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Summary 

Vitiligo is an acquired depigmenting disorder characterised by the loss of functional 

melanocytes and of melanin from the cutaneous epidermis. A role for autoimmunity 
in vitiligo pathogenesis is supported by the presence of anti-melanocyte 

autoantibodies and autoreactive T lymphocytes in patients with the disorder. 

Recently, the melanin-concentrating hormone receptor 1 (MCHRI) has been 

identified as an autoantigen in vitiligo. The aim of this study was to characterise the 

properties of MCHR1 autoantibodies. 
The epitopes on MCHR1 that are recognised by autoantibodies in vitiligo patients 

were identified using recombinant receptor in radio-binding assays. Multiple regions 

of MCHR1, including regions between amino acids 1-138 and 139-298, were 

identified as binding sites for MCHR1 autoantibodies. In addition, biopanning of a 

phage-display MCHRI cDNA fragment library with vitiligo patient immunoglobulin 

G (IgG), identified more specifically the target sites of MCHRI autoantibodies. 

A stable Chinese hamster ovary cell line expressing MCHR1 was isolated. The 

cell line clearly showed expression of the receptor by flow cytometry. Stimulation of 

the cell line with melanin-concentrating hormone (MCH) reduced forskolin- 

stimulated cyclic adenosine monophosphate levels and increased the levels of 

intracellular calcium, both indicative of MCHRI expression. 

Functional blocking of MCI-iR1 by receptor autoantibodies was investigated by 

measuring changes in intracellular calcium levels in response to MCH-stimulation of 

MCHRI-expressing cells that had been pre-incubated with vitiligo patient IgG. The 

results revealed that 10/18 (56%) of the vitiligo patient IgGs tested were able to 

block receptor function. In contrast, IgG from healthy controls and from patients 

with other autoimmune disease had no effect upon receptor function. This suggested 

that MCHR1 function blocking autoantibodies are specific to patients with vitiligo 

and are not present in patients with other autoimmune disease. 

The cell line expressing MCHR1 was also used to analyse MCHR1 

autoantibodies for any immunological activities such as complement-fixation and 

antibody-dependent cell-mediated cytotoxicity (ADCC). None of the vitiligo patient 

sera tested appeared to have MCHRI autoantibodies that were able either to fix 
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complement or mediate ADCC. This suggested that there are no such immunological 

activities against MCHR1. 

In conclusion, key findings from this study were that the MCHRI is an important 

autoantigen in vitiligo, with 56% of patients having function-blocking autoantibodies 

against the receptor, and that amino acids 1-138 and 139-298 are major epitopes for 

MCHR1 binding autoantibodies. 
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1 General Introduction 

1.1 Structure and function of the skin 

1.1.1 General skin functions 

The functions of the skin allow man to adapt to a wide variation in environment. The 

skin is a complex organ, comprising approximately one-twelfth of total body mass 

(Millington and Wilkinson 1983), and forming the boundary between the body and 

its external environment. It performs many essential functions that include the 

maintenance of internal homeostasis, protection against chemical and physical 

assault (Millington and Wilkinson 1983) and the prevention of invasion by 

pathogenic micro- and macro-organisms (Reeves and Todd 1996). 

1.1.2 Ultra-structure of the skin 

Human skin is formed of two layers, the epidermis, a cellular, avascular epithelium 

that derives from the embryonic ectoderm, and the dermis, a dense vascularised 

connective tissue arising from the embryonic mesoderm. The ultra-structure of the 

skin is summarised in Figure I. I. The cutaneous epidermis comprises a multi- 

layered epithelium, consisting mostly of keratinocytes. Five epithelial layers are 

described as follows: the basal cell layer (stratum basale), prickle cell layer (stratum 

spinosum), granular cell layer (stratum granulosum), transitional cell layer (stratum 

lucidum) and the dead squamous cell layer (stratum corneum) (Wood and Bladon 

1985). The nomenclature is based on the different morphological appearances of the 

keratinocytes according to their stage in the process of keratinisation. The innermost 

basal layer consists of a single layer of cylindrically shaped cells attached to a 

basement membrane that forms the junction between epidermis and dermis. The 

basal keratinocytes continually proliferate by mitotic division and move outwards 

through the layers undergoing subsequent differentiation, to be shed eventually at the 

exterior. The prickle cells are keratinocytes, so called because their protruding 

desmosomes filled with keratin filaments, are visible as prickles on the cell surface 

under a light microscope. Prickle cells move upwards and, as new cells are formed 
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Figure 1.1 A schematic representation of the ultra-structure of the skin. 

(Adapted from Alberts et al. 1989). 
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beneath them, they gradually change their polyhedral shape to a flatter configuration. 

As they approach the surface they take on their primary function, the production of 

the protein keratin. Above the prickle cell layer are keratinocytes in the penultimate 

stages of keratinisation. They appear granular because of the aggregation of 

keratohyaline. The transitional cells are terminally differentiated keratinocytes 

undergoing loss of their cellular contents. The outermost layer is made up of 

flattened dead keratinocytes termed squames. 

In addition to keratinocytes, the basal epithelial layer contains small numbers of 

other cell types: Merkel cells, Langerhans cells and melanocytes. Merkel cells are 

closely associated with nerve terminals of Schwann cells in the epidermis, often 

lying adjacent to hairs, and are considered to function as sensory receptors or 

transducers (Lacour et al. 1991). Langerhans cells are dendritic cells capable of 

antigen presentation. They function in the immune system by binding antigen 

molecules encountered in the skin and subsequently migrating from the epidermis to 

regional lymph nodes, where they are able to present antigen to T cells (Reeves and 

Todd 1996). Scattered between the basal cells are the pigment producing 

melanocytes that are derived embryologically from the nervous system. Under light 

microscopy they appear as clear cells between the deeply staining basal cells. With 

special staining methods, they can be shown to have dendritic processes with which 

they inject pigment granules into the surrounding keratinocytes. Melanocytes are 

responsible for the production of skin pigmentation and are discussed below. 

1.1.3 The melanocyte 

Melanocytes comprise approximately 5% of the cellular component of the 

interfollicular epidermis. Melanocytes of the skin, uveal tract, inner ear and 

leptomeninges derive from melanoblasts that originate from the embryonic neural 

crest (Rawles 1947). In contrast, the ocular melanocytes of the retinal pigment 

epithelium arise from neural endoderm as it invaginates to form the outer wall of the 

optical cup (Feeny-Burns 1980). The melanoblasts migrate into the developing 

epidermis and eventually settle in the basal epithelial layer during seven weeks of 

early human embryonic gestation period (Holbrook et al. 1989). The control of 

migration and differentiation of embryonic melanoblasts is not fully understood, but 

3 



the involvement of several genes, including c-kit proto-oncogene, pax gene and stem 

cell factor gene, and transcription factors, especially microphthalmia-associated 

transcription factor (MITF) and SOX10, has been elucidated from mouse mutants 
(Boissy and Nordlund 1995a; Ortonne and Ballotti 2000). 

Melanocytes reside in the basal epithelial layer of the interfollicular epidermis for 

the life of an individual at a density range of 1000-1500 per mm2 (Quevedo et al. 
1987). They have a roughly pyramidal morphology with numerous fine dendritic 

processes that can transfer melanin granules to surrounding keratinocytes. The 

appearance of melanocytes in culture is demonstrated in Figure 1.2. It was thought 

that melanocytes rarely proliferate or die under normal conditions. However, 

melanocytes can be induced to proliferate by stimuli such as ultraviolet (UV) light or 
during an inflammatory process. There is approximately one melanocyte per thirty- 

six keratinocytes in all races and ethnic groups in what is termed the `epidermal 

melanin unit' (Fitzpatrick et al. 1967). Differences in the rate of melanin synthesis 

(Iwata et al. 1990), the type of melanin produced (Quevedo et al. 1974) and the way 
it is distributed within keratinocytes (Szabo et al. 1988), account for the different 

appearances of skin colour between ethnic groups. 
The principal function of melanocytes is the synthesis of the pigment melanin that 

is-primarily deposited in keratinocytes of the interfollicular epidermis. The process 

of melanin synthesis is discussed in Section 1.1.4. Melanin absorbs incident UV 

light and protects the genome of dividing basal keratinocytes and melanocytes 

(Boissy and Nordlund 1995a). Furthermore, melanin effectively absorbs oxygen free 

radicals (Korytowski et al. 1987) and, therefore, might serve to protect the 

metabolically active keratinocytes from oxidative stress (Boissy and Nordlund 

1995a). In addition to their primary function of melanin synthesis, melanocytes can 

express major histocompatibility complex (MHC) class II molecules, cell adhesion 

molecules, and the Fc receptor. Moreover, they are also capable of producing several 

immunomodulatory cytokines (Zachariae et al. 1991) that assist in the maturation of 

antigen presenting cells, such as Langerhans cells, and are involved in the 

recruitment of immune infiltrates into the skin (Swope et al. 1994). Additionally, 

there is evidence to suggest that melanocytes can themselves act as antigen 

presenting cells (Le Poole et al. 1993a; Das et al. 2001). 
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Figure 1.2 Bright field image of cultured melanocytes isolated from the human 

skin (X200 magnification). 

(Provided by Miss C. Balafa and Professor S. MacNeil, Division of Clinical 

Sciences (North), University of Sheffield, UK). 
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1.1.4 Melanogenesis 

1.1.4.1 The melanosome 

In melanocytes, melanin synthesis or melanogenesis occurs in specialised organelles 

called melanosomes. The process of melanogenesis has two parts: the synthesis of 

the melanosome, the specialised organelle that carries the melanin, and the synthesis 

of the enzymes responsible for melanin synthesis. Each process occurs 

independently in the melanocyte in the smooth and rough endoplasmic reticulum, 

respectively, before convergence in the melanosome (Boissy and Nordlund 1995a). 

The melanosome is required to enclose safely the pigmentary pathway, as many of 

the intermediates are highly reactive and potentially toxic to the melanocyte 
(Pawelek et al. 1980; Urabe et al. 1994). 

1.1.4.2 Biochemistry of melanin synthesis 

For many years, the biochemistry of melanin synthesis was considered to be 

relatively simple. The biosynthetic pathways by which melanin is synthesised are 

summarised in Figure 1.3. The initial catalytic enzyme in this process is tyrosinase 

that hydroxylates the amino acid substrate tyrosine to 3,4-dihydroxyphenylalanine 

(DOPA) and then converts DOPA to DOPAquinone. Subsequently, DOPAquinone 

appears to spontaneously progress to leucoDOPAchrome and then to DOPAchrome. 

At this stage a diversion can occur. In the presence of DOPAchrome 

tautomerase/tyrosinase-related protein (TRP)-2 and divalent metal cations, 

DOPAchrome is converted to 5,6-dihydroxyindole-2-carboxylic acid (DHICA), 

which, in turn, is enzymatically oxidised by DHICA oxidase/TRP-1 to indole-5,6- 

quinone-carboxylic acid. Without the catalytic contribution of TRP-2, DOPAchrome 

can spontaneously oxidise to 5,6-dihydroxyindole (DHI) which can then be 

converted to indole-5,6-quinone by the activity of tyrosinase. Again, Pmell7/gplOO 

is involved in the conversion of indole-5,6-quinone and indole-5,6-quinone- 

carboxylic acid to eumelanin which are black and brown polymers (Boissy and 

Nordlund 1995a). 
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Figure 1.3 A diagrammatic overview of the melanin biosynthetic pathway. 

(Adapted from Boissy and Nordlund 1995a; Ortonne and Ballotti 2000) 
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A second group of pigments called phaeomelanins are yellow and red polymers 

and predominantly appear in hair. The synthesis of phaeomelanins is initiated by the 

same mechanism as eumelanins up to the production of DOPAquinone. At this point, 

a high intracellular or intramelanosomal concentration of cysteine or glutathione, 

provided by glutamyl transpeptidase/glutathione reductase, will convert 

DOPAquinone to cysteinyl DOPA and then to phaeomelanin (Mojamdar et al. 1982; 

Jimenez et al. 1986; Jara et al. 1988). This alternative pathway proceeds by largely 

unknown mechanisms to the phaeomelanins that, unlike eumelanins, are 

considerably photolabile and may produce highly cytotoxic and mitogenic free 

radicals on photo-excitation. 

Following melanin synthesis, the melanosome is transported to surrounding 
keratinocytes via the dendritic processes of the melanocyte. The keratinocytes take 

up the melanosome by endocytosis of the dendritic ends (Wolff 1973). 

1.1.4.3 Melanogenic enzymes 

Table 1.1 summarises some key melanosomal proteins and their known functions in 

melanogenesis. Tyrosinase is the rate-limiting enzyme in the melanogenesis pathway 

through its action of the hydroxylation of tyrosine to DOPAquinone (Oetting 2000). 

The presence of tyrosinase activity was first described in mammalian skin by 

Durham (Durham 1904) who also noted an absence of tyrosinase activity in the skin 

of albino animals. The tyrosinase protein is a membrane glycoprotein containing 529 

amino acids, including a signal peptide at the amino end, two copper binding sites 

and a transmembrane region at the carboxy-end (Oetting 2000). The requirement for 

two copper atoms in the catalytic site of tyrosinase is demonstrated by the expression 

of hypopigmentation in the phenotype of Menke's disease, a disorder in which 

copper transport is deficient (Ortonne and Ballotti 2000). The control of tyrosinase 

gene expression, in response to stimuli such as UV light and a-melanocyte- 

stimulating hormone (a-MSH) production, has yet to be fully elucidated, but an 

important regulatory element contained within the tyrosinase promoter has been 

identified and termed the `M' (melanocyte)-Box (Oetting 2000). The 'M'-Box is 

known to bind the family of transcription factors that include MITF (Oetting 2000). 
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Oculocutaneous albinism type (OCA)-1, characterised by a complete lack of melanin 

synthesis in the hair, eyes and skin, is an autosomal recessive disorder caused by 

mutations of the tyrosinase gene (King et al. 1995), of which more than ninety 

patients have been described (Oetting 2000). 

The tyrosinase gene family (Kwon 1993) includes two other structurally 
homologous glycoproteins: TRP-1 and TRP-2. The primary amino acid sequences 

of TRP-1 and TRP-2 are overall approximately 45% identical to that of tyrosinase 

and contain a similar signal sequence and transmembrane domain (Kwon 1993). 

However, both proteins differ significantly from tyrosinase at their carboxyl-end 
(Orlow et al. 1993) and have distinct catalytic activities. Tyrosinase-related protein-2 

acts as a DOPAchrome tautomerase, catalysing the conversion of DOPAchrome to 

DHICA (Aroca et al. 1990). The function of TRP-1 has not been determined in 

human melanogenesis, despite its role being characterised as DHICA oxidase in 

murine melanosomes (Hearing 2000). It is thought to stabilise tyrosinase activity 

(Kobayashi et al. 1994a) and mutations of TRP-1, which affect its ability to do this, 

may lead to OCA-3 (Hearing 2000). 

Pmell7 is a melanosomal matrix glycoprotein (Kobayashi et al. 1994b; Zhou et 

al. 1994) with a limited structural homology to the tyrosinase gene family proteins 

(Kwon 1993). Indeed, Pmel17 complementary DNA (cDNA) was originally isolated 

from a human melanocyte cDNA library using anti-tyrosinase antibodies (Kwon et 

al. 1991). However, the homologous regions are confined to five short regions of 

amino acids only and it is classified within its own gene family (Kwon 1993). 

Mutations at the mouse silver locus, which encodes Pmel17, result in a loss of 

melanocytes in the coat hair and subsequent silvering (Johnson and Jackson 1992). 

Similar mutations in the human Pmel17 gene, D12S53E, have been speculated to 

cause greying of human hair (Ortonne and Ballotti 2000). The Pmel17 protein is 

thought to function as a stablin, more specifically an indole-blocking factor, that 

regulates the deposition of DHI and DHICA into eumelanin (Boissy and Nordlund 

1995a). 

1.1.4.4 Control of melanogenesis 

In addition to UV light exposure, several cytokines and growth factors, including 

tumour necrosis factor-a (TNF-a), endothelin, stem cell factor and basic fibroblast 
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growth factor, are known to mediate melanogenesis (Nordlund 1998). Of particular 
importance in the control of melanogenesis are the melanotrophic peptides a-MSH 

and adrenocorticotrophic hormone (ACTH), which are synthesised in both the 

pituitary gland and locally in the human skin and which competitively bind to the 

melanocortin-1 receptor (MC-1R) on melanocytes (Thody and Graham 1998). Cell- 

signalling pathways, including the cyclic adenosine monophosphate (cyclic AMP)- 

dependent protein kinase pathway and the mitogen-activated protein (MAP) kinase 

pathway, are activated in response to a-MSH binding to MC-IR and ultimately bring 

about an up-regulation of melanogenesis (Ortonne and Ballotti 2000). 

In humans, the mechanism that controls the type of melanin synthesized by 

melanocytes (eumelanin vs phaeomelanin) has not been elucidated. The switch to 

produce eumelanin or phaeomelanin in mouse follicular melanocytes is controlled by 

the extension and the agouti loci (Barsh 1996). The former encodes MC-1R and the 

latter encodes the agouti signal protein (ASP), which acts as a competitive antagonist 

of a-MSH on MC-1R. Activation of MC-1R by a-MSH induces a significant 
increase in the intracellular cyclic AMP content of melanocytes resulting in 

increased eumelanogenesis. Agouti signal protein binds to MC-1R, thereby 

antagonising the effects of a-MSH, including the a-MSH-induced activation of 

adenylate cyclase (Ortonne and Ballotti 2000). It is well established that a-MSH 
increases the synthesis of eumelanin in human melanocytes. A human homologue 

for the mouse agouti gene has been cloned and its product functions in a similar 

manner to the mouse ASP both in vivo and in vitro. However, its physiological 
function in humans remains to be elucidated. 

1.2 Vitiligo 

1.2.1 Definition 

Vitiligo is an acquired depigmentary disorder characterised by the loss of functional 

melanocytes and of melanin from the cutaneous epidermis. Additionally, the 

disorder may affect melanocytes in the hair bulb, mucous membranes, inner ear and 

eye (Biswas et at 2003). Clinically, the disorder is typified by pigment loss from the 
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skin in circumscribed maculae that have a tendency to enlarge peripherally with 
disease progression. 

1.2.2 Prevalence 

In approximately 50% of cases vitiligo presents before the age of 20 years 
(Majumder et al. 1993). The prevalence of the disease in the world ranges from 

0.38% (Howitz et al. 1977) to 1.13% (Mehta et al. 1973) with a consensus 
prevalence of around 1% (Lerner 1971). The incidence of the disease in both sexes is 

equal. There is no preponderance of vitiligo in a particular racial skin type, although 

the disease is more visually apparent in darker skin. 

1.2.3 Inheritance and genetics 

A genetic involvement in vitiligo is supported by observations on familial 

aggregation of the disorder in over 20% of vitiligo patients (Ortonne et al. 1983; 

Majumder et al. 1993). In addition, concordance in monozygotic twins has been 

reported (Mohr 1951; Siemens 1953; Mayenburg et al. 1976; Alkhateeb et al. 2002) 

but the exact frequency of concordance has not been determined and the reporting of 

isolated cases is subject to ascertainment bias. Genetic studies of familial cases of 

vitiligo conclude that the disorder is most likely due to the action of genes at 

multiple loci (Majumder et al. 1993; Kim et al. 1998; Acros et al. 1999) and is not 

transmitted by a simple Mendelian mechanism. However, some authors propose that 

an autosomal dominant gene with variable expression and incomplete penetrance 

may be responsible (Mosher et al. 1979; Lorincz 1985). In the Smyth line chicken 

(Smyth 1989), an animal model of vitiligo, the disorder results from a genetically 

inherited defect that is expressed in the melanocytes and which appears to be 

transmitted to offspring as an autosomal recessive trait. Similarly, depigmentation in 

the mouse model C57BL/6J Ler-vit/vit results from a genetic mutation that is 

inherited as an autosomal recessive trait (Lerner et al. 1986). The mutation in the 

vit/vit mouse occurs at the microphthalmia locus that encodes MITF, and, therefore, 

interest arose in the human homologue as a susceptibility gene for vitiligo. However, 

linkage studies have proven negative (Tripathi et al. 1999) with respect to this locus. 
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1.2.3.1 Immune response related genes 

Since vitiligo may have an immune involvement (Sections 1.3.6 and 1.5), candidate 

genes include those that have a regulating role in the immune system. In particular, 

the genes of the MHC have been associated with the presence of autoimmune 
disorders (Larsen and Alper 2004). The study of MHC genes has revealed 

associations of vitiligo with certain human leukocyte antigen (HLA) specificities, 
but there is no consistent association with MHC class I or class II alleles (Table 1.2) 

and the reported relative risks have been modest. Several autoimmune disorders are 

associated with homozygous or heterozygous deficiencies of the MHC class III 

molecules complement (C) components C4 and C2 (Kahl and Atkinson 1988) and an 
increased frequency of heterozygous C4 and C2 deficiency has been found in 

patients with vitiligo (Venneker et al. 1992). 

The cytotoxic T lymphocyte antigen-4 (CTLA-4) gene encodes aT cell receptor 

that is involved in the regulation of T cell activation (Walunas et al. 1994). Several 

polymorphisms of the CTLA-4 gene are associated with autoimmune disorders such 

as Graves' disease (Kotsa et al. 1997), autoimmune hypothyroidism (Kotsa et al. 

1997), Addison's disease (Kemp et al. 1998a) and type 1 diabetes mellitus (Ide et al. 

2004). With respect to vitiligo, the 106 base pair allele of the CTLA-4 microsatellite 

polymorphism has been associated with vitiligo in patients who have at least one 

autoimmune disease in addition to their cutaneous depigmentation (Kemp et al. 

1999b). 

The autoimmune regulator (AIRS) gene encodes aT cell-specific protein that 

contains motifs indicative of a transcription factor (Heino et al. 2001; Myhre et al. 

2001) and mutations in AIRE result in autoimmune polyendocrine syndrome type 1 

(APS1), a disorder with which vitiligo can be associated (The Finnish-German 

APECED consortium 1997; Nagamine et al. 1997). However, it is unlikely that 

AIRE gene is related to the onset of vitiligo that develops independently of APS1. 

Analysis of 552 vitiligo patients and their families, with respect to polymorphic 

markers in a panel of genes encoding proteins involved in the immune response, has 

also been undertaken (McCormack et al. 2001). The genes analysed included: low 

molecular weight protein (LMP)-2 and LMP-7; transporters involved in antigen- 

processing (TAP)-1 and TAP-2; the proteosome multi-catalytic endopeptidase 
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Table 1.2 Major histocompatibility complex antigen associations with vitiligo. 

I Origin of population Number of patients Associated specificity Reference 
in study 

Slovakia 67 A2, Dw7 Buc et at 1996 

Italy 87 A30, B27, Cw6, DQw3 Finco et at 1991 

Holland 42 DR4, C4BQO Venneker et al. 1992 

Holland 50 DRB4, DQB I Zamani et at 2001 

Holland Not given Cw7, DR06 Venneker et at 1993 

Kuwait 40 B21, Cw6, DR53 Al-Fouzan et at 1995 

Oman 50 Bw6, DR7 Venkataram et at 1995 

Hungary 88 DRI, DR3 Poloy et at 1991 

USA (African) 24 DR4, DQw3 Dunston and Haider 1990 

USA (Caucasian) 48 DR4 Foley et at 1983 

USA 6 HLA-DR Le Poole et al. 2003 

Italy (Northern) 86 A3 Lorini et al. 1992 

Italy (Northern) 93 A30, Cw6, DQw3 Orecchia et al. 1992 

Morocco (Jewish) 18 B13 Metzker et al. 1980 

Yemen 16 Bw35 Metzker et al. 1980 

Germany (Northern) 102 A2, B13, Bw60 Schallreuter et al. 1993 

Germany 34 DRB 1, DQB 1 Buc et al. 1998 

Colombia 56 families D6S265, D6S276, D6S273 Arcos-Burgos et al. 2002 

Turkey 41 DRB 1 *03, DRB 1 *04, DRB 1 *07 Tastan et al. 2004 

China (Hans) 187 HLA-A*2501, HLA-A*30, Zhang et al. 2004 
HLA-B*13, HLA-B*27 
HLA-Cw*0602 
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complex-like 1; CD4; CD59; membrane cofactor protein; interleukin (IL)-1 ; IL-I 

receptor-a; TNF-a; intercellular adhesion molecule-1 (ICAM-1); co-stimulatory 

lymphocyte activation ligands CD28 and CTLA-4. Only polymorphic markers for 

LMP/TAP and CD28/CTLA-4 appeared to be positively associated with vitiligo 

susceptibility. 

A recent genome wide linkage scan of 102 white multiplex families with vitiligo 

from the USA and the UK mapped a new autoimmune susceptibility 1 (AIS1) gene, a 

locus on chromosome 1 that apparently confers susceptibility to generalized vitiligo 

(Alkhateeb et al. 2002; Fain et al. 2003; Spritz et al. 2004). In addition, Spritz et al. 

reported two more loci AIS2 and AIS3 on chromosomes 7 and 8, respectively, that 

confer susceptibility to vitiligo (Spritz et al. 2004). A European-American pedigree 

study detected a susceptibility gene SLEVI on chromosome 17 in families with 

vitiligo-related systemic lupus erythematosus (Nath et al. 2001). Subsequently, 

Spritz et al. confirmed the presence of SLEV1 on chromosome 17 in the genome 

scan of 102 vitiligo families from the UK and the USA (Spritz et al. 2004). 

1.2.3.2 Genes related to metabolism 

An association of vitiligo with mutations in the gene encoding guanosine 

triphosphate-cyclohydrolase 1 (GTP-CH. 1) has been reported (de la Fuente- 

Fernandez 1997). Sequencing of the GTP-CH 1 gene showed missense mutations in 

vitiligo families. This enzyme catalyses the initial step in 5,6,7,8- tetrahydrobiopterin 

synthesis (BH4). from guanosine triphosphate. The BH4 is an essential cofactor for 

phenylalanine and tyrosine synthesis that are involved in the production of melanin 

(Schallreuter et al. 1994a). Patients with active vitiligo have abnormalities in BH4 

and GTP-CH 1 activity compared to controls (Schallreuter et al. 1994c). 

Both case-control and family-based genetic studies of a T/C single nucleotide 

polymorphism in exon 9 of the catalase (CAT) gene demonstrated that T/C 

heterozygotes of the CAT gene are more frequent among vitiligo patients than 

controls and that the C allele is transmitted more frequently to patients than controls 

(Casp et al. 2002). The CAT gene encodes catalase that is responsible for the 

conversion of hydrogen peroxide (H202) to water (H20) and oxygen (02). A 

reduction of this enzyme and the concomitant accumulation of excess H202 have 
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been observed in the entire epidermis of vitiligo patients (Schallreuter et al. 1991; 

Schallreuter et al. 1999). An accumulation of H202 can directly oxidise BH4 to 6- 

biopterin that is toxic to melanocytes (Schallreuter et al. 1999). 

It has been demonstrated that the G/A polymorphism at codon 158 of the 

catechol-O-methyltransferase (COMI) gene leads to low activity of COMT and 

results in the development of acrofacial vitiligo (Tursen et al. 2002). Catechol-O- 

methyltransferase catalyses the O-methylation of biologically active or toxic 

catechols, that are produced at the nerve endings, and plays a major role in the 

metabolism of drugs and neurotransmitters. It has been suggested that the low 

activity of COMT might lead to an increase in O-quinones that are highly toxic to 

melanocytes (Pavel et al. 1983; Tursen et al. 2002). 

Recently, it has been found that I/D polymorphism at intron 16 of angiotensin 

converting enzyme (ACE) gene has a strong association with the development of 

vitiligo in Korean patients (Jin et al. 2004). The ACE gene encodes angiotensin 

converting enzyme which is capable of degrading neuropeptides released from 

sensory nerves in response to chemical stimuli and mechanical injury (Scholzen et 

al. 2003). In addition, it also plays an important role in the physiology of the 

vasculature, blood pressure and inflammation. The I/D polymorphism of ACE gene 

is also associated with other autoimmune diseases (Papadopoulos et al. 2000). 

1.2.3.3 Other genes 

By comparing the different gene expression levels of non-lesional melanocytes from 

vitiligo patients and control melanocytes, a novel candidate gene `VITI' has been 

found which is associated with vitiligo (Le Poole et al. 2001). The VITI-encoded 

protein contains an amino acid sequence that is identical to a putative zinc-finger 

motif, found in N-recognin, which is involved in the degradation of cellular proteins 

(Kwon et al. 1998). The authors, therefore, suggest that the VITI-encoded protein 

might be involved in protein degradation and reduced VIT1 expression, as found in 

vitiligo patient melanocytes, might help to explain protein accumulation leading to 

dilated endoplasmic reticulum profiles, a hallmark of vitiligo pigment cells (Le 

Poole et al. 2001). 
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A high frequency of the A allele of G/A polymorphism in codon 274 of MC-IR 

gene and the G allele of G/A polymorphism in codon 8818 of ASP gene has been 

found in vitiligo patients compared to controls but the study could not able to find 

any statistically significant association of these polymorphisms with vitiligo (Na et 

al. 2003). 

A study involving 552 vitiligo patients and their families, examined polymorphic 

markers in a panel of twenty-four candidate genes that might confer susceptibility to 

vitiligo (McCormack et al. 2001). The genes analysed in this study included those 

encoding tyrosinase, TRP-1, TRP-2, tyrosine hydroxylase, phenylalanine 
hydroxylase, GTP-CH 1, the transcription factor nuclear factor 1, and two genes 
involved in melanocyte embryogenesis, kit and pax3. No association was found 

between any of these genes involved in melanocyte function and an increased risk of 

vitiligo. 

1.2.4 Pathology 

Affected skin shows a loss of melanin and a decrease in the number of melanocytes 

in the epidermis when compared to normal skin (Figures 1.4 a and b). Electron 

microscopic analysis and immunohistochemical studies of vitiligo lesions using a 

variety of monoclonal and polyclonal antibodies confirm the degeneration of 

melanocytes and also the presence of abnormal keratinocytes (Moellmann et al. 

1982; Le Poole et al. 1993b). In peri-lesional areas, abnormal pigment cells are seen 

that are fragmented, grossly enlarged or show the appearance of vacuoles (Le Poole 

et al. 1993b). In addition, in the peri-lesional regions of inflammatory vitiligo, a 

lymphocytic infiltrate can be identified in the -basal layer of the epidermis in 

proximity to the melanocytes (Bleehan, 1979). It has also been reported that the 

epidermis of vitiligo lesions has reduced thioredoxin reductase activity (Schallreuter 

et al. 1987), defective calcium uptake (Schallreuter and Pittelkow 1988), low 

catalase activity (Schallreuter et al. 1991) and high expression of ß-adrenoreceptors 

(Schalireuter et al. 1992). 
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Figure 1.4 (a) Melanocytes in normal cutaneous epidermis. Photomicrograph 

showing a whole mount of a sheet of epidermis from normal 

skin, spread upon a slide and viewed from the underside. The epidermis 

was separated from the dermis by the generation of a suction blister. 

The epidermal sheet was then incubated with DOPA that selectively stains 

melanocytes brown (X300). 

(b) Melanocytes in the cutaneous epidermis of a vitiligo patient. 

Photomicrograph of a whole mount of a sheet of epidermis from an 

area of vitiligo skin, spread upon a slide and viewed from the 

underside. The epidermis was separated from the dermis by the 

generation of a suction blister. The epidermal sheet was then 

incubated with DOPA that selectively stains melanocytes brown (X300). 

Melanocytes are observed at a much lower density in the vitiligo skin than in the 

normal skin. 

(Provided by Professor D. J. Gawkrodger, Royal Hallamshire Hospital, Sheffield, 

UK). 
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1.2.5 Clinical features 

Vitiligo can be classified by the extent and distribution of cutaneous depigmentation. 

There are five main disease categories: generalised or symmetrical, segmental, focal, 

acrofacial and universal (Kovacs 1998). Generalised or symmetrical type vitiligo is 

the most common presentation with a bilateral, symmetrical depigmentation of the 

face (especially peri-orificial areas), neck, torso and the extensor surfaces or bony 

-prominences of the hands, wrist and legs. Segmental vitiligo has a dermatomal, 

asymmetrical distribution of depigmentation, usually with one or more macules in 

one area of the body. This type of vitiligo often begins in childhood, is rarely 

associated with autoimmune disorders and has stable results after autologous 

grafting. In contrast, symmetrical vitiligo has a later age of onset, is frequently 

associated with autoimmunity and has unstable results with autologous grafting. 
These contrasts have lead to the speculation that symmetrical and segmental vitiligo 

represent two quite separate disease manifestations (Kovacs 1998; Taieb 2000). 

Focal type vitiligo is localised and non-dermatomal in distribution, whereas 

acrofacial vitiligo is characterised by depigmentation of the distal fingers and facial 

orifices only, the latter being in a circumferential pattern. Finally, patients with 

universal vitiligo exhibit a loss of pigment over the entire body surface, a type of 

vitiligo that occurs rarely. The two most common clinical presentations are 

segmental and symmetrical vitiligo and these are shown in Figures 1.5 a. and b, 

respectively. 
Trichrome, inflammatory, and occupational vitiligo represent unusual forms of 

the disease. Trichrome vitiligo involves macules in which there are areas of both 

complete and partial loss of pigment, forming a pattern of varying hues between the 

affected and non-affected skin (Fitzpatrick 1964; Gawkrodger 1998). Uniquely, 

areas of normally pigmented skin adjacent to an area of vitiligo may become 

hyperpigmented (Gawkrodger . 1998). Inflammatory vitiligo is characterised by 

actively spreading lesions that are inflamed, presenting a raised erythematosus peri- 

lesional border (Grab and Wise 1948; Le Poole et al. 1996). Chemically induced 

occupational vitiligo can occur in workers exposed to compounds such as catechols, 

phenols, hydroquinone and monobenzene. The depigmentation is usually confined to 

the parts of the body exposed to the chemical, e. g. the hands and forearms, but can 
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Figure 1.5 (a) Segmental vitiligo affecting one side of the neck. 
(Provided by Professor A. P. Weetman, Division of Clinical Sciences 

(North), University of Sheffield, UK). 

(b) Symmetrical vitiligo on the dorsal aspects of the hands. 

(Provided by Professor D. J. Gawkrodger, Royal Hallamshire 

Hospital, Sheffield, UK). 
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arise in areas distant from the original point of contact, suggestive of systemic 

exposure through percutaneous adsorption, inhalation or ingestion. Some of the 

compounds shown to cause depigmentation in occupational vitiligo are now 

specifically used in depigmenting therapies in idiopathic vitiligo. 
In addition to the disease categories described by the distribution of vitiliginous 

skin, a three-grade pathological staging system corresponding to depletion of the 

melanocytes has been proposed by Gauthier (Gauthier 1994). In this classification 

scheme, grade I vitiligo exhibits only a partial depletion in epidermal melanocytes 

and results in the possibility of repigmentation, without a follicular pattern, after 

phototherapy treatment. Grade II vitiligo has complete depletion of the epidermal 

melanocytes and corresponds to a follicular pattern of repigmentation, in which 

melanocytes have migrated from the follicular reservoir to replace the absent 

epidermal melanocytes, after phototherapy treatment. Grade III vitiligo is 

characterised by a total depletion of both epidermal and follicular melanocytes and 

patients at this stage do not respond to medical therapy. More recently, a vitiligo 
disease activity score has been proposed which measures disease activity in relation 

to time, as assessed by the patient (Njoo et al. 1999). 

Although vitiligo may be considered a relatively minor disorder, the 

psychological effects can be considerable, particularly in those with racially darkly 

pigmented skin in whom the appearance of the lesions is more marked. Detrimental 

feelings of stress, embarrassment or self-consciousness when in contact with 

strangers, perception of discrimination and low self-esteem are common, especially 

in patients with visible lesions (Porter et al. 1986; Porter et al. 1990; Kent and 

A1'Abadie 1996). 

1.2.6 Associated disorders 

Vitiligo is frequently associated with other autoimmune disorders including 

autoimmune thyroid disease, type 1 diabetes mellitus, alopecia areata, pernicious 

anaemia, Addison's disease, autoimmune polyendocrine syndromes and other 
disease conditions and rare syndromes (Table 1.3). Patients with vitiligo are more 
likely to suffer from an autoimmune condition than those in the general population. 
Autoimmune thyroiditis, for example, has a prevalence of up to 30% in vitiligo 
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Table 1.3 Association of vitiligo with autoimmune and other disorders. 

Disorder 

Thyroid disease 

Type 1 diabetes mellitus 
Addison's disease 

Systemic lupus erythematosus 
Alopecia areata 

Myasthenia gravis 

Pernicious anaemia 

Rheumatoid arthritis 
Sarcoidosis 

Chronic active hepatitis 

Vogt-Koyanagi-Harada syndrome 

Autoimmune polyendocrine syndromes 
Psoriasis 

Lichen planus 

Reference 

Grimes et al. 1983; Shong and Kim 

1991; Schallreuter et al. 1994b; Hegedus 

et al. 1994; Barnadas et al. 2000; Dervis 

et al. 2004; Kurtev and Dourmishev 

2004 

Gould et al. 1985 

Mulligan and Sowers 1985 

Mihailova et al. 1999 

Grimes et al. 1983; Sharma et al. 1996 

Tan 1974 

Howitz and Schwartz 1971; Abraham et 

al. 1993; Barnadas et al. 2000 

Abraham et al. 1993 

Barnadas et al. 2000; Terunuma et al. 

2000 

Sacher et al. 1990 

Okada et al. 1996; Tsuruta et al. 2001 

Ahonen et at. 1990 

Dhar and Malakar 1998; Hwang et al. 

1998; Sandhu et al. 2004 

Anstey and Marks 1993; Rubisz- 

Brzezinska et al. 1996 

(Adapted from Ongenae et at 2003) 
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patients (Cunliffe et al. 1968), a figure that is significantly higher than that of 1% as 

reported in the general population (Turnbridge et al. 1977). Autoimmune gastritis, 

pernicious anaemia, alopecia areata and type 1 diabetes mellitus are also found more 

commonly in vitiligo patients compared with normal subjects with frequencies of 

15%, 5.3%, 16% and 7.2%, respectively (Cunliffe et al. 1968; Turnbridge et al. 

1977; Zauli et al. 1986). In addition, circulating organ-specific autoantibodies, 

particularly to the thyroid, adrenal glands and gastric parietal cells, are commonly 
detected in the sera of vitiligo patients (Brostoff et al. 1969; Betterle et al. 1976; 

Mandry et al. 1996). 

Halo naevi, areas of depigmentation seen surrounding a melanocytic naevus or 

`mole', may be associated with vitiligo and sometimes pre-date the onset of the 

disorder (Lerner 1971). Premature greying of the hair (canities) may also be found in 

patients with vitiligo (Nordlund et al. 1981). Vitiligo can affect all active 

melanocytes, including those of the retinal pigment epithelium and uveal tract of the 

eye and the scala vestibuli of the inner ear, which may lead to ocular abnormalities 

such as iris, conjunctival and chorioretinal depigmentation and uveitis (Albert et al. 

1979; Cowan et al. 1986) or auditory problems including hearing impairment in the 

2-8 kHz range (Thurmon et al. 1976; Tosti et al. 1986; Tosti et al. 1987). The 

combination of vitiligo with uveitis, auditory anomalies, neurological involvement 

and canities is known as the Vogt-Koyanagi-Harada (VKH) syndrome (Barnes 

1988). It has been proposed that VKH syndrome may represent a systemic 

manifestation of vitiligo, since the neurological involvement may also result from 

melanocyte destruction in the leptomeninges of the brain (Kovacs 1998). 

1.2.7 Treatment 

Since the aetiology of vitiligo is not yet understood, there are no effective treatments 

available to correct the basic defects that lead to the destruction of melanocytes. 

Current therapies can be categorised as medical or surgical and these are summarised 

in Table 1.4. Medical therapies include topical steroids and phototherapy and 

surgical treatments include various forms of melanocyte grafts and tattooing. On- 

going psychological support is also important, particularly for patients who have 

suffered serious psychological affects or social stigma as a result of the disease. 
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Table 1.4 Therapies for vitiligo. 

Treatment Reference 

I. MEDICAL TREATMENTS 

Cosmetic modalities Kovacs 1998 
Corticosteroids (topical or systemic) Boissy and Nordlund 1995b; 

Gawkrodger 1998; Kovacs 1998; 
Parsad et al. 2004 

Calcineurin antagonists Hartmann et aL 2004 

Tacrolimus (topical immunomodulator) Grimes et al. 2002; Tanghetti 2003; 
Lepe et al. 2003; Castanedo- 
Cazares et al. 2003; Grimes et al. 
2004 

Psoralen (topical or systemic) and ultraviolet A (PUVA) Boissy and Nordlund 1995b; 
Gawkrodger 1998; Kovacs 1998 

Khellin (topical or systemic) with ultraviolet A or natural Gawkrodger 1998 

sunlight 

Phenylalanine (topical or systemic) with ultraviolet A Kovacs 1998 

Topical pseudocatalase with ultraviolet B Gawkrodger 1998 

Oral antioxidants (e. g. vitamin E acetate; selenio-methionine) Gawkrodger 1998 

5-Fluorouracil (topical) Kovacs 1998 

Depigmentation with monobenzyl ether of hydroquinone Kovacs 1998 

II. SURGICAL TREATMENTS 

Epidermal grafting Boissy and Nordlund 1995b; 
Kovacs 1998 

Punch grafting Agarwa12004 

Autologous minigrafts Boissy and Nordlund 1995b; 
Kovacs 1998 

Transplantation of cultured epidermis Boissy and Nordlund 1995b; 
Kovacs 1998 

Transplantation of non-cultured melanocytes Boissy and Nordlund 1995b; 
Kovacs 1998 

Tattooing Boissy and Nordlund 1995b 
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Steroids, both systemic and topical, have been used extensively to treat vitiligo by 

inducing repigmentation in affected areas of skin. However, since treatment might 

need to be continued for many months, systemic steroids are not usually appropriate 
because of their numerous side effects. Topically applied steroids avoid systemic 

toxicity (Boissy and Nordlund 1995b) and can be useful in children under the age of 

10 years or for those patients with limited depigmentation. 

Psoralen in combination with exposure to UV-A light (PUVA) in the 320-400 nm 

spectra is the most common treatment for vitiligo (Boissy and Nordlund 1995b). The 

molecular mechanism involved in PUVA-induced repigmentation has confirmed that 

the re-colonising melanocytes are derived from pigment cells reservoirs in hair 

follicles (Cui et al. 1991). In addition, it has been proposed that PUVA treatment 

may stimulate the production of melanocyte growth factors and may deplete vitiligo- 

associated antigen expression on melanocytes thus blocking the binding of specific 

autoantibodies (Kao and Yu 1992). Furthermore, it has been shown that PUVA 

therapy depletes epidermal Langerhans cells in vivo which may reduce 

immunological responses against pigment cells in vitiligo skin (Kao and Yu 1992). 

The observation that the cutaneous epidermis in vitiligo lesions has low levels of 

catalase activity and defective catecholamine metabolism, led to the development of 

pseudocatalase (Schallreuter et al. 1995). Vitiligo patients treated with a 

pseudocatalase cream, that also received UV-B and a topical calcium preparation, 

were reported to show complete repigmentation of the face and dorsa of the hands in 

90% of cases (Schallreuter et al. 1995). 

If topical steroids or PUVA treatments fail to induce repigmention, surgical 

alternatives exist. However, because of the time consuming nature of surgical 

therapies, these procedures are most often limited to segmental or localised vitiligo, 

although they can be successful in generalised vitiligo (Kovacs 1998). Surgical 

modalities are only considered in the case of inactive and non-progressive disease. 
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1.3 Theories of vitiligo aetiology 

The aetiology of vitiligo is unknown and it is possible that there may be more than 

one mechanism involved in the cause of the disorder. Various theories have been put 

forward to explain the destruction of melanocytes in vitiligo and the main hypotheses 

are: - 

i. Autoimmune effects that destroy melanocytes 
ii. Neurochemical-mediated effects on melanocytes 
iii. Self-destruction of melanocytes due to an intrinsic melanocyte defect 

In addition to the above separate theories, a convergence theory states that 

psychological stress, the accumulation of toxic compounds, infection, autoimmunity, 

an inherent genetic predisposition (Section 1.2.3), mechanical stress injury and 

impaired melanocyte migration and/or proliferation can all contribute to vitiligo 

pathogenesis in varying proportions (Le Poole et al. 1993c; Taieb 2000). 

1.3.1 Psychological stress 

Many vitiligo patients report that their vitiligo lesions first appeared or expanded 

under conditions of extreme stress (Lerner 1959; Papadopoulos et al. 1999). Stress 

induces an increase in the production of catecholamines, the possible influences of 

which on the destruction of melanocytes are described in Table 1.5. 

1.3.2 Physical stress (Koebner's phenomenon) 

Vitiligo maculae may appear at the site of mechanical stress or friction injury to the 

skin (Taieb 2000). Gauthier demonstrated that the distribution of vitiligo lesions 

commonly correlates to areas of the body subjected to the most mechanical stresses 

(Gauthier 1996). It has been reported. that there is some correlation between the 

activity of non-segmental vitiligo and the presence of experimentally-induced 
Koebner's phenomenon (Njoo et al. 1999). 
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1.3.3 Infections 

It is possible that infections can result in melanocyte destruction by triggering an 

immune response leading to vitiligo in some patients. The melanocyte may be 

destroyed as a result of harbouring an infectious agent or because it exposes antigens 

similar to a micro-organism to immune surveillance (Le Poole et aL 1993c). 

Vitiligo-like hypopigmentation has been reported in some infectious diseases such as 

leprosy (Shegan 1971), candidiasis (Howanitz et al. 1981) and acquired 
immunodeficiency syndrome (Ivker et al. 1994). Cytomegalovirus DNA was found 

in skin biopsies in 11 out of 29 patients with vitiligo, with particular prominence in 

biopsy specimens of active lesions (Grimes et al. 1996), and has, therefore, been 

suggested as a trigger for vitiligo. 

1.3.4 Neuronal hypothesis 

Neurochemical-mediated effects on melanocytes would explain the often 

symmetrical distribution of vitiligo lesions or the dermatomal pattern of segmental- 

type vitiligo (Lerner 1959). Indeed, immunohistochemical studies of lesional and 

perilesional vitiligo skin have demonstrated abnormalities in the levels of skin 

neuropeptides. It has been reported that 5 of 10 patients with symmetrical type 

vitiligo had increased levels of neuropeptide Y in the margins of vitiligo lesions and 

those with active disease also had elevated neuropeptide Y within lesional skin 

(Al'Abadie et al. 1994). In addition, the number of nerve fibres immunoreactive to 

nerve growth factor (NGF) and calcitonin gene-related peptides has been shown to 

be increased in vitiligo lesions compared to the uninvolved and control skin (Liu et 

al. 1996). The secretion of both NGF and calcitonin gene-related peptide is thought 

to influence normal melanocyte function (Yaar et al. 1991; Hara et al. 1995) and 

could be implicated in vitiligo pathogenesis (Liu et al. 1996). Electron microscopy 

studies have also demonstrated regenerative and degenerative changes in dermal 

nerves in lesional and perilesional skin of vitiligo patients (Al'Abadie et al. 1995). 

Furthermore, melanocytes originate from the neural crest and, in many cases of 

vitiligo, perilesional melanocytes appear progressing more neural in their behaviour, 

both in an increasingly dendritic morphology and in ability to synthesise adrenalin 
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(Iyengar and Misra 1988; Iyengar 1989). A reduced activity of acetylcholinesterase 
has been reported in vitiliginous skin compared to normal skin (Iyengar 1989), and 

this is due to high concentrations of H202 in the skin of vitiligo patients (Schallreuter 

et al. 2004). Investigations into the levels of neurotransmitters in vitiligo patients are 

summarised in Table 1.5. 

Several clinical observations provide further evidence for an association of the 

nervous system with vitiligo. It has been noted that vitiligo spares denervated skin, 
for example, below the level of neurological damage in certain patients with severe 

spinal cord injury (Lerner 1959). Spontaneous repigmentation of lesions occurs 

occasionally in vitiligo patients whose nervous system has been compromised by 

diabetic neuropathy. In contrast, vitiligo-like hypopigmented macules are sometimes 

produced in inflammatory diseases affecting the peripheral nervous system such as 
leprosy, and in neurodysplasias such as neurofibromatosis and tuberous sclerosis. 
Additional indirect evidence is provided by the requirement for innervation for skin 

transplants to repigment an area. While vitiligo patients do not complain of sensory 

abnormalities in lesional skin, autonomic dysfunction has been reported, including: 

increased skin surface temperature and an increased sweating response in vitiliginous 

areas, when compared to normal skin, and an abnormal sympathetic skin response 

quantified by electrical measurement of sympathetic nerve activity (Chanco-Turner 

and Lerner 1965; Dutta and Mandal 1982; Merello et al. 1993). However, this could 

be associated with the absence of Merkel cells from the basal layer of vitiligo lesions 

(Bose and Ortonne 1994) that are thought to interact with nerve endings (Lacour et 

al. 1991). 

13.5 The melanocyte defect/self-destruction hypothesis 

It has been hypothesised that intrinsic melanocyte defects such as the accumulation 

of toxic intermediate products of melanin synthesis (Pawelek et al. 1980; Moellmann 

et al. 1982), the breakdown of free radical defence (Nordlund and Lerner 1982), an 
increase of serum nitric oxide levels (Rocha and Guillo 2001; Yildirim et al. 2003) 

and the build-up of excess H202 (Schallreuter et al. 1991; Schallreuter et al. 1994c, 

Schallreuter et al. 2004) might result in the self-destruction of melanocytes in 

vitiligo. The theory is also supported by the clinical observation that certain chemical 
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compounds can produce a pattern of depigmentation indistinguishable from 

idiopathic vitiligo, e. g. mercaptoamines (Bleehan 1979) and phenolic agents (Le 

Poole et al. 1999; Boissy and Manga 2004). The suggestion that vitiligo melanocytes 

show an increased sensitivity to oxidative stress (Schallreuter 1999; Jimbow et al. 

2001) has also led to the use of the antioxidant pseudocatalase in the treatment of 

vitiligo (Section 1.2.7). The proposed involvement of some of the biochemicals 

thought to contribute to vitiligo pathogenesis through melanocyte autocytotoxicity is 

summarised in Table 1.5. 

1.3.6 The autoimmune theory 

The concept of autoimmunity and the development of autoimmune disease are 
discussed in Section 1.4. Here, the evidence for autoimmunity as a pathogenic 

mechanism for the development of vitiligo is outlined. Initially, a role for 

autoimmunity was suggested due to the frequent clinical association of vitiligo with 

diseases of an autoimmune origin (Table 1.3) and by the presence of organ-specific 

autoantibodies in vitiligo patients (Table 1.6). Subsequently, autoantibodies that 

target pigment cell antigens and are capable of causing damage to the melanocyte 

have been identified in vitiligo patient sera (Naughton et al. 1983a; Naughton et al. 

1983b; Norris et al. 1988b; Cui et al. 1992; Gilhar et al. 1995). Autoreactive T 

lymphocytes targeting melanocyte-specific proteins have also been identified both 

circulating in the blood and at the margins of advancing lesions of vitiligo patients 

(Ogg et al. 1998; van den Wijngaard et al. 2000; Lang et al. 2001). These aberrant 

cellular and humoral responses in vitiligo are described in further detail in Section 

1.5. 

The association of vitiligo with certain HLA specificities and other immune 

response genes (Section 1.2.3.1) adds credence to an autoimmune hypothesis. All 

autoimmune endocrinopathies are associated with particular alleles of the MHC class 

II HLA-DR (Dahlberg et al. 1981; Platz et al. 1981; Maclaren and Riley 1986). 

Although studies of association of MHC specificities with vitiligo have shown 

variability, several studies have reported a iignificant association of HLA-DR with 
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Table 1.6 The frequency of organ-specific autoantibodies in vitiligo patients. 

Autoantibody reactivity Number of 
patients 
in study 

Percentage with 
antibody 
reactivity 

Reference 

Gastric parietal cells 65 17 Zauli et at 1986 

Gastric parietal cells 80 21 Brostoff 1969 

Gastric parietal cells 96 13.7 Betterle et at 1976 

Gastric parietal cells 20 30 Mandry et at 1996 

Thyroid cytoplasm 80 28 Brostoff 1969 

Thyroid microsomes/peroxidase 96 20 Betterle et at 1976 

Thyroid microsomes/peroxidase 20 50 Mandry et at 1996 

Thyroglobulin 80 9 Brostoff 1969 

Thyroglobulin 20 40 Mandry et at 1996 

Adrenal cortex 80 4 Brostoff 1969 

Pancreatic islet cells 96 7.2 Betterle et at 1976 

(Adapted from Kemp et al. 2001 c) 
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vitiligo patients in different ethnic populations (Foley et al. 1983; Dunston and 

Haider 1990; Poloy et al. 1991; Venneker et al. 1992; Venkataram et al. 1995; 

Zamani et al. 2001; Tastan et al. 2004). 

The therapeutic response of some vitiligo patients to PUVA (Boissy and 

Nordlund 1995b), topical corticosteroids (Kovacs 1998; Parsad et al. 2004) and 

topical cytotoxic drugs such as fluorouracil (Tsuji and Hamada 1983) is believed to 

result from immunosuppression of the local immune reactions responsible for 

damaging melanocytes. Approximately 50% of vitiligo patients will note a 

significant return of pigment in those lesions that retain melanocytes after the 

application of topical steroids (Boissy and Nordlund 1995b). 

Despite the persuasive evidence detailed above for an autoimmune aetiology, 

exactly how aberrant immunological reactivities (Section 1.5) might contribute to 

vitiligo development remains open to speculation. It is currently unknown whether 

abnormal immune responses are the primary cause of the disease or if they arise as a 

secondary phenomenon resulting from damage to melanocytes via other mechanisms 

and, in turn, exacerbates the condition. It is also possible that different pathogenic 

mechanisms account for the different clinical subtypes of vitiligo (Section 1.2.5). 

For example, associated autoimmunity is rare in patients with segmental vitiligo and, 

therefore, immune mechanisms might play a lesser role than in symmetrical vitiligo 

that is often associated with autoimmune disorders. Several animal models of vitiligo 

also support the autoimmune theory of vitiligo development and these are discussed 

below. 

1.3.6.1 Animal models 

There are several spontaneous animal models of vitiligo (Boissy and Lamoreux 

1988) but how the acquired depigmentation relates to that of the human disease 

remains to be established. The well-documented Smyth line chickens (Smyth 1989), 

express a genetically inherited form of vitiligo-like depigmentation resulting from 

the loss of melanocytes in feather and ocular tissues. In this avian model, vitiligo 

begins with an inherent melanocyte defect that is followed by an autoimmune 

response involving both humoral and cellular reactions that eliminate abnormal 

pigment cells (Lamont and Smyth 1981; Boyle et al. 1987; Pardue et al. 1987). 

Autoantibodies to chicken melanocytes have been detected in the sera of 100% of 
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Smyth line chickens but not in the sera of normally pigmented birds (Austin et al. 
1992). These antibodies were found to be present both before and during the 

presentation of vitiligo (Searle et al. 1991). In addition, an increase of T cells is seen 
in the feather pulp and in the circulation of Smyth chicks prior to the onset and 
during development of vitiligo-like depigmentation (Erf et al. 1995; Erf and Smyth 

1996). Recently, it has been demonstrated that enhanced apoptosis in the feathers of 
Smyth line chickens is at least one pathogenic mechanism involved in the death of 

melanocytes and this appears to be induced by infiltrating cytotoxic T cells (Wang 

and Erf 2004). Depigmentation is reduced by cyclosporine A, a selective inhibitor of 
inflammatory T cells, and by performing neonatal bursectomy that causes B cell 
deficiency (Lamont and Smyth 1981). The vitiligo-like disorder of Smyth chickens 
is accompanied by autoimmune hypothyroidism and an avian equivalent of alopecia 

areata (Smyth 1989). 

Autoantibodies targeting pigment cell surface antigens have also been identified 

in several other animal models of vitiligo, including Arabian horses, Siamese cats 

and Tervuren dogs (Naughton et al. 1986a) as well as in the Sinclair pig, an animal 

model for regressive melanoma with vitiligo-like hypopigmentation (Cui et al. 

1995a). These antibodies recognise a similar pattern of melanocyte antigens in 

immunoprecipitation experiments as antibodies in vitiligo patients (Naughton et al. 

1986a), indicating, that similar immunological responses may occur in both animals 

and humans. 

1.3.7 The convergence theory 

The convergence theory (Figure 1.6) proposes that all of the previously described 

mechanisms can contribute to the development of vitiligo (Le Poole et al. 1993c; 

Taieb 2000). Moreover, the different causal factors can act independently or 

synergistically to bring about the local destruction of melanocytes and are 

differentially involved in separate vitiligo patients (Le Poole et al. 1993c). 
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1.4 Autoimmunity and autoimmune disease 

Normally, individuals do not form potentially destructive autoantibodies and 

autoreactive T cells to their own tissues, but only to foreign antigens (Janeway 

1992). This is because the body has developed a tolerance to self-antigens that is 

maintained by a complex network of T and B lymphocytes and their regulatory 

products. However, the intrinsic variability of the regulatory mechanisms governing 

the immune repertoire can allow for the development of autoreactive immune cells 

and any subsequent failure of the regulatory networks that maintain self-tolerance 

can result in the transition from autoreactivity to autoimmune disease (Avrameas 

1991; Viglietta et al. 2004). 

1.4.1 Self-tolerance 

The processes leading to the discrimination between self and non-self by T cells 

include: central tolerance induced in the thymus, peripheral tolerance and active 

suppression. T cells are predominantly subject to clonal deletion in the thymus 

(Nossal 1989; Schwartz 1989; Kroemer and Martinez 1992) where the recognition of 

the complex of self-peptide with self-MHC antigen during development results in the 

elimination by apoptosis of the majority of potentially self-reactive T cells. This 

thymic negative selection of T cells occurs primarily by the interaction with MHC 

molecules/self-peptides on macrophages and dendritic cells (Speiser et al. 1989), 

although the thymic epithelium may also cause tolerance (Salaun et al. 1990). T cells 

can be subject to positive selection in the thymus. This involves the selection of T 

lymphocytes with moderate but not high affinity for self-MHC antigens (von 

Boehmer and Kisielow 1990) and this selection procedure ensures that circulating T 

cells have some affinity for self-MHC molecules and can thus recognise foreign 

antigens when appropriate. In addition to the aforementioned mechanisms of T cell 

regulation, T cells are also controlled in the thymus by clonal anergy. In this case, 

the interaction of a specific T cell with an antigen results in the production of a state 

of non-responsiveness or anergy in which T cells do not proliferate or produce 

cytokines and thus do not trigger an immune response (Rammensee et al. 1989). 

Clearly, the combination of mechanisms so far described cannot guarantee there will 
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be complete discrimination between self and non-self and prevent the development 

and release of potentially autoreactive T cells into the peripheral circulation. Two 

additional levels of extrathymic control are known to deal with autoreactive T 

lymphocytes that escape central tolerance, namely, peripheral tolerance and active 

suppression. 
Peripheral tolerance has been largely explored through the use of transgenic mice 

and it has been shown that the expression of recombinant antigen in different cells 

and tissues can lead to anergy or deactivation in the corresponding specific T cells 

(Markmann et at 1988). This effect appears to be due to the presentation of antigen 
by non-professional antigen presenting cells and the concomitant absence of 

secondary signalling molecules necessary for the generation of an immune response. 
Finally, studies have demonstrated a role for specific T cell subsets in the 

suppression of autoreactive T cells. Developments in the technology of cell cloning 
have led to the isolation of several T cell clones with suppressor function. Antigen- 

specific CD8+ suppressor T cell clones have been established from patients with 
leprosy and these are able to inhibit T cell proliferative responses to mycobacterial 

antigen (Modlin et at 1987). Recently, it has been shown that the depletion of T cell 

populations can give rise to autoimmune thyroid disease in human patients and this 

may be due to T helper lymphocyte type-1 (Thl)/ T helper lymphocyte type-2 (Th2) 

switching (Coles et at 1999). 

There is compelling evidence that immune responsiveness is also controlled by a 

sub-population of other regulatory T cells that are enriched in a naturally activated 

subset of CD4+ T cells, which constitutively express CD25. The thymus is the 

primary source of this regulatory CD4+CD25+ T cell subset, which participates in the 

active suppression of potentially autoreactive T cells in the periphery (Sakaguchi et 

at 1995). Regulatory CD4+CD25+ T cells are naturally anergic in vitro and they 

inhibit the proliferation of co-cultured conventional CD4+CD25' T cells in a contact- 

dependent manner and have been shown in a variety of experimental systems to 

provide protection from T cell-mediated autoimmune disorders (Shevach 2002). 

A decrease in the number of circulating CD4+CD25+ T cells has been reported in 

type-1 diabetes mellitus (Kukreja et at 2002) and the loss of functional activity for 

circulating CD4+CD25+ T cells (Viglietta et at 2004) has been shown in multiple 

sclerosis. In contrast, the CD4+CD25+ T subset was shown to be enriched with 
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functionally active regulatory T cells in the inflamed joints of patients with 

rheumatoid arthritis (Cao et al. 2003). In myasthenia gravis patients, although a 

normal number of CD4+CD25+ T cells was found, a severe functional defect in their 

regulatory activity together with a decreased expression of the transcription factor 

Foxp3, which is essential for T cell regulatory function (Balandina et aL 2005), was 

apparent. 
Similar tolerising mechanisms of clonal deletion and anergy have been described 

for autoreactive B cells (Goodnow et al. 1989). However, in contrast to T cells, 

antigen concentration is critical for the induction of B cell tolerance as low amounts 

may fail to tolerise B cells. In some transgenic animal models, it has been shown that 

autoreactive B cells can escape the tolerisation process and this may occur in tissues 

where the corresponding antigen is not present or is sequestered (Murakami et al. 

1992). 

Despite the safety mechanisms, self-tolerance can breakdown and several triggers 

have been shown to cause this. 

1.4.2 Mechanisms of breakdown in self-tolerance 

A breakdown in self-tolerance can be triggered by defects in the immune network 

that strictly monitors the recognition of self-antigens by immune cells (Ring and 

Lakkis 1999). This can include: the failure to delete autoreactive lymphocytes or to 

render them anergic in the thymus, the failure of the mechanism of peripheral 

tolerance to again render autoreactive immune cells anergic and the failure of active 

suppression of autoreactive T cells in the peripheral circulation (Ring and Lakkis 

1999). Self-reactive B lymphocytes may also be stimulated by polyclonal activators 

such as lipopolysaccharides with the subsequent formation of antibodies to self 

components (Tsubata 2000). Overall, the breakdown of the immune network can 

occur at several levels resulting in the presence of autoreactive lymphocytes. 

Self-tolerance of non-exposed (cryptic) antigens means that potentially 

autoreactive T cells are not subjected to the normal deletion response. Self-tolerance 

to these antigens continues as far as they remain immunologically hidden, 

sequestered in a tissue compartment devoid of immune cells. Exposure of these 

antigens through tissue damage could trigger an autoimmune response. Examples of 

39 



this include the immune response against lens protein after eye trauma (Goldschmidt 

et al. 1982) and Dressler's syndrome after myocardial infarction, due to ischemic 

tissue damage (Bartels et al. 1994). 

An attractive concept explaining the initiation of autoimmunity is the existence of 

cross-reactive antigens or molecular mimicry (Wucherpfenning 2001). If a 

pathogenic antigen resembles a host self-antigen, then tolerance of self may be 

broken. A classical example is rheumatic fever, where antibodies to a streptococcal 

protein cross-react with cardiac muscle myosin leading to carditis (Williams et al. 

1985). However, there is no firm evidence that such a mechanism plays a role in the 

aetiology of organ-specific autoimmune diseases. 

An event that could lead to a breakdown in self-tolerance is viral infection. Since 

viruses can cause the display of viral antigens on the surface of cell, viral antigenic 

expression could act to directly induce autoimmune reactivity (Lernmark 2001). 

Viruses can also elicit autoimmune diseases by the polyclonal activation of 

lymphocytes, the release of subcellular organelles after viral lysis of the cell, by 

antigenic mimicry and by the functional impairment of regulatory immune cells such 

as T-helper lymphocytes. Viral infections prior to disease have been associated with 

systemic lupus erythematosus (SLE), multiple sclerosis and type 1 diabetes mellitus 

(Lernmark 2001). 

Once self-tolerance has broken down, the resulting production of autoreactive T 

cells and autoantibodies can cause an array of autoimmune diseases. 

1.4.3 Autoimmune disease 

Autoimmune diseases are generally classified into those affecting a single organ or 

tissue, the organ-specific, and those affecting more than one organ, the non-organ 

specific or systemic (Roitt and Delves 2001). In organ-specific diseases, the tissue 

destruction occurs is restricted to the specific antigens localised in that organ. 

Examples of this type of autoimmune diseases are Graves' disease, type 1 diabetes 

mellitus, multiple sclerosis, pernicious anaemia and myasthenia gravis (Roitt and 

Delves 2001). In contrast, systemic autoimmune diseases can affect many regions of 

the body and circulating immune complexes are often deposited in several different 
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organ regions. Examples of systemic autoimmune diseases are rheumatoid disease 

and SLE (Roitt and Delves 2001). 

In autoimmune disease, damage to tissue results from autoreactive T cells and 

autoantibodies. With respect to cellular autoimmune responses, the recognition of 

self-antigens as immunostimulatory can lead to the initiation and expansion of T 

lymphocyte subsets (Lang et al. 2003). Populations of phagocytic cells and cytotoxic 

T cells are then drawn to the antigenic site and proceed to destroy cells displaying 

the specific self-antigen. An example of this type of immune mechanism is 

autoimmune thyroiditis where an accumulation of cytotoxic T cells can be found in 

thyroid lesions (Martin et al. 1990). As the present study concerns humoral immune 

reactivity in vitiligo, the role of autoantibodies in autoimmune disease is considered 
in more detail in the next section. 

1.4.4 Autoantibodies 

In autoimmune disease, autoantibodies may be the actual pathogenic agents of the 

disease or arise as a secondary consequence due to tissue damage. They can be 

directed against cell surface molecules such as hormone receptors, extracellular 

targets such as circulating soluble antigens and intracellular components such as 

DNA (Naparstek and Poltz 1993). With respect to intracellular antigens, there is 

evidence that autoantibodies can penetrate living cells and can interact with their 

target altering function or even causing apoptosis (Reichlin 1995). To establish that 

an autoantibody is pathogenic, it should fulfil certain criteria (Rose and Bona 1993): 

i) The autoantibody should be capable of causing the lesions attributed to it in 

an experimental system or by transplacental transfer in man, and suitable 

immunisation that leads to the production of similar autoantibodies in 

animals should lead to a similar disease process. 
ii) Autoantibody level and disease activity should, in general, correlate. 

iii) Removal of autoantibody should ameliorate the disease process. 

iv) The antibody has to be found in all patients with the relevant disease in a 

significantly higher frequency or titre than in normal. 
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In pemphigus, anti-epidermal antibodies correlate with disease activity and the 

removal of these antibodies by plasmapheresis leads to clinical improvement 

(Grando et al. 1990). In addition, the injection of pemphigus foliaceus 

autoantibodies into neonatal balb/c mice reproduced the human form of the disease 

in the animals (Rock et al. 1990). Similarly, in myasthenia gravis, autoantibodies to 

the acetylcholine receptor also fulfil the main criteria for the pathogenicity of disease 

(Eymard et al. 1991). 

There are a variety of ways in which autoantibodies can cause tissue damage in 

autoimmune disease including: damage by complement fixation, detrimental effects 

on normal cellular function, the formation of immune complexes that initiate a 
destructive inflammatory response and antibody-dependent cell-mediated 

cytotoxicity (ADCC). These are discussed below with examples of the resulting 

autoimmune disorders. 

1.4.4.1 Effects on cellular functions 

In autoimmune thyroid disease, antibodies against thyroid-stimulating hormone 

receptor (TSHR) play a role in causing the different manifestations of the disease 

(Weetman and McGregor 1994). Autoantibodies in Graves' disease are directed 

against the TSHR and mimic the action of thyroid-stimulating hormone (TSH). 

Since their production is not subject to the feedback control of the thyroid hormone 

whose synthesis they stimulate, the thyroid gland overproduces thyroid hormones 

and enlarges under the tropic stimulus delivered through the receptor. The antibodies 

associate strongly with the disease. In autoimmune hypothyroidism, certain TSHR 

autoantibodies may cause blockage of TSH function leading to hypothyroidism. 

Similarly, blocking autoantibodies in autoimmune hypoglycaemia are directed 

against the insulin receptor and mimic the actions of insulin (Taylor et al. 1989). In 

myasthenia gravis, autoantibodies are produced to acetylcholine receptors located at 

the neuromuscular junction. These antibodies interfere with proper 

neurotransmission and diminish the contractility of the muscle cells (Fabien et al. 

2001). 
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1.4.4.2 Complement activation 

The complement system (Figure 1.7) comprises a complex group of proteins whose 

activation leads to the production of biologically active molecules with several 

discrete functions (Whaley and Schwaeble 1997). Activation of complement may 

occur by two pathways, the classical and the alternative, both of which lead to 

splitting of the C3 and C5 components and the formation of a membrane attack 

complex (MAC) capable of producing cell lysis. The classical pathway is usually 

activated by immune complexes of antigen and antibody of the IgM, IgG1, IgG2, or 

IgG3 isotypes. Immunoglobulin bound to antigen as an immune complex undergoes 

conformational changes that expose a Cl q binding region in the CH2 domain of the 

Fc portion of the antibody and thus stimulates classical pathway activation. The 

initial components of the alternative pathway are factors B, D and P. These factors 

are activated by substances like endotoxin and IgA and feed into MAC formation 

through C3, as does the classical pathway. 

Autoantibodies directed at self-antigens located on the cell surface may bind to 

the recognised antigen and activate the complement system resulting in cytolysis. 

This occurs in autoimmune haemolytic anaemia where IgG autoantibodies bind to 

certain blood group antigens on erythrocytes causing haemolysis (Silverstein 1989). 

In antiphospholipid syndrome, autoantibodies that react with lipid-binding proteins 

on the surface of endothelial cells trigger complement activation and subsequent 

thrombosis (Munakata et al. 2000). 

1.4.4.3 Antibody-dependent cell-mediated cytotoxicity 

Unlike cell killing by cytotoxic T lymphocytes or natural killer (NK) cells, ADCC 

depends on the presence of specific and high-affinity antibodies directed to the 

surface of target cells. The mechanism responsible for this type of killing is the 

capture of such antibodies on the surface of certain cell types including: NK' cells, 

neutrophils, eosinophils and macrophages, through receptors that bind the Fc portion 

of the antibody thus leaving the antigen-binding site of the antibody molecule ready 

to interact with membrane antigens (Yokoyama 1999). Binding of such antibodies to 
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Figure 1.7 An overview of the complement pathway. Initiation of the classical 

pathway requires the presence of antibodies, either IgG or IgM, bound to cell surface 

antigen. The serum protein C1 binds to antibody that, in turn, activates C4 and C2 

leading to the deposition of C3. Following the activation of C5, C6, C7, C8 and C9, 

the membrane attack complex (MAC) is formed. The alternative pathway is initiated 

by non-immune activators such as lipopolysaccharides and is characterised by a two- 

phase system in which six proteins participate. Initiation is the first phase with 

particle-bound C3b acting like the Cl recognition complex of the classical pathway. 

The second phase is called amplification that involves bound C3b, Factors B, D, P 

and that finally leads to the formation of MAC. At the end of both pathways MAC, 

mediates lysis of the target cell. 
(Adapted from Prodinger et al. 1999) 
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the target cell signals to the cell bearing the Fc receptor to initiate cell killing. In the 

case of NK cells and eosinophils, this involves perforin but in the case of 

macrophages and neutrophils killing results entirely from secretion of granzymes and 

TNF-a (Yokoyama 1999). 

Examples of autoimmune disorders in which ADCC can play a pathogenic role 
include autoimmune thyroid disease. Autoantibodies mediating ADCC have been 

found in patients with Hashimoto's thyroiditis but not in those with Graves' disease 

(Bogner et al. 1984). In the same study, a strong association between anti-thyroid 

peroxidase antibody titres and cell lysis was evident (Bogner et al. 1984). Antibodies 

mediating ADCC can also be associated with primary myxoedema (Bogner et al. 
1995; Metcalfe et al. 1997). 

1.4.4.4 Formation of immune complexes 

Autoantibodies produced against soluble self-antigens and extracellular molecules 

can form immune complexes that lead to the activation of the complement cascade. 
The subsequent formation of the complement components C3 and C5 (Figure 1.7) 

results in the release of histamine and an increase in phagocytic activity, 

respectively, causing an inflammatory response that is destructive to tissues at the 

site of immune-complex formation. This is the usual series of events that occurs in 

SLE with anti-DNA/DNA complex formation. In autoimmune thyroid disease, 

autoantibodies to thyroid peroxidase are able to fix complement resulting in tissue 

damage. The deposition of the early components of complement has been identified 

in the thyroid of patients with Hashimoto's thyroiditis (Weetman and McGregor 

1994) and the terminal complement complexes have been found around thyroid 

follicles and in elevated circulating levels in both Hashimoto's thyroiditis and 

Graves' disease patients (Weetman et al. 1989a). In epidermolysis bullosa acquisita, 

an autoimmune skin disease characterised by autoantibodies to type VII collagen, 

complement activation by autoantibody-antigen complexes occurs at the basement 

membrane zone of the skin resulting in inflammatory subepidermal blistering 

(Mooney et al. 1992). 
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1.5 The immune responses in vitiligo 

The possible mechanisms by which both cellular and humoral immune reactivities in 

vitiligo may arise and contribute to its pathogenesis are summarised in Figure 1.8. 

1.5.1 Cellular immunity 

1.5.1.1 T lymphocytes 

Autoimmune diseases are often associated with an expansion of CD4+ T 

lymphocytes (Stites 1994). However, with respect to vitiligo, inconsistent data 

regarding abnormalities in circulating T cells have been reported. An increase in the 

number of CD4+ T lymphocytes as well as an elevated CD4+/CD8+ ratio were 
detected in patients with stable vitiligo and in their first-degree relatives (Soubiran et 

al. 1985; D'Amelio et al. 1990; Al-Fouzan et al. 1995). In addition, a higher 

proportion of activated peripheral T cells, as determined by the expression of HLA- 

DR, has also been found in vitiligo patients compared to healthy individuals (Abdel- 

Naser et al. 1992). In contrast, a decrease in the CD4+ T lymphocytes and reduced 

CD4+/CD8+ ratio has been observed in vitiligo patients (Grimes et al. 1986; Haider 

et al. 1986). These contradictory results may arise from differences in the techniques 

used to evaluate T-cell subpopulations, as well as from differences in the vitiligo 

patients studied e. g. clinical type, disease activity. The studies conclude that 

circulating T-cell subpopulations have rarely been found to be normal in vitiligo 

patients. 
Of more functional relevance, a recent study has demonstrated the presence of 

circulating MelanA-specific cytotoxic T lymphocytes, expressing a skin-homing 

receptor cutaneous lymphocyte-associated antigen (CLA), in a significant number of 

patients with vitiligo (Ogg et al. 1998). These results were confirmed in a subsequent 

study, in which the presence of MelanA-specific cytotoxic T cells expressing CLA 

was also found to be significantly greater in the peripheral blood of vitiligo patients 

with active, progressive disease (Palermo et al. 2001; Lang et al. 2001). These 

studies have also demonstrated the presence of CD8+ cytotoxic cells that react with 
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peptides from tyrosinase (Ogg et al. 1998; Lang et al. 2001) and Pmel17 (Lang et al. 

2001). 

A dermal and epidermal, inflammatory infiltrate consisting of CD3+, CD4+ and 

CD8+ T cells and macrophages, closely associated with areas of melanocyte 
depletion, has been observed in vitiligo patients (Al Badri et al. 1993b). The 

infiltrate is most prominent at the margins of vitiligo lesions and contains a 

significant number of activated T cells, as measured by expression of MHC class II 

antigen HLA-DR and CLA antigen (Al Badri et al. 1993b). There is also evidence of 

expression of the IL-2 receptor (IL-2R) and the interferon y (IFN-y) receptor by the 

lymphocytic infiltrate (Abdel-Naser et al. 1994). In rare cases of inflammatory 

vitiligo, similar observations with regard to perilesional, epidermis-infiltrating T 

cells have been made (Le Poole et al. 1996). A recent study isolated MelanA- 

specific CD8+ T cells expressing CLA antigen from vitiligo skin biopsies, 

demonstrating the presence of a cytotoxic response to a melanocyte-specific antigen 

within vitiligo lesions (van den Wijngaard et al. 2000). However, the absolute 

numbers of infiltrating cells in lesional and perilesional skin are small when 

compared with other inflammatory skin disorders (van den Wijngaard et al. 2000) 

and it remains to be seen whether the infiltrate arises as a result of the disease 

process as opposed to being the cause of vitiligo. 

1.5.1.2 Cytokines 

Cytokines mediate many functions of cellular immunity and a number of studies 

have analysed the levels of various cytokines in patients with vitiligo (Table 1.7). 

Studies have demonstrated that the level of soluble IL-2R in patients with vitiligo is 

significantly increased compared with that of controls, indicating an activation of T 

lymphocytes may be involved in the disease pathogenesis (Caixia et al. 1999; Yeo et 

al. 1999). A recent study also demonstrated that serum IL-2R concentration in 

vitiligo patients depends on the activity and intensity of the disease process 

(Franczuk et al. 2004). The levels of production of IL-6 and IL-8 by peripheral 

mononuclear cells are also elevated in vitiligo patients, both of which can act to 

recruit lymphocytes to the site of an immune response (Yu et al. 1997). In contrast, 
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the production of granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

TNF-a by peripheral mononuclear cells in active vitiligo was found to be reduced 

compared with healthy controls (Yu et al. 1997). The expression of cytokines by 

lymphocytes from the margins of vitiligo lesions has yet to be fully characterised but 

initial data suggest that cytokines which promote inflammation and cytotoxicity, that 

is, those of the T helper lymphocyte type-1 subset, particularly IFN-y and TNF-a, are 

predominantly expressed (Das et al. 2001). 

1.5.1.3 Adhesion molecules 

Adhesion molecules, which allow cell-cell attachments, are required for lymphocyte 

migration and infiltration through the epidermis and also for interaction with antigen 

presenting cells. Several studies have shown expression of ICAM-1 by keratinocytes 

and melanocytes in areas of vitiligo (Norris 1990; Al Badri et al. 1993a; van den 

Wijngaard et al. 2000). The expression of ICAM-1 by melanocytes at the edge of 

vitiligo lesions was found to be increased by six-fold, and was present in nineteen of 

twenty biopsies from perilesional skin, compared to six of seven biopsies from non- 

lesional skin and five of eight samples from control skin (Al Badri et al. 1993a). 

Immunohistochemistry of serial sections of vitiligo skin biopsies has shown that the 

epidermal expression of ICAM-1 coincides with the expression of HLA-DR (van 

den Wijngaard et al. 2000). Similar abnormal expression of HLA-DR and ICAM-1 

are shown by the pancreatic islet cells in type 1 diabetes mellitus (Cambell and 

Harrison 1990) and by the thyroid follicular cells in autoimmune thyroid disease 

(Hanafusa et al. 1983; Weetman et al. 1989b; Zheng et al. 1990). 

Vascular expression of E-selectin, the adhesion molecule responsible for capture 

of leucocytes from the circulation to initiate migration to the site of a local immune 

response, appears neither to be upregulated nor more widely dispersed in post- 

capillary venules in vitiligo, when compared to control skin (van den Wijngaard et 

al. 2000). However, immunohistochemical analysis demonstrated that where there is 

expression of E-selectin in perilesional skin, it is co-localised with T cell infiltration 

(van den Wijngaard et al. 2000). The expression of E-selectin is dependent on 

cytokines, particularly TNF-a (Pilewski et al. 1995). 
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1.5.1.4 Langerhans cells 

The role of Langerhans cells (LC), which act as antigen-presenting cells to primed T 

lymphocytes, in vitiligo is unclear (Facchetti et al. 1984). The density of LC in 

vitiligo has been reported as normal (Claudy and Rouchouse 1984) or increased 

(Riley 1967), relative to that of the non-lesional skin and skin from control subjects. 

An increase in the numbers of LC might contribute to the immunological responses 

to melanocytes in vitiligo. Patients with repigmenting lesions in response to PUVA 

or Fluocinonide treatment show a decrease in epidermal LC further supporting a role 
for these cells in the disease (Kao and Yu 1990). 

1.5.1.5 Natural killer cells 

It has been shown that the number of NK cells present in affected vitiligo skin is no 
different from that present in the skin of control subjects (Abdel-Naser et al. 1992; 

Hann et al. 1993b). Although previous studies have implicated an involvement of 

these cells in the destruction of melanocytes in vitiligo (Haider et al. 1986; 

Mozzanica et al. 1989), a recent study found no significant differences between the 

level of activity of NK cells from vitiligo patients and control subjects, against both 

normal and malignant melanocytes (Durham-Pierre et al. 1995). 

1.5.2 Humoral Immunity 

1.5.2.1 Organ-specific autoantibodies 

In addition to the frequent association of vitiligo with autoimmune disorders, 

previously described (Section 1.2.6 and Table 1.3), a variety of organ-specific 

autoantibodies are commonly detected in the sera of vitiligo patients (Table 1.6). 

1.5.2.2 Anti-melanocyte antibodies 

Significantly, antibodies to melanocytes are present in the circulation of most 

patients with the vitiligo (Naughton et al. 1983a). In one study, 12 out of 12 of 

vitiligo patients but none of control subjects were found to have anti-pigment cell 

antibodies in their sera (Naughton et al. 1983b). In addition, a correlation has been 
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described between the incidence and level of melanocyte antibodies and disease 

activity in vitiligo: 8/10 patients with active vitiligo, 0/14 with inactive disease and 

0/19 controls were found to have circulating anti-pigment cell antibodies (Harning et 

al. 1991). Furthermore, the presence of these antibodies is related to the extent of 

disease: they were detected in 50% of patients with minimal vitiligo, less than 2% of 

skin area involved, compared to 93% of patients with greater depigmentation 

covering 5-10% of their skin (Naughton et al. 1986b). Furthermore, the level of 

melanocyte antibodies appears to decrease in vitiligo patients who respond to PUVA 

therapy or following systemic steroid treatment, suggesting that the disease activity 
is somehow related to the incidence of these antibodies (Park et al. 1996). 

Generally, vitiligo antibodies belong to the IgG class (Harning et al. 1991) with 

subclasses IgGI, IgG2 and IgG3 represented (Xie et al. 1991). Deposits of IgG have 

been observed in the basal membrane zone and in the keratinocytes of vitiligo 
lesions (Yu et al. 1993; Uda et al. 1984) and fluorescence staining for IgG-binding 

to cultured normal melanocytes and keratinocytes is more prominent in IgG samples 
from patients with active and extensive vitiligo (Yu et al. 1993). However, other 

investigators have reported that IgA anti-pigment cell membrane antibody levels also 

correlate well with vitiligo activity (Aronson and Hashimoto 1987). 

The pathogenic role of antimelanocyte antibodies in vitiligo still remains unclear. 

However, the capacity of anti-melanocyte antibodies to injure pigment cells has been 

demonstrated experimentally: vitiligo antibodies are able to destroy melanocytes in 

vitro by complement-mediated cytotoxicity and ADCC (Norris et al. 1988b) and in 

vivo following passive immunisation of nude mice grafted with human skin (Gilhar 

et al. 1995). Furthermore, it has been shown that the purified IgG fraction of vitiligo 

sera has a destructive effect on melanoma cells both in vivo and in vitro (Fishman 

1993). More recently, a reduced expression of the membrane regulators of 

complement activation in both lesional and perilesional keratinocytes and 

melanocytes has been reported, possibly indicating an increased vulnerability of 

these cells to autologous complement attack (van den Wijngaard et al. 2002). The 

selective destruction of melanocytes in vitiligo may result from antibody reactivity 

directed to the antigens preferentially expressed on pigment cells (Cui et al. 1992). 

Alternatively, an antibody response against antigens expressed on a variety of cell 

types may selectively destroy melanocytes because they have been shown to be 
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intrinsically more sensitive to immune-mediated injury than, for example, 

keratinocytes or fibroblasts (Norris et al. 1988a). 

Vitiligo antibodies were initially identified in immunoprecipitation experiments 

with melanocyte protein extracts and vitiligo patient sera. The antibodies were most 

commonly directed against pigment cell antigens with molecular weights of 35,40- 

45,75,90 and 150 kDa, which are located on the surface of the cell (Cui et al. 1992; 

Cui et al. 1995b). Although the proteins have not been specifically identified, some 

(40-45,75 and 150 kDa) are expressed both on pigment cells and in other tissues, 

while others (35 and 90 kDa) are preferentially expressed on pigment cells (Cui et al. 

1992). Immunoblotting studies have revealed antibody reactivity in vitiligo patient 

sera to melanocyte proteins of 45,65,68,90,110 and 165 kDa (Park et al. 1996; 

Hann et al. 1996; Rocha et al. 2000). Again, however, the identity of these antigens 

has not been determined. 

In addition, antibodies to the melanocyte-specific proteins tyrosinase (Song et al. 

1994b; Baharav et al. 1996; Kemp et al. 1997a; Okamoto et al. 1998), TRP-1 (Kemp 

et al. 1998b), TRP-2 (Kemp et al. 1997b; Okamoto et al. 1998) and Pmel17 (Kemp 

et al. 1998c) have been detected in the sera of patients with vitiligo. In a recent 

study, antibodies to transcription factors SOX9 and SOX10 were identified in 

vitiligo patients with polyendocrine syndrome type 1 (Hedstrand et al. 2001). In 

addition, the melanin-concentrating hormone receptor 1 (MCHRI) has been 

identified as an autoantigen in 16.5% of vitiligo patients (Kemp et al. 2002) and this 

is discussed further in Section 1.6. Although all these proteins may be considered 

cytoplasmic autoantigens a de novo mechanism may exist whereby antibodies 

recognise autoantigens directly via cell surface or cytoplasmic penetration (Okamoto 

et al. 1998). For example, antibodies have been shown to be taken up by non- 

haemopoietic cells and react with nuclear antigens in vivo (Isenberg et al. 1997). 

Alternatively, antigens may be released if the melanocyte is damaged by another 

mechanism such as cytotoxic T cell lysis. A summary of the autoantigens implicated 

in vitiligo is given in Table 1.8. 

The stimulus for the production of anti-melanocyte antibodies has not been 

identified and it is unknown whether vitiligo autoantibodies initiate the development 

of the disease. It is possible that cross-reacting antigens expressed either on other cell 
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Table 1.8 Identified target autoantigens for vitiligo antibodies. 

Autoantigen Detection method 

Percentage 

reactivity 

in patients 

Reference 

Tyrosinase Immunoblotting with recombinant human tyrosinase 61 Song et at 1994b 

Tyrosinase ELISA with mushroom tyrosinase 38.8 Baharav et al. 1996 

Tyrosinase Immunoprecipitation dopa essay/ELISA with human 0 Xie et al. 1999 

tyrosinase 

Tyrosinase Radiobinding assay with recombinant human 10.9 Kemp et at 1997a 
tyrosinase 

TRP-2 ELISA with recombinant human TRP-2 67 Okamoto et al. 1998 
TRP-2 Radiobinding assay with recombinant human TRP-2 5.9 Kemp et al. 1997b 

TRP-I Radiobinding assay with recombinant human TRP-1 5.7 Kemp et al. 1998b 
PmeI17 Radiobinding assay with recombinant human Pmell7 5.9 Kemp et al. 1998c 

MelanA/MARTI Radiobinding assay with recombinant 0 Waterman et al. 
MelanA/MARTI 2002 

MCHRI Radiobinding assay with recombinant MCI-IR1 16.4 Kemp et al. 2002 

SOX9 Immunoprecipitation of recombinant human SOX9 47 Hedstrand et al. 
2001 

SOX10 Immunoprecipitation of recombinant human SOX10 63 Hedstrand et al. 
2001 

40-45 kDa Immunoprecipitation of human melanocytes 72 Cui et at 1995b 

75 kDa Immunoprecipitation of human melanocytes 76 Cui et at 1995b 

90 kDa Immunoprecipitation of human melanocytes 45 Cui et al. 1995b 

65 kDa Immunoprecipitation of human melanocytes 44 Park et at 1996 

35 kDa Immunoprecipitation of human melanocytes 4 Cui et al. 1992 

150 kDa Immunoprecipitation of human melanocytes 4 Cui et al. 1992 

110 kDa Immunoblotting of melanocytes membrane extract 31 Hann et at 1996 

165 kDa Immunoblotting of human melanoma cells 11 Rocha et at 2000 

90 kDa Immunoblotting of human melanoma cells 26 Rocha et al 2000 

68 kDa Immunoblotting of human melanoma cells 37 Rocha et at 2000 

(Adapted from Kemp et al. 2001 c and Ongenae et al. 2003) 
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types or on infecting micro-organisms may elicit their production. For example, 

common antigens have been identified in mycobacteria and malignant melanocytes 

(Bystryn 1997). Alternatively, vitiligo antibodies might result from a secondary 

immune response to melanocyte antigens following damage to pigment cells by 

other mechanisms, and these antibodies might further exacerbate the condition. It is 

presently unknown if humoral immune responses actually damage melanocytes in 

vivo and it is still possible that they play no direct part in vitiligo aetiology. 

Nonetheless, these antibodies serve as relevant markers to identify potential 

autoantigens, even if the disease is T cell mediated. 

1.5.2.3 Other antibody reactivities 

Aside from organ-specific antibodies (Table 1.6), anti-keratinocyte intracellular 

antibodies that correlate with disease extent and activity have been detected in 

vitiligo patients (Yu et al. 1993) and specific IgA reactivity against human melanoma 

cells in patients with active vitiligo has been reported (Aronson and Hashimoto 

1987). An increased incidence of anti-nuclear, anti-microsomal, and anti-smooth 

muscle cell antibodies has also been observed in the sera of vitiligo patients (Hann et 

al. 1993a). A significant number of vitiligo patients also have antibodies against 

compounds containing the benzene ring structure (Wojdani et al. 1992; Vojdani and 

Grimes 1996). These were investigated for immune reactivity because compounds 

containing the benzene ring, including catechols, phenols, hydroquinone and mono- 

benzene, can induce cutaneous depigmentation (Section 1.2.5). Although the nature 

of the action of the anti-benzene ring antibodies is not proven, it has been suggested 

that exposure to compounds containing this structure may induce aberrant 

immunological responses in some individuals with vitiligo (Wojdani et al. 1992; 

Vojdani and Grimes 1996). As with melanocyte antibodies, although to a greater 

degree, it is presently unclear how these antibodies relate temporally and 

pathogenically to the lesions in vitiligo. 
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1.6 Melanin-concentrating hormone and melanin-concentrating 

hormone receptor 1 

1.6.1 Melanin-concentrating hormone 

Melanin-concentrating hormone (MCH) is a cyclic polypeptide that was first isolated 

from the pituitary of salmon fish. In teleost fish, MCH circulates and lightens skin 

colour by stimulating melanosome aggregation within the melanophores (Kawauchi 

et al. 1983). In fish, MCH consists of seventeen amino acids with a cysteine-cysteine 
disulfide bond, whereas in mammals, it consists of nineteen amino acids and, 

although it has high homology to salmon MCH, the N-terminus is extended by two 

additional amino acids, Asp' and Phe2 (Pissios and Maratos-Flier 2003). Among 

mammals, MCH is highly conserved in all species and, indeed, rat MCH is identical 

to human MCH. Melanin-concentrating hormone is produced from pro-MCH that 

encodes neuropeptide E-I and neuropeptide G-E, in addition to MCH (Mahon et al. 

1989). The human MCH gene was assigned to chromosome 12 (Pedeutour et al. 

1994). 

In contrast to the salmon MCH gene that is intronless (Takayama et al. 1989), the 

mammalian gene has two introns and three exons (Nahon 1994). In lower 

invertebrates, MCH acts to regulate skin colour by antagonising the melanin- 

dispersing actions of a-MSH (Baker 1988; Baker 1993). In addition, it has been 

found that MCH evokes an increase in proliferation of the erythrophoroma cell line, 

GEM-81, a skin tumour cell line developed from teleost fish (Isoldi et al. 2004). The 

physiological roles of MCH in mammals have yet to be fully elucidated but since it 

is highly expressed in the regulatory centres of the brain, particularly the 

hypothalamus, and throughout the central and peripheral nervous systems, it is 

thought to act as a neuromodulator or neurotransmitter mediating a broad range of 

behavioural responses (Skofitsch et al. 1985; Bittencourt et al. 1992; Mouri et al. 

1993; Knigge et al. 1996). Most functional studies of MCH have concentrated on its 

influence on feeding (Qu et al. 1996), a role which is highlighted by the lean 

phenotype created by knocking-out the function of MCH in mice (Segal-Lieberman 

et al. 2003) and by the obese phenotype of mice engineered to over-express MCH 

(Ludwig et al. 2001). Furthermore, a recent study reported the expression of prepro- 
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MCH by human immune cells such as peripheral blood mononuclear cells, 

thymocytes and splenocytes (Verlaet et al. 2002). 

So far, very little is known about the actions of MCH on the regulation of 

pigmentation in higher vertebrates including humans. Recently, it has been 

demonstrated that human skin expresses MCH and the hormone inhibits a-MSH- 

induced melanogenesis in cultured human melanocytes (Hoogduijn et al. 2001; 

Hoogduijn et al. 2002). Some of the characterised physiological functions of MCH, 

with reference to the antagonistic effects of MCH on a-MSH, are shown in Table 

1.9. 

Several studies have identified a somatostatin-like receptor SLC-1 (Kolakowski et 

al. 1996) as the receptor for MCH, which has been renamed as the melanin- 

concentrating hormone receptor 1 (MCHRI) (Bachner et al. 1999; Chambers et al. 

1999; Saito et al. 1999; Shimomura et al. 1999) and this is discussed in the Section 

1.6.2. 

1.6.2 The melanin-concentrating hormone receptor 1 

1.6.2.1 Expression of MCHR1 

The gene encoding MCHRI has been localized to chromosome 22 and contains two 

exons (Kolakowski et al. 1996). The receptor is widely and strongly expressed in the 

brain, major sites of expression being the cerebral cortex, hippocampus, 

hypothalamus, cerebellum and the olfactory organs (Kolakowski et al. 1996; 

Bachner et al. 1999; Chambers et al. 1999; Saito et al. 1999; Hervieu et al. 2000; 

Kokkotou et al. 2001). Moderate expression has also been noted in the eye, skeletal 

muscle and tongue of the rat, although the function of the receptor at these locations 

is unknown (Saito et al. 1999; Saito et al. 2000). In addition, MCHR1 is expressed in 

human skin, (Hoogduijn et al. 2002), melanocytes (Hoogduijn et al. 2001; 

Hoogduijn et al. 2002), keratinocytes (Burgaud et al. 1997), melanoma cell lines 

(Hoogduijn et al. 2001; Hoogduijn et al. 2002), mouse melanoma cell lines (Drozdz 

et al. 1995; Hoogduijn et al. 2001; Hoogduijn et al. 2002), human immune cells such 

as peripheral blood mononuclear cells, thymocytes and splenocytes (Verlaet et al. 

2002). 
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Table 1.9 Physiological functions influenced by MCH and a-MSH. 

Location Ligand Receptor Function Reference 

Fish melanophore Salmon a-MSH Not characterised Pigment dispersion. Kawauchi et 
al. 1983. 

Salmon MCH Not characterised Pigment aggregation. 

Human Human a-MSH MC-1R 
melanocyte 

Human MCH MCHRI 

Mouse melanoma Rat a-MSH MC-IR 
cells 

Rat MCH 7 

Mammalian brain Rat a-MSH MC-4R' 

Rat MCH MCHRI 

Increases Hoogduijn et 
intracellular calcium, al. 2001. 
Melanogenesis. 

Decreases a-MSH Hoogduijn et 
stimulated a1.2002. 
intracellular calcium. 
Partially inhibits a- 
MSH induced 
melanogenesis. 

Melanogenesis. Ludwig et al. 
1998. 

No apparent effect on 
melanogenesis. 

Inhibits feeding. Ludwig et al. 
1998. 

Increases feeding. 

The large brackets indicate a functionally antagonistic relationship between MCH 

and a-MSH. 
1 MC-4R, melanocortin 4 receptor. 
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1.6.2.2 Structure and function of MCHR1 

The melanin-concentrating hormone receptor 1 is aG protein-coupled receptor 
(GPCR; Bachner et al. 1999; Chambers et al. 1999; Saito et al. 1999; Shimomura et 

al. 1999) that specifically binds MCH. The GPCRs are classified in a superfamily of 

membrane proteins, with a distinguishing arrangement of seven transmembrane 

(TM) domains, encompassing hundreds of receptors for a diverse range of chemical 

messengers including hormones and neurotransmitters (Iismaa and Shine 1992; 

Eckard and Beck-Sickinger 2000). The GPCRs share a common core domain 

consisting of seven TM helices connected by three intracellular and three 

extracellular loops, with the N- and C-terminal domains protruding, respectively, on 

the extracellular and intracellular sides of the membrane. The MCHR1 is 402 amino 

acids long, with all the hallmark features of aG protein-coupled receptor, including 

seven TM helices, an Asp-Arg-Phe motif at the end of the third intracellular loop and 

three potential glycosylation sites at the N-terminus. The receptor shows the highest 

degree of homology (35%) to the somatostatin receptor family. Comparison of the 

human and the rodent receptors shows a high degree of conservation between species 

with 98% identity between rat and mouse and 91% identity between rat and human 

(Schlumberger et al. 2002). 

Mutational analysis of several GPCRs has revealed that the extracellular regions 

and the TM domains contribute to the formation of the ligand-binding site, whereas 

the intracellular loops interact with G proteins, as well as with other regulatory 

proteins (Bockaert and Pin 1999; Gether 2000). Biochemical analyses have 

identified two amino acid residues important for rat MCH binding to the receptor: 

Asp123 in the transmembrane domain (Macdonald et at 2000) and Asn23 in the 

extracellular amino-terminal region (Saito et al. 2003). Glycosylation is a common 

posttranslational feature of . the GPCRs superfamily. It has been shown that 

glycosylation of the receptor may be involved in a variety of biological activities. 

These activities include maintenance of receptor stability, folding, trafficking of the 

receptor to the cell surface, ligand binding and signal transduction. In human 

MCHR1, N-linked glycosylation of Asn23 is necessary for expression of the receptor 

on the cell surface, signal transduction and ligand binding (Saito et al. 2003). 

Binding of agonist to GPCRs results in the activation of one or more class of G 

proteins that regulate numerous signal transduction pathways (Hawes et al. 2000). 
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G proteins are heterotrimeric proteins composed of a-, ß- and y- subunits and are 

categorised by the signalling characteristics of the Ga-subunit. Over 20 distinct Ga- 

subunits are grouped into four classes, G,, G; /Go, Gq and G12. G$ proteins stimulate 

adenylate cyclase, activate cyclic guanosine monophosphate phosphodiesterase and 

regulate potassium and calcium channels. Gq proteins activate phospholipase C 

(PLC), leading to increased production of inositol 1,4,5- triphosphate (IP3) and 

diacyl glycerol (DAG) and consequently the activation of protein kinase C (PKC) 

(Hawes et al. 2000). G12 proteins regulate sodium/potassium exchange (Hawes et al. 

2000). 

It has been demonstrated that binding of MCH to cells expressing MCHR1 

inhibits forskolin-stimulated cyclic AMP production, increases intracellular calcium 

and IP3, and activates MAP kinase (Figure 1.9; Chambers et al. 1999; Lembo et al. 

1999; Saito et al. 1999; Shimomura et al. 1999; Hawes et al. 2000; Verlaet et al. 

2002). Studies have been carried out to determine with which G protein class 

MCHR1 interacts. Pre-treatment of Chinese hamster ovary cells (CHO-K1) 

expressing MCHR1 with pertussis toxin (PTX), which blocks G, /Go protein activity, 

reverses the MCH-provoked inhibition of cyclic AMP production and indicates that 

MCHR1 couples to G; /Go proteins to mediate the inhibition of adenylate cyclase 

(Figure 1.9; Hawes et al. 2000). Melanin-concentrating hormone also stimulates 

increased IP3 production and increased levels of intracellular calcium that are 

attenuated, but not abolished, by PTX pre-treatment in CHO-MCHRI cells. These 

results suggest that multiple G protein types (a PTX-sensitive G; /Go-type and a PTX- 

insensitive Gq-type) are responsible for coupling the MCH receptor to increases in 

IP3 production and intracellular calcium (Hawes et al. 2000). 
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Figure 1.9 A model of the intracellular signalling pathways coupled to MCHR1. 

The MCHR1 couples to multiple G proteins, including Gi, Go and Gq. G; activation 

results in a decrease in adenylate cyclase activity and reduced cyclic AMP 

production. The ßy-subunit of G; mediates a portion of MCH-stimulated MAP kinase 

activation. In addition, G; is responsible for mediating a component of MCH- 

stimulated IP3 production and increases intracellular calcium levels. Go mediates a 

portion of MCH-stimulated MAP kinase activation and might also mediate increases 

intracellular calcium levels. Gq mediates one component of MCH-stimulated IP3 

production and increases intracellular calcium levels. Pertussis toxin inhibits G; and 

Go activity. [Ca2+];, intracellular calcium. 

(Adapted from Hawes et al. 2000) 
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1.6.2.3 The melanin-concentrating hormone receptor as an autoantigen in 

vitiligo 

Using IgG from vitiligo patients in biopanning experiments with a melanocyte 

cDNA phage-display library, MCHR1 was identified as a novel autoantigen 

recognised by autoantibodies in vitiligo (Kemp et al. 2002). Antibodies against the 

receptor were demonstrated in 9/55 (16.4%) of the vitiligo patient sera tested in 

radiobinding assays and were at a significantly increased frequency compared with a 

control population (p=0.025). Among sera from healthy controls and from patients 

with other autoimmune disease, SLE, none exhibited immunoreactivity to MCHR1, 

indicating a high degree of disease specificity for antibodies against the receptor. 
Although the frequency of MCHRI antibodies appears low, it is possible that some 

receptor antibodies were not detected in the radiobinding assay since recombinant in 

vitro translated MCHR1 was used as the radioactive ligand. Indeed, the incidence of 

MCHRI antibodies may be increased if native receptor was employed in an assay to 

detect MCHRI antibodies that recognise conformational epitopes. 

As discussed (Section 1.6.1), the effect of MCH on pigmentation has not been 

fully elucidated in mammalian systems. Initial studies have shown that the 

stimulation of cultured human melanocytes with MCH reduces the a-MSH-induced 

increase in cyclic AMP production via binding to MCHRI (Hoogduijn et al. 2002). 

Furthermore, the melanogenic actions of a-MSH were inhibited by the interaction of 

MCH with its receptor (Hoogduijn et al. 2002). In conclusion, the authors proposed 

that the MCH/MCHRI signalling system might have a role, along with the 

melanocortins, in regulating the physiological reactivities of melanocytes, including 

melanin synthesis. As MCHR1 is expressed on the cell surface, it could be accessible 

to autoantibodies that might adversely affect the functioning of the receptor, leading 

to the disruption of normal melanocyte behaviour. Interestingly, IgG from MCHRI 

antibody-positive vitiligo patients inhibited the binding of 125I-MCH to membranes 

of CHO-K1 cells expressing the receptor (Kemp et al. 2002). However, the effects of 

MCHRI antibodies on the functioning of the receptor and on normal melanocyte 

physiology as well as their possible relationship to the aetiology of vitiligo have yet 

to be established. 

63 



1.7 Aims of this study 

Although both aberrant cellular and humoral immune responses have been reported 

in vitiligo patients (Section 1.5), the exact contribution of these to the pathogenesis 

of the disorder have yet to be fully elucidated. However, characterising the 

autoimmune response in vitiligo has several potential clinical implications and 

applications. It is possible that analysing the abnormal immune response in vitiligo 

might lead to the development of more effective treatments, as well as to a greater 

understanding of the action of current immunosuppressive treatments, such as 

PUVA, which are effective in some cases of vitiligo. If autoimmune responses could 

be identified routinely, more appropriate treatments could be applied to individual 

patients. It might also be possible to establish whether particular clinical subtypes of 

vitiligo do indeed have separate disease aetiologies. 
Part of the elucidation of the autoimmune response in vitiligo is the identification 

and characterisation of melanocyte autoantigens that are recognised by 

autoantibodies and/or autoreactive T cells in vitiligo patients. In the long term, this 

might be of use in the diagnosis of the disorder and in the development of markers 

for disease activity and progression. With respect to this, the aim of this study was to 

characterise autoantibodies to MCHR1, an autoantigen in vitiligo. The specific aims 

were: 

1) To identify B cell epitopes on the MCHRI using recombinant protein and 

phage-display technology. 

2) To isolate a stable Chinese hamster ovary (CHO-KI) cell line expressing 

MCHRI. 

3) To examine the effects of MCHR1 autoantibodies on the functioning of the 

receptor by using fluorimetry to measure changes in intracellular calcium 

levels in response to MCH-stimulation in a CHO-Ki cell line expressing 

MCHRI. 

4) To investigate complement fixation activity and ADCC with respect to 

MCHR1 autoantibodies. 
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2 General Materials and Methods 

2.1 Patient sera 

Sera from patients with vitiligo and other autoimmune diseases were collected from 

dermatology and endocrinology clinics at the Royal Hallamshire Hospital, Sheffield, 

UK, and the Northern General Hospital, Sheffield, UK, respectively, between 

1990-2004. Patient details are given in Table 2.1. Control sera were also obtained 
from healthy laboratory volunteers with no personal or family history of vitiligo or 

of autoimmune disorders their details are given in the relevant chapters. The details 

of other patient groups are also summarised in the relevant chapters. Serum was 

separated from whole blood samples (10-20 ml) by centrifugation in a Sorval® 

RT6000-D centrifuge at 2800 revolutions per minute (rpm) for 20 minutes. Sera 

were kept frozen at -20°C until use. All work was approved by the Ethics Committee 

of the Northern General Hospital NHS Trust, Sheffield, UK and all subjects gave 
informed consent. 

2.2 Chemicals 

The majority of chemicals were purchased from either Sigma (Poole, UK) or BDH 

(Poole, UK), and were of either molecular biology grade or `AnaiR' grade, 

respectively. The source of some chemicals is indicated in the text where 

appropriate. 

2.3 Media 

The media used in this study are given below. All media were sterilised either by 

autoclaving or by filtration using Millipore GS disposable filters (Millipore Corp., 

Bedford, MA, USA). 
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2.3.1 Luria Bertani medium and agar 

Luria Bertani (LB) medium was prepared in double distilled water and contained: 

1% (w/v) Bacto-tryptone (Sigma); 0.5% (w/v) yeast extract (Sigma); 0.5% (w/v) 

NaCl. Luria Bertani agar was made by adding 1.5% (w/v) Bacto-agar (Sigma) to LB 

medium. After sterilisation, the agar was left to cool to 40-45°C before the addition 

of appropriate antibiotics. The agar was then poured into 90-mm petri-dishes, 

allowed to set and the plates stored at 4°C until required. 

2.4 Antibiotics 

Antibiotics (Sigma) were prepared as 100x concentrated stocks in double-distilled 

water, sterilised by filtration with a Millex® Filter Unit (Millipore Corp. ) and used in 

medium at either the final concentration shown below or as stated in the text. 

Tetracycline was dissolved in 50% (v/v) ethanol/H20. The stocks were stored 

at -20°C. 

Final concentration 
in medium (tg/ml): 

Ampicillin (Sodium salt) 100 
Kanamycin (Monosulfate) 12 

Tetracycline (Hydrochloride) 10 

2.5 Bacterial strains 

The bacterial strains used in this study were derivatives of Escherichia coli K-12 and 

were strains JM109 (Promega, Southampton, UK; Yanisch-Perron et al. 1985) and 

XL-1 Blue (Tetracycline resistant; Stratagene, La Jolla, CA, USA; Bullock et al. 

1987). Derivatives of strains carrying various plasmids were constructed by 

transformation (Section 2.14) and are defined in the text. 
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2.6 Plasmids 

The plasmids used in this study are listed in Table 2.2. They were kept at -20°C in 

sterile TE buffer (10 mM Tris-HCI; 1 mM ethylenediaminetetraacetic acid (EDTA); 

pH 8.0). Maps of the plasmid vectors used in DNA cloning experiments are given in 

the relevant chapters. 

2.7 Growth and maintenance of bacterial strains 

When first obtained, strains were checked for the presence of relevant antibiotic 

markers by streaking onto selective LB agar. All E. coli strains were routinely grown 
from single colonies on LB agar plates in LB medium, with the appropriate 

antibiotics, at 37°C in a rotary incubator shaking at 200 rpm. 
For storage, bacterial strains were streaked onto LB agar plates, containing 

appropriate antibiotics, and incubated overnight at 37°C and then placed at 4°C for 

up to one month. Additionally, 10 ml bacterial cultures were grown overnight at 

37°C and then mixed with an equal volume of 50% (v/v) sterile glycerol/H20 for 

long-term storage at -20°C. 

2.8 Small-scale plasmid preparations 

The WizardTM Minipreps DNA Purification System (Promega) was used to purify 

plasmid DNA from a 5-10 ml overnight culture of a required bacterial strain, 

according to the manufacturer's protocol. Briefly, single colonies of the desired 

bacterial strain were isolated by streaking out 20 µl of frozen bacterial stock onto LB 

agar containing the appropriate antibiotic. A single colony from a selective plate was 

then used toa inoculate 10 ml of LB containing the relevant antibiotic. This culture 

was shaken in a rotary incubator at 200 rpm at 37°C overnight. A bacterial cell pellet 

was obtained by centrifugation at 10,000 g for 10 minutes. The pellet was 

resuspended in 300 µl of WizardTM resuspension solution (50 mM Tris-HCI, pH 7.5; 

10 mM EDTA; 100 µg/ml RNase A), and the cells were lysed by addition of 300 µl 

of WizardTM cell lysis solution (0.2 M NaOH; 1% (w/v) sodium dodecyl sulphate 

(SDS)) and then neutralised by addition of 300 µl of WizardTM neutralisation buffer 
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Table 2.2 Plasmids used in this study. 

Plasmid Characteristics Source Reference 

pcDNA3 with a 1.3 kb Dr. E. H. Kemp, Kemp et al. 2002 
EcoRI Xbal insert of Division of 

pcMCHRI MCHR1 cDNA. Contains Clinical Sciences 
promoters for T7 and SP6 (North), 
polymerases flanking a University of 
diverse multiple cloning Sheffield, 
site. (Amp R)1. Sheffield, UK 

Multicopy 5.4 kb Invitrogen Akrigg et al. 1985 
expression vector. (Paisley, UK) Boshart et al. 

pcDNA3 Contains promoters for T7 1985 
and SP6 polymerases 
flanking a diverse multiple 
cloning site. (Amp'). 

Multicopy 4.0 kb Prof. C. F. Barbas, Barbas et al. 1991 
expression vector with The Scripps 

pComb3 EcoRV insert of MCHR1 Research Institute, 
cDNA fragments. (Amp'). La Jolla, CA, USA 

AmpR, ampicillin resistance. 
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(1.32 M potassium acetate). The resulting solution was mixed gently and centrifuged 

at 10,000 g for 10 minutes at room temperature. The clear lysate was then mixed 

with 1 ml of WizardTM resin and loaded on to a WizardTM minicolumn via a2 ml 

syringe, followed by washing with 2 ml of WizardTM column wash solution (80 mM 

potassium acetate; 8.3 mM Tris-HCI, pH 7.5; 40 µM EDTA; 55% (v/v) ethanol). 

The WizardTM minicolumn was centrifuged at 10,000 g for 2 minutes to remove 

excess column wash solution prior to DNA elution. Fifty microlitres of TE buffer, 

heated to 65°C, was subsequently added to the column, left for 1 minute and then 

centrifuged at 10,000 g for 30 seconds. The concentration of the DNA was 
determined by spectrophotometry at 260 nm. 

2.9 Large-scale plasmid preparations 

A large-scale overnight culture of a bacterial strain carrying the desired plasmid was 

prepared by inoculation of 0.5-1 L of LB, containing relevant antibiotics, followed 

by incubation of the culture with shaking at 37°C. The culture was then centrifuged 

at 5000 g (Sorval® RC-3B) for 30 minutes and plasmid extracted from the cell pellet 

using a Qiagen Plasmid DNA Maxiprep Kit (Qiagen Ltd., Crawley, UK) as per the 

kit instructions. The bacterial cell pellet was first resuspended in 10 ml of buffer P1 

(50 mM Tris-HCI, pH 8.0; 10 mM EDTA; 100 µg/ml RNase A). An equal volume of 

buffer P2 (0.2 M NaOH; 1% (w/v) SDS) was added to the resuspended cells and 

mixed by gentle inversion, followed by incubation at room temperature for 

5 minutes. The tube was then mixed gently again after the addition of 10 ml of buffer 

P3 (1.32 M potassium acetate, pH 5.5) and incubated on ice for 20 minutes. The 

mixture was subsequently centrifuged at 20,000 g for 30 minutes at 4°C resulting in 

a clear supernatant. A Qiagen column was equilibrated by adding buffer QBT 

(750 mM NaCl; 50 mM 3-[N-morpholino] propanesulphonic acid (MOPS), pH 7.0; 

15% (v/v) isopropanol; 0.15% (v/v) Triton X100) and was allowed to empty by 

gravity flow. Clear supernatant was then loaded onto the column and left to flow 

through, followed by washing of the column twice with 30 ml of QC buffer 

(1 M NaCl; 50 mM MOPS, pH 7.0; 15% (v/v) isopropanol). Plasmid DNA was 

subsequently eluted with 15 ml of buffer QF (1.25 M NaCl; 50 mM Tris-HCI, 

pH 8.5; 15% (v/v) isopropanol) and precipitated by the addition of 10.5 ml of 
isopropanol and centrifugation at 15,000 g for 30 minutes at 4°C. The resulting DNA 
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pellet was washed with 70% (v/v) ethanol, centrifuged at 15,000 g for 10 minutes at 

4°C and finally resuspended in 300 gl of TE buffer that had been pre-heated to 65°C. 

The concentration of the DNA was ascertained by spectrophotometry at 260 nm. 

2.10 Restriction enzyme digestion 

All restriction endonucleases and restriction endonuclease reaction buffers were 

supplied by Promega. Restriction enzyme digests of plasmid and polymerase chain 

reaction (PCR) amplified products were carried out in a volume not normally 

exceeding 25 µl, containing 10 U of enzyme(s) and 0.1 volumes of an appropriate 
lOx concentration restriction buffer. Each reaction proceeded for 2 hours at 37°C. 

A typical reaction comprised: 

1 µl 1 µg/µl DNA 

16 µl sterile distilled H2O 

2 µl 1 Ox reaction buffer 

1 µl 10 U/µl restriction endonuclease 

2.11 Agarose gel electrophoresis 

Agarose gels, 0.8-1% (w/v), were prepared by boiling molecular biology grade 

agarose (Sigma) in TAE electrophoresis buffer (40 mM Tris-base; 0.1% (v/v) glacial 

acetic acid; 100 mM EDTA, pH 8.0) for 1-2 minutes in a microwave oven. One 

microlitre of ethidium bromide (10 mg/ml) was added for every 50 ml of the gel 

solution. The molten agarose was cooled and poured into the casting deck of a 

dedicated gel electrophoresis apparatus. After it had set, the combs were removed, 

and the electrophoresis tank was filled with TAE as a running buffer. A loading dye 

(6x concentration contained: 0.25% (w/v) bromophenol blue; 40% (w/v) sucrose) 

was added to the DNA, acquiring approximately 1/6' of the volume to be loaded, 

and this was then pipetted into the gel slots. A `marker' lane was always included 

which either contained HindIII-restricted bacteriophage ?. DNA (Promega) or 

100 base pair DNA ladder (Promega), with which to size the DNA products after 

they had migrated through the gel. The gels were run at 100 volts (V) and 

subsequently viewed using an UV transilluminator. 
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2.12 Preparation of DNA fragments from agarose gels 

When electrophoresis was performed to purify a particular DNA fragment, either 
from a PCR or a restriction digest, the DNA fragment of interest was recovered from 

the gel using a WizardTM PCR Prep DNA Purification Kit (Promega). Briefly, the 

area of the gel containing the relevant piece of DNA was excised using a clean 

scalpel and placed in a 1.5 ml eppendorf tube. One millilitre of purification resin was 

used to dissolve the gel slice and the resulting mixture was applied via a2 ml syringe 

to a WizardTM minicolumn followed by washing with 2 ml of 80% (v/v) isopropanol. 

The WizardTM minicolumn was centrifuged at 10,000 g for 2 minutes, to remove 

excess isopropanol, prior to DNA elution with 30 µl of sterile TE buffer, which had 

been pre-heated to 65°C. 

2.13 DNA ligations 

Ligation of vector and DNA fragments was performed using T4 DNA ligase 

(Promega). An estimation of the concentration of each vector and insert was 

performed by agarose gel electrophoresis next to base pairs (bp) markers of a known 

concentration. Approximately 200 ng of vector DNA were mixed together with 

insert (the amount of which to be added was calculated using a molar ratio, vector: 
insert, of between 1 and 3), and sterile H2O added to a final volume of 18 µl in a 

clean 0.5 ml eppendorf tube. The mixture was heated to 65°C and gradually cooled 

to 16°C in a thermal cycler block, to allow DNA to anneal slowly, before addition of 

1 µl of T4 DNA ligase enzyme (Promega) and 2 µl of lOx ligase buffer (300 mM 

Tris-HCI, pH 7.8; 100 mM MgC12; 100 mM dithiothreitol (DTT); 10 mM ATP; 

Promega). The reaction was subsequently incubated at 16°C overnight. 

2.14 Bacterial transformation 

2.14.1 Transformation of chemically-competent bacterial cells 

When required, a 100-µl aliquot of competent E. cola JM109 (Promega) cells was 

thawed. The appropriate DNA sample, usually 0.5-1 jig, was gently mixed with the 

cells and this was incubated on ice for 10 minutes. The cells were then heat shocked 
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at exactly 42°C for 45 seconds and returned to ice. After 2 minutes, the cells were 

transferred to a culture tube containing 990 µl of chilled SOC medium (Invitrogen, 

Paisley, UK) which comprises: 2% (w/v) tryptone; 0.5% (w/v) yeast extract; 10 mM 

NaCl; 2.5 mM KCI; 10 mM MgCl2; 10 mM MgSO4; 20 mM glucose. The culture 

tube was placed in a shaking incubator at 37°C and grown for 1 hour, to allow 

expression of the antibiotic resistance genes carried by the transforming plasmid 

DNA. A 100-µl aliquot of undiluted transformed cells, and of 1: 10 and 1: 100 

dilutions, were then spread onto LB agar plates containing the appropriate antibiotic, 

and incubated at 37°C overnight. A proportion of the colony forming units were then 

picked with a sterile pipette tip and streaked on to fresh LB agar plates for growth 

overnight at 37°C. 

2.14.2 Transformation of electrocompetent bacterial cells 

A 50-µ1 aliquot of electrocompetent E. coif XL-1 Blue cells (Stratagene) were 

thawed on ice and then added to a pre-chilled 0.1 cm cuvette (Invitrogen). The 

appropriate DNA sample, usually 0.5-1 µg, was added, mixed by pipetting, and the 

cuvette placed into an E. coli Pulser electroporator (Bio-Rad Laboratories Ltd., 

Hemel Hempstead, UK) and a charge of 1800 V applied. The cuvette was removed 

from the electroporator and the cells resupended in 500 µl of super optimal catabolite 

(SOC) medium and then incubated with shaking at 37°C for 1 hour. A 100-µl aliquot 

of undiluted transformed cells, and of 1: 10 and 1: 100 dilutions, were spread onto LB 

agar plates containing appropriate antibiotics, and incubated at 37°C overnight. A 

proportion of the colony forming units were then picked with a sterile pipette tip and 

streaked on to fresh LB agar plates for growth overnight at 37°C. 

2.15 Polymerase chain reaction amplification 

Preceding the PCR amplification, oligonucleotide primers were appropriately 

designed to amplify the relevant DNA fragment (details are given where appropriate 

in the text). Reactions were carried out in 50-µ1 volumes comprising, unless 

indicated, 50 ng of template DNA, 0.3 mM of each required (forward and reverse) 

primer, 1U of ExpandTm High Fidelity Taq polymerase (Roche Diagnostics Ltd., 

Lewes, UK), 0.1 mM deoxynucleotides (Promega), in buffer containing: 1.5 mM 
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MgCl2; 10 mM Tris-HCI (pH 8.3); 0.01% gelatin; 50 mM KCI; 0.1% Tween 20; 

0.1 % Nonidet P-40 (Roche Diagnostics Ltd. ). Each reaction was overlaid with a drop 

of mineral oil to prevent evaporation during heating and was subject to PCR 

amplification in a DNA Thermal Cycler (Perkin-Elmer/Cetus, Norwalk, CT, USA) 

using the conditions stated in the text. 

2.16 Direct purification of PCR products 

Polymerase chain reaction amplification products were directly extracted from the 

PCR constituents using a WizardTM PCR Prep DNA Purification Kit (Promega). 

Briefly, one or more PCR reactions assuming a volume of no more than 300 µl, were 

mixed with 100 µl of WizardTM direct purification buffer (50 mm KCI; 10 mM Tris- 

HCI, pH 8.8; 1.5 mM MgC12; 0.1% (v/v) Triton X100). One millilitre of WizardTM 

PCR Prep DNA Purification resin was added and the mixture vortexed briefly three 

times during a period of 1 minute. The mixture was then applied to a WizardTM 

minicolumn, which was treated as previously described in Section 2.12. 

2.17 DNA sequencing 

2.17.1 Manual DNA sequencing 

Sequencing of plasmid DNA was performed using a T7 Sequenase® Version 2.0 

DNA Sequencing Kit (Amersham Pharmacia Biotech, Little Chalfont, UK) by the 

dideoxy-chain termination method (Sanger et al. 1977) using the appropriate 

oligonucleotide primer and [a- 5S]dATP (NEN Life Science Products, Hounslow, 

UK), as outlined below. 

One-to-three micrograms of plasmid DNA in a volume of 10 111 of TE were 

denatured by incubation at 37°C with 1 p. 1 of 2 mM EDTA (pH 8.0) and I µl of 2M 

NaOH for 30 minutes. One microlitre of 3M sodium acetate (pH 5.2) and 50 gl of 

100% ethanol were added and the DNA was precipitated at -20°C for 1-2 hours. A 

pellet was collected by centrifugation at 12,000 g for 15 minutes and was air-dried, 

before being resuspended in 10 µl of diluted sequencing primer mixture containing 

7 µl sterile distilled H2O, 2 µl of T7 Sequenase® reaction buffer and 1-5 pmoles of 

the relevant primer (details are given where appropriate in text). The reaction was 
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then heated to 65°C for 2 minutes, to allow annealing of the primer with its target 

sequence, prior to slow cooling to 0°C. 

Two-point-five microlitres of each of four termination mixes (ddGTP, ddATP, 

ddTTP, ddCTP) were aliquoted into separate tubes and heated to 37°C. Termination 

mixes contained: 80 µM of each dNTP; 8 pM of the relevant ddNTP. To the 

annealed DNA, 1 µl DTT, 2 µl of diluted labelling mix (5x concentration contained: 

7.5 µM dGTP; 7.5 µM dTTP; 7.5 pM dCTP; diluted to lx with sterile H20), 1 µl 

[a- 5S]dATP (1250 Ci/mmol; 12.5 mCi/ml; NEN Life Science Products) and 2 Al 

diluted T7 Sequenase® polymerase (diluted 1: 8 with enzyme dilution buffer) were 

added. This was incubated at room temperature for 2 minutes before 3.5 µl was 

removed from the reaction into each of the four tubes containing dideoxynucleotides. 

These were then incubated at 37°C for five minutes after which 4 µl of stop solution 

were added. The tubes were subsequently heated at 85°C to denature the DNA and 

then applied to sequencing gels for electrophoresis as described in the Section 2.18. 

2.17.2 Automated DNA sequencing 

Automated DNA sequencing was carried out by the genomic facility of the Division 

of Genomic Medicine at the University of Sheffield, Sheffield, UK and also at the 

Department of Biological Sciences at University of Durham, Durham, UK. 

Sequencing reactions were performed using the ABI PRISM BigDyeTM 

Terminators Version 3.0 Cycle Sequencing Kit (Applied Biosystems, Foster City, 

CA, USA). Generally, 1-2 µg of the DNA samples (plasmid, phagemid or PCR 

product) and 3.2 pmoles of the relevant primers were sent to the automated DNA 

sequencing facility. The facility performed cycle sequencing reactions using 

fluorescent dye terminators, ran the gel, acquired the data, and provided the sequence 

as chromatogram and text files. DNA sequence homology searches against the 

GenBank database were performed using the BLAST service of the National Centre 

for Biotechnology Information (Bethesda, MD, USA). 
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2.18 Sequence gels and autoradiography 

The sequencing reaction products were resolved on 6% (w/v) polyacrylamide gels 

containing: 7 mM urea; 89 mM Tris-base; 2 mM EDTA (pH 8.0); 89 mM boric acid; 

0.03% (w/v) ammonium persulphate; 0.07% (v/v) of N, N, N, N'- 

tetramethylethylenediamine (TEMED). A standard non-gradient sequencing gel 

apparatus, (Bio-Rad Laboratories Ltd. ), was used in the set up. The gel running 

buffer contained: 89 mM Tris-base; 2 mM EDTA (pH 8.0); 89 mM boric acid. The 

gel and buffer were warmed to 50°C prior to electrophoresis by running at 2000 V 

for one hour. Gel slots were flushed with buffer to remove any urea and 

unpolymerised acrylamide. DNA sequence reactions were then loaded. Gels were 

run at a voltage of approximately 1800 V for 2 to 4 hours at 50°C depending on the 

length of the sequence to be studied. After the reactions had run to the desired extent, 

the current was turned off, apparatus dismantled and the gel fixed in 12% (v/v) 

methanol, 10% (v/v) glacial acetic acid. The gel was then transferred to a sheet of 

3MM blotting paper (Whatman International Ltd., Maidstone, UK) and dried on a 

Bio-Rad Gel Dryer 583 (Bio-Rad Laboratories Ltd. ) at 80°C for 2 hours. 

The dried gel was subjected to autoradiography by exposure to Fuji RX X-ray 

film (Genetic Research Instrumentation Ltd., Dunmow, UK) in a HypercassetteTM 

(Amersham Pharmacia Biotech) at room temperature for 24 hours. The film was 

subsequently developed using Photosol CD 18 X-ray developer (Photosol Ltd., 

Basildon, UK) for 3 minutes, rinsed in water and then fixed for 3 minutes in 

Photosol CF40 fixer (Photosol Ltd. ). 

2.19 SDS-PAGE and autoradiography 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of 

protein samples was performed in 12.5% (w/v), or 15% (w/v) SDS-polyacrylamide 

resolving gels. The exact constitution of gels and associated buffers is shown in 

Table 2.3. The percentage acrylamide of the gel varied according to the size of the 

protein products to be electrophoresed. The gels were created using a Bio-Rad 

Protean II apparatus (Bio-Rad Laboratories Ltd. ). 
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Table 2.3 Constitution of SDS-PAGE gels. 

Resolving gel: 

Constituent Final concentration in gel 

Buffer A: 

Tris-base 

SDS 

0.4 M 

0.1% (w/v) 

Acrylamide: bisacrylamide (37.5: 1) 
(Bio-Rad Laboratories Ltd. ) 

12.5% (w/v) or 15 % (w/v) 

Ammonium persulphate 0.04% (w/v) 

TEMED 0.0004% (v/v) 

Stacking gel: 

Constituent Final concentration in gel 

Buffer B: 

Tris-base 

SDS 

0.125 M 

0.1% (w/v) 

Acrylamide: bisacrylamide (37.5: 1) 4% (w/v) 

Ammonium persulphate 0.05% (w/v) 

TEMED 0.075% (v/v) 
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Briefly, two glass plates (12 cm2 and 12 x 16 cm) and 1 mm spacers were 

assembled using the dedicated equipment according to the manufacturer's 

instructions. The resolving gel solution was poured into the space between the plates, 

(to a level approximately 5 cm from the top of the smaller plate), and overlaid with 

1 ml isopropyl alcohol. After the gel mixture had polymerised the isopropyl alcohol 

was poured off, and a comb was inserted before the solution for the stacking gel was 

poured in on top. Subsequently, the comb was removed and the full apparatus 

assembled. Laemmlli buffer (250 mM Tris-base; 0.1% (w/v) SDS, 0.2 M glycine) 

was poured into the tank until the bottom of the plates was covered and the top 

reservoir was full. 

Prior to loading, samples to be analysed were mixed with 2x SDS sample buffer 

(4% (w/v) SDS; 20% (v/v) glycerol; 0.002% (w/v) bromophenol blue; 2% (v/v) 

2-mercaptoethanol; 25% (v/v) buffer B as detailed in Table 2.3) and heated at 85°C 

for 5 minutes. Protein molecular weight standards (Bio-Rad Laboratories Ltd. ) used 

were: bovine serum albumin, 77 kilodaltons (kDa); ovalbumin, 50 kDa; carbonic 

anhydrase, 35 kDa; soybean trypsin inhibitor, 29 kDa; lysozyme, 21 kDa. Gels were 

run at a current of 35 milli-amperes (mA) for 3-5 hours or until the visible dye-front 

had reached the bottom of the plates. The apparatus was subsequently dismantled 

and the gel transferred to a plastic tray and covered with Coomassie® Blue stain 

containing: 0.05% (w/v) Coomassie® Brilliant Blue (Bio-Rad Laboratories Ltd. ); 

10% (v/v) glacial acetic acid; 25% (v/v) isopropanol. This was placed on a rocking 

platform. After a minimum of 30 minutes staining, the gel was destained by repeated 

fresh additions of a solution containing: 10% (v/v) glacial acetic acid; 25% (v/v) 

isopropanol. The destain was discarded and the gel was soaked for a further 

30 minutes in Amplify fluorographic reagent (Amersham Pharmacia Biotech), before 

being dried for 2 hours at 60°C onto 3MM Whatman paper. Gels were exposed to 

Fuji RX X-ray film at -70°C for the required time (usually overnight) and, then 

developed as in Section 2.18. 
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2.20 Chinese hamster ovary (CHO-K1) cell culture 

All cell culture media and reagents were purchased from Invitrogen, unless 

otherwise stated. Chinese hamster ovary (CHO-K1) cells were obtained from the 

European Collection of Animal Cell Cultures (Salisbury, UK). CHO-K1 cells were 

routinely grown in culture media containing Nutrient Mixture F-12 (Ham) 

supplemented with 10% foetal bovine serum (FBS; Bio West Ltd., Ringmer, UK), 

2 mM L-glutamine, 100 U/ml pencillin G (sodium salt), 100 µg/ml streptomycin 

sulphate and 1.25 µg/m1 fungizone (amphotericin) in T75 tissue culture flasks (Nalge 

Nunc International, Rochester, NY, USA) in a 5% CO2 incubator at 37°C. 

Transfected CHO-K1 cell lines were cultured in media containing 1 mg/ml geneticin 

sulphate (G-418; Invitrogen). 

Cells were passaged when 80-90% confluent, usually every 2-3 days. At each 

time of passage, the CHO-K1 cells were washed once with phosphate-buffered saline 

(PBS; 0.01 M phosphate buffer; 0.0027 M KCI; 0.137 M NaCl; pH 7.4; Oxoid, 

Basingstoke, UK) and then incubated in a solution containing 0.05% trypsin and 

0.53 mM EDTA at 37°C in a 5% C02 incubator for 5 minutes. After incubation, the 

cells were resuspended in a culture media and centrifuged at 1000 g for 5 minutes. 

The cell pellet was resuspended in culture media and the cells plated at a 1: 10 

dilution in T75 tissue culture flasks. 

For long-term maintenance of CHO-K1 cells, cells were frozen and stored in 

liquid nitrogen. Cells were grown to 80-90% confluence and then the cells washed 

once with PBS and incubated with trypsin/EDTA at 37°C for 5 minutes in a 5% CO2 

incubator. The cells were then centrifuged in culture media at 1000 g for 5 minutes 

and the pellet resuspended in 1 ml of freezing mixture containing FBS and dimethyl 

sulfoxide (Fisher Scientific UK Ltd., Loughborough, UK) at a ratio of 9: 1. The cells 

were then transferred to cryogen vials (Nalge Nunc International) and stored- 

at -80°C for 24 hours. The cells were then transferred to liquid nitrogen until 

required. 
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3B Cell Epitope Mapping of the Melanin-Concentrating 

Hormone Receptor 1 Using Recombinant Protein 

3.1 Introduction 

3.1.1 Antibody-antigen interaction 

In order for binding to take place between an antibody and its antigen, there must be 

complementarity between surface structures on the antigen and the combining site of 

the antibody. The precise region of the antibody's combining site which contacts 

with antigen is called the paratope and the part of the antigen recognised by the 

paratope is termed the epitope. Antigens are highly diverse in size and in primary 

sequence, as well as in their secondary structure. Consequently, antigenic epitopes 

are extremely varied and are usually classified as either'continuous or discontinuous. 

An epitope that constitutes part of a linear amino acid sequence on a polypeptide 

chain is known as a continuous or linear epitope. An epitope that is formed by two 

stretches of the primary sequence that are distant from each other but are brought 

together in the folded molecule's secondary or tertiary structure is known as a 

discontinuous or conformational epitope (Westwood and Hay 2001). The size of a 

linear epitope can range in length from 5-6 amino acids (Roitt and Delves 2001) up 

to 15-22 amino acids (von Mikecz et al. 1995). Conformational epitopes can consist 

of approximately discontinuous 16 amino acid side-chains (Roitt and Delves 2001). 

For binding of an antibody to an antigen to occur, the specific epitope must be 

exposed on the surface of the antigen (Roitt and Delves 2001). There are a number of 

criteria that might, therefore, determine which areas of an antigen can act as antibody 

binding sites including: 

1. The mobility of the region of the protein. X-ray crystallography and nuclear 

magnetic resonance techniques may indicate surface amino acid residues with 
higher mobility that are more likely to act as an epitope than areas on the 

molecule where there are rigid structures such as a-helices and ß-sheets 

(Westwood and Hay 2001). 
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2. The nature of the primary sequence, in the case of protein antigens. For 

example, where there is the potential to form a loop or a turn, e. g., in the 

presence of proline residues, amino acid residues can be exposed for 

antibody binding (Westwood and Hay 2001). 

3. The hydrophilicity of the protein sequence. Generally, the hydrophobic 

stretches of sequence will reside in the interior of the molecule, with the 

hydrophilic stretches found on the surface. Therefore, highly hydrophilic 

sequences are likely to be on the surface of a molecular fold and thus be 

putative epitopes (Westwood and Hay 2001). 

Epitope mapping is the identification and localisation of the specific regions of 

protein molecules that are recognised by the immune system (Roitt and Delves 

2001). It is possible to predict areas of probable antigenicity on a particular protein 

(Parker et al. 1986). However, in order to determine the exact location of epitopes on 

an antigen, experimental epitope mapping techniques need to be applied. 

3.1.2 Methods of B cell epitope mapping 

Several epitope mapping strategies for the identification of autoepitopes have been 

used (Table 3.1). The most precise available method of defining the area of an 

antigen making contact with an antibody is X-ray crystallography of the antigen- 

antibody complex. This technique has the advantage of allowing the study of the 

three-dimensional structures and even can provide information about conformational 

epitopes. However, it is costly and requires sufficiently large quantities of a pure 

monoclonal antibody and its antigen to produce crystal. If the primary amino acid 

sequence of the antigen is known, there are two main approaches to B cell epitope 

mapping. The first method relies on molecular manipulation at the cDNA level using 

techniques such as polymerase chain reaction amplification, site-directed 

mutagenesis, and restriction with DNA exonucleases and endonucleases. 

Substitutions and/or deletions are created in the amino acid sequence followed by 

comparative analysis of the immunoreactivity of these recombinant proteins either 

by immunoblotting, immunoprecipitation or enzyme-linked immunosorbent assay 
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Table 3.1 A summary of techniques for mapping linear and conformational B 

cell epitopes. 

Technique 

X-RAY CRYSTALLOGRAPHY' 

PHAGE-DISPLAY= 
i) Random-peptide library 

Suitable for which type/s of Reference 
epitope 

Conformational and linear 

Williams et al. 2001 

ii) Single chain Fv3 fragment (scFv) library 

SYNTHETIC PEPTIDES4 
i) Peptide synthesiser 
(Generates peptides >10 amino acid 
residues) 

Conformational and linear 

Amit et al. 1986 

Mostly linear Petterson 1992 

ii) `PEPSCAN'5 
(Peptides <_ 10 amino acid residues) 

PEPTIDE FRAGMENTS6 Mostly linear 
Derived enzymatically from the whole 
protein 

RECOMBINANT PROTEIN? Mostly linear 
Subcloning and expressions of cDNA 
encoding peptide fragments generated by: 

i) Naturally occurring restriction sites 
ii) Exonuclease digestion 
iii) Polymerase chain reaction (PCR) 

amplification 
iv) Site-directed mutagenesis 

Sumar 2001 

Petterson 1992 

Petterson 1992 

Petterson 1992 
Petterson 1992 
Petterson 1992 

Perdue 2001 

'Allows direct analysis of the 3-dimensional structure of an antigen-antibody complex. 
2Epitope regions are determined by affinity selection screening with either (i) antibody, or (ii) antigen. 
'Fv, variable region of the fragment withantigen binding (Fab) of an immunoglobulin. 
'Can be used in a number of different assay systems including enzyme-linked immunosorbent assay (ELISA) and 

immunoprecipitation using monoclonal antibody (mAb) or polyclonal sera. 
5'PEPSCAN' involves the synthesis of short overlapping peptide sequences on to solid supports (polystyrene 

pins) which are then used in a modified ELISA. 

'Can be used in a number of different assay systems including ELISA and immunoprecipitation using mAb or 

polyclonal sera. 
7Can be used in a number of different assay systems including immunoblotting, ELISA, immunoprecipitation and 

radioimmunoassays (RIA) using mAb or polyclonal sera. 
'A variety of expression vectors/systems may be used. Vectors may fuse a tag to the protein for purification, or 

allow the incorporation of a radiolabelled amino acid into the recombinant protein for RIA. 
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(ELISA) (Petterson 1992). Examples of studies in which B cell epitopes have been 

identified in several autoimmune diseases using recombinant proteins are given in 

Table 3.2. The second technique begins at the peptide level and involves the analysis 

of antibody reactivity to either synthetic peptides or enzymatically digested protein 

fragments (Petterson 1992). By using synthetic peptides the entire sequence of the 

antigen can be represented by sets of consecutive or overlapping peptides that are 

then assayed for antigenicity. However, both these methods can only accurately 
detect linear epitopes and short sequences that may constitute part of a 

conformational epitope. More recently, the use of phage-display technology has 

allowed the identification of conformational peptide epitopes (Williams et al. 2001), 

and this will be discussed further in Chapter Four. 

3.1.3 The role of B cell epitope mapping in autoimmunity 

Mapping of B cell epitopes on autoantigens can provide understanding of the 

association of an autoantigen with a particular autoimmune pathogenesis. For 

example, epitopes may reside in functional domains of autoantigenic proteins. 

Indeed, autoantibodies in myasthenia gravis, directed against the acetylcholine 

receptor, are known to bind to an epitope in the acetylcholine-binding site which can 

directly inhibit the receptor function (Hoedemaekers et a!. 1997). Similarly, the 

autoantigenic epitopes in SLE have been found to reside in highly conserved regions 

of proteins and can thus inhibit functions of both structural proteins and enzymes 

(Casiano and Tan 1996). For example, antinuclear antibodies targeting tRNA 

synthetase and DNA polymerase delta auxiliary protein have been shown to 

functionally inhibit the aminoacylation of tRNA and DNA replication and repair, 

respectively, in in vitro studies (Tan et a!. 1994). 

Epitope mapping can also provide an insight into the initiation of the autoimmune 

process. Autoimmunity may be triggered by an initial infection with a pathogenic 

organism (Wucherpfenning 2001). One of the mechanisms by which this might 

induce immune disease is the phenomenon of molecular mimicry in which a 

microbial peptide has sufficient structural similarity with a self-peptide to evoke a 

cross-reactive autoimmune response. For example, an epitope on the bacterium 
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Table 3.2 Examples of previous studies employing recombinant proteins to 

map B cell epitopes in autoimmune disease. 

Study 

Burch et at 1993 

Antigen Disease Techniques 

Thyroid stimulating 
hormone-receptor 

Graves' disease 

Peterson and Krohn 1994 Steroid 17a-hydroxylase Autoimmune 
Addison's disease 

Wedlock et al. 1993 Steroid 21-hydroxylase Autoimmune 
Addison's disease 

Song et al. 1994a Steroid 21-hydroxylase Autoimmune 
Addison's disease 

Volpato et aL 1998 Steroid 21-hydroxylase Autoimmune 
Addison's disease 

Nikoshkov et al. 1999 

von Mikecz et aL 1995 

I Syren et al. 1996 

Daw et al. 1996 

Lin et al. 1999 

Kemp et al. 2001 a 

Steroid 21-hydroxylase Autoimmune 
Addison's disease 

Ribosomal protein L7 Systemic lupus 
erythematosus and 
mixed connective 
tissue disease 

Glutamate decarboxylase Type 1 diabetes 
mellitus 

Glutamate decarboxylase Type I diabetes 
mellitus 

`BP 180' Bullous 
(collagen XVII) pemphigoid 

Sodium iodide symporter Autoimmune 
thyroid disease 

Subcloning of cDNA amplif- 
ied by PCR. Expressed in 
bacteria. Immunoprecipit- 

ation (IP) experiments with 
patient sera. 

Subcloning of endonucl- 
ease restricted cDNA fragments 
and exonuclea- 
se digestion. Expressed in 
bacteria and immunoblot- 
ted with patient sera 

Subcloning of endonucl- 
ease restricted cDNA fragments. 
Expressed in bacteria and 
immunoblot- 
ted with patient sera 

Subcloning ofcDNA amphf- 
ied by PCR Expressed in 
bacteria and immunoblot- 
ted with patient sera 

Subcloning of endonucl- 
ease restricted cDNA fragments. 
Site-directed mutagenesis. 
Expressed in bacteria. IP 

experiments with patient sera. 

Site-directed mutagenesis. 
Expressed in bacteria. IP 

experiments with patient sera. 
Also expressed in mammalian 
cells and immunoblotted with 
patient sera 

Subcloning of cDNA amplif- 
ied by PCR. Expressed in 
bacteria and immunoblot 
-ted with patient aera. Also IP 

experiments with patient sera. 

Subcloning ofendonucl- 
ease restricted cDNA fragments 

and cDNA ampl- 
ified by PCR. Expressed in 
bacteria. IP experiments with 
patient monoclonal antibodies 
(mAbs} Also expressed in 

mammalian cells and 
immunoblotted with mAbs. 

Subcloning of endonucl- 
ease restricted cDNA fragments 
and cDNA ampl- 
ified by PCR. Expressed in 
bacteria. IP experim- 
ents with patient sera. 

Subcloning of cDNA amplif- 
ied by PCR Expressed in 
bacteria and immunoblot- 
ted with patient sera 

Subcloning of cDNA amplif- 
ied by PCR Expressed in 
bacteria. IP experim- 
ents with patient sera. 
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Yersinia entericolitica has homology with the extracellular domain of human 

thyroid-stimulating hormone receptor and could therefore cross-react with 

autoantibodies in Graves' disease (Tomer and Davies 1993). There is also evidence 

that similarities between epitopes on the parasite Trypanosoma cruzi and the cardiac 

muscle protein myosin may cause the aberrant immune response in Chagas' disease 

(Roitt and Delves 2001). The inflammation that results from a viral or bacterial 

infection can lead to local activation of antigen-presenting cells resulting in 

enhanced processing and presentation of self-antigens present at that tissue. 

As well as providing insights into the mechanisms of autoimmune pathogenesis, 

the molecular characterisation of B cell epitopes may also allow new and more 

specific assays for autoimmune diseases to be established (Lernmark 2001). For 

example, if the epitope of a pathogenic autoantibody can be precisely defined, 

recombinant proteins containing only the significant epitope region could be used to 

measure titres of pathogenic autoantibodies within the heterogeneous antibody 

population of a patient's serum (Ishii et al. 1997). A further application of epitope 

mapping lies in the development of specific-active immunotherapies: the ability to 

determine a single relevant antigenic site within a target protein is the basis for the 

development of synthetic vaccines for the prevention of and protection against 

disease (Atabani 2001). There is a need for vaccines to be epitope specific to 

eliminate the possibility of cross-reactivity with self-protein or related antigens and 

also to make the production of the synthetic peptides economical. 

3.1.4 Aim 

The aim of this part of the study was to identify B cell epitopes on the MCHR1, a 

protein previously reported as an autoantigen in some vitiligo patients (Kemp et al. 

2002). Deletion derivatives of MCHRI cDNA were constructed by PCR 

amplification and then translated in vitro with the concomitant incorporation of 

[35S]-methionine into the protein products. The [35S]-labelled MCHR1 derivatives 

were subsequently used in radio-binding assays to investigate the reactivity of sera 

from vitiligo patients to the receptor. This method of epitope mapping has been 

successfully used to identify antibody-binding sites on the vitiligo autoantigens 

tyrosinase (Kemp et al. 1999a) and Pmel17 (Kemp et al. 2001b). 
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3.2 Materials and Methods 

3.2.1 Patients and controls 

Sera from nine vitiligo patients (V1-V9; Table 2.1), that were previously shown to 

contain MCHR1 antibodies (Kemp et al. 2002), were analysed in these experiments. 
In addition, sera from ten vitiligo patients (V10-V19; Table 2.1), - that were 

previously shown not to contain MCHR1 antibodies (Kemp et al. 2002), were 

analysed. Sera from twenty healthy individuals (9 male, 11 female; mean age: 32 

years with range 24-48 years) with no history of either vitiligo or autoimmune 
disorders were used as controls. 

3.2.2 Generation of MCHR1 cDNA deletion constructs by PCR amplification 

Full-length MCHR1 cDNA in pcDNA3 (Figure 3.1; Invitrogen) and referred to as 

pcMCHR1 is as detailed previously (Kemp et al. 2002). Fragments of MCHRI 

cDNA, including base pairs 1-414,1-534,1-654,1-774,1-894,1-1014 and 1-1134, 

415-894,895-1206, where the A residue of the initiating ATG codon is assigned as 

base pair number 1 (Kolakowski et al. 1996), were generated from pcMCHRI by 

PCR amplification using the oligonucleotide primers (Life Technologies, Paisley, 

UK) listed in Table 3.3. Restriction sites for EcoRI and XbaI were incorporated into 

the 5'and 3' primers, respectively, in order to allow subcloning of the PCR products 

into pcDNA3 and the subsequent expression of the MCHRI cDNA fragments from 

the T7 promoter present in the vector. 
Samples of plasmid DNA containing MCHRI cDNA (50 ng) were subjected to 

30 cycles of PCR amplification in a DNA Thermal Cycler using the following 

conditions: denaturation at 94°C for 1 minute; annealing at 55°C for 1 minute; 

extension at 72°C for 2 minutes; 72°C for 10 minutes to terminate the reaction. The 

composition of each 50-µ1 PCR reaction was as previously described (Section 2.15). 
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Figure 3.1 A map of the pcDNA3 vector detailing restriction sites. MCHR1 

cDNA fragments generated by PCR amplification were cloned into the EcoRI-XbaI 

sites of pcDNA3 so that expression of the cDNA fragments is controlled by the T7 

promoter. 
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Table 3.3 Oligonucleotide primers used to generate MCHR1 cDNA fragments 

by PCR amplification. 

Base pairs' Primer sequences2 

Forward 5'-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-414 Reverse 5'-AATCTAGACGCCTATCAATCTACTACCGAGAG-3' 

Forward 5'-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-534 Reverse 5'-AATCTAGACGCCTATCAGGTGAACTGACTATT-3' 

Forward 5'-TTGAAT7CGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-654 Reverse 5'-AATCTAGACGCCTATCAGGCCCACAGGAGGCA-3' 

Forward 5"-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-774 Reverse 5'-AATCTAGACGCCTATCAGGTGAACCAGTAGAG-3' 

Forward 5'-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-894 Reverse 5'-AATCTAGACGCCTATCACAGCCGGATGCTGCG-3' 

Forward 5'-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-1014 Reverse 5'-AATCTAGACGCCTATCAAAAGGTGAGGGTCGG-3' 

Forward 5'-TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG-3' 
1-1134 Reverse 5'-AATCTAGACGCCTATCATGCAGGCTTCACCGA-3' 

Forward 5'-TTGAATTCGCCGCCATGCTCCTCTTTCTCCTG-3' 
415-894 

Reverse 5'-AATCTAGACGCCTATCACAGCCGGATGCTGCG-3' 

Forward 5'-TTGAATTCGCCGCCATGCGGACAAAGAGGGTG-3' 
895-1206 Reverse 5'-AATCTAGACGCCTATCAGGTG CCTTTGCTTC-3' 

1 The numbers correspond to base pairs of MCHRI cDNA included in the construct 

with the A residue of the initiating ATG codon assigned as base pair number 1. 

2 The EcoRI and Xbal restriction sites are underlined. The translation initiation codon 

and the translation termination codons in the forward and reverse primers, 

respectively, are shown in bold-type face. 
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The PCR products were purified using a Wizard PCR Preps DNA Purification 

System (Promega) from 0.8% (w/v) agarose gels as detailed in Section 2.12. Each 

PCR product was restricted with EcoRI and Xbal and then re-purified from a 0.8% 

(w/v) agarose gel. The PCR products were ligated into pcDNA3, previously 

restricted with EcoRI and XbaI, as described in Section 2.13. The ligation reactions 

were used to transform E. coli JM109 as in Section 2.14.1. Plasmid DNA was 

purified from individual transformants using a The WizardTM Minipreps DNA 

Purification System (Section 2.8), digested with EcoRI and Xbal and analysed by gel 

electrophoresis in 0.8% (w/v) agarose. Appropriate recombinant plasmids were 

sequenced (Section 2.17.1) using T7 and SP6 primers (Promega) by the dideoxy 

termination methods according to a Sequence Version 2.0 DNA Sequencing Kit 

(Amersham Pharmacia Biotech) with [a 35S] dideoxy adenosine triphosphate (NEN 

Life Science Products), to verify that no sequence errors had been introduced. The 

plasmids created are summarised in Table 3.4. 

3.2.3 In vitro coupled transcription and translation 

The plasmid constructs (Table 3.4) were used in a TnT® T7 Coupled Reticulocyte 

Lysate System (Promega) to produce and label MCHR1 and its deletion derivatives 

with [35S]methionine in vitro. Each MCHR1 cDNA fragment was inserted into 

pcDNA3 in the correct orientation to allow expression from the T7 promoter, and 

each template contained appropriate start and stop codons to ensure accurate 

translation. The TnT® Coupled Reticulocyte Lysate System is `cell-free' and 

contains purified reticulocyte lysate with ribosomes, tRNA, and all the initiation, 

elongation and termination factors necessary for protein synthesis. It contains little 

endogenous RNA that would produce unwanted background protein. 
A standard reaction mixture of 50 µl contained: rabbit reticulocyte lysate, 25 µl; 

TnT® T7 RNA polymerase, 1 µl; TnT® reaction buffer, 2 µl; amino acids minus 

methionine, 1 µl; RNasin® RNase Inhibitor (Promega), 40 U; plasmid template, 2µg; 

[35S]methionine (1000 Ci/mmol; 10 mci/ml; Amersham Pharmacia Biotech), 4 µl. 

The reaction was incubated for 120 minutes at 30°C and then stored at -20°C until 

required. 

89 



Table 3.4 Deletion derivatives used in determining the antigenic domains on 
MCHR1 that are recognised by autoantibodies from patients with 

vitiligo. 

MCHR1 construct 
Amino acids 

encoded' (base pairs)2 
Predicted 

molecular weight 
of expressed 

protein (kDa)3 

Estimated 
molecular weight 

of expressed 
protein (kDa)4 

pcMCHR15 1-402 (1-1206) 44 45 

pMCHR1-378 1-378 (1-1134) 42 39 

pMCHR1-338 1-338 (1-1014) 37 34 

pMCHR1-298 1-298 (1-894) 33 30 

pMCHRI-258 1-258 (1-774) 28 27 

pMCHR1-218 1-218 (1-654) 24 23 

pMCHR1-178 1-178 (1-534) 20 21 

pMCHR1-138 1-138 (1-414) 15 19 

pMCHR1-139 139-298 (415-894) 18 20 

pMCHRI-299 299-402 (895-1206) 11 10 

'Numbers correspond to the amino acid residues of MCHR1 with the initiating 

methionine as residue number 1. 

2 Numbers correspond to base pair of MCHR1 cDNA with the A residue of the 

initiating ATG codon assigned as base pair number 1. 

3 Predicted from the amino acid sequence of the protein. 

4Estimated from the mobility of the protein in SDS-polyacrylamide gels. 

5 Encodes full-length MCHRI. 
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of in 

vitro translated products was performed in either 12.5% (w/v) or 15% (w/v) 

polyacrylamide resolving gels as described in Section 2.19. An aliquot of each of the 

in vitro translation reaction mixtures was added to SDS sample buffer (Section 2.19) 

and boiled for 2 minutes before electrophoresis. Prior to drying under vacuum, gels 

were stained, destained and soaked in Amplify fluorographic reagent (Section 2.19). 

Autoradiography was carried out at -70°C. 

3.2.4 Radio-binding assays 

Vitiligo and control sera were tested for binding to [35S]-MCHR1 and its labelled 

deletion derivatives in radio-binding assays as follows. For each assay, an aliquot of 

in vitro translation reaction mixture (equivalent to 50,000-100,000 counts per minute 
(cpm) of trichloroacetic acid (TCA)-precipitable material) was suspended in 50 µl of 

immunoprecipitation buffer containing: 20 mM Tris-HC1 pH 8.0; 150 mM NaCl; 1% 

(v/v) Triton X-100; 10 gg/ml aprotinin (Bayer, Newbury, UK). Serum was then 

added to a final dilution of 1: 50. After overnight incubation with shaking at 4°C, 50 

µl of protein G Sepharose 4 Fast Flow beads (Amersham Pharmacia Biotech), 

prepared according to the manufacturer's protocol, were added and incubation 

continued for 1 hour at 4°C. The protein G Sepharose-antibody complexes were then 

collected by centrifugation and washed six times for 15 minutes in 

immunoprecipitation buffer at 4°C. Immunoprecipitated radioactivity was evaluated 

in a LKB 1217 Rackbeta liquid scintillation analyser (Wallac UK, Milton Keynes, 

UK). All samples were analysed in duplicate and the mean cpm immunoprecipitated 

were determined. 

The binding reactivity of each patient and control sera to full-length MCHR1 and 

each deletion derivative was expressed as an antibody index calculated as: cpm 

immunoprecipitated by tested serum divided by mean cpm immunoprecipitated by 

20 healthy control sera. Each serum was analysed in two experiments and the mean 

antibody index was calculated from these. The upper level of normal for each assay 

with a different ligand was calculated using the mean antibody index +3 standard 
deviations (SD) of 20 control sera. Patient sera with an antibody index greater than 

the upper level of normal were regarded as positive for binding to the radio-labelled 
ligand used in the assay. 
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For analysis of immunoprecipitated proteins by SDS-PAGE and autoradiography, 

the protein G Sepharose-antibody complexes were resuspended in 50 µl of SDS 

sample buffer, boiled and the supernatant recovered for electrophoresis in SDS- 

polyacrylamide gels that were processed as described in Section 2.19. 

3.2.5 Computer analysis 

Computer analysis predictions of B cell epitopes were carried out as previously 

described (Parker et al. 1986). Since antigenic regions are those recognised by 

antibodies, it is most likely that these sites are accessible on the surface of a protein 

and are, therefore, probably hydrophilic in nature. Indeed, alogorithms for 

hydrophilicity and accessibility have been used to predict antigenicity (Parker et al. 

1986). DNA sequence homology searches against the GenBank database were 

performed using the BLAST service of the National Centre for Biotechnology 

Information (Bethesda, MD, USA). 
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3.3 Results 

3.3.1 In vitro translation of MCHR1 cDNA and its deletion derivatives 

For identification of autoepitopes on MCHR1, PCR amplification was used to 

generate MCHR1 cDNA fragments of varying lengths that were restricted with 

EcoRI and Xbal and then cloned into pcDNA3 (Figures 3.2a and b). DNA 

sequencing of the fragments was carried out to verify that no sequence errors had 

been introduced. All the constructs used in the study are listed in Table 3.4. Products 

generated from in vitro translation of MCHR1 cDNA and its deletion derivatives 

were evaluated by SDS-PAGE in a 12.5% (w/v) SDS-polyacrylamide gel and 

subsequent autoradiography (Figure 3.3). Major bands representing the intact and 

modified [35S]-labelled MCHRI proteins were found in each case (Table 3.4). The 

deletion derivative encoded by pMCHRI-299 was detected on a 15% (w/v) SDS- 

polyacrylamide gel (data not shown). 

3.3.2 Radio-binding assays of MCHR1 deletion derivatives with sera from 

vitiligo patients and controls 

Sera from nine MCHRI antibody-positive vitiligo patients, 10 MCHR1 antibody- 

negative vitiligo patients and 20 healthy controls were tested for their ability to 

immunoprecipitate [35S]-labelled MCHR1 and its radio-labelled deletion derivatives. 

The results of the reactivity of the vitiligo sera with the MCHRI deletion derivatives 

are summarised in Tables 3.5 and 3.6. The reactivity of each serum with each [35S]- 

labelled ligand was expressed as an antibody index. For each assay, the mean 

antibody index +3 SD of 20 control sera was used to calculate the upper level of 

normal. Any patient serum that had an antibody index greater than the upper level of 

normal was regarded as positive for binding to the labelled MCHR1 ligand used in 

the assay. 
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Figure 3.2a Agarose gel electrophoresis of MCHR1 cDNA deletion constructs. 

Plasmid DNA was restricted with Xbal and EcoRl and the DNA fragments generated 

were analysed by electrophoresis in a 0.8% (w/v) agarose gel as described in Section 

2.1 1. The above gel shows Hind III -restricted bacteriophage k DNA (lane 1); 

pcMCHRI (lane 2); pMCHRI-378 (lane 3); pMCHRI-338 (lane 4); pMCHRI-298 

(lane 5); pMCHRI-258 (lane 6); pMCHRI-218 (lane 7). 
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A-- pcDNA3 

f-- 1.500 hp 

- 500 bp 

Figure 3.2b Agarose gel electrophoresis of MCHRI cDNA deletion constructs. 

Plasmid DNA was restricted with Xbal and EcoRl and the DNA fragments generated 

were analysed by electrophoresis in a 0.8% (w/v) agarose gel as described in Section 

2.11. The above gel shows: pMCHR I -178 (lane 1); pMCHR I -139 (lane 2). 

pMCHRI-138 (lane 3); pMCHRI-299 (lane 4); 100 base pair ladder (lane 5). 
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kDa 

Figure 3.3 SDS-PAGE and autoradiography of products arising from in vitro 

translation of MCHRI cDNA and its deletion derivatives. MCHRI cDNA and its 

deletion derivatives were translated in vitro in a TnT"-" T7 Coupled Reticulocyte 

Lysate System and the radio-labelled products analysed by electrophoresis in a 

12.5% (w/v) SDS-polyacrylamide gel followed by autoradiography as described in 

Section 2.19. Deletion derivatives of MCHRI in vitro translated from: pMCHR 1- 

138 (lane 1); pMCHRl-139 (lane 2). pMCHRI-l78 (lane 3); pMCHRI-218 (lane 

4): pMCHRI-258 (lane 5); pMCHRI-298 (lane 6); pMCHRI-338 (lane 7); 

pMCHRI-378 (lane 8); pcMCHRI (lane 9). Protein molecular weight markers are 

shown on the right-hand side of the gel. 
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On this basis, none of the healthy individuals was positive for antibodies to any of 

the MCHRI deletion derivatives used in the assay. In addition, none of the MCHRI 

antibody-negative vitiligo patient sera reacted with any of the radio-labelled MCI-IRI 

deletion derivatives tested (Table 3.5). Of the nine MCHRI antibody-positive 

vitiligo (V) patient sera analysed. all were positive in the radio-binding assay when 

full-length MCHRI positive was used as the radio-labelled antigen (Table 3.6). 

Seven of the nine (78%) sera (VI, V2. V3, V4, V7, V8, V9) were positive for 

binding to radio-labelled ligands containing amino acids 1-378,1-338,1-298,1-258, 

1-218.1-178 and 1-138 (Table 3.6). Five of nine (56%) sera (VI, V3, V4, V5, V6) 

were found to react with a MCHRI deletion derivative comprising amino acids 139- 

298 (Table 3.6). Using a cDNA construct encoding the C-terminal domain of the 

receptor (amino acids 299-402), none of the vitiligo patient sera was positive for 

reactivity to the deletion protein encoded therein (Table 3.6). 

Longitudinal serum samples taken at 8,3,12 and 5 months after the initial tested 

sample from patients V2. V4, V6 and V9, respectively, were analysed for reactivity 

to the panel of MCHRI deletion derivatives. The sera displayed a pattern of 

reactivity with the radio-labelled ligands identical to the initial serum sample 

obtained from the patient (data not shown). 

SDS-PAGE and autoradiography indicated that major protein bands equating to 

the size of the radio-labelled ligands were immunoprecipitated by MCHRI antibody- 

positive vitiligo patient sera and that the sera did not react with any other proteins. 

The results obtained for three MCHRI antibody-positive vitiligo patient sera with 

five of the receptor deletion derivatives and full-length MCHRI are illustrated in 

Figure 3.4. As determined by SDS-PAGE and autoradiography, normal control sera 

and MCHRI antibody-negative vitiligo patient sera did not immunoprecipitate any 

of the radio-labelled ligands (data not shown). 
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Figure 3.4 SDS-PAGE and autoradiography of radio-labelled proteins 

following immunoprecipitation with vitiligo patient sera. In vitro translated radio- 

labelled proteins were used in radio-binding assays with MCHRI antibody-positive 

vitiligo patient as detailed in Section 3.2.4 prior to analysis by SDS-PAGE. MCHRI 

proteins encoded by: pcMCHRI (lane 1) and pMCHRI-378 (lane 2) 

immunoprecipitated by vitiligo patient serum (VI); pMCHR I -338 (lane 4) and 

pMCHRI-298 (lane 3) immunoprecipitated by vitiligo patient serum (V2); 

pMCHRI-258 (lane 5) and pMCHRI-218 (lane 6) immunoprecipitated by vitiligo 

patient serum (V3). Protein molecular weight markers are shown on the right-hand 

side of the gel. 
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3.3.3 Analysis of the antibody binding sites on MCHRI 

The results of the radio-binding assays indicate the existence of multiple antibody 

binding sites on MCHR1: between amino acids 1-138 located at the N-terminal of 

the receptor, and between amino acids 139-298 found towards the centre of the 

MCHRI molecule (Table 3.7). No epitopes were identified between amino acid 

residues 299-402. Of the sera examined, seven of nine (78%) reacted with the 

epitope domain comprising amino acids 1-138. Five of the nine (56%) sera 

recognised the epitope region containing amino acids 139-298 and within this 

domain two sera were reactive towards an epitope between amino acids 259-298. 

More than one epitope was recognised by three of nine (33%) sera. No clear 

correlation between epitope recognition and the presence of antibodies that inhibited 

MCH binding to MCHRIwas evident (Table 3.7). 

3.3.4 Computer prediction of putative antigenic regions within MCHR1 

Computer prediction analysis revealed several putative antigenic regions within 

MCHRI including amino acids 1-75,110-115.165-175.190-205,245-250,275-300 

and 365-402 (Figure 3.5). The epitope domains identified on the receptor were found 

to overlap, at least in part, with the areas on the protein that were predicted to he 

highly antigenic. Amino acid homologies between the identified epitope domains 

and either microbial or viral polypeptides were not demonstrated. 
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Table 3.7 Epitope regions on MCHR1 that are recognised by vitiligo sera. 

Vitiligo 
patient sera 

MCH binding- 
inhibition 
reactivity' 

Reactivity of sera with MCHR1 
epitope domains2 

1-138 139-298 

V1 + + + 
V2 + + - V3 + + + 
V4 + + + 
Vs ND - +3 
V6 + - +3 
V7 + + - V8 ND + - V9 ND + - 

'MCH binding-inhibition reactivity of antibodies taken from Kemp et al. (2002): + 

positive for MCH binding-inhibition reactivity; -, negative for MCH binding- 

inhibition reactivity; ND, not determined. 

2Reactivities with epitope regions are indicated as: +, reactivity with the specified 

epitope region; -, unreactive with the specified epitope region. 

3Sera VS and V6 recognize an epitope between 259 and 298. 
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Figure 3.5 Antigenicity profile of the deduced amino acid sequence of MCHR1. 

Local antigenicity values, calculated as previously detailed (Parker et al. 1986), are 

plotted against the amino acid residues of MCHRI. The y-axis from 0-100 reflects 

increasing antigenicity. 
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3.4 Discussion 

Recently, MCHRI has been identified as an autoantigen in patients with vitiligo 

(Kemp et al. 2002). Immunoreactivity against the receptor was demonstrated in 

16.4% of vitiligo patient sera, but not in the sera of either normal subjects or 

individuals with other autoimmune disorders, including systemic lupus 

erythematosus (Kemp et al. 2002). In this chapter, B cell epitopes on the receptor 

which are recognised by vitiligo sera containing MCHRI antibodies have been 

identified using radio-labelled MCHR1 deletion derivatives and radio-binding 

assays. The in vitro translation system is a useful procedure for producing both intact 

and modified [35S]methionine-labelled proteins, which can then be used for testing 

antibody reactivity in radio-binding assays (Wedlock et al. 1993; Daw et al. 1996; 

Volpato et al. 1998). Indeed, this method of epitope mapping has been successfully 

used to identify antibody-binding sites on the vitiligo autoantigens tyrosinase (Kemp 

et al. 1999a) and Pmel17 (Kemp et al. 2001 b). 

Analysis of results obtained in radio-binding assays with receptor deletion 

derivatives suggested the existence of multiple antibody binding sites on MCHR1, 

including regions between amino acids . 1-138 and 139-298. These domains 

overlapped with areas on the receptor that were predicted to be highly antigenic. As 

autoimmune responses may be triggered by an infection with a pathogenic agent 

(Wucherpfennig 2001), homologies of the identified epitope regions with either 

microbial or viral polypeptides were searched for. Potentially cross-reacting epitopes 

were not demonstrated, however, and, therefore, no evidence for molecular mimicry 

in causing the humoral immune response to MCHR1 was apparent. 

Mapping of B cell epitopes can provide an understanding of the association of an 

autoantigen with a particular autoimmune disease. For example, in myasthenia gravis 

autoantibodies are directed to an epitope in the acetylcholine-binding site in the 

acetylcholine receptor (Hoedemaekers et al. 1997). No clear correlation, however, 

between epitope recognition and the presence of antibodies that inhibited MCH 

binding to MCHR1 (Kemp et al. 2002) was found. Although epitope 139-298 

contains an aspartic acid residue reported to be involved in the binding of MCH to its 

receptor (Macdonald et al. 2000), antibodies from two patients (V2 and V7) that 

inhibited hormone interaction with MCHR1 did not appear to recognise this epitope 

domain, at least in the context of the radio-binding assays used in this study. 
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Our findings indicate that the humoral response to MCHR1 in vitiligo is 

heterogeneous in nature with several patients exhibiting autoantibodies to more than 

one MCHR1 epitope. Similarly, autoantibodies in autoimmune thyroid disorders and 

type 1 diabetes have been reported to react against multiple epitopes on thyroid 

peroxidase (Zanelli et al. 1992) and tyrosine phosphatase-like IA-2 autoantigen 
(Lampasona et al. 1996), respectively. This has been explained by the intramolecular 

spreading of an autoimmune response from a single or few epitope(s) to multiple 

epitopes during the progression of the disease. For example, in type 1 diabetes, a 

temporal spreading of the autoantibody response has been described from 

immunodominant epitopes in an early preclinical phase to lesser immunogenic 

domains at the manifestation of disease (Naserke et al. 1998). We did not find 

evidence of epitope spreading in longitudinal serum samples, however, taken from 

four of the patients included in this study. Possibly, these four sequential patients 

may have been studied too late in the disease to see an indication of epitope 

spreading (Naserke et al. 1998). 

The use of human sera in the mapping of MCHR1 epitopes can be problematic 
because sera contain multiple antibody species against the autoantigen. It is difficult, 

therefore, to examine the reactivity of a specific MCHR1 autoantibody in isolation 

and it is not possible to discriminate between a single MCHR1 antibody targeted at 

an epitope and a set of closely related MCHR1 antibodies directed at the same 

epitope. To gain information on the array of autoantibodies present in a particular 

serum and the epitope specificity of a particular autoantibody usually requires the 

production of human monoclonal antibodies from the patient. Indeed, monoclonal 

antibodies isolated from individuals with insulin-dependent diabetes mellitus have 

been successfully employed in identifying the antibody binding sites on glutamic 

acid decarboxylase, an autoantigen in this disease (Syren et al. 1996). Although the 

monoclonal antibody approach can allow the precise characterization of epitopes 

recognized by a specific antibody, there are drawbacks. For example, it is difficult to 

know the relative frequencies of the different monoclonal antibodies in the patient 

under investigation. Despite this, the isolation of monoclonal antibodies from vitiligo 

patients would allow a more complete and detailed analysis of the epitopes 

recognized by MCHRI autoantibodies. 
Although only a limited number of MCHR1 epitopes were identified, it is 

possible that more autoreactive epitopes could be present on the receptor. The 
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methodology used here for epitope mapping, employing recombinant proteins 

produced from deletion mutants generated by PCR amplification, is useful to detect 

linear/continuous epitopes but is not effective for the identification of 

conformational/discontinuous antigenic domains (Petterson 1992). In Graves' 

disease, for example, it is well documented that the autoantibodies to the thyrotropin 

receptor, which are responsible for disease activity, recognize a number of different 

conformational epitopes (Morgenthaler et al. 1999). Autoantibody epitopes on 

MCHR1 dependent upon the conformation of the receptor were not, therefore 

characterised, in this study. In so far as short linear sequences may contribute to 

conformational epitopes, it may be possible to identify at least part of some 

conformational epitopes using the methodology applied in this study. Nevertheless, 

it would be of interest to apply phage-display technology (Table 3.1; Scott 1992; 

Williams et al. 2001) to mapping epitopes on MCHRI. Phage-display is more suited 

to the study of conformational epitopes since expressed proteins are able to fold into 

their correct three-dimensional structures in the periplasmic space of the bacterial 

host, and can maintain a native arrangement once displayed on the surface of a phage 

particle (Wilson and Finlay 1998). The identification of conformational epitopes on 

MCHRI by phage-display technology is the subject of Chapter 4. 
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4B Cell Epitope Mapping of the Melanin-Concentrating 

Hormone Receptor 1 using Phage-display Technology 

4.1 Introduction 

Traditional methods of epitope mapping are to use deletion mutants of the antigen or 

to work at the peptide level by screening small synthetic peptides derived from the 

antigen. Indeed, autoantibody epitopes on autoantigens in vitiligo have been 

identified in this and previous studies by the use of deletion derivatives (Kemp et al. 

1999a; Kemp et al. 2001b; Gottumukkala et al. 2003). However, these methods have 

proved labour intensive, expensive and require the antigen to be cloned and 

expressed (Petterson 1992). In addition, the traditional methods of epitope mapping 

can only detect linear epitopes and short sequences that may constitute part of the 

conformational epitopes. A recent development in the identification of epitopes is 

that of phage-display technology (Williams et al. 2001). 

4.1.1 Phage-display technology 

Filamentous phage, so called because of their narrow rod-shaped appearance (Figure 

4.1), comprise three families of bacterial viruses that depend on the F-pilus for 

infection of their E. coli host (Wilson and Finlay 1998). Each phage particle consists 

of a single-stranded DNA genome packaged in a tube made up of 2700 copies of a 

major coat protein, pVIII, closed at the ends by four or five copies of each of four 

species of minor coat proteins, including pIII (Wilson and Finlay 1998). The 

discovery that insertion of foreign DNA fragments into the filamentous phage gene 

gIII results in the display of the encoded foreign polypeptide as a fusion protein with 

the minor coat protein pIII on the phage surface (Smith 1985), led to the 

development of phage-display technology. Libraries of phage-displayed fusion 

proteins can be screened for peptides based on their binding properties, with the 

advantage that the selected peptide sequences are physically linked to the genetic 

material that encodes them. 
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single-stranded 
genome 

890 nm 

pVII, pIX 
4 or 5 copies each 

pVIII 
2700 copies each 

PVI 
5 copies 

pIII 
5 copies 

Figure 4.1 The filamentous phage. A schematic representation of the structure of a 
filamentous phage particle reproduced from (Wilson and Finlay 1998). A single- 

stranded circular genome is surrounded by -2700 copies of the major coat protein 

pVIII, and 4 or 5 copies of each of four types of minor coat proteins, including pI1I. 
Part of the coat sheath, formed by copies of the major coat protein, is not shown in 

order to reveal the phage genome. 
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The technique has become a powerful tool for studying protein-ligand interactions 

and has been applied to the study of receptor-ligand (Bass et al. 1990), enzyme- 

substrate (Redl et al. 1999), transcription factor-ligand (Butteroni et al. 2000), and 

antibody-antigen (Barbas 1993) interactions. Previous immunological applications of 

phage-display include the immunoscreening of phage libraries displaying antibody 

fragments to identify antibodies that interact with a specific antigen (Barbas 1993). 

More recently, immunoscreening of proteins expressed on phage from cDNA 

libraries has been utilised to identify novel autoantigens (Kemp et al. 2002). 

Furthermore, phage-display technology has been used to map B cell epitopes on 

autoantigens by using antibodies to screen libraries displaying random peptide 

sequences generated from a selected antigen (Table 4.1). Phage-display provides for 

the possibility of detecting conformational epitopes: larger peptides can be displayed 

that may adopt structural conformations, which are important for the binding of some 

antibodies. In addition, an advantage of this method is the large library size that can 

be generated ensuring that each clone in the library is well represented and can be 

rapidly screened. 

4.1.2 Aim 

The aim of this part of the study was to identify B cell epitopes on MCHRI using 

phage-display technology. Initially, this involved the construction of a phage-display 

MCHRI cDNA fragment library in the vector pComb3 (Figure 4.2). In this library, 

peptides encoded by the MCHR1 cDNA fragments were expressed as fusions with 

coat protein pIII and subsequently exposed on the surface of phage particles (Figure 

4.3). The phage-display library was then immunoscreened with IgG samples purified 

from vitiligo patients in order to identify immunoreactive peptides that are 

recognised by MCHR1 autoantibodies (Figure 4.4). 
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Table 4.1 Examples of B cell epitope mapping of autoantigens using phage- 
display technology. 

Autoantigen 

Glutamic acid 
decarboxylase 

Glutamic acid 
decarboxylase 

Tyrosinase 
phosphatase-like 
protein IA- 
2/ICA512bdc 

Tyrosinase 
phosphatase-like 
protein IA-2 

Smith autoantigen 

Gliadin 

Disease Reference 

Autoimmune polyendocrine Al-Bukhari et al. 
syndrome type II and Stiff-man 2002 
syndrome 

Type 1 diabetes mellitus Myers et al. 2000 

Type I diabetes mellitus 

Type I diabetes mellitus 

Systemic lupus erythematosus 

Celiac disease 

Farilla et al. 2002 

Dromey et at 2004 

del Rincon et al. 2000 1 

Osman et al. 2000 

Pyruvate Primary biliary cirrhosis Rowley et al. 2000 
dehydrogenase 
complex E2 

Platelet autoantigen Autoimmune thrombocytopenic Gevorkian et al. 1998 
purpura 
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V 

gill 

lacZ 

petB 

AmpicillinR 

Figure 4.2 A map of the pComb3 vector. MCHRI cDNA fragments were 

generated by digestion of PCR amplified MCHRI cDNA. The cDNA fragments 

were cloned into the EcoRV restriction site of pComb3. 
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lam-/ 

Phage-display 
library 

C Isolation of recombinant No Identification of MCHRI 
pComb3 phagemid cDNA inserts by DNA 

sequencing 

7 

ISOLATIO 
of phage 

INFECTION of E. colt and 
GROWTH of enriched 
phage-display library 

6 

ROUNDS OF 
ENRICHMENT 
REPEATED 
SEVERAL TIMES 

Phage 

2 

Biotinylated IgG Pu 
bound to 
streptavidin-coated 

\ 

magnetic beads l 

ELUTION 
of specific phage 
displaying IgG- 
binding peptides 

5 

WASHING 
AFFINITY to remove non- 
SELECTION of specific, 
phage displaying IgG- 

unbound phage binding MCHRI 
peptide on their 
surface 

4 
3 

Figure 4.4 Enrichment of phage displaying MCHR1 peptides on their surface. 

1. Phage expressing immunoreactive cDNA-encoded products. 2. Biotinylated IgGs 

are attached to streptavidin-coated magnetic beads. 3. Biotinylated IgGs are then 

used to capture phage expressing immunoreactive cDNA-encoded products. 

4. Non-specific unbound phage are removed by washing. 5. Phage displaying 

peptides that bind specifically to IgG molecules are eluted with glycine-HCI. 6. The 

eluted phage are super-infected into E. coif to enrich specific-bound phage. 7. The 

phage are isolated either for use further rounds of panning or for identification of 

MCHRI cDNA inserts by DNA sequencing. (Adapted from Crameri and Suter 

1993). 

115 



4.2 Materials and Methods 

4.2.1 Patients and controls 

Immunoglobulin G from three vitiligo patients (V2, V3 and V7; Table 2.1), that 

were previously shown to contain MCHR1 antibodies (Kemp et al. 2002), were 

analysed in these experiments. Immunoglobulin G from one healthy individual 

(female; age: 32 years) with no history of either vitiligo or autoimmune disorders 

was used as a control. 

4.2.2 Isolation of IgG from sera 

Immunoglobulin G was isolated from the patient and control serum samples by 

protein G Sepharose 4 Fast Flow affinity column chromatography (Amersham 

Pharmacia Biotech). Serum (1-2 ml) was passed through a protein G sepharose 

column with 0.01 M phosphate buffer (pH 7.0). The elution of bound IgG was with 

0.1 M glycine-HC1(pH 2.7) was monitored by UV absorption at 280 nm with a 2138 

UVlcord S (LKB Wallac, Turku, Finland). Eluted IgG was neutralised with IM 

Tris-HCL (pH 9.0). The fractions containing IgG were pooled and dialysed against 

PBS at 4°C overnight. After dialysis, the eluted IgG fractions were concentrated 

using an Amicon Concentrator (Amicon Inc., Beverley, MA, USA). The 

concentrated IgG was filter-sterilised with a Millex® Filter Unit (Millipore UK, 

Watford, UK) and the final IgG concentration measured by spectrophotometry at 280 

nm with a Unicam 8625 UV/VIS spectrometer (Unicam, Cambridge, UK). All IgG 

samples were stored at -20°C until required and were at a concentration of 1-5 

mg/ml. 

4.2.3 Anti-MCHR1 antibody 

Rabbit polyclonal anti-human MCHR1 antibody C1ICB (Hervieu et al. 2000) was 

used as a positive control in biopanning experiments and was provided by Professor 

G. Hervieu (Neurology and Gastro-Intestinal Centre for Drug Discovery, 

GlaxoSmithKline Beecham, Harlow, UK). The CIICB antibody was raised against 
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the C-terminal intracellular tail of the receptor between amino acid residues 387-402 

with sequence SNAQTADEERTESKGT. 

4.2.4 Construction of a phage-display MCHR1 cDNA fragment library 

4.2.4.1 Preparation of MCHR1 cDNA fragments 

Initially, MCHR1 cDNA was prepared by PCR amplification of pcMCHR1 (Kemp 

et al. 2002) using the following primers (Invitrogen): 

Forward primer: 5' TTGAATTCGCCGCCATGTTGTGTCCTTCCAAG 3' 

Reverse primer: 5' AATCTAGACGCCTATCAGGTGCCTTTGCTTTC 3' 

Samples (50 ng) of pcMCHR1 plasmid DNA were subjected to 38 cycles of PCR 

amplification in a DNA Thermal Cycler using the following conditions: denaturation 

at 94°C for 1 minute, annealing at 55°C for 1 minute, extension at 72°C for 2 

minutes and 72°C for 10 minutes to terminate the reaction. The composition of each 

50-µl PCR amplification reaction was as previously described (Section 2.15). 

Random 100-300 base pair fragments of MCHR1 cDNA were then prepared by 

digestion with DNAseI (Promega) in a reaction containing: 1 µg of MCHRI cDNA, 

5 µl of lOx digestion buffer (500 mM Tris HCI, pH 7.6; 100 mM MnC12; 1 mg/ml 

BSA; Promega) and 1.5 µl of DNAseI (diluted 1: 65 from the stock enzyme in 50 

mM Tris HCI, pH 8.0). The reaction was left at room temperature for 1 hour and 

then terminated by the addition of EDTA (pH 8.0) to a final concentration of 50 mM. 

The DNA fragments were cleaned by phenol-chloroform extraction. Firstly, the 

DNAseI digestion reaction was made up to 200 µl in TE buffer and then mixed with 

200 µl of phenol: chloroform (1: 1 v/v). Following centrifugation for 10 minutes at 

10,000 g, the top layer was removed and transferred to a fresh tube. An equal volume 

of 100% ethanol was added and the precipitated DNA pelleted by centrifugation at 

10,000 g for 20 minutes. The DNA pellet was washed in 70% (v/v) ethanol and then 

air-dried before resuspension in 100 µl of TE buffer. 
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The ends of the DNA fragments were repaired to allow subsequent cloning into 

the blunt-end EcoRV restriction site of pComb3. The end-filling reaction contained: 

20 µl of DNA fragments, 3 pI of 10 mM dNTPs, 5 µl of 25 mM MgC12 and 1.5 µl of 

T4 polymerase (Promega). The reaction was left at room temperature for 15 minutes 

prior to the addition 1 µl of Klenow fragments (Promega) and incubated at room 

temperature for a further 15 minutes. The DNA fragments were loaded onto a 0.8% 

(w/v) agarose gel (Section 2.11) and, following electrophoresis, DNA fragments of 

100-300 base pairs were excised from the gel and purified using a Wizard PCR Prep 

DNA Purification Kit (Section 2.12). 

4.2.4.2 Vector preparation 

Vector pComb3 (Figure 4.2) was digested with EcoRV in a 20-µl reaction 

containing: I µg of pComb3 DNA, 2 µl of 1 Ox restriction buffer (Promega) and 1 µl 

of EcoRV (Promega). The reaction was incubated at 37°C for 2 hours. Two units 

alkaline phosphatase (Promega) and 10 µl of alkaline phosphatase buffer (Promega) 

were then added and the reaction left at 37°C for a further 30 minutes. The DNA was 

loaded onto a 1% (w/v) agarose gel (Section 2.11) and, following electrophoresis, 

the vector fragment was excised from the gel and purified using a Wizard PCR Prep 

DNA Purification Kit (Section 2.12). 

4.2.4.3 Ligation of MCHR1 cDNA fragments into pComb3 

A ligation reaction was set up containing EcoRV-digested pComb3 and MCHR1 

cDNA fragments. The ratio of insert: vector (10: 1) was much higher than in a 

standard ligation reaction (Section 2.13), as ligations using blunt-ended DNA are 

less efficient than those using DNA with protruding ends. The ligation reaction 

contained: 2 µl of EcoRV-digested pComb3,20 gl of MCHR1 cDNA fragments, 2 µl 

of l Ox ligase buffer and 1 µl of T4 DNA ligase. The reaction was incubated at 16°C 

overnight. The ligated DNA was cleaned by phenol-chloroform extraction as 

described in Section 4.2.4.1 and finally resuspended in 20 µl of sterile water. 

118 



4.2.4.4 Preparation of the phage-display library 

The total ligation reaction was electroporated into E. coli XL-1 Blue cells as detailed 

earlier (Section 2.14.2). A 10-µ1 aliquot of the electroporated culture was plated onto 

a LB agar plate containing 10 pg/ml tetracycline and 100 µg/ml ampicillin, which 

was incubated at 37°C overnight. The colonies obtained after incubation were used 

to assess the total number of transformants obtained from electroporation of the 

ligation reaction. In addition, individual transformants were picked, added to 10 ml 

of LB medium containing 10 µg/ml tetracycline and 100 pg/ml ampicillin and grown 

overnight with shaking at 37°C. Subsequently, phagemid DNA was prepared from 

each culture using a Wizard Minipreps DNA Purification System (Section 2.8). Each 

phagemid DNA sample was then analysed by PCR amplification (Section 4.2.9) in 

order to assess the frequency of recombinants in the initial library, and by DNA 

sequencing (Section 4.2.7) in order to identify the MCHRI cDNA fragments. 

The remainder of the electroporated cells were added to 10 ml of LB, containing 

10 µg/ml tetracycline and 100 µg/ml ampicillin, and grown at 37°C. When turbid, 

1x101' plaque-forming units of VCS-M13 helper phage (Stratagene) were added to 

the culture, which was then left at room temperature for 15 minutes. The culture was 

then transferred to 100 ml of LB containing 10 gg/ml tetracycline, 100 gg/ml 

ampicillin and 10 µg/ml kanamycin, and grown overnight with shaking at 37°C. 

The 100 ml culture was centrifuged at 2000 g for 15 minutes to remove all 

bacterial cells. Phage particles were precipitated from the supernatant with 15 ml of 

40% polyethylene glycol 4000 and 15 ml of 5M NaCl (PEG/NaCI). Following 

overnight incubation at 4°C, the phage were harvested by centrifugation at 2000 g for 

30 minutes and the pellet resuspended in 1-2 ml of PBS before storage at -20°C. 
The phage titre was determined by infecting 2 ml of log-phase E. coli XL-1 Blue 

with an aliquot of the phage-display library, incubating at room temperature for 30 

minutes and then plating out samples of the culture onto LB agar containing 

10 pg/ml tetracycline and 100 gg/ml ampicillin. A titre of 1x10" colony-forming 

units /ml was estimated. 
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4.2.5 Immunoscreening of the phage-display library 

4.2.5.1 Biotinylation of IgG 

Biotinylation of IgG was performed using EZ-LinkTM Sulfo-NHS-LC-LC-Biotin 

(Pierce, Rockford, IL, USA), according to the manufacturer's protocol. Briefly, a1 

mg/ml solution of Sulfo-NHS-LC-LC-Biotin was made up immediately prior to 

setting up the biotinylation reaction, which comprised 2 mg of IgG sample in 1 ml of 
PBS and 75 µl of the Sulfo-NHS-LC-LC-Biotin solution. The reaction was mixed 

gently and allowed to proceed for 2 hours on ice, after which time any unreacted 
biotin was removed by extensive dialysis against fresh PBS. All IgG samples were 

stored at 4°C until required and were at a concentration of 2 mg/ml. 

4.2.5.2 Paramagnetic bead preparation 

Dynabeads® M-280 Streptavidin (Dynal Biotech, Oslo, Norway) beads were used to 

immobilise biotinylated IgGs during the isolation, of phage particles that displayed 

IgG-binding peptides. For each experiment, a 20-gi (10 mg/ml) sample of beads was 

washed extensively with 500-µ1 aliquots of PBS containing Tween 20 at 0.05% 

(v/v). A Dynal Magnetic Particle Concentrator (Dynal Biotech) was used to separate 

the beads after each wash and the beads were finally resuspended in 235 µl of sterile 

water. 

4.2.5.3 Isolation of phage displaying IgG-binding peptides 

A 15-gl aliquot of either biotinylated rabbit anti-MCHRI antibody, biotinylated IgG 

from a vitiligo patient (n=3) or biotinylated IgG from a healthy control (n=1) was 
incubated with 235 µl of prepared Dynabeads® on a rotating wheel at 4°C for 30 

minutes. To block any non-specific binding to the beads later in the procedure, 300 

µ1 of 2% (w/v) dried milk powder in PBS were added to the bead-IgG suspension 

and incubation continued for 1 hour at 4°C. After blocking, the bead-IgG complexes 

were separated from the blocking buffer using a Dynal Magnetic Particle 

Concentrator, washed twice with PBS/0.05% Tween 20 and finally resuspended in 

150 µl of PBS/0.05% Tween 20. A 100-µ1 sample of the phage-display library was 

120 



then added to the bead-IgG suspension, which was then incubated overnight at 4°C 

to allow the interaction of antibody-bead complexes with peptides diplayed on the 

surface of the phage particles. 
The bead-IgG complexes were washed extensively with PBS/0.05% Tween 20 

and resuspended to remove any unbound phage. Bound phage were eluted from the 

bead-IgG complexes with 150 µl of 100 mM HC1 (adjusted to pH 2.2 with solid 

glycine), and the beads then magnetically separated from the supernatant that 

contained the phage particles. Neutralisation of the supernatant was accomplished by 

the addition of 9 µl of 2M Tris-HCL (pH 8.0). The eluted phage were then used to 

infect 2 ml of exponentially growing E. coli XL-1 Blue cells at room temperature for 

15 minutes. Aliquots of the infected cells were then plated onto LB agar containing 

10 gg/ml tetracycline and 100 µg/ml ampicillin and the plates incubated overnight at 

37°C. This allowed the assessment of the number of eluted phage following each 

round of biopanning. 

To generate a phage-display library for the next round of selection, the infected E. 

coli XLI-Blue culture was made up to 10 ml with LB medium and incubated for 1 

hour with shaking at 37°C before superinfection with of 1x1011 plaque-forming units 

of VCS-M13 helper phage. Following incubation at room temperature for 30 

minutes, the cells were transferred to 100 ml LB medium containing 10 µg/ml 

tetracycline, 100 µg/ml ampicillin and 10 gg/ml kanamycin and grown overnight 

with shaking at 37°C. Phage were prepared from the infected culture as described 

above (Section 4.2.4.4) and then stored at -20°C. This first round library, enriched in 

phage particles displaying IgG-binding peptides, was used in a second round of 

biopanning in the same way as the original library. In all, five rounds of biopanning 

were undertaken. 
In the final round of biopanning, individual colony-forming units, isolated by 

plating out the culture infected with eluted phage, were picked and grown overnight 

with shaking at 37°C in 10 ml of LB medium containing 10 µg/ml tetracycline and 

100 gg/ml ampicillin. Subsequently, phagemid DNA was prepared from each culture 

using a Wizard Minipreps DNA Purification System (Section 2.8) and each 

phagemid DNA sample was analysed by DNA sequencing (Section 4.2.7) in order to 

identify any immunoreactive MCHR1 peptides that had been enriched during the 

biopanning procedure. 
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4.2.6 Analysis of recombinant pComb3 phagemid by PCR amplification 

Phagemid DNA (50 ng) was subjected to 38 cycles of PCR amplification in a 

standard reaction as described previously (Section 2.15) with primers (Invitrogen): 

Forward primer PetCombl: 5' GGCTCGAGGTCGACGGTATCGATAAG 3' 

Reverse primer PetComb2: 5' GGCTCGAGGCCACCACTAGTGGATCC 3' 

The forward and reverse primers. anneal to pComb3 (Figure 4.2) upstream and 
downstream, respectively, of the EcoRV restriction site thereby amplifying any 

cloned DNA fragments. The following reaction conditions were used: 94°C, 1 

minute; 55°C, 1 minute; 72°C, 2 minutes; 72°C for 10 minutes. An aliquot of each 
PCR amplification product was analysed by electrophoresis in a 0.8% (w/v) agarose 

gel (Section 2.11) to confirm the presence of a fragment of MCHR1 cDNA. 

4.2.7 DNA sequencing of pComb3 phagemid 

Automated DNA sequencing of phagemid DNA was performed as detailed in 

Section 2.17.2. The sequencing primer (Invitrogen), 5' 

GGTGGCGGCCGCAAATTC 3', annealed to pComb3 (Figure 4.2) upstream of 

pe1B. The insert DNA sequences were compared with the full-length MCHR1 cDNA 

sequence using the BLAST network service of the National Centre for 

Biotechnology Information. 
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4.3 Results 

4.3.1 Construction of the MCHR1 cDNA phage-display library 

The size of the MCHR1 cDNA fragment library was Ix 106 independent clones. In 

order to determine the frequency of recombinant phagemid in the library, ten 

individual colony-forming units obtained after electroporation of the library ligation 

reaction into E. coli XL1-Blue were picked and grown. Phagemid DNA was 

prepared from each cultured transformant and analysed by PCR amplification with 

primers PetcombI and Petcomb2. This indicated that 15/15 (100%) of phagemids in 

the MCHR1 cDNA fragment library contained a DNA insert (Figure 4.5). The 

inserts ranged from 100-500 base pairs. Ten phagemid were also sequenced to 

determine if the library contained random MCHR1 cDNA fragments (Table 4.2). 

The results indicated that the library inserts were varied in their sequence. Following 

amplification with helper phage, an initial phage-display library with a titre of 1x 

1011 colony-forming units/ml was produced. 

4.3.2 Screening of the phage-display MCHRI cDNA fragment library with 

anti-human MCHR1 antibody C11CB 

The phage-display MCHR1 cDNA fragment library was screened for 

immunoreactive peptides with rabbit polyclonal anti-human MCHRI antibody 

C 11 CB. Five rounds of enrichment were carried out. A significant increase in the 

number of phage eluted was observed by the third round of biopanning (Table 4.3). 

Phagemid DNA from ten bacterial clones isolated from the final round of biopanning 

was analysed by DNA sequencing in order to identify if particular MCHR1 peptides 

had been selected during the enrichment process. Table 4.4 summarises the peptide 

sequences from the ten phagemid. The results demonstrated that specific MCHR1 

peptides were indeed enriched by biopanning of the phage-display library with 

C11CB antibody. Seven of the ten MCHRI peptide sequences included the amino 

acid region (residues 387-402), or part there of, that is recognised by C11CB. All the 

peptide sequences were in-frame with both the Pe1B leader sequence and the gill 
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500 bp-* 

100 bp--* 

*-- 500 bp 

f- 100 hp 

Figure 4.5 PCR amplification of the DNA inserts from 15 phagemid from the 

initial MCHR1 cDNA fragment library. PCR amplification products show a size 

distribution of between 100-500 base-pairs. Individual phapemid (lanes 2-16); non- 

recombinant pComb3 vector (lane 17); negative control containing no DNA (lane 

18); 100 base-pair ladder (lanes I and 19). 
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Table 4.3 Enrichment of phage by biopanning of the phage-display MCHR1 
cDNA fragment library with anti-MCHR1 antibody C11CB. 

Biopanning round Amount of infected bacteria plated out 

onto selective LB1 agar 

Total number of 

phage eluted 

1 Al 10µl 

Round 1 11 129 04 

Round 2 73 TMTC2 1.46x10 

Round 3 783 TMTC 1.56x10 

Round 4 831 TMTC 1.67x10 

Round 5 905 TMTC 1.81x106 

1LB, Luria Bertani. 
2TMTC, Too many to count. 
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protein product which would result in the expression of the peptides as fusion 

proteins on the surface of phage. 

4.3.3 Screening of the phage-display MCHR1 cDNA fragment library with 
IgG from vitiligo patients and a healthy control 

The phage-display MCHR1 cDNA fragment library was screened for 

immunoreactive IgG from three vitiligo patients (V2, V3 and V7) and one control. 
Five rounds of enrichment were carried out for each IgG sample. In experiments 

with two of the vitiligo patient IgGs (V2 and V3), a moderate level increase in the 

number of eluted phage was observed, by the final round of biopanning (Table 4.5) 

suggesting that some enrichment had occurred. In experiments with the remaining 

vitiligo patient (V7) and control IgGs, no increase in the number of eluted phage was 

observed by the final round of biopanning (Table 4.5), suggesting that no significant 

enrichment had taken place. 
Phagemid DNA from twenty bacterial clones isolated from the final round of 

biopanning with IgG from three vitiligo patients and one control was analysed by 

DNA sequencing in order to identify if particular MCHR1 peptides had been 

selected during the enrichment process. The results demonstrated that biopanning of 
IgG from one vitiligo patient (V2) had enriched MCHRI peptides containing a 

consensus sequence of MCHR1 amino acid residues 49-82 in 11/20 of the phagemid 

analysed (Table 4.6). The remaining nine clones contained MCHR1 cDNA 

fragments that could not be expressed as fusion proteins as they were not in the 

correct reading frame with respect to the PelB leader sequence and the gill protein 

product. Biopanning with IgG from a second vitiligo patient (V3) enriched phage 

expressing MCHRI peptides containing a consensus of amino acid residues 156-194 

(Table 4.7). This was found in 9/20 of the phagemid sequenced. Again, the 

remaining eleven clones contained MCHR1 cDNA fragments that could not be 

expressed as fusion proteins as they were not in the correct reading frame with 

respect to the Pe1B leader sequence and the gill protein product. Immunoglobulin G 

from the third vitiligo patient (V7) and the control did not enrich any particular 

MCHRI peptide sequences and the majority of the phagemid carried MCHR1 cDNA 
fragment inserts that would not be expressed as fusion proteins. 
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Table 4.5 Enrichment of phage by biopanning of the phage-display MCHR1 
cDNA fragment library with vitiligo patient and control IgG. 

Biopanning 

round 

Total number of phage eluted 

Patient V2 Patient V3 Patient V7 Control 

Round 1 2.72x104 1.96x 104 3.02x104 1.24x104 

Round 2 04 3.18x10 1.56x10 04 

Round 3 3.46x10 04 04 04 

Round 4 4.70x10 04 04 1.90XI04 
Round 5 1.12x10 1.22x10 OX104 04 
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4.4 Discussion 

In this study, a phage-display MCHR1 cDNA fragment library was screened with an 

anti-MCHR1 antibody CI1CB and with vitiligo patient IgGs in order to map B cell 

epitopes on MCHR1. On biopanning of the library with C 11 CB antibody, which is 

raised against amino acid residues 387-402 of the receptor and served as an 

experimental positive control, high levels of enrichment were observed. Sequence 

analysis of ten phagemid from bacterial clones isolated following the final round of 

biopanning revealed that seven of them contained an amino acid consensus sequence 

of residues 380-397. This consensus contained the target amino acid sequence, or 

part thereof, for CII CB. This initial control experiment demonstrated that the library 

could be successfully screened with a specific antibody. 
Biopanning of the phage-display library with IgG from three vitiligo patients that 

were positive for MCHR1 autoantibody reactivity, resulted in a moderate level of 

enrichment in 2/3 cases. For one patient (V2), sequence analysis of twenty phagemid 

from bacterial clones isolated following the final round of biopanning revealed that 

eleven of them contained an amino acid consensus sequence of residues 49-82. This 

epitope was located within the autoantigenic domain (amino acid residues 1-138; 

Table 3.7) that had been previously determined for this vitiligo patient 

(Gottumukkala et al. 2003). Biopanning with IgG from a second vitiligo patient (V3) 

enriched by the final round' phage expressing MCHR1 peptides containing a 

consensus of amino acid residues 156-194 and this was found in 9/20 of the 

phagemid sequenced. This epitope was located within one of the autoantigenic 

domains (amino acid residues 139-298; Table 3.7) that had been previously 

determined for this vitiligo patient (Gottumukkala et al. 2003). In contrast to the 

screening of these two vitiligo patients, IgG from the third vitiligo patient (V7), 

which had previously been shown to react with MCHR1 epitope domain 1-138 

(Table 3.7; Gottumukkala et al. 2003), and the control did not enrich any particular 

MCHRI peptide sequences. 
The presence of significant numbers of peptide sequences in the . final round of 

biopanning with patient IgGs, which were not in the correct reading frame for 

expression, is probably due to the low titres of MCHR1 autoantibodies in vitiligo 

patients compared with the titre of the anti-MCHR1 CI 1CB antibody. So, although 

enrichment takes place with patient IgGs, it is at a lower level and the selected phage 
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probably do not completely dominate the binding of non-specific phage that is 

inherent in this technique. 

Each of the consensus sequences identified may represent a linear epitope that is 

recognised by patient MCHR1 autoantibodies. Conversely, the consensus sequences 

could have been selected due to them being part of a conformational epitope as the 

biopanning method is carried out in liquid phase and might therefore facilitate 

folding of the peptide. To differentiate, Western blot analysis could be applied to the 

expressed peptides, which would identify linear epitopes due to the denatured state 

of the protein in SDS-polyacrylamide gels. 
Phage-display technology has been used previously to identify linear and 

conformational autoantigenic epitopes in several autoimmune conditions. For 

example, a random peptide phage-display library was used to identify discontinuous 

epitopes in autoantigens that are recognised by anti-platelet autoantibodies in 

patients with autoimmune thrombocytopenic purpura (Gevorkian et al. 1998). 

Similarly, four prominent epitopes in a-type gliadin and one prominent and 

repetitive epitope in y-type gliadin have been demonstrated in patients with celiac 

disease, an autoimmune disorder caused by the indigestion of gluten (Osman et al. 
2000). In addition, the major conformational epitope for the pyruvate dehydrogenase 

complex E2 in primary biliary cirrhosis patients has been predicted by comparing 

epitopes derived by phage-display screening with the known nuclear magnetic 

resonance structure of the lipoyl domain (Rowley et al. 2000) and phage-display 

technology has been used to identify conformational epitopes on tyrosinase 

phosphatase-like IA-2/ICA512bdc autoantigens in type 1 diabetes (Farilla et al. 

2002; Dromey et al. 2004). Autoantibodies to 65 kDa glutamic acid decarboxylase 

(GAD65) are produced in many patients with autoimmune polyendocrine syndrome 

type II, stiff-man syndrome and type 1 diabetes mellitus (Myers et al. 2000; Al- 

Bukhari et al. 2002). The major linear epitopes of GAD65, which are recognised by 

patient autoantibodies, occur in the N-terminal and C-terminal regions of the protein 

and these epitopes have been mapped using random peptide phage-display libraries 

(Al-Bukhari et al. 2002). 

The examples given above indicate the usefulness of phage-display as a method 

of mapping autoantigenic epitopes in various autoimmune disorders. From this 

study, the phage-display MCHRI cDNA fragment library proved a useful tool in 

mapping the epitopes recognised by MCHR1 autoantibodies in vitiligo patients. This 
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method enabled the more precise identification of epitopes that were located within 

larger autoantigenic domains determined previously using deletion derivatives of 

MCHR1 (Chapter 3; Gottumukkala et al. 2003). 
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5 Functional Blocking of the Melanin-Concentrating 

Hormone Receptor 1 by Vitiligo Patient Autoantibodies 

5.1 Introduction 

5.1.1 Receptor autoantibodies in autoimmune disease 

In several autoimmune disorders, including autoimmune thyroid disease, myasthenia 

gravis, Addison's disease and pernicious anaemia, autoantibodies have been 

demonstrated to affect the functioning of cell receptors. TSHR is one of the major 

target autoantigens in autoimmune thyroid disease. TSHR autoantibodies are 
functionally heterogeneous: they include both thyroid-stimulating autoantibodies 
(TSAb) and thyroid-blocking autoantibodies (TBAb). Thyroid-stimulating 

autoantibodies activate TSHR and elicit hyperthyroidism in Graves' disease by 

mimicking the ability of TSH to bind to TSHR. Antibody binding to the receptor is 

more prolonged thereby inducing a chronic overproduction of thyroid hormone 

(Zakarija and McKenzie 1987; McGregor 1990; Nagayama and Rapoport 1992; 

Weetman and McGregor 1994; Song et al. 1996; Watanabe et al. 1997; Akamizu 

2001). In contrast, receptor occupancy by non-stimulatory TBAb prevents TSH 

action and may result in 'atropic thyroiditis, which is often accompanied by 

hypothyroidism (Arikawa et al. 1985; -McKenzie and Zakarija 1992; Kosugi et al. 

1993). 

In myasthenia gravis, autoantibodies directed against the acetylcholine receptor 

block the acetylcholine-binding site and provoke accelerated receptor degradation 

(Hara et al. 1993; Eymard and Chillet 1997; Hoedemaekers et al. 1997; Ferrero et al. 

1997; Fabien et al. 2001). 

Pernicious anaemia is characterised by cobalamine (Vitamin B 12) deficiency, 

autoimmune gastritis and anti-intrinsic factor autoantibodies that block the 

cobalamine-binding site of intrinsic factor, a gastric protein that is required for the 

assimilation of Vitamin B 12 (Wahlstedt 1990; Gueant et al. 1997). In addition, it has 

been demonstrated that serum immunoglobulin in patients with pernicious anaemia 

can block the gastrin-stimulation of acid secretion and it has been suggested that this 
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blocking activity is mediated by competition with gastrin for the surface receptors on 

parietal cells (de Aizpurua et al. 1985; Burman et aL 1989). 

In Addison's disease, patient IgGs can block the in vitro action of ACTH on 

adrenal growth and cortisol production by binding to its receptor (Wulffraat et al. 

1989). In contrast, subsequent studies did not demonstrate the blocking actions of 

IgGs from Addison's disease patients on ACTH receptor (Wardle et al. 1993). 

5.1.2 Intracellular calcium signalling 

The calcium ion is an important intracellular messenger, controlling a diverse range 

of cellular processes, such as gene transcription, muscle contraction, cell growth, cell 

survival and cell proliferation (Clapham 1995; Berridge et al. 1998). In most cells, 

calcium has its major signalling function when it is elevated in the cytosolic 

compartment. The calcium concentration inside cells is regulated by the interplay of 

several processes, which can be divided into calcium `on' and calcium 'off' 

mechanisms depending on whether they serve to increase or decrease cytosolic 

calcium, respectively (Bootman and Lipp 2001). The calcium `on' mechanisms 

include channels located at the plasma membrane (PM) which regulate the 

inexhaustible supply of calcium from the extracellular space, and channels on the 

endoplasmic reticulum (ER) and sarcoplasmic reticulum (SR) which release the 

finite intracellular calcium stores. A more diverse set of `off mechanisms is 

employed by cells to remove calcium from the cytoplasm. These include calcium 

ATPases on the PM and ER/SR, in addition to exchangers that utilize gradients of 

other ions to provide the energy to transport calcium out of the cell (Bootman and 

Lipp 2001). 

When cells are at rest, the balance lies in favour of the `off mechanisms, thus 

yielding an intracellular calcium concentration of approximately 0.1 µM. However, 

when cells are stimulated by various means such as hormones the `on' mechanisms 

are activated and the cytosolic calcium concentration increases to levels of 1 µM or 

more. The binding of hormones, such as TSH and MCH, to their specific receptors 

on the PM leads to the activation of phospholipase C which catalyses the hydrolysis 

of phospholipids to produce the intracellular messenger IP3. Although derived from a 

lipid, IP3 is water-soluble and diffuses into the cell interior where it can encounter 

IP3 receptors on the ER/SR. The binding of IP3 changes the conformation of IP3 
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receptors such that an integral channel is opened, thus allowing the calcium stored at 

high concentrations in the ER/SR to enter the cytoplasm (Bootman and Lipp 2001). 

It has been reported that melanocyte growth, differentiation, dendricity and 

pigmentation have all been linked to the induction of the 

IP3/diacylglycerol/phospholipase C cascade that yields increased levels of 

intracellular calcium (Yaar and Gilchrest 1991). Since MCH can stimulate the 

release of intracellular calcium on binding to MCHRI, this receptor might have a 

role in regulating melanocyte function. Indeed, a recent study demonstrated that 

stimulation of cultured human melanocytes with MCH reduced a-MSH-induced 

increases in cyclic AMP production (Hoogduijn et al. 2002) suggesting that MCH 

can down regulate the actions of a-MSH, a well-known stimulator of melanogenesis, 

via MCHRI expressed on pigment cells (Hoogduijn et al. 2002). Recently, it has 

been reported that binding of MCH to MCHRI can be inhibited significantly by 

vitiligo patient IgG: the mean percentage of inhibition (± SD) of MCH binding was 
45% (± 4%) and 16% (± 14%), respectively, for vitiligo patient and control groups 

(p=0.001; Kemp et al. 2002). We were, therefore, interested in studying the effects 

that vitiligo patient MCHR1 autoantibodies might have upon the functioning of the 

receptor. As MCHRI is exposed on the cell surface, it could be accessible to 

autoantibodies that might adversely affect receptor function as in other autoimmune 

disorders (Section 5.1.1). This might disrupt normal pigment cell behaviour resulting 

in vitiligo. 
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5.1.3 Aim 

The present study aimed to examine the effects of MCHR1 autoantibodies from 

vitiligo patients on the functioning of the receptor by using fluorimetry to measure 

changes in intracellular calcium levels in response to MCH-stimulation in a CHO-K1 

cell line expressing MCHR1. Various in vitro studies have shown that CHO-K1 cells 

and human embryonic kidney (HEK)-293 cells expressing MCHR1 respond to MCH 

resulting in an increase in intracellular calcium levels, the inhibition of forskolin- 

stimulated cyclic AMP production, an increase in IP3 production and the activation 

of mitogen-activated protein kinase (Chambers et al. 1999; Lembo et al. 1999; Saito 

et al. 1999; Shimomura et al. 1999; Hawes et al. 2000; Verlaet et al. 2002). Initially, 

a CHO-K1 stable cell line expressing MCHR1 was established by transfection of 

CHO-K1 cells with pcMCHRI and then characterised by: flow cytometry with a 

rabbit polyclonal anti-human MCHR1 antibody, measuring changes in intracellular 

calcium levels in response to MCH-stimulation by fluorimetry and analysis of 

changes in forskolin-stimulated cyclic AMP levels in response to MCH-stimulation 

using a cyclic AMP immunoassay. The MCHRI-expressing cell line (CHO- 

MCHR1) was then used to investigate the effect of MCHR1 autoantibodies on 

receptor function. 
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5.2 Materials and Methods 

5.2.1 Transfection of CHO-KI cells with pcMCHR1 

A stable CHO-K1 cell line expressing MCHRI was isolated by transfection of CHO- 

K1 cells with pcMCHRI. A liposome-mediated transfection technique was 

employed using Tfx-50 reagent (Promega) prepared according to the manufacturer's 
instructions. Approximately 2x106 of CHO-K1 cells in 10 ml of CHO-K1 culture 

medium (Section 2.20) were plated in 10-cm dishes and the cells incubated at 37°C 

in a 5% CO2 incubator until 80% confluent. For each 10-cm dish, 6 ml of Nutrient 

Mixture F-12 (Ham) medium containing 2 mM L-glutamine was pre-warmed to 

37°C in a 5% CO2 incubator and then added to a sterile tube along with 20 gg of 

plasmid pcMCHRI. After mixing, 60 µl of Tfx-50 reagent was added, vortexed, and 
incubated at room temperature for 10-15 minutes. Subsequently, the medium was 

removed from the plated CHO-K1 cells and 6 ml of the Tfx-50 reagent /DNA mix 

was added to each dish before incubation at 37°C in a 5% CO2 incubator for 1 hour. 

Cells were overlaid with 10 ml of CHO-K1 culture medium, pre-warmed to 37°C in 

a 5% CO2 incubator, and incubated for a further 48 hours. To select transfected cells 

at the end of the incubation period, the cultures were re-plated in 10-cm dish at 1: 20, 

1: 200, and 1: 500 dilutions, in CHO-K1 culture medium containing 1 mg/ml 

geneticin sulphate. The cells were incubated at 37°C in a 5% CO2 incubator for 

approximately 2 weeks, with a change of culture media every 3-4 days. When 

complete cell death had occurred in any untransfected cells, the small islands of 

transfected cells remaining were removed from the dish, transferred to wells on a 

24-well plate and grown in CHO-K1 culture media containing geneticin sulphate at 

1 mg/ml. Each geneticin-resistant cell line was then analysed for expression of 

MCHR1 by flow cytometry. 
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5.2.2 Flow cytometry 

Flow cytometry was used to detect MCHR1 expression in pcMCHR1-transfected 

CHO-K1 cells. Forty-eight geneticin-resistant CHO-K1 cell lines were grown to 

confluence in T75 tissue culture flasks in CHO-K1 culture medium containing 

geneticin sulphate at I mg/ml. Subsequently, the cells were washed once with PBS 

and detached from the tissue culture flask using Cell Dissociation Solution (Sigma). 

After centrifugation at 1000 g for 5 minutes, cells were resuspended in PBS and 

100-µ1 samples aliquoted into LP4 tubes (Becton Dickinson Labware, Oxford, UK). 

One hundred microlitres of Reagent A of a CALTAG Fix and Perm® Cell 

Permeabilization Solution Kit (Caltag Laboratories, Burlingame, CA, USA) were 

added to the cells which were then incubated at room temperature for 20 minutes. 

Following incubation, the cells were washed with 2 ml of PBS containing 5% FBS 

and then centrifuged at 2000 g for 5 minutes. Expression of MCHR1 was detected 

using C11CB, a rabbit polyclonal anti-human MCHR1 antibody (Section 4.2.3). 

Three microlitres of a 1: 10 dilution of C11CB stock antiserum were added to the 

cells along with 50 µl of Reagent B of a CALTAG Fix and Perm® Cell 

Permeabilization Solution Kit (Caltag Laboratories) and the cells then incubated at 

4°C for 30 minutes. Cells were washed again with 2 ml PBS/5% FBS and then 

centrifuged at 2000 g for 5 minutes. Cells were resupended in 50 µl of Reagent B of 

a CALTAG Fix and Perm® Cell Permeabilization Solution Kit along with I µl of 

fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Sigma) prior to 

incubation at 4°C for 30 minutes in the dark. After a final wash with 2 ml PBS/5% 

FBS, cells were analysed using a FACScan fluorescence activated cell sorter running 

CELLQuest acquisition and analysis software (Becton Dickinson, Oxford, UK). 

Overall, each cell line was analysed in duplicate in two separate experiments along 

with untransfected CHO-K1 cells. 
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5.2.3 Measurement of intracellular calcium levels by fluorimetry 

The changes in intracellular calcium levels in untransfected CHO-K1 cells and 

pcMCHR1-transfected CHO-K1 cells when stimulated with MCH were measured 

using the fluorescent dye FURA-2/AM (Merck Biosciences, Nottingham, UK). 

FURA-2/AM is able to transverse the lipid bilayer of cells and, once inside, esterases 

react with the dye to produce the active derivative FURA-2 that is not longer 

membrane-permeable. The active dye FURA-2 is then able to bind intracellular 

calcium that can then be measured by fluorimetry (Metcalfe et al. 1998). 

Initially, cells were plated out on glass coverslips in 6-well plates at 5.0x105 cells 

per well in 2.5 ml of CHO-K1 culture medium and incubated at 37°C in a 5% CO2 

incubator for two days. Geneticin sulphate was included in the medium for culturing 
CHO-MCHR1 cells at 1 mg/ml. Subsequently, intracellular calcium was measured 

using a Kontron SFM 25 fluorimeter (Kontron Instruments Ltd, Watford, UK) as 

previously described (Metcalfe et al. 1998). Monolayers of cells (used at around 
80% confluence by eye) were incubated with 4 pM FURA-2/AM for 30 minutes at 

37°C in a 5% CO2 incubator. The coverslips were then rinsed twice in balanced salt 

solution (BSS; 135 mM NaCl; 4.5 mM KCI; 1.5 mM CaC12; 0.5 mM MgC12; 5.6 mM 

glucose; 10 mM HEPES; pH 7.4) to remove any excess dye. The coverslips were 

placed across the diagonal of a 1-cm quartz cuvette being supported on a plastic 
bridge within the cuvette that allowed a small magnetic stirrer to be used to give a 

continuous mixing of the cuvette contents. 
To ensure that the cells were loaded with FURA-2/AM, they were excited at 335 

nm and emissions recorded between the wavelengths of 400 nm and 600 nm (Figure 

5.1). The emission scan peaked at around 490 nm, indicating that the cells had taken 

up the dye and were fluorescing at this wavelength. Changes in intracellular calcium 
levels were detected by measuring changes in relative fluorescence intensity versus 

time by exciting cells at 335 nm and collecting emissions at 490 nm. Once a stable 
baseline of fluorescence was obtained by adding BSS to the cells, acute bolus 

additions of MCH (Alpha Diagnostics, San Antonio, TX, USA) were made at 
different concentrations ranging from 10-12 M to 10'7 M along with an adenosine 
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Figure 5.1 Emission scan for FURA-2/AM-loaded CHO-KI cells. Cells cultured 

on glass coverslips were loaded with FURA-2/AM for 30 minutes and excess dye 

removed by washing with BSS. Cells were excited at 335 nm and emissions 

recorded between the wavelengths of 400 nm and 600 nm. Emissions are in arbitrary 

units of relative fluorescence intensity (y-axis). The emission scan peaks at 490 nm, 
indicating that cells have taken up the dye and are fluorescing at this wavelength. 

142 



derivative N6-(L-2-phenylisopropyl adenosine) (PIA) at 0.1 M (Sigma). In all cases, 

additions represented no more than 1-2% of the cuvette contents (3 ml). 

In all, eight pcMCHRI-transfected cell lines that were shown to express the 

receptor by flow cytometry were analysed for changes in intracellular calcium levels 

when stimulated with MCH. Each cell line was tested in duplicate in at least two 

experiments with untransfected CHO-K1 cells as a control. 

5.2.4 Measurement of cyclic AMP levels 

Eight pcMCHRI-transfected cell lines that were shown to express the receptor by 

flow cytometry were analysed for changes in forskolin-stimulated cyclic AMP levels 

in response to MCH-stimulation. Each cell line was tested in duplicate in three 

experiments with untransfected CHO-K1 cells as a control. Initially, cells were 

plated out in 24-well plates at 5x104 cells per well in 1 ml of CHO-K1 culture 

medium containing geneticin sulphate at 1 mg/ml and incubated at 37°C in a 5% CO2 

incubator for two days. Subsequently, the cells were washed once with PBS and 

incubated for 20 minutes at 37°C in 1 ml of cyclic AMP buffer comprising Hanks 

balanced salt solution (HBSS; 1.26 mM CaCl2; 5.53 mM KC1; 0.44 mM KH2P04; 

0.5 mM MgCi2; 0.41 mM MgS04 7H20; 4 mM NaHCO3; 0.30 mM NaH2P04; 5.6 

mM glucose; 222 mM sucrose; 20 mM HEPES; pH 7.2), 0.1 % bovine serum 

albumin (Sigma) and 1 mM 3-isobutyl-l-methyl xanthine (Sigma). At the end of the 

incubation period, the cells were treated with either 20 µM forskolin (Sigma) alone 

or 20 µM forskolin in combination with a series of concentrations of MCH (10"10 to 

10"7 M) and then incubated for 60 minutes at 37°C in "a 5% CO2 incubator. Finally, 

100 µl of supernatant were taken from each well and cyclic AMP levels measured 

using a cyclic AMP Immunoassay Kit (R &D Systems, Abingdon, UK) according to 

the manufacturer's instructions. 

One hundred microlitres of supernatant were diluted in 300 µl of assay buffer 

ED2 prior to running the assay. Standard dilutions (200,50,12.5,3.12 and 0.78 

pmoles/ml) of cyclic AMP were also made in ED2 assay buffer from the cyclic AMP 

standard stock (2000 pmoles/ml) provided with the kit. All reagents and samples 

were kept at room temperature before use. Each sample and standard was assayed in 
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duplicate. To a 96-well microtitre plate coated with a goat anti-rabbit polyclonal 

antibody, 100 µl of cyclic AMP standard dilutions (200,50,12.5,3.12 and 0.78 

pmoles/ml) and of diluted test sample were added. Fifty microlitres of cyclic AMP- 

conjugated to alkaline phosphatase were added to each well followed by 50 µl of 

rabbit polyclonal anti-cyclic AMP antibody. The 96-well plate was covered with an 

adhesive strip and incubated at room temperature for 2 hours on a horizontal 

microtitre plate shaker set at 500 rpm. At the end of the incubation, each well was 

decanted and washed three times with 200 µl of wash buffer. Two hundred 

microlitres of p-nitrophenyl phosphate substrate were applied to all wells and the 

plate incubated for one hour at room temperature on the bench without shaking. Fifty 

microlitres of stop solution were added to each well and the optical density of each 

well was measured immediately using a Labsystems Integrated EIA Management 

System (Labsystems, Basingstoke, UK) set to 405 nm. 

5.2.5 Patients and controls 

Immunoglobulin G samples from nine vitiligo patients (V1-V9; Table 2.1), that were 

previously shown to contain MCHRI autoantibodies in a radiobinding assay (Kemp 

et al. 2002), were analysed in this study. In addition, IgG from nine vitiligo patients 

(V10-V18; Table 2.1), which were previously shown not to contain MCHR1 

autoantibodies (Kemp et al. 2002), were analysed. In addition, IgG samples from 

ten SLE patients (1 male, 9 females; mean age: 45 years with range 21-55 years) and 

from 20 healthy individuals (9 males, 11 females; mean age: 32 years with range 24- 

48 years) with no history of either vitiligo or autoimmune disorders were analysed. 

5.2.6 Isolation of IgG from sera 

Immunoglobulin G was isolated from the serum samples by protein G Sepharose 4 

Fast Flow affinity column chromatography as described in Section 4.2.2. 

5.2.7 Cell culture 

Untransfected CHO-K1 cells and CHO-MCHR1 cells were grown in CHO-K1 

culture media as described in Section 2.20. The CHO-MCHR1 cells were grown in 
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culture media containing 1 mg/ml of geneticin sulphate. Initially, cells were plated 

out on glass coverslips in 6-well plates at 5.0x105 cells per well in 2.5 ml of CHO- 

K1 culture medium and incubated at 37°C in a 5% CO2 incubator for two days. Cells 

were then pre-incubated with either patient or control IgG as described below. 

5.2.8 Effect of different concentrations of vitiligo patient and control IgG on 

the functioning of MCHRI 

In order to study the effect of vitiligo patient autoantibodies on the functioning of the 

MCHR1, preliminary experiments were carried out to determine the minimum 

concentration of vitiligo patient IgG that can block the functioning of MCHRI. 

Initially, untransfected CHO-K1 cells and CHO-MCHRI cells were pre-incubated 

with different concentrations of IgG (10,50,100,150 and 300 µg/ml) from either 

vitiligo patients (n=4) or controls (n=4) for 30 minutes at 37°C in a 5% CO2 

incubator. Vitiligo patient IgGs used in the preliminary experiments contained 
MCHRI autoantibodies (Kemp et al. 2002). Intracellular calcium levels were 

measured in response to MCH (1012 to 10-7 M) and PIA (0.1 M) additions using 
fluorimetry as described in Section 5.2.3. Each IgG sample at each concentration 

was tested in duplicate in at least two separate experiments with untransfected CHO- 

KI cells as a control. 

5.2.9 Effect of vitiligo patient, SLE patient and control IgG on the functioning 

of MCHR1 

Once the minimum concentration of IgG (150 pg/ml) that could block the 

functioning of MCHRI was determined, further experiments were carried out to 

examine the effects of vitiligo patient IgG on the functioning of MCHRI. CHO- 

MCHRI cells were pre-incubated with 150 µg/ml of purified IgG from either vitiligo 

patients (n=18), SLE patients (n=10) or controls (n=20) for 30 minutes at 37°C in a 
5% CO2 incubator. Intracellular calcium levels were measured in response to MCH 

(1012 to 10-7 M) and PIA (0.1 M) addition using fluorimetry as described in Section 

5.2.3. Each sample was tested in duplicate in at least two separate experiments. 
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5.2.10 Statistical analysis 

The frequency of MCHR1 function-blocking autoantibodies was compared between 

vitiligo patients and controls using 2x2 contingency tables and chi-squared tests. 

Yates' correction was applied and p values <0.05 (two-tailed) were regarded as 

significant. 
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5.3 Results 

5.3.1 Transfection of CHO-K1 cells with pcMCHR1 

Plasmid pcMCHRI was transfected into CHO-K1 cells as described in Section 5.2.1. 

Transfected cells were selected by growth in culture media containing geneticin at 

1 mg/ml. Forty-eight geneticin-resistant cell lines were isolated and analysed by flow 

cytometry following staining with a rabbit polyclonal anti-human MCHR1 antibody 
C11CB, in order to confirm the expression of MCHR1. Receptor expression was 

also assessed by measuring changes in intracellular calcium levels following 

stimulation with MCH using fluorimetry and by measuring changes in forskolin- 

stimulated cyclic AMP levels in response to MCH-stimulation using a cyclic AMP 

immunoassay. 

53.2 Flow cytometry analysis 

Both untransfected CHO-K1 cells and 48 geneticin-resistant pcMCHRI-transfected 

cell lines were grown to confluence in T75. tissue culture flasks. The cells were 

permeabilized and receptor expression assessed by staining with rabbit polyclonal 

anti-human MCHR1 antibody C11CB and subsequently analysing the stained cells 

by flow cytometry as explained in Section 5.2.2. Each cell line was tested in 

duplicate in two separate experiments along untransfected CHO-K1 cells. The results 

revealed that 8/48 geneticin-resistant pcMCHRI-transfected CHO-K1 cell lines 

exhibited a higher level of MCHR1 expression compared to untransfected CHO-K1 

cells (Figure 5.2). Transfected cells did not show any expression of MCHRI if 

stained without permeabilization (data not shown) suggesting that antibody C1ICB 

recognises an intracellular epitope only present in MCHR1-expressing cells. 
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Figure -5.2 Flow cytometry analysis of CHO-KI cells transfected with 

pcMCHRI. Assessment of MCHRI expression was carried out by staining 

pcMCHRI-transfected cell lines and untransfected CHO-KI cells with rabbit 

polyclonal anti-human MCHRI antibody Cl ICB (primary antibody) and then with 

FITC-conjugated anti-rabbit IgG (secondary antibody). Subsequently, the stained 

cells were analysed by flow cytometry as described in Section 5.2.2. Results are 

shown for one transfected cell line and untransfected CHO-K I cells. The increasing 

fluorescence intensity (x-axis) indicates that the geneticin-resistant pcMCHRI- 

transfected CHO-KI cell line (green) stained with primary and secondary antibody 

exhibits a higher level of MCHRI expression compared to genetic in-resistant 

pcMCHRI-transfected CHO-KI cell line (blue) stained with secondary antibody 

alone and untransfected CHO-KI cells (red) stained with primary and secondary 

antibody. 
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5.3.3 Measurement of intracellular calcium in untransfected CHO-K1 cells 

and pcMCHR1-transfected CHO-K1 cells 

Changes in intracellular calcium levels in response to MCH additions were measured 

in untransfected CHO-KI cells and eight pcMCHRI-transfected CHO-KI cell lines 

using fluorimetry. Each cell line was tested in duplicate in at least two experiments 

and untransfected CHO-K1 cells were used as a control. All cells were exposed to 

BSS in order to determine the `noise' level of each experiment. Once the baseline 

was formed with BSS, the cells were exposed either to MCH (10"12 to 10'7 M), PIA 

(0.1 M) or MCH (10.12 to 10"7 M) in combination with PIA (0.1 M) and intracellular 

calcium levels measured. 
In all cells, the addition of MCH alone did not cause release of intracellular 

calcium, as there was no increase in relative fluorescence intensity (Figure 5.3 a and 

b). Intracellular calcium responses were only ever observed when cells were co- 

stimulated with MCH in combination with PIA, a pharmacological adenosine agonist 

that inhibits intracellular elevation of cyclic AMP (Figure 5.3 b). The agonist PIA 

alone did not elevate intracellular calcium levels (Figure 5.3 a and b). Increases in 

intracellular calcium levels were typically observed within the first 10 seconds of 

MCH and PIA addition to the transfected cells and responses returned to the original 

baseline level approximately 30 to 60 seconds thereafter (Figure 5.3 b). Changes in 

intracellular calcium responses were observed in pcMCHRI-transfected CHO-K1 

cells in response to MCH addition at different concentrations ranging from 10"12 to 

10"7 M along with PIA addition at 0.1 M concentration as indicated by an increase of 

relative fluorescence intensity (Figure 5.3 b). In contrast, changes in intracellular 

calcium levels were not observed in untransfected CHO-KI cells in response to the 

addition of MCH and PIA, as there was no increase of relative fluorescence intensity 

(Figure 5.3 a). These results clearly indicate that pcMCHRI-transfected CHO-KI 

cells express the receptor. 
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5.3.4 Measurement of cyclic AMP levels 

To assess the functional activity of MCHR1, the effect of stimulation by MCH on 

forskolin-stimulated cyclic AMP levels in both untransfected and pcMCHRI- 

transfected CHO-K1 cells was analysed. Eight pcMCHRI-transfected CHO-K1 cell 

lines were examined with each cell line being tested in duplicate in three 

experiments with untransfected CHO-K1 cells as a control. Both untransfected 

CHO-K1 cells and pcMCHR1-transfected CHO-K1 cells were incubated with either 

20 pM forskolin or 20 µM forskolin in combination with MCH at different 

concentrations (10'10 to 10"7 M). Cyclic AMP levels were then measured using a 

cyclic AMP Immunoassay Kit as described in Section 5.2.4. Forskolin directly 

activated adenylate cyclase to produce an increase in cyclic AMP in pcMCHRI- 

transfected CHO-KI cells (Figure 5.4). Co-incubation of pcMCHRI-transfected 

CHO-K1 cells with forskolin and MCH inhibited forskolin-stimulated cyclic AMP 

production in a concentration-dependent manner (Figure 5.4). A maximum inhibition 

of cyclic AMP production was observed at 10"7 M MCH (Figure 5.4). In contrast, 

untransfected CHO-K1 cells did not show any inhibition of cyclic AMP levels when 

the cells were co-incubated with forskolin (20 µM) and MCH at different 

concentrations (10-10 to 10"7 M) (Figure 5.5). 
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Figure 5.4 Effect of MCH on forskolin-stimulated cyclic AMP levels in 

pcMCHR1-transfected CHO-K1 cells. Forskolin was used as a positive control at 

a concentration of 20 pM. The cells were incubated with either forskolin alone or 

forskolin in combination with MCH at different concentrations (10"10 to 10'7 M). 

Forskolin directly activated adenylate cyclase to produce an increase in cyclic AMP 

in pcMCHRI-transfected CHO-K1 cells. Co-incubation of pcMCHR1-transfected 

CHO-K1 cells with forskolin and MCH inhibited forskolin-stimulated cyclic AMP 

production in a concentration-dependent manner. A maximum inhibition of cyclic 

AMP production was observed at 10"7 M MCH. The results show the mean values (± 

SE) of duplicate samples in one experiment for one pcMCHR1-transfected CHO-KI 

cells. 
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Figure 5.5 Effect of MCH on forskolin-stimulated cyclic AMP levels in 

untransfected CHO-K1 cells. Forskolin was used as a positive control at a 

concentration of 20 µM. The cells were incubated with either forskolin alone or 

forskolin in combination with MCH at different concentrations (10.10 to 10'7 M). 

Forskolin directly activated adenylate cyclase to produce an increase in cyclic AMP 

in untransfected CHO-KI cells. Co-incubation of untransfected CHO-K1 cells with 

forskolin and MCH did not inhibit forskolin-stimulated cyclic AMP production. The 

results show the mean values (± SE) of duplicate samples in one experiment for one 

untransfected CHO-K1 cells. 

154 

Cells without Forskoln Fotskolin (20 µM) Forskoln (20 µ! U Forskoln (20 µM) Forskoln (20 µM) 
forskolinand (20ph1) +NICH(1010h'I) +MCH(le ND +MCH(104NO +MCH(10'M) 
MCH 



5.3.5 Effect of different concentrations of vitiligo patient and control IgG on 
the functioning of MCHR1 

Preliminary experiments were carried out to determine the minimum concentration 

of vitiligo patient IgG that blocked the functioning of MCHR1. For this, both 

untransfected CHO-K1 cells and CHO-MCHR1 cells were pre-incubated with either 

control IgG (n=4) or vitiligo patient IgG (n=4) at different concentrations. Changes 

in intracellular calcium levels in response to MCH and PIA addition were then 

measured using fluorimetry. Each IgG sample at each concentration was tested in 

duplicate in at least two separate experiments with untransfected CHO-K1 cells as a 

control. 
None of the untransfected CHO-K1 cells pre-incubated with different 

concentrations of either control or vitiligo patient IgG released any intracellular 

calcium in response to MCH and PIA addition, as there was no increase in relative 
fluorescence intensity (Figures 5.6 and 5.7). In contrast, when CHO-MCHRI cells 

were pre-incubated with different concentrations of control IgG, there was a release 

of intracellular calcium in response to MCH and PIA addition, as there was an 
increase of relative fluorescence intensity (Figure 5.8). 

Pre-incubation of CHO-MCHRI cells with vitiligo patient IgG at 10,50 and 100 

µg/m1 resulted in the release of intracellular calcium in response to MCH and PIA 

addition, as there was an increase of relative fluorescence intensity (Figure 5.9 a to 

c). In contrast, CHO-MCHRI cells did not release any intracellular calcium in 

response to MCH and PIA addition when the cells were pre-incubated with vitiligo 

patient IgG at concentration of 150 and 300 µg/ml, as there was no increase of 

relative fluorescence intensity (Figure 5.9 d and e). These results indicated that pre- 
incubation of CHO-MCHRI cells with vitiligo patient IgG at concentrations of 150 

and 300 µg/ml blocked the functioning of MCHR1. 

155 



a) 
BSS 10"12 MCH 

. ý. 1 1 

b) 

10'" MCH 10'10 MCH 10"9 MCH 10"8 MCH 10"' MCH 

BSS 10-12 MCH 10"" MCH 10'10 MCH 

ll1 

E 
c 

C) 

Z BSS 10"'2 MCH 

l 
.ý U 

U 
U 

G) 
it 
O 

d) 
In BSS 10"'2 MCH 

11 

10"' MCH 10"8 MCH 10"' MCH 

1 

10'1' MCH 1 0"10 MCH 10-' MCH 10'8 MCH 10»7 MCH 

10"1 MCH 10-'O MCH 10-9 MCH 10"8 MCH 10-7 MCH 

1 

e) 
BSS 10"'Z MCH 10" 1 MCH 10'10 MCH 10-9 MCH 10$ MCH 10'' MCH 

1 

48 12 16 
Time (minutes) 

156 



Figure 5.6 Effect of different concentrations of control IgG on untransfected 
CHO-KI cells. Measurement of intracellular calcium levels in response to MCH in 

untransfected CHO-K1 cells pre-incubated with different concentrations of control 
IgG at (a) 10 pg/ml (b) 50 gg/ml (c) 100 µg/ml (d) 150 pg/ml (e) 300 pg/ml. The 

results are shown for one control IgG sample. Each concentration of IgG was tested 

in duplicate in at least two experiments. There was no release of intracellular 

calcium in untransfected CHO-K1 cells pre-incubated with different concentrations 

of IgG (10,50,100,150 and 300 pg/ml) in response to MCH (1012 to 10 M) and 

PIA (0.1 M) additions, as there was no increase in relative fluorescence intensity. 
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Figure 5.7 Effect of different concentrations of vitiligo patient IgG on 

untransfected CHO-KI cells. Measurement of intracellular calcium levels in 

response to MCH in untransfected CHO-K1 cells pre-incubated with different 

concentrations of vitiligo patient IgG at (a) 10 pg/ml (b) 50 µg/ml (c) 100 gg/ml (d) 

150 pg/ml (e) 300 µg/ml. The results shown are for one vitiligo patient IgG sample. 
Each concentration of IgG was tested in duplicate in at least two experiments. There 

was no release of intracellular calcium in untransfected CHO-K1 cells pre-incubated 

with different concentrations of IgG (10,50,100,150 and 300 µg/ml) in response to 

MCH (1012 to 10-7 M) and PIA (0.1 M) additions as there was no increase in relative 
fluorescence intensity. 
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Figure 5.8 Effect of different concentrations of control IgG on the functioning of 

MCHR1 in CHO-MCHR1 cells. Measurement of intracellular calcium levels in 

response to MCH in CHO-MCHRI cells pre-incubated with different concentratiöns 

of control IgG at (a) 10 µg/ml (b) 50 µg/ml (c) 100 µg/ml (d) 150 µg/ml (e) 300 

pg/ml. The results shown are for one control IgG sample. Each concentration of IgG 

was tested in duplicate in at least two experiments. There was a release of 

intracellular calcium in CHO-MCHR1 cells pre-incubated with different 

concentrations of IgG (10,50,100,150 and 300 µg/ml) in response to MCH (1012 to 

10-7 M) and PIA (0.1 M) additions as indicated by the increase in relative 

fluorescence intensity. 
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Figure 5.9 Effect of different concentrations of vitiligo patient IgG on the 

functioning of MCHR1 in CHO-MCHR1 cells. Measurement of intracellular 

calcium levels in response to MCH in CHO-MCHR1 cells pre-incubated with 
different concentrations of vitiligo patient IgG at (a) 10 µg/ml (b) 50 µg/ml (c) 100 

pg/ml (d) 150 pg/ml (e) 300 pg/ml. The results shown are for one vitiligo patient 
IgG sample. Each concentration of IgG was tested in duplicate in at least two 

experiments. There was a release of intracellular calcium in CHO-MCHR1 cells pre- 
incubated with different concentrations of IgG (10,50 and 100 µg/ml) in response to 

MCH (1012 to 10-7 M) and PIA (0.1 M) additions as indicated by the increase in 

relative fluorescence intensity. There was no release of intracellular calcium in 

CHO-MCHRI cells pre-incubated with different concentrations of IgG (150 and 300 

pg/ml) in response to MCH (1012 to 10-7 M) and PIA (0.1 M) additions, as there was 

no increase in relative fluorescence intensity. 
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5.3.6 Effect of vitiligo patient and control IgG on the functioning of MCHR1 

Once the minimum concentration of IgG required to block the functioning of 
MCHR1 was determined as 150 µg/ml, IgG samples from eighteen vitiligo patients 

and twenty healthy controls were tested for their ability to block the functioning of 
MCHR1. CHO-MCHRI cells were pre-incubated with IgG at 150 gg/ml and 

changes in intracellular calcium levels in response to MCH and PIA additions were 

measured by fluorimetry. Each IgG sample was tested in duplicate in at least two 

experiments. 
Of twenty control IgG samples analysed, none blocked the release of intracellular 

calcium in response to MCH and PIA additions, as there was an increase of relative 
fluorescence intensity (Figure 5.10; Table 5.1). Of eighteen vitiligo patient IgG 

samples tested, eight had no effect upon the release of intracellular calcium in 

response to MCH and PIA additions, as there was an increase in relative 
fluorescence intensity (Figure 5.11; Table 5.2). In contrast, 10/18 vitiligo patient IgG 

samples blocked the release of intracellular calcium in response to MCH and PIA 

additions, as there was no increase in relative fluorescence intensity (Table 5.2; 

Figure 5.12). These results indicated that 10/18 (56%) of the vitiligo patient IgG 

samples tested were able to block the functioning of MCHR1. Seven (VI to V4 and 
V10 to V12) of the vitiligo patient IgGs that blocked MCHR1 function were able to 

do so at a concentration of 150 gg/ml (Table 5.2), and three vitiligo patient IgGs (V5 

to V7) blocked MCHR1 function only at a concentration of 300 gg/ml (Table 5.2). 

Among the nine vitiligo patients that contained MCHR1 binding autoantibodies as 

measured in a radiobinding assay (Kemp et al. 2002), seven (VI to V7; Table 5.2) 

contained MCHR1 autoantibodies that blocked receptor function. In addition, of nine 

patients that were previously shown not to contain MCHR1 binding autoantibodies 

(Kemp et al. 2002), three (V 10 to V12; Table 5.2) were demonstrated to have 

MCHR1 function blocking autoantibodies. 
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Figure 5.10 Effect of control IgG on the functioning of MCHR1 in CHO- 

MCHR1 cells. Measurement of intracellular calcium levels in response to MCH in 

CHO-MCHR1 cells pre-incubated with control IgG at 150 µg/ml. The results shown 

are for one control IgG sample. Each IgG sample was tested in duplicate in at least 

two experiments. Results (a) and (b) represent one control IgG sample in duplicate. 

Results (c) and (d) represent the same sample in duplicate in a separate experiment. 

There was a release of intracellular calcium in CHO-MCHR1 cells pre-incubated 

with control IgG in response to MCH (1012to 10-7 M) and PIA (0.1 M) additions, as 
indicated by the increase in relative fluorescence intensity. 
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Table 5.1 Effect of control IgG on the functioning of MCHR1. 

Sample 
Concentration 
of IgG used 

(µg/ml) 

Number of 
times sample 

tested 

Number of 
times 

intracellular 
calcium 

released after 
pre-incubation 

with IG 

IgG blocking 
MCHR1 
function 

CI 150 4 4 No 
C2 150 4 3 No 
C3 150 4 3 No 
C4 150 4 4 No 
C5 150 .4 4 No 
C6 150 4 4 No 
C7 150 4 3 No 
C8 150 4 3 No 
C9 150 4 3 No 

CIO 150 4 3 No 
Cll 150 4 3 No 
C12 150 4 3 No 
C13 150 4 4 No 
C14 150 4 4 No 
C15 150 4 4 No 
C16 150 4 4 No 
C17 150 4 4 No 
C18 150 4 4 No 
C19 150 4 4 No 
C20 150 4 4 No 

167 



a) 

BSS 10"12 MCH 

r 

2 "' b) 

BSS 
L 

L 

iý. 
C> 

BSS 

v 

v 

0 

cl 

BSS 

10'" MCH 10"'O MCH 10"9 MCH 10-8 MCH 10-7 MCH 

10'12 MCH 10-" MCH 10"10 MCH 10'9 MCH 10-8 MCH 10-7 MCH 

--I 
F-jr 

-Ir 

r-\ 

10'12 MCH 10''1 MCH 10'10 MCH 10'9 MCH 10'8 MCH 10'' MCH 

111 

10"12 MCH 10"" MCH 10"1° MCH 10"9 MCH 10"8 MCH 10"7 MCH 

48 12 16 
Time (minutes) 

r 

168 



Figure 5.11 Effect of vitiligo patient IgG on the functioning of MCHRI in CHO- 

MCHR1 cells. Measurement of intracellular calcium levels in response to MCH in 

CHO-MCHRI cells pre-incubated with vitiligo patient IgG at 150 µg/ml. The results 

shown are for one vitiligo patient IgG sample. Each IgG sample was tested in 

duplicate in at least two experiments. Results (a) and (b) represent one vitiligo IgG 

sample in duplicate. Results (c) and (d) represent the same sample in duplicate in a 

separate experiment. There was a release of intracellular calcium in CHO-MCHRI 

cells pre-incubated with vitiligo patient IgG in response to MCH (1012 to 10 7 M) 

and PIA (0.1 M), additions as indicated by increase in relative fluorescence intensity. 
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Table 5.2 Effect of vitiligo IgG on the functioning of MCHR1. 

IgG 
Sample' 

Concentration 
of IgG used 

(µg/ml) 

Number of 
times sample 

tested 

Number of 
times 

intracellular 
calcium 

released after 
pre-incubaion 

with IG 

IgG blocking 
MCHRI 
function 

V1 150 4 0 Yes 
V2 150 4 0 Yes 
V3 150 4 1 Yes 
V4 150 4 0 Yes 
V52 150 4 3 No 

300 4 0 Yes 
V62 150 4 3 No 

300 4 1 Yes 
V72 150 4 2 Yes/No 

300 4 0 Yes 
V8 150 4 4 No 
V9 150 4 4 No 
V10 150 4 0 Yes 
Vii 150 4 0 Yes 
V12 150 4 0 Yes 
V13 150 4 3 No 
V14 150 4 4 No 
V15 150 4 4 No 
V16 150 4 3 No 
V17 150 4 4 No 
V18 150 4 4 No 

'IgG from vitiligo patients containing MCHRI autoantibodies (V1 to V9); IgG from 

vitiligo patients negative for autoantibody reactivity to MCHR1 (V10 to V18). 

2Vitiligo patient IgG samples that blocked MCHR1 function only at an IgG 
concentration of 300 pg/ml. 
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Figure 5.12 Effect of vitiligo patient IgG on the functioning of MCHR1 in CHO- 

MCHR1 cells. Measurement of intracellular calcium levels in response to MCH in 

CHO-MCHRI cells pre-incubated with vitiligo patient IgG at 150 µg/ml. The results 

shown are for one vitiligo patient IgG sample. Each IgG sample was tested in 

duplicate in at least two experiments. Results (a) and (b) represent one vitiligo IgG 

sample in duplicate. Results (c) and (d) represent the same sample in duplicate in a 

separate experiment. There was no release of intracellular calcium in CHO-MCHR1 

cells pre-incubated with vitiligo patient IgG in response to MCH (1012 to 10 7 M) 

and PIA (0.1 M) additions as there was no increase in relative fluorescence intensity. 
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5.3.7 Effect of SLE patient IgG on the functioning of MCHR1 

Systemic lupus erythematosus patient IgG samples were used as controls. These 

individuals generally display a wide variety of autoantibody reactivity. Ten SLE 

patient IgG samples were tested for MCHR1 function blocking reactivity. Each 

sample was tested in duplicate in at least two separate experiments (Table 5.3). 

CHO-MCHR1 cells were pre-incubated with SLE patients IgG at 150 µg/ml. 

Changes in intracellular calcium levels in response to MCH and PIA additions were 

then measured using fluorimetry. None of SLE patients IgG samples tested were 

able to block the release of intracellular calcium in response to MCH and PIA 

additions, as there was an increase in relative fluorescence intensity (Figure 5.13). 

These results demonstrate that SLE IgG do not block the functioning of MCHR1 and 

show that MCHR1 function blocking autoantibodies are specific to patients with 

vitiligo. 

5.3.8 Comparison of the frequency of MCHR1 function blocking 

autoantibodies in patient and control groups 

Overall, MCHR1 function blocking IgGs were found at a significantly increased 

frequency in the vitiligo patients compared with healthy controls (p=0.0004; Table 

5.4). Comparison of healthy controls with vitiligo patient IgG samples containing 

MCHRI autoantibodies indicated that there was a significantly increased frequency 

of MCHR1 function blocking IgGs in the vitiligo patient group (p<0.0001; Table 

5.4). Similarly, when comparing healthy controls and vitiligo patient IgG samples 

not containing MCHRI autoantibodies, a significant increase in the frequency of 

function blocking IgGs was noted in the vitiligo patient cohort (p=0.0387; Table 

5.4). In contrast, there was no apparent difference in the frequency of MCHR1 

function blocking autoantibodies in SLE patients compared with controls (Table 

5.4). 
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Table 5.3 Effect of SLE IgG on the functioning of MCHR1. 

Number of 
Concentration Number of times IgG blocking 

Sample of IgG used times sample intracellular MCHR1 
(µg/ml) tested calcium function 

released after 
pre-incubation 

with IG 

S1 150 4 4 No 
S2 150 4 4 No 
S3 150 4 4 No 
S4 150 4 4 No 
S5 150 4 4 No 
S6 150 4 4 No 
S7 150 4 4 No 
S8 150 4 3 No 
S9 150 4 3 No 

S 10 150 4 3 No 
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Figure 5.13 Effect of SLE patient IgG on the functioning of MCHR1 in CHO- 

MCHR1 cells. Measurement of intracellular calcium levels in response to MCH in 

CHO-MCHR1 cells pre-incubated with SLE patient IgG at 150 gg/ml. The results 

shown are for one SLE patient IgG sample. Each IgG sample was tested in duplicate 

in at least two experiments. Results (a) and (b) represent one SLE IgG sample in 

duplicate. Results (c) and (d) represent the same sample in duplicate in a separate 

experiment. There was a release of intracellular calcium in CHO-MCHRI cells pre- 

incubated with SLE patient IgG in response to MCH (1012 to 10-7 M) and PIA (0.1 

M) additions as there was an increase in relative fluorescence intensity. 

176 



Table 5.4 Summary of results of the effects of IgG on the functioning of 
MCHR1. 

IgG samples Number of 
samples tested 

Number of samples 
blocking MCHRI 

function 

p value3 

Total vitiligo 18 10 0.0004 
Vitiligol 9 7 <0.0001 

Vitiligo2 9 3 0.0387 
Controls 20 0 - 

SLE 10 0 - 

'IgG samples from vitiligo patients containing MCHRI autoantibodies (Kemp et al. 
2002). 

2IgG samples from vitiligo patients that do not contain MCHR1 autoantibodies 

(Kemp et at 2002). 

3The frequency of MCHR1 function-blocking autoantibodies was compared between 

patient and control groups using 2x2 contingency tables and chi-squared tests. 

Yates' correction was applied and p values <0.05 (two-tailed) were regarded as 

significant. 
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5.4 Discussion 

In the current study, initially a stable CHO-K1 cell line has been established that 

expresses functional MCHRI. The results of flow cytometry analysis clearly showed 

the expression of MCHR1 in pcMCHRI-transfected CHO-K1 cells. To verify if the 

receptor was functional, the effects of MCH on forskolin-stimulated cyclic AMP 

production and calcium signalling pathways were analysed. 
Intracellular calcium levels were increased in pcMCHRI-transfected CHO-K1 

cells following the addition of MCH at different concentrations (10.12 to 10"7 M) and 

PIA (0.1 M). In contrast, the untransfected cells did not release any intracellular 

calcium in response to MCH and PIA additions. Although previous in vitro studies 

demonstrated the release of intracellular calcium by MCH addition alone in MCHR1 

transfected cells (Saito et al. 1999; Chambers et al. 1999; Hawes et al. 2000; 

Hoogduijn et al. 2002; Verlaet et al. 2002), in the current study, the transfected cells 

only responded to MCH in combination with PIA, a very specific adenosine agonist 

that inhibits the activation of adenylate cyclase and elevation of cyclic AMP. These 

findings essentially confirm the co-operativity first reported by Yanagita et al. 

(1996) for adenosine and TSH in studies on individual human thyroid cells. Later, 

Metcalfe et al. (1998) followed the same approach in CHO-K1 cells expressing the 

TSHR and demonstrated a calcium response to TSH when using PIA to inhibit the 

TSH-stimulated elevation of cyclic AMP. In their study, the majority of cells gave a 

small increase in calcium in response to TSH alone, and this was greatly enhanced 

by prior addition of PIA illustrating mutual co-operativity in the behaviour of these 

agonists. Recently, a similar method was used to measure intracellular calcium levels 

in human keratinocytes in response to a-MSH, MSH 11-13 KPV and ACTH (Elliott 

et al. 2004). Keratinocytes only responded and released intracellular calcium 

following the addition of PIA along with the peptide. 

As previously reported (Chambers et al. 1999; Lembo et al. 1999; Saito et al. 

1999; Shimomura et al. 1999; Hawes et al. 2000; Verlaet et al. 2002), forskolin- 

stimulated cyclic AMP production was decreased in MCHR1-expressing cells, in 

response to MCH. This is in contrast to the effects of a-MSH that acts via the 

MC-1R to increase the production of cyclic AMP and subsequently melanogenesis 
(Hunt et al. 1994). The down-regulation of the cyclic AMP pathway by MCH in 

transfected cells is, therefore, antagonistic to the actions of a-MSH on 
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melanogenesis. In this respect, MCH resembles the agouti protein that acts as an 
inhibitor of melanogenesis in rodents by blocking the action of a-MSH (Lu et al. 
1994; Graham et al. 1997). The MCH could function in a similar way to regulate 

melanogenesis in human melanocytes, but this has yet to be determined. 

Taken together, the 'functional studies indicate that the pcMCHRI-transfected 
CHO-K1 cells express the receptor. The stable cell line was used for further studies 

to investigate whether the MCHRI antibodies in vitiligo patients have any effects 

upon the functioning of the receptor. 
Vitiligo patient IgGs that blocked the functioning of MCHRI were detected in 

56% (10/18) of the vitiligo patient IgGs tested. Overall, when comparing healthy 

controls and vitiligo patients, MCHRI function blocking IgGs were found at a 

significantly increased frequency in the vitiligo patient group (p=0.0004). 

Comparison of healthy controls and vitiligo patients containing MCHR1 

autoantibodies (Kemp et al. 2002), indicated that there was a significantly increased 

frequency of receptor function blocking IgGs in the vitiligo patient group 
(p<0.0001). Similarly, the comparison of healthy controls and vitiligo patients that 

did not to contain MCHR1 autoantibodies (Kemp et al. 2002), demonstrated that 

there was a significantly increased frequency of function blocking IgGs in the 

vitiligo patient group (p=0.0387). 

Among the nine vitiligo patients that contained MCHRI binding autoantibodies 

as measured in a radio-binding assay (Kemp et al. 2002), seven contained MCHR1 

autoantibodies that blocked receptor function. In the two patients that only contained 

receptor-binding autoantibodies, it is probable that the MCHRI autoantibodies bind 

at a site on the receptor that has no effect upon its functionality. In addition, of nine 

patients that were previously shown not to contain MCHRI binding autoantibodies 
(Kemp et al. 2002), three were demonstrated to have MCHRI function blocking 

autoantibodies. The existence of antibodies that appear to inhibit receptor function 

but do not bind MCHR1 could be due to a number of reasons. It may be that the in 

vitro-translated protein used in the radio-binding assay (Kemp et al. 2002) fails to 

bind these antibodies due to incorrect folding of the molecule, the absence of a 

correct pattern of glycosylation or may simply reflect differential detection 

sensitivity in the two assays. This is not unprecedented, as similar findings have been 

documented for TSAb. In one study, one third of Graves' disease sera positive in a 
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TSH binding inhibiting immunoglobulin assay (TBII) failed to bind to in vitro- 

translated TSH receptor (Morgenthaler et al. 1999). 

None of the control IgG samples or SLE patient IgGs analysed was able to block 

the function of MCHR1, indicating that MCHR1 function blocking autoantibodies 

are specific to patients with vitiligo and are not present in patients with another 

autoimmune disease. 

Similar to our finding that MCHRI autoantibodies in vitiligo patients can block 

the function of MCHR1, non-stimulatory TBAb can prevent TSH action resulting in 

hypothyroidism (Arikawa et al. 1985; McKenzie and Zakarija 1992; Kosugi et al. 
1993). In Addison's disease, patient IgGs can block the in vitro action of ACTH on 

adrenal growth and cortisol production by binding to its receptor (Wulffraat et al. 

1989). Furthermore, autoantibodies in myasthenia gravis patients directed against the 

acetylcholine receptor block the acetylcholine-binding site and provoke accelerated 

receptor degradation (Hara et al. 1993; Eymard and Chillet 1997; Hoedemaekers et 

al. 1997; Ferrero et al. 1997; Fabien et al. 2001). In addition, it has been 

demonstrated that serum immunoglobulin in patients with pernicious anaemia can 

block the gastrin-stimulation of acid secretion and it has been suggested that this 

blocking activity is mediated by competition with gastrin for the surface receptors on 

parietal cells (de Aizpurua et al. 1985; Burman et al. 1989). 

Here, we have shown that MCHRI autoantibodies in vitiligo patients can have a 

blocking effect upon the functioning of the receptor. However, the effect of MCHR1 

autoantibodies on the behaviour of melanocytes has yet to be determined and the 

relevance of MCHRI autoantibodies to the aetiology of vitiligo needs to be further 

investigated. 

180 



6 An Investigation into the Immunological Functions of 
Melanin-Concentrating Hormone Receptor 1 

Autoantibodies 

6.1 Introduction 

Although the exact role of anti-melanocyte autoantibodies in the pathogenesis of 

vitiligo has not been determined, possible mechanisms by which they can destroy 

pigment cells have been investigated including complement activation and ADCC. 

The complement system has been described in Section 1.4.4.2 and examples of 

autoimmune disorders in which complement can have a pathogenic role have been 

discussed previously (Section 1.4.4.2). Complement-fixing autoantibodies that bind 

to melanocytes have been reported in patients with mucocutaneous candidiasis, 

multiple endocrine insufficiencies, alopecia areata and vitiligo (Hertz et al. 1977). 

However, these autoantibodies were not found in patients with isolated vitiligo 
(Howanitz et al. 1981). Deposition of complement component C3 can occur in the 

basement membrane of vitiliginous skin (Uda et al. 1984) and the sera of vitiligo 

patients can cause direct cytotoxic damage of cultured melanocytes by complement 
fixation (Norris et al. 1988b). In addition, a reduced expression of the membrane 

regulators of complement activation in both lesional and perilesional keratinocytes 

and melanocytes has been reported, possibly indicating an increased vulnerability of 

these cells to autologous complement attack (van den Wijngaard et al. 2002). The 

mechanism of ADCC and examples of autoimmune disorders in which this can play 

a pathogenic role are discussed in Section 1.4.4.3. With respect to vitiligo, there is 

evidence that the sera of patients with the disease can induce cultured human 

melanocytes to detach from their cell matrix and can cause direct cytotoxic damage 

by ADCC (Norris et al. 1988b). 

6.2 Aim 

The aim of the current study was to examine the immunological reactivities of 

autoantibodies to MCHRI using a stable CHO-KI cell line expressing the receptor. 
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The ability of MCHR1 autoantibodies to fix complement and mediate ADCC were 

assessed by flow cytometry and in chromium-release assays, respectively. 

6.3 Materials and Methods 

6.3.1 Patients and controls 

In the complement-fixation assay, sera from the following subjects were analysed: 

nine vitiligo patients (V1-V9; Table 2.1), that were previously shown to contain 
MCHRI autoantibodies in a radio-binding assay (Kemp et al. 2002), nine vitiligo 

patients (V10-V18; Table 2.1), that were previously shown not to contain MCHR1 

autoantibodies (Kemp et al. 2002) and eighteen healthy controls (7 males, 11 

females; mean age: 34 years with range 24-48 years) with no history of either vitiligo 

or autoimmune disorders. In the ADCC assay, sera from nine vitiligo patients (V1- 

V9; Table 2.1), that were previously shown to contain MCHR1 autoantibodies 
(Kemp et al. 2002), and three vitiligo patients (V10-V12; Table 2.1), that were 

previously shown not to contain MCHRI autoantibodies (Kemp et al. 2002) were 

analysed. Eleven healthy controls (4 males, 7 females; mean age: 36 years with 

range 24-48 years) with no history of either vitiligo or autoimmune disorders were 

also investigated. 

6.3.2 Specific antisera 

Rabbit polyclonal anti-CHO-K1 antibody was kindly provided by Professor B. P. 

Morgan (Department of Biochemistry and Immunology, University of Wales 

College of Medicine, Cardiff, UK) and was used as a positive control in the 

complement-fixation assay. 

6.3.3 Complement-fixation 

Untransfected CHO-K1 cells and the CHO-MCHR1 cell line were grown to 

confluence in T75 tissue culture flasks in CHO-KI culture medium (Section 2.20). 

Geneticin sulphate was included in the medium for culturing CHO-MCHRI cell line 

at 1 mg/ml. Subsequently, the cells were washed once with PBS and detached from 
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the tissue culture flask using Cell Dissociation Solution. After centrifugation at 1000 

g for 5 minutes, cells were resuspended in 1 ml of PBS and 100-µ1 samples were 

aliquoted into LP4 tubes. Cells were then incubated with either 5 µl of anti-CHO-K1 

antibody (positive control), 10 µl of control sera (n=18) or 10 µl of vitiligo patient 

sera (n=18) at 4°C for 30 minutes. Before use, serum samples were heat-inactivated 

by incubation at 56°C for 30 minutes. Cells were washed twice with 2 ml of PBS and 

then incubated with 50 pl of human complement C7-deficient serum (Sigma), which 
had been diluted 1: 5 in veronal-buffered saline (Sigma), for 15 minutes at 37°C in a 
5% CO2 incubator. Cells were then washed twice with 2 ml of PBS and resuspended 
in 50 µl of PBS with 1 µl goat anti-human C3 antibody (ICN Biomedicals Inc, 

Aurora, OH, USA) for 30 minutes at 4°C. At the end of the incubation period, the 

cells were washed twice with 2 ml of PBS and resuspended in 50 µ1 of PBS with 1 µl 

of FITC-conjugated rabbit anti-goat IgG antibody (Sigma) for 30 minutes at 4°C. 

Following the final wash with 2 ml of PBS, cells were analysed for C3 deposition 

using a FACScan fluorescence activated cell sorter running CELLQuest acquisition 

and analysis software. Overall, each serum sample was tested in duplicate in two 

separate experiments with untransfected CHO-K1 cells and the CHO-MCHR1 cell 
line. In total, eighteen vitiligo patient sera and eighteen control sera were tested. 

6.3.4 Purification of peripheral blood mononuclear cells 

Ten millilitres of blood from a normal human donor were collected over heparin. 

The blood was layered over 6 ml of Lymphoprep (Nycomed Pharma AS, Oslo, 

Norway) and centrifuged at 2800 rpm for 20 minutes. Peripