauser, S., et al., beta-Endorphin as a regulator of human hair follicle
melanocyte biology. J Invest Dermatol, 2004. 123(1): p. 184-95.

Sharp, B.M., Multiple opioid receptors on immune cells modulate intracellular
signaling. Brain Behav Immun, 2006. 20(1): p. 9-14.

Boehncke, S., et al., Endogenous mu-opioid peptides modulate immune response
towards malignant melanoma. Exp Dermatol, 2011. 20(1): p. 24-8.

Taneda, K., et al., Evaluation of epidermal nerve density and opioid receptor
levels in psoriatic itch. Br J Dermatol, 2011. 165(2): p. 277-84.

Bigliardi-Qi, M., et al., beta-endorphin stimulates cytokeratin 16 expression and
downregulates mu-opiate receptor expression in human epidermis. J Invest
Dermatol, 2000. 114(3): p. 527-32.

Nissen, J.B., et al., Decrease in enkephalin levels in psoriatic lesions after cal-
cipotriol and mometasone furoate treatment. Dermatology, 1999. 198(1): p. 11-7.

Slominski, A.T., et al., Regulated proenkephalin expression in human skin and
cultured skin cells. J Invest Dermatol, 2010. 131(3): p. 613-22.

Nissen, J.B. and K. Kragballe, Enkephalins modulate differentiation of normal
human keratinocytes in vitro. Exp Dermatol, 1997. 6(5): p. 222-9.

Goumon, Y., et al., Characterization of antibacterial COOH-terminal pro-
enkephalin-A-derived peptides (PEAP) in infectious fluids. Importance of
enkelytin, the antibacterial PEAP209-237 secreted by stimulated chromaffin cells.

J Biol Chem, 1998. 273(45): p. 29847-56.

Kamphuis, S., et al., Role of endogenous pro-enkephalin A-derived peptides in
human T cell proliferation and monocyte IL-6 production. ] Neuroimmunol, 1998.
84(1): p. 53-60.

Metz-Boutigue, M.H., et al., Antibacterial and antifungal peptides derived from
chromogranins and proenkephalin-A. From structural to biological aspects. Adv
Exp Med Biol, 2000. 482: p. 299-315.

Tasiemski, A., et al., The presence of antibacterial and opioid peptides in human
plasma during coronary artery bypass surgery. J Neuroimmunol, 2000. 109(2): p.
228-35.

Kieffer, A.E., et al., The N- and C-terminal fragments of ubiquitin are important

for the antimicrobial activities. Faseb J, 2003. 17(6): p. 776-8.

Mozzanica, N., et al., Plasma alpha-melanocyte-stimulating hormone, beta-
endorphin, met-enkephalin, and natural killer cell activity in vitiligo. ] Am Acad
Dermatol, 1992. 26(5 Pt 1): p. 693—700.

66



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Chrousos, G.P. and P.W. Gold, The concepts of stress and stress system disorders.
Overview of physical and behavioral homeostasis. JAMA, 1992. 267(9): p. 1244—
52.

Slominski, A., et al., Cutaneous expression of corticotropin-releasing hormone
(CRH), urocortin, and CRH receptors. Faseb J, 2001. 15(10): p. 1678-93.

Zhou, C., et al., Role of corticotropin-releasing hormone and receptor in the
pathogenesis of psoriasis. Med Hypotheses, 2009.

Autelitano, D.J., et al., Hormonal regulation of POMC gene expression. Annu
Rev Physiol, 1989. 51: p. 715-26.

Licinio, J., P.W. Gold, and M.L. Wong, 4 molecular mechanism for stress-
induced alterations in susceptibility to disease. Lancet, 1995. 346(8967): p. 104—
6.

Orth, D.N., Corticotropin-releasing hormone in humans. Endocr Rev, 1992.
13(2): p. 164-91.

Sone, M., et al., Binding sites for melanin-concentrating hormone in the human
brain. Peptides, 2000. 21(2): p. 245-50.

Hoogduijn, M.J., et al., Melanin-concentrating hormone and its receptor are
expressed and functional in human skin. Biochem Biophys Res Commun, 2002.
296(3): p. 698-701.

Audinot, V., et al., SVKI4 cells express an MCH binding site different from the
MCHI or MCH?2 receptor. Biochem Biophys Res Commun, 2002. 295(4): p.
841-8.

Saito, Y., et al., Endogenous melanin-concentrating hormone receptor SLC-1 in
human melanoma SK-MEL-37 cells. Biochem Biophys Res Commun, 2001.
289(1): p. 44-50.

Kemp, E.H. and A.P. Weetman, Melanin-concentrating hormone and melanin-
concentrating hormone receptors in mammalian skin physiopathology. Peptides,
20009.

Kemp, E.H., et al., The melanin-concentrating hormone receptor 1, a novel target
of autoantibody responses in vitiligo. J Clin Invest, 2002. 109(7): p. 923-30.
Kroon, M.W., et al., Melanocyte antigen-specific antibodies cannot be used as
markers for recent disease activity in patients with vitiligo. J Eur Acad Dermatol
Venereol, 2012.

He, L., et al., A biochemical function for attractin in agouti-induced pigmentation
and obesity. Nat Genet, 2001. 27(1): p. 40-7.

Duke-Cohan, J.S., W. Tang, and S.F. Schlossman, Attractin: a cub-family pro-
tease involved in T cell-monocyte/macrophage interactions. Adv Exp Med Biol,
2000. 477: p. 173-85.

Smith, A.G., et al., Melanocortin-1 receptor signaling markedly induces the
expression of the NR4A nuclear receptor subgroup in melanocytic cells. J Biol
Chem, 2008. 283(18): p. 12564-70.

Murphy, E.P., et al., Involvement of the nuclear orphan receptor NURRI in the
regulation of corticotropin-releasing hormone expression and actions in human
inflammatory arthritis. Arthritis Rheum, 2001. 44(4): p. 782-93.

McEvoy, A.N., et al., Activation of nuclear orphan receptor NURRI transcription
by NF-kappa B and cyclic adenosine 5'-monophosphate response element-binding
protein in rheumatoid arthritis synovial tissue. J Immunol, 2002. 168(6): p. 2979—
87.

67



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Sacchetti, P., et al., Multiple signaling pathways regulate the transcriptional
activity of the orphan nuclear receptor NURRI. Nucleic Acids Res, 2006. 34(19):
p- 5515-27.

Castanet, J. and J.P. Ortonne, Pathophysiology of vitiligo. Clin Dermatol, 1997.
15(6): p. 845-51.

Honda, Y., Y. Okubo, and M. Koga, Relationship between levels of soluble
interleukin-2 receptors and the types and activity of vitiligo. J Dermatol, 1997.
24(9): p. 561-3.

Yu, H.S., et al., Alterations in IL-6, IL-8, GM-CSF, TNF-alpha, and IFN-gamma
release by peripheral mononuclear cells in patients with active vitiligo. J Invest
Dermatol, 1997. 108(4): p. 527-9.

Caixia, T., F. Hongwen, and L. Xiran, Levels of soluble interleukin-2 receptor in
the sera and skin tissue fluids of patients with vitiligo. J Dermatol Sci, 1999.
21(1): p. 59-62.

Moretti, S., et al., New insights into the pathogenesis of vitiligo: imbalance of
epidermal cytokines at sites of lesions. Pigment Cell Res, 2002. 15(2): p. 87-92.
Zailaie, M.Z., Decreased proinflammatory cytokine production by peripheral
blood mononuclear cells from vitiligo patients following aspirin treatment. Saudi
Med J, 2005. 26(5): p. 799-805.

Grimes, P.E., White patches and bruised souls: advances in the pathogenesis and
treatment of vitiligo. ] Am Acad Dermatol, 2004. 51(1 Suppl): p. S5-7.

Gallagher, G., et al., Human interleukin-19 and its receptor: a potential role in the
induction of Th2 responses. Int Immunopharmacol, 2004. 4(5): p. 615-26.
Fickenscher, H., et al., The interleukin-10 family of cytokines. Trends Immunol,
2002. 23(2): p. 89-96.

Parrish-Novak, J., et al., Interleukins 19, 20, and 24 signal through two distinct
receptor complexes. Differences in receptor-ligand interactions mediate unique
biological functions. J Biol Chem, 2002. 277(49): p. 47517-23.

Uze, G. and D. Monneron, IL-28 and IL-29: newcomers to the interferon family.
Biochimie, 2007. 89(6-7): p. 729-34.

Iwasaki, A. and B.L. Kelsall, Freshly isolated Peyer's patch, but not spleen,
dendritic cells produce interleukin 10 and induce the differentiation of T helper
type 2 cells. ] Exp Med, 1999. 190(2): p. 229-39.

Nakajima, J., et al., Human allogenic airway epithelial cell line induces lympho-
cytes to secrete interleukin 10. Transplant Proc, 1996. 28(3): p. 1861-2.

Grone, A., Keratinocytes and cytokines. Vet Immunol Immunopathol, 2002.
88(1-2): p. 1-12.

Grimes, P.E., et al., Topical tacrolimus therapy for vitiligo: therapeutic responses
and skin messenger RNA expression of proinflammatory cytokines. ] Am Acad
Dermatol, 2004. 51(1): p. 52-61.

Ritsep, R., et al., Gene expression study of IL10 family genes in vitiligo skin
biopsies, peripheral blood mononuclear cells and sera. British Journal of
Dermatology, 2008. 159(6): p. 1275-1281.

Zhang, J., et al., The — 1082A4/G polymorphism in the Interleukin-10 gene and the
risk of rheumatoid arthritis: a meta-analysis. Cytokine, 2011. 56(2): p. 351-5.
Pestka, S., et al., Interleukin-10 and related cytokines and receptors. Annu Rev
Immunol, 2004. 22: p. 929-79.

Asadullah, K., et al., IL-10 is a key cytokine in psoriasis. Proof of principle by IL-
10 therapy: a new therapeutic approach. J Clin Invest, 1998. 101(4): p. 783-94.

68



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Howell, M.D., et al., Interleukin-10 downregulates anti-microbial peptide ex-
pression in atopic dermatitis. J Invest Dermatol, 2005. 125(4): p. 738-45.

Csiszar, A., et al.,, [Increased interferon-gamma (IFN-gamma), IL-10 and
decreased IL-4 mRNA expression in peripheral blood mononuclear cells (PBMC)
from patients with systemic lupus erythematosus (SLE). Clin Exp Immunol, 2000.
122(3): p. 464-70.

Chang, C., et al., Crystal structure of interleukin-19 defines a new subfamily of
helical cytokines. J Biol Chem, 2003. 278(5): p. 3308-13.

Nagalakshmi, M.L., et al., Expression patterns of IL-10 ligand and receptor gene
families provide leads for biological characterization. Int Immunopharmacol,
2004. 4(5): p. 577-92.

Ghoreschi, K., et al., Interleukin-4 therapy of psoriasis induces Th2 responses and
improves human autoimmune disease. Nat Med, 2003. 9(1): p. 40-6.

Liao, S.C., et al., IL-19 induced Th2 cytokines and was up-regulated in asthma
patients. J Immunol, 2004. 173(11): p. 6712-8.

Wolk, K., et al., Cutting edge: immune cells as sources and targets of the IL-10
Sfamily members? J Immunol, 2002. 168(11): p. 5397-402.

Blumberg, H., et al., Interleukin 20: discovery, receptor identification, and role in
epidermal function. Cell, 2001. 104(1): p. 9-19.

Liang, S.C., et al., Interleukin (IL)-22 and IL-17 are coexpressed by Thil7 cells
and cooperatively enhance expression of antimicrobial peptides. J Exp Med,
2006. 203(10): p. 2271-9.

Wolk, K., et al., IL-22 increases the innate immunity of tissues. Immunity, 2004.
21(2): p. 241-54.

Boniface, K., et al., IL-22 inhibits epidermal differentiation and induces pro-
inflammatory gene expression and migration of human keratinocytes. J Immunol,
2005. 174(6): p. 3695-702.

Ikeuchi, H., et al., Expression of interleukin-22 in rheumatoid arthritis.: potential
role as a proinflammatory cytokine. Arthritis Rheum, 2005. 52(4): p. 1037—46.
Poindexter, N.J., et al., Cytokine induction of interleukin-24 in human peripheral
blood mononuclear cells. J Leukoc Biol, 2005. 78(3): p. 745-52.

Lebedeva, 1.V, et al., Melanoma differentiation associated gene-7, mda-7/inter-
leukin-24, induces apoptosis in prostate cancer cells by promoting mitochondrial
dysfunction and inducing reactive oxygen species. Cancer Res, 2003. 63(23):
p- 8138-44.

Ellerhorst, J.A., et al., Loss of MDA-7 expression with progression of melanoma.
J Clin Oncol, 2002. 20(4): p. 1069-74.

Sheikh, F., et al., Cutting edge: IL-26 signals through a novel receptor complex
composed of IL-20 receptor 1 and IL-10 receptor 2. J Immunol, 2004. 172(4): p.
2006-10.

Makela, S.M., P. Osterlund, and 1. Julkunen, 7LR ligands induce synergistic
interferon-beta and interferon-lambdal gene expression in human monocyte-
derived dendritic cells. Mol Immunol, 2011. 48(4): p. 505-15.

Xu, W., et al., 4 soluble class Il cytokine receptor, IL-22RA2, is a naturally
occurring IL-22 antagonist. Proc Natl Acad Sci U S A, 2001. 98(17): p. 9511-6.
Muschen, A., et al., Differential IL-10 receptor gene expression in acute versus
chronic atopic eczema. Modulation by immunosuppressive drugs and cytokines in
normal cultured keratinocytes. Inflamm Res, 1999. 48(10): p. 539-43.

69



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Yue, F.Y., et al., Interleukin-10 is a growth factor for human melanoma cells and
down-regulates HLA class-1, HLA class-1I and ICAM-1 molecules. Int J Cancer,
1997. 71(4): p. 630-7.

Michel, G., et al., Demonstration and functional analysis of IL-10 receptors in
human epidermal cells: decreased expression in psoriatic skin, down-modulation
by IL-8, and up-regulation by an antipsoriatic glucocorticosteroid in normal
cultured keratinocytes. J Immunol, 1997. 159(12): p. 6291-7.

Wang, F., et al., Prominent production of IL-20 by CD68+/CDI1c+ myeloid-
derived cells in psoriasis: Gene regulation and cellular effects. J Invest Dermatol,
2006. 126(7): p. 1590-9.

Otkjaer, K., et al., The dynamics of gene expression of interleukin-19 and
interleukin-20 and their receptors in psoriasis. Br J Dermatol, 2005. 153(5):
p- 911-8.

Brink, N., et al., Comparative quantification of IL-1beta, IL-10, IL-10r, TNFalpha
and IL-7 mRNA levels in UV-irradiated human skin in vivo. Inflamm Res, 2000.
49(6): p. 290-6.

Renauld, J.C., Class II cytokine receptors and their ligands: key antiviral and
inflammatory modulators. Nat Rev Immunol, 2003. 3(8): p. 667-76.

Badciong, J.C. and A.L. Haas, MdmX is a RING finger ubiquitin ligase capable of
synergistically enhancing Mdm?2 ubiquitination. J Biol Chem, 2002. 277(51):
p. 49668-75.

Xiong, S., et al., Synergistic roles of Mdm2 and Mdm4 for p53 inhibition in
central nervous system development. Proc Natl Acad Sci U S A, 2006. 103(9): p.
3226-31.

Stark Gr Fau — Kerr, .M., et al., How cells respond to interferons. Annu Rev
Biochem, 1998. 67(0066—4154 (Print)): p. 227-64.

Bielenberg, D.R., et al., Expression of interferon-beta is associated with growth
arrest of murine and human epidermal cells. J Invest Dermatol, 1999. 112(5):
p. 802-9.

Satomi, H., et al., Interferon-beta from melanoma cells suppresses the prolife-
rations of melanoma cells in an autocrine manner. Cytokine, 2002. 18(2): p. 108—
15.

Lu, G, et al., Interferon-alpha enhances biological defense activities against oxi-
dative stress in cultured rat hepatocytes and hepatic stellate cells. J] Med Invest,
2002. 49(3—4): p. 172-81.

Seckin, D., C. Durusoy, and S. Sahin, Concomitant vitiligo and psoriasis in a
patient treated with interferon alfa-2a for chronic hepatitis B infection. Pediatr
Dermatol, 2004. 21(5): p. 577-9.

Miller, R.L., et al., Immunomodulation as a treatment strategy for genital herpes:
review of the evidence. Int Inmunopharmacol, 2002. 2(4): p. 443-51.

Qin, X.Q., et al., Human and mouse IFN-beta gene therapy exhibits different anti-
tumor mechanisms in mouse models. Mol Ther, 2001. 4(4): p. 356—64.

Francois, D.T., et al., Examination of the inhibitory and stimulatory effects of
IFN-alpha, -beta, and -gamma on human B-cell proliferation induced by various
B-cell mitogens. Clin Immunol Immunopathol, 1988. 48(3): p. 297-306.

Passeron, T. and J.P. Ortonne, Physiopathology and genetics of vitiligo. J Auto-
immun, 2005. 25 Suppl: p. 63-8.

Kocer, B., et al., Vitiligo and multiple sclerosis in a patient treated with interferon
beta-1a: a case report. Eur J Neurol, 2009. 16(4): p. €78-9.

70



236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Cruz, AR, et al., Immune evasion and recognition of the syphilis spirochete in
blood and skin of secondary syphilis patients: two immunologically distinct
compartments. PLoS Negl Trop Dis, 2012. 6(7): p. e1717.

Leung, D.Y., et al., Human atopic dermatitis complicated by eczema herpeticum
is associated with abnormalities in IFN-gamma response. J Allergy Clin
Immunol, 2011. 127(4): p. 965-73 el1-5.

Wong, D., et al., Interferon and biologic signatures in dermatomyositis skin:
specificity and heterogeneity across diseases. PLoS One, 2012. 7(1): p. €29161.
Robak, E., et al., Proinflammatory interferon-gamma — inducing monokines
(interleukin-12, interleukin-18, interleukin-15) — serum profile in patients with
systemic lupus erythematosus. Eur Cytokine Netw, 2002. 13(3): p. 364-8.
Johnson-Huang, L.M., et al., A single intradermal injection of IFN-gamma
induces an inflammatory state in both non-lesional psoriatic and healthy skin. J
Invest Dermatol, 2012. 132(4): p. 1177-87.

Respa, A., et al., Association of IFN-gamma signal transduction defects with
impaired HLA class I antigen processing in melanoma cell lines. Clin Cancer Res,
2011.17(9): p. 2668-78.

Schoenborn, J.R. and C.B. Wilson, Regulation of interferon-gamma during innate
and adaptive immune responses. Adv Immunol, 2007. 96: p. 41-101.

Hedley, S.J., et al., Vitiligo melanocytes in long-term culture show normal
constitutive and cytokine-induced expression of intercellular adhesion molecule-1
and major histocompatibility complex class I and class II molecules. Br J
Dermatol, 1998. 139(6): p. 965-73.

Ahn, SK., et al., Immunohistochemical studies from vitiligo — comparison
between active and inactive lesions. Yonsei Med J, 1994. 35(4): p. 404—10.

al Badri, A.M., et al., Abnormal expression of MHC class Il and ICAM-1 by
melanocytes in vitiligo. J Pathol, 1993. 169(2): p. 203—6.

Lindblom, J., et al., The MC4 receptor mediates alpha-MSH induced release of
nucleus accumbens dopamine. Neuroreport, 2001. 12(10): p. 2155-8.

Beaulieu, M., R. Felder, and J.W. Kebabian, D-2 dopaminergic agonists and
adenosine 3'5"-monophosphate directly regulate the synthesis of alpha-
melanocyte-stimulating hormone-like peptides by cultured rat melanotrophs.
Endocrinology, 1986. 118(3): p. 1032-9.

Chen, C.L., F.T. Dionne, and J.L. Roberts, Regulation of the pro-opio-
melanocortin mRNA levels in rat pituitary by dopaminergic compounds. Proc Natl
Acad Sci U S A, 1983. 80(8): p. 2211-5.

Kozyreva, T.V., et al., Effects of slow and rapid cooling on catecholamine
concentration in arterial plasma and the skin. Am J Physiol, 1999. 276(6 Pt 2): p.
R1668-72.

Schallreuter, K.U., et al., Production of calecholamines in the human epidermis.
Biochem Biophys Res Commun, 1992. 189: p. 72-78.

Schallreuter, K.U., et al., Increased monoamine oxidase A activity in the
epidermis of patients with vitiligo. Arch Dermatol Res, 1996. 288(1): p. 14-8.

Le Poole, I.C., et al., Catechol-O-methyltransferase in vitiligo. Arch Dermatol
Res, 1994. 286(2): p. 81-6.

Bodei, L., et al., In vivo and in vitro detection of dopamine d2 receptors in uveal
melanomas. Cancer Biother Radiopharm, 2003. 18(6): p. 895-902.

Rampen, F., Melanoma and levodopa. ] Am Acad Dermatol, 1998. 38(5 Pt 1): p.
782-4.

71



255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Johansson, O., et al., Phenylethanolamine N-methyltransferase-like immuno-
reactivity in psoriasis. An immunohistochemical study on catecholamine
synthesizing enzymes and neuropeptides of the skin. Acta Derm Venereol, 1987.
67(1): p. 1-7.

Barbeau, A., Dopamine and disease. Can Med Assoc J, 1970. 103(8): p. 824-32.
Schallreuter, K.U., et al., Defective tetrahydrobiopterin and catecholamine
biosynthesis in the depigmentation disorder vitiligo. Biochim Biophys Acta, 1994.
1226(2): p. 181-92.

Schallreuter, K.U., et al., Decreased phenylalanine uptake and turnover in
patients with vitiligo. Mol Genet Metab, 2005. 86 Suppl 1: p. S27-33.

Kemp, E.H., et al., Autoantibodies against tyrosine hydroxylase in patients with
non-segmental (generalised) vitiligo. Exp Dermatol, 2011. 20(1): p. 35-40.
Husebye, E.S., et al., Autoantibodies against aromatic L-amino acid de-
carboxylase in autoimmune polyendocrine syndrome type I. J Clin Endocrinol
Metab, 1997. 82(1): p. 147-50.

Schallreuter, K.U., et al., Blunted epidermal L-tryptophan metabolism in vitiligo
affects immune response and ROS scavenging by Fenton chemistry, part 2:
epidermal H202/ONOO — mediated stress in vitiligo hampers indoleamine 2,3-
dioxygenase and aryl hydrocarbon receptor-mediated immune response signaling.
Faseb J, 2012. 26(6): p. 2471-85.

Schallreuter, K.U., et al., Epidermal H(2)O(2) accumulation alters tetra-
hydrobiopterin (6BH4) recycling in vitiligo: identification of a general mecha-
nism in regulation of all 6BH4-dependent processes? J Invest Dermatol, 2001.
116(1): p. 167-74.

Maresca, V., et al., Increased sensitivity to peroxidative agents as a possible
pathogenic factor of melanocyte damage in vitiligo. J Invest Dermatol, 1997.
109(3): p. 310-3.

Schallreuter, K.U., JM. Wood, and J. Berger, Low catalase levels in the epi-
dermis of patients with vitiligo. J Invest Dermatol, 1991. 97(6): p. 1081-5.
Beazley, W.D., et al., Serum selenium levels and blood glutathione peroxidase
activities in vitiligo. Br J Dermatol, 1999. 141(2): p. 301-3.

Amenta, F., et al., The dopaminergic system in hypertension. Clin Exp Hypertens,
2001. 23(1-2): p. 15-24.

Lezcano, N.E., N.A. Salvatierra, and M.E. Celis, Alpha-melanotropin hormone
inhibits the binding of [3H]SCH 23390 to the dopamine D1 receptor in vitro. Eur
J Pharmacol, 1998. 363(2-3): p. 211-5.

Nguyen-Legros, J., C. Versaux-Botteri, and P. Vernier, Dopamine receptor
localization in the mammalian retina. Mol Neurobiol, 1999. 19(3): p. 181-204.
Schorderet, M. and J.Z. Nowak, Retinal dopamine DI and D2 receptors: cha-
racterization by binding or pharmacological studies and physiological functions.
Cell Mol Neurobiol, 1990. 10(3): p. 303-25.

Burchill, S.A. and A.J. Thody, Dopaminergic inhibition of tyrosinase activity in
hair follicular melanocytes of the mouse. J Endocrinol, 1986. 111(2): p. 233-7.
Ogg, G.S., et al., High frequency of skin-homing melanocyte-specific cytotoxic T
lymphocytes in autoimmune vitiligo. J Exp Med, 1998. 188(6): p. 1203-8.

Salemi, S., et al., Detection of kappa and delta opioid receptors in skin —outside
the nervous system. Biochem Biophys Res Commun, 2005. 338(2): p. 1012-7.

72



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

Ng, E.K., et al., The concentration of circulating corticotropin-releasing hormone
mRNA in maternal plasma is increased in preeclampsia. Clin Chem, 2003. 49(5):
p- 727-31.

Kawashima, N., J. Fugate, and A.W. Kusnecov, Immunological challenge modu-
lates brain orphanin FQ/nociceptin and nociceptive behavior. Brain Res, 2002.
949(1-2): p. 71-8.

Habler, H., et al., Effects of nociceptin and nocistatin on antidromic vaso-
dilatation in hairless skin of the rat hindlimb in vivo. Br J Pharmacol, 1999.
127(7): p. 1719-27.

Waits, P.S., et al., Nociceptin/orphanin FQ modulates human T cell function in
vitro. J Neuroimmunol, 2004. 149(1-2): p. 110-20.

Hervieu, G., et al., Similarities in cellular expression and functions of melanin-
concentrating hormone and atrial natriuretic factor in the rat digestive tract.
Endocrinology, 1996. 137(2): p. 561-71.

Sa, S.M., et al., The effects of IL-20 subfamily cytokines on reconstituted human
epidermis suggest potential roles in cutaneous innate defense and pathogenic
adaptive immunity in psoriasis. ] Immunol, 2007. 178(4): p. 2229-40.

Wolk, K., et al., IL-22 and IL-20 are key mediators of the epidermal alterations in
psoriasis while IL-17 and IFN-gamma are not. ] Mol Med, 2009. 87(5): p. 523—
36.

Wei, C.C., et al., Detection of IL-20 and its receptors on psoriatic skin. Clin
Immunol, 2005. 117(1): p. 65-72.

Wolk, K., et al., IL-22 regulates the expression of genes responsible for
antimicrobial defense, cellular differentiation, and mobility in keratinocytes: a
potential role in psoriasis. Eur ] Immunol, 2006. 36(5): p. 1309-23.

Tohyama, M., et al., IL-17 and IL-22 mediate IL-20 subfamily cytokine production
in cultured keratinocytes via increased IL-22 receptor expression. Eur J Immunol,
2009. 39(10): p. 2779-88.

Witte, K., et al., Despite IFN-lambda receptor expression, blood immune cells,
but not keratinocytes or melanocytes, have an impaired response to type III
interferons: implications for therapeutic applications of these cytokines. Genes
Immun, 2009. 10(8): p. 702—14.

Adams, K.M., et al., LPS induces translocation of TLR4 in amniotic epithelium.
Placenta, 2007. 28(5-6): p. 477-81.

Bowcock, A.M. and M. Fernandez-Vina, Targeting skin: vitiligo and auto-
immunity. J Invest Dermatol, 2012. 132(1): p. 13-5.

Snyder, L.C., et al., A gene amplified in a transformed mouse cell line undergoes
complex transcriptional processing and encodes a nuclear protein. J Biol Chem,
1988.263(32): p. 17150-8.

Yin, L., et al., Systems genetic analysis of multivariate response to iron deficiency
in mice. Am J Physiol Regul Integr Comp Physiol, 2012. 302(11): p. R1282-96.
Chang, B, et al., Age-related retinal degeneration (arrd2) in a novel mouse model
due to a nonsense mutation in the Mdml gene. Hum Mol Genet, 2008. 17(24): p.
3929-41.

Yagi, H., et al., Vitiligo with raised inflammatory borders: involvement of T cell
immunity and keratinocytes expressing MHC class Il and ICAM-1 molecules. .
Eur J Dermatol Clin, 1997. 7: p. 19-22.

73



290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

Le Poole, 1.C., et al., Presence of T cells and macrophages in inflammatory
vitiligo skin parallels melanocyte disappearance. Am J Pathol, 1996. 148(4): p.
1219-28.

Shahin, Z., et al., Detection of plasma and urinary monoamines and their metabo-
lites in nonsegmental vitiligo. Acta Dermatovenerol Croat, 2012. 20(1): p. 14-20.
Chu, C.Y., et al., Dopamine-induced apoptosis in human melanocytes involves
generation of reactive oxygen species. Br ] Dermatol, 2006. 154(6): p. 1071-9.
Lin, M., et al., Apigenin attenuates dopamine-induced apoptosis in melanocytes
via oxidative stress-related p38, c-Jun NH2-terminal kinase and Akt signaling. J
Dermatol Sci, 2011. 63(1): p. 10-6.

Agrawal, D., et al., Study on the antioxidant status of vitiligo patients of different
age groups in Baroda. Pigment Cell Res, 2004. 17(3): p. 289-94.

Jain, A., et al., Study of oxidative stress in vitiligo. Indian J Clin Biochem, 2011.
26(1): p. 78-81.

Ines, D., et al., 4 comparative study of oxidant-antioxidant status in stable and
active vitiligo patients. Arch Dermatol Res, 2006. 298(4): p. 147-52.

Khan, R., et al., Circulatory levels of antioxidants and lipid peroxidation in Indian
patients with generalized and localized vitiligo. Arch Dermatol Res, 2009.
301(10): p. 731-7.

Briganti, S., et al., Anti-oxidant defence mechanism in vitiliginous skin increases
with skin type. J Eur Acad Dermatol Venereol, 2011. 10: p. Epub ahead of print.
Yildirim, M., et al., The role of oxidants and antioxidants in generalized vitiligo at
tissue level. J Eur Acad Dermatol Venereol, 2004. 18(6): p. 683—6.

Passi, S., et al., Epidermal oxidative stress in vitiligo. Pigment Cell Res, 1998.
11(2): p. 81-5.

Konda, Y., et al., Interaction of dual intracellular signaling pathways activated by
the melanocortin-3 receptor. J Biol Chem, 1994. 269(18): p. 13162—06.

Neve, K.A., J.K. Seamans, and H. Trantham-Davidson, Dopamine receptor sig-
naling. J Recept Signal Transduct Res, 2004. 24(3): p. 165-205.

Park, E.S., et al., Glutathione prevented dopamine-induced apoptosis of melano-
cytes and its signaling. J Dermatol Sci, 2007. 47(2): p. 141-9.

Sidhu, A., et al., Regulation of human D1 dopamine receptor function and gene
expression in SK-N-MC neuroblastoma cells. Neuroscience, 1999. 91(2): p. 537—
47.

Saklayen, S.S., O.S. Mabrouk, and E.A. Pehek, Negative feedback regulation of
nigrostriatal dopamine release: mediation by striatal DI receptors. J Pharmacol
Exp Ther, 2004. 311(1): p. 342-8.

Cosentino, M., et al., Human CD4+CD25+ regulatory T cells selectively express
tyrosine hydroxylase and contain endogenous catecholamines subserving an
autocrine/paracrine inhibitory functional loop. Blood, 2007. 109(2): p. 632-42.
Zouboulis, C.C., et al., Corticotropin-releasing hormone: an autocrine hormone
that promotes lipogenesis in human sebocytes. Proc Natl Acad Sci U S A, 2002.
99(10): p. 7148-53.

Slominski, A., et al., Differential expression of a cutaneous corticotropin-
releasing hormone system. Endocrinology, 2004. 145(2): p. 941-50.

Zbytek, B. and A.T. Slominski, Corticotropin-releasing hormone induces
keratinocyte differentiation in the adult human epidermis. J Cell Physiol, 2005.
203(1): p. 118-26.

74



310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

Carlson, K.W., et al., Inhibition of mouse melanoma cell proliferation by
corticotropin-releasing hormone and its analogs. Anticancer Res, 2001. 21(2A):
p- 1173-9.

Quevedo, M.E., et al., Pleiotropic effects of corticotropin releasing hormone on
normal human skin keratinocytes. In Vitro Cell Dev Biol Anim, 2001. 37(1): p.
50-4.

Miniati, A., et al., Neuro-immuno-endocrine processes in vitiligo pathogenesis.
Int J Immunopathol Pharmacol, 2012. 25(1): p. 1-7.

Slominski, A., et al., Ultraviolet B stimulates production of corticotropin
releasing factor (CRF) by human melanocytes. FEBS Lett, 1996. 399(1-2): p.
175-6.

Pisarchik, A. and A.T. Slominski, Alternative splicing of CRH-RI receptors in
human and mouse skin: identification of new variants and their differential
expression. Faseb J, 2001. 15(14): p. 2754—6.

Graham, A., W. Westerhof, and A.J. Thody, The expression of alpha-MSH by
melanocytes is reduced in vitiligo. Ann N'Y Acad Sci, 1999. 885: p. 470-3.
Pichler, R., et al., Vitiligo patients present lower plasma levels of alpha-melano-
tropin immunoreactivities. Neuropeptides, 2006. 40(3): p. 177-83.

Spencer, J.D., et al., The Ca2+-binding capacity of epidermal furin is disrupted
by H202-mediated oxidation in vitiligo. Endocrinology, 2008. 149(4): p. 1638—
45.

Caixia, T., Z. Daming, and L. Xiran, Levels of beta-endorphin in the plasma and
skin tissue fluids of patients with vitiligo. ] Dermatol Sci, 2001. 26(1): p. 62—6.
Kauser, S., et al., 4 fully functional proopiomelanocortin/melanocortin-1 receptor
system regulates the differentiation of human scalp hair follicle melanocytes.
Endocrinology, 2005. 146(2): p. 532—43.

Spencer, J.D., et al., Oxidative stress via hydrogen peroxide affects proopio-
melanocortin peptides directly in the epidermis of patients with vitiligo. J Invest
Dermatol, 2007. 127(2): p. 411-20.

Roberts, D.W., et al., Quantitative analysis of MCIR gene expression in human
skin cell cultures. Pigment Cell Res, 2006. 19(1): p. 76—89.

Serres, M., J. Viac, and D. Schmitt, Glucocorticoid receptor localization in
human epidermal cells. Arch Dermatol Res, 1996. 288(3): p. 140-6.

Parrish, J.A., et al., Photochemotherapy of vitiligo. Use of orally administered
psoralens and a high-intensity long-wave ultraviolet light system. Arch Dermatol,
1976. 112(11): p. 1531-4.

Kumari, J., Vitiligo treated with topical clobetasol propionate. Arch Dermatol,
1984. 120(5): p. 631-5.

Kao, C.H. and H.S. Yu, Comparison of the effect of 8-methoxypsoralen (8-MOP)
plus UVA (PUVA) on human melanocytes in vitiligo vulgaris and in vitro. J Invest
Dermatol, 1992. 98(5): p. 734—40.

Viac, J., et al., Effect of UVB 311 nm irradiation on normal human skin.
Photodermatol Photoimmunol Photomed, 1997. 13(3): p. 103-8.

Liao, Y.C,, et al., IL-19 induces production of IL-6 and TNF-alpha and results in
cell apoptosis through TNF-alpha. J Immunol, 2002. 169(8): p. 4288-97.

Rutz, S. and W. Ouyang, Regulation of interleukin-10 and interleukin-22 expres-
sion in T helper cells. Curr Opin Immunol, 2011. 23(5): p. 605-12.

Burger, D. and J.M. Dayer, Inhibitory cytokines and cytokine inhibitors. Neuro-
logy, 1995. 45(6 Suppl 6): p. S39-43.

75



330.

331.

332.

333.

334.

335.

Smith, EM., et al., IL-10 as a mediator in the HPA axis and brain. J Neuro-
immunol, 1999. 100(1-2): p. 140-8.

Saphier, D., Neurophysiological and endocrine consequences of immune activity.
Psychoneuroendocrinology, 1989. 14(1-2): p. 63-87.

Saphier, D., Neuroendocrine effects of interferon-alpha in the rat. Adv Exp Med
Biol, 1995. 373: p. 209-18.

Gisslinger, H., et al., Interferon-alpha stimulates the hypothalamic-pituitary-
adrenal axis in vivo and in vitro. Neuroendocrinology, 1993. 57(3): p. 489-95.
Muller, H., et al., Interferon-alpha-2-induced stimulation of ACTH and cortisol
secretion in man. Neuroendocrinology, 1991. 54(5): p. 499-503.

Nolten, W.E., et al., Effects of cytokines on the pituitary-adrenal axis in cancer
patients. J Interferon Res, 1993. 13(5): p. 349-57.

76



10. SUMMARY IN ESTONIAN

Tsutokiinide ja neuroendokriinse stisteemi
osalemine vitiliigo patogeneesis

Uldteoreetiline taust

Nahk on keha suurim organ, mis koosneb kolmest kihist: epidermisest, dermi-
sest ja hiipodermisest. Nahk on barjdériks keskkonna ja organismi sisemuse
vahel ning selle peamiseks funktsiooniks on siilitada kehas tasakaal erinevate
sisemiste ja véliste faktorite mdjuviljas. Kuna nahas asuvad ka immuunrakud ja
nirvirakud, siis lisaks fiilisilisele barjddrile kasutatakse tasakaalu siilitamiseks
sekretoorset aktiivsust, naha immuunsiisteemi ja pigmendi tootmist, samuti
vaskulaarseid ja mesenhiimaalseid komponente dermisest. Neuroendokriinsetest
telgedest iiks olulisemaid siisteemse stressi vastuse andjatest on hiipotaalamuse-
hiipofiiiisi-neerupealise telg (HPA telg), mis klassikaliselt koosneb CRH-
POMC-gliikokortikoidide signaalirajast. Kuna nahk on véimeline tootma koiki
vajalikke mediaatoreid ja vastavaid retseptoreid, siis vOib Gelda, et eksisteerib
lokaalne HPA telg. HPA telje funktsioneerimist ja aktiivsust reguleerivad eri-
nevad tsiitokiinid ja neuromediaatorid, nagu IL1, IL6, TNFA, dopamiin,
norepinefriin, serotoniin.

Vitiliigo on idiopaatiline haigus, kus seni veel tdpselt teadmata pohjustel
hivinevad melanotsiiiidid ja selle tagajirjel tekivad nahale pigmenditud laigud.
Peamised teooriad on autoimmuunne, neuraalne ja biokeemiline hiipotees.
Arvatakse ka, et vitiliigo on teatud ulatuses parilik. Vitiliigo v0ib esineda soltu-
mata soost, vanusest, rassist ning sageli koos teiste autoimmuunhaigustega.
Patsiendid kannatavad psiihholoogilise stressi all ja neil on suurenenud risk
saada nahavdhk.

Siiani on niidatud, et paljud geenid, mis osalevad lokaalse HPA telje t60s,
on vitiliigohaigetel teisiti ekspresseerunud, vorreldes kontrollidega. Meie t66-
grupp on varem ndidanud POMC siisteemi geenide ekspressiooni langemist
vitiliigohaigete nahas (nii POMC kui ka retseptorgeenid), samuti IL10 tsiito-
kiinide perekonna geenide ekspressiooni muutusi (eelpdletikulise 1122, eel-
apoptootilise 1L24 ja retseptorite alaithikute ILIORA ja IL10RB ekspressioon
kasvanud). Lisaks on kirjandusest teada teiste pSletikuliste tsiitokiinide, nagu IL1,
IL6, TNFA ning samuti dopamiini taseme tous vitiliigohaigete nahas ja veres.

Uurimustoo pohieesmargid

Peamine eesmirk oli saada lisainformatsiooni nirvisiisteemi ja immuunsiiteemi
interaktsioonidest vitiliigohaigete nahas. Tahtsime hinnata endogeensete opioi-
dide, CRH, MCH, IL10 perekonna tsiitokiinide, dopamiini raja ning nendega
seotud radade vdimalikku osalust vitiliigo patogeneesis. Kuna tdendoliselt kdik
need rajad osalevad naha HPA telje tegevuses, siis tahtsime hinnata muutusi
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HPA telje to0s vitiliigohaigetes, vorreldes kontrollidega. Selleks seadsime jarg-

mised eesmargid:

e CRH-POMC siisteemi ja nendega seotud radade (MCH ja endogeensete
opioidide siisteemi) analiilisimine vitiliigohaigete ja kontrollide nahas.
Selleks analiiiisiti 12 geeni mRNA ekspressiooni.

e JL10 perekonna tsiitokiinide ja teiste melanogeneesi ning melanotsiiiitide
kasvu ja arenguga seotud geenide analiiiis vitiliigohaigete nahas ja perifeerse
vere mononukleaarsetes rakkudes (PBMC). Selleks moodeti 12 geeni
mRNA ekspressiooni.

e Dopamiini rajaga seotud geenide analiiiisimine vitiliigohaigete veres ja nahas.
Selleks uuriti 17 geeni mRNA ja valgu ekspressiooni nahas ja vereseerumis.

Metoodika

Koigi uurimustods osalenud vitiliigo patsientide haigusvormiks oli vitiligo vul-
garis ning kuus kuud enne vere ja nahaproovide kogumist ei saanud patsiendid
ravi. Kontrollgrupis olevate indiviidide perekonnas pole teadaolevalt esinenud
vitiliigot voi teisi kroonilisi dermatoose. CRH-PMC siisteemi uuringus osales
18 wvitiliigo patsienti ja 14 kontrollindiviidi. Melanogeneesi ja melanotsiiiitide
funktsioneerimisega seotud tsiitokiinide (IL10 perekonna tsiitokiinid ja seotud
geenid) uurimustdos osales naha uuringus 15 patsienti ja 15 kontrollindiviidi
ning vere uuringus 15 patsienti ja 17 kontrollindiviidi. Dopamiini raja to0s
osales naha mRNA uuringus 27 patsienti ja 20 kontrollindiviidi, naha valgu
uuringus 6 patsienti ja 10 kontrollindiviidi ning vere valgu uuringus 14 patsienti
ja 14 kontrollindiviidi.

Naha biopsiatest ja PBMCdest mRNA ekspressiooni modtmiseks eraldati
vastavatest proovidest totaalne RNA, millest silinteesiti cDNA, mida omakorda
analiiiisiti TagMan- QRT-PCR meetodiga. Uuritavate geenide ekspressiooni
normaliseerimisel kasutati koduhoidja geeni HPRT1. Koiki proove analiiiisiti
neljas korduses ja omavahel vorreldi vitiliigohaigete kahjustatud ja kahjusta-
mata nahka ning kontrollindiviidide nahka, lisaks vitiliigohaigete ja kontrollide
PBMCdest mdddetud mRNA ekspressiooni tasemeid.

Valgu ekspressiooni moodtmiseks naha biopsia homogenaatidest ja vere
seerumist kasutati kommertsiaalseid ELISA analiitisikomplekte (uuriti DDC,
MAOA, MAOB, DRDI1 ja DRDS5 valgu taset). Omavahel vorreldi vitiliigo-
haigete kahjustatud ja kahjustamata nahka ning kontrollindiviidide nahka ning
vitiliigohaigete ja kontrollide vereseerumeid.

Tulemused

CRH-POMC siisteemi geenide ekspressiooni profiil vitiliigohaigete
nahabiopsiates

PNOC ja selle retseptori OPRLI mRNA ekspressioon oli vitiliigohaigete
kahjustatud nahas vastavalt 2,99 ja 1,83 korda kdrgem kui kontrollide nahas
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(mdlemal juhul P < 0,05). OPRLI puhul oli ekspressioon kasvanud vaid sta-
biilse vitiliigo vormiga patsientidel — erinevus 2,43 korda (P < 0,01). PMCH
ekspressioon oli kahjustamata nahas kasvanud 1,85 (P < 0,05) ja kahjustatud
nahas 5,36 korda (P < 0,01), vorreldes kontrollide nahaga. MCHRI tase oli
vitiliigohaigete kahjustamata nahas 3,57 korda kdrgem kui kahjustatud nahas.
PDYN, OPRKI, CRHRI, ATRN ja NURRI ekspressiooni tasemed ei erinenud
patsientidel ja kontrollidel. OPRDI, OPRM]I ja CRH mRNA tasemed olid liiga
madalad usaldusvéirse analiiiisi teostamiseks.

Melanotsiiiitide funktsiooni reguleerivate tsiitokiinide mRNA ekspressiooni
profiil vitiligohaigete nahabiopsiates ja perifeerse vere mononukleaarsetes
rakkudes

IL20RB mRNA ekspressioon oli vitiliigohaigete kahjustamata nahas kasvanud
1,4 korda (P < 0,01), vorreldes kontrollidega. Stabiilse vitiliigoga patsientide
kahjustatud nahas oli /L20RB tase kasvanud 1,5 korda (P < 0,05). IL20RB tase
oli vitiliigohaigete veres kasvanud 32,3 korda (P < 0,001) ja koos LPS stimu-
latsiooniga 9,6 korda (P < 0,001). LPS stimulatsioon langetas /L20RB taset
patsientide veres 4,3 korda (P < 0,001); seda ei esinenud kontrollide puhul.
IL22RA2 mRNA ekspressioon oli patsientide kahjustamata nahas 1,5 korda
(P <0,05) korgem kui kontrollide nahas. Kahjustatud nahas oli tase langenud
1,6 korda (P < 0,05), vorreldes kahjustamata nahaga — see efekt esines vaid
aktiivse vitiliigoga patsientidel. PBMCdes oli IL22RA2 tase detekteerimise
piiril ja usaldusvéérset statistilist analiilisi ei saanud teostada. /L26 ekspressioon
ei erinenud patsientide ja kontrollide nahas ning PBMCdes oli tase liiga madal
usaldusviirse analiiiisi lébiviimiseks. /L28A4, IL28B ja IL29 nahas ning /L29
tase PBMCdes oli liiga madal usaldusvaérseks analiiiisimiseks. /L28RA tase oli
vitiliigohaigete kahjustamata nahas kasvanud 1,7 korda (P < 0,01), vorreldes
kontrollidega. 7L284 mRNA tase oli LPS stimulatsiooniga patsientide
PBMCdes 1,7 korda madalam (P < 0,05) kui kontrollides. /L28B ja IL28RA
tasemed ei erinenud patsientide ja kontrollide PBMCdes. MDMI mRNA
ekspressiooni tase oli 4,2 korda kdrgem (P < 0,001) patsientide kahjustamata
nahas ja 3,0 korda korgem (P < 0,001) kahjustatud nahas, vorreldes kont-
rollidega. Veres oli MDM] tase patsientide rakkudes LPS stimulatsioonita 1,7
korda korgem (P < 0,01) ja LPS stimulatsiooniga 1,5 korda kérgem (P < 0,01).
IFNAI mRNA ekspressiooni tase nahas oli liiga madal usaldusvéérse analiiiisi
teostamiseks. Veres oli /FNAI tase 4,8 korda kérgem (P < 0,05) patsientide
rakkudes, vorreldes kontrollidega. Stabiilse vormiga haigetel oli /FNAI tase
LPS stimulatsioonita 7,3 korda kdrgem (P < 0,05) ja LPS stimulatsiooniga 9,0
korda (P < 0,01) korgem — sellist erinevust ei esinenud aktiivse vormiga
haigetel. IFNBI ekspressioon oli vitiliigohaigete kahjustamata nahas 4,5 korda
korgem (P < 0,05) ja PBMCdes 2,9 korda kdrgem (P < 0,05), vorreldes
kontrollidega. Stabiilse vormiga haigete PBMCdes oli LPS stimulatsioonite
mRNA ekspressiooni taseme kasv 3,4 kordne (P < 0,01) ja LPS stimulat-
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siooniga 3,0 kordne (P < 0,05) — sellist erinevust ei esinenud aktiivse vormiga
patsientide puhul. /JFNG mRNA tase oli patsientide kahjustatud nahas 3,9 korda
kdrgem (P < 0,05), vorreldes kontrollide nahaga. LPS stimulatsioonita oli /FNG
tase kasvanud patsientide PBMCdes 3,5 korda (P < 0,01) ja LPS stimulat-
siooniga 3,3 korda (P < 0,01), vorreldes kontrollidega. ICAM]I tase oli pat-
sientide kahjustamata nahas 1,7 korda (P < 0,01) ja kahjustatud nahas 1,4 korda
(P < 0,05) korgem kui kontrollide nahas. ICAM] tase oli stabiilse vitiliigoga
patsientide kahjustatud nahas langenud 1,7 korda (P < 0,01), vorreldes kahjusta-
mata nahaga — seda ei esinenud aktiivse vormi puhul. PBMCdes /CAM]1 tase
patsientides ja kontrollides ei erinenud.

Dopamiini rajaga seotud geenide ekspressiooni profiil vitiliigohaigete
nahabiopsiates ja vereseerumis

PAH ja TH mRNA tase oli nahas liiga madal usaldusviirse analiilisi teosta-
miseks. PCD, DBH ja PMNT mRNA ekspressioon ei erinenud patsientide ja
kontrollide nahas. DDC mRNA tase oli patsientide kahjustamata nahas 5,2
korda (P < 0,05) ja kahjustatud nahas 7,6 korda (P < 0,05) madalam kui
kontrollide nahas. GPXI tase oli stabiilse vitiliigoga patsientide kahjustatud
nahas 2,7 korda korgem (P < 0,05) kui kontrollide nahas ning stabiilse vormiga
haigetel 2,7 korda korgem (P < 0,05) kui aktiivse vormiga haigete kahjustatud
nahas. MAOA mRNA tase oli stabiilse vitiliigoga haigete kahjustamata nahas
1,8 korda koérgem (P < 0,05) kui kontrollide nahas. Kahjustatud nahas oli
erinevus kontrollidega aktiivse vitiliigoga patsientidel 2,5 kordne (P 0,001) ja
stabiilse vormiga haigetel 2,2 kordne (P < 0,05). MAOB ja COMT ekspressiooni
tasemed ei erinenud patsientide ja kontrollide nahas. DRDI ja DRD5 mRNA
ekspressiooni tase oli vitiliigohaigete kahjustamata nahas kasvanud vastavalt
4,2 (P <0,001) ja 1,9 (P < 0,01) korda. Kahjustatud nahas oli DRDI/ mRNA
tase kasvanud 3,2 korda (P < 0,05). DRD? tase ei erinenud patsientidel ja kont-
rollidel. DRD3 ja DRD4 ekspressiooni tase oli detekteerimise piiril ja usaldus-
viadrset analiiiisi ei saanud teostada. VMATI ja VMAT2 tasemed ei erinenud
patsientidel ja kontrollidel.

DDC valgu tase oli aktiivse vormiga haigetel kasvanud kahjustamata nahas
2,7 korda (P < 0,05) ja kahjustatud nahas 1,8 korda (P < 0,05). MAOA valgu
tase oli aktiivse vormiga patsientide kahjustamata nahas 2,8 korda (P < 0,05) ja
kahjustatud nahas 1,8 korda (P < 0,05) korgem kui kontrollide nahas. MAOB
valgu tase oli aktiivse vormiga patsientide kahjustamata nahas 2,7 korda
(P <0,05) ja kahjustatud nahas 2,0 korda (P < 0,05) korgem kui kontrollidel.
DRDI1 valgu tase oli aktiivse vormiga haigete kahjustamata nahas 2,6 korda
koérgem (P < 0,05) ja kahjustatud nahas 1,8 korda korgem (P < 0,05) kui kont-
rollide nahas. DRDS valgu tase oli kasvanud aktiivse vitiliigoga patsientidel 3,0
korda (P < 0,01) kahjustamata nahas ja 2,1 korda (P < 0,05) kahjustatud nahas,
vorreldes kontrollidega.
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Vereseerumis oli DDC, MAOA, MAOB ja DRDS5 valgu tase patsientidel ja

kontrollidel sarnane. DRD1 valgu tase oli patsientide seerumis 1,4 korda
(P <0,01) langenud, vorreldes kontrollidega.

Jareldused

Lokaalse HPA telje funktsioneerimine on vitiliigohaigete nahas oma normaal-
sest olekust korvale kaldunud. Peamiseks pOhjuseks néivad olevat muutused
melanokortiini rajas. HPA telje t66d aktiveerivate tsiitokiinide ja inhibeeriva
dopamiini silisteemi muutused vdivad tuleneda katsest taastada normaalne
olukord ja tasakaal.

Kéesoleva uurimustdoga leidsime, et PNOC ja OPRLI geenide ekspres-
siooni taseme kasv vitiliigohaigete kahjustatud nahas vdib viidata nende
osalusele vitiligo patogeneesis.

Suutsime esmakordselt detekteerida naha biopsiates PMCH mRNA ekspres-
siooni. Kinnitasime varasemaid tulemusi MCH osalemisest vitiligo pato-
geneesis — MCH ja MCHRI1 taseme kasv voib olla seotud POMC siisteemi
inhibeerimisega, mis viib melanogeneesi vdhenemiseni ja melanotsiiiitide
hivinemiseni.

Oma todga ei suutnud me leida otseseid seoseid CRH raja geenide ja vitiligo
patogeneesiga.

Kéesolev t60 tdestas veelkord, et IL10 perekonna tsiitokiinid on olulised
vitiliigo patogeneesis — nditasime IL20RB, IL22RA2, IL28A ja IL28RA
ekspressiooni muutusi vitiliigohaigete nahas ja/voi veres.

Saime lisakinnitust IL22 olulisele rollile vitiliigo patogeneesis — tdendoliselt
ei suuda IL22RA2 viahenenud kogus siduda piisaval hulgal 1L.22, et viltida
poletikulisi protsesse.

Tooga néaitasime veelkord, et LPS stimulatsioon mojub IL10 perekonna
tsiitokiinidele vitiliigohaigetes ja kontrollides erinevalt, mis voib viidata
vitiliigohaigete kaasasiindinud immuunsuses muutustele.

Niéitasime esmakordselt MDM1 geeni voimalikku seotust vitiliigo pato-
geneesiga. Lisaks toetasime varasemaid uuringuid IFNA ja IFNB osalusest
vitiliigo tekkes ja piisimises, samuti IFNG ja ICAMI1 osalusest vitiliigo
patogeneesis.

Kéesolev t60 andis lisakinnitust dopamiini raja voOimalikule osalusele
vitiliigo patogeneesis — vOimalik, et lisaks tasakaalu mdjutamisele 1abi
melanokortiini raja voib dopamiin olukorda nahas ka otseselt muuta. Lisaks
varasematele dopamiini raja ensiilimide aktiivuse informatsioonile on meil
niitid olemas ka mRNA ja valgu ekspressiooni andmed. Lisaks niitasime
DI-tiitipi dopamiini retseptorite perekonna geenide voimalikku osalust
vitiliigo patogeneesis.
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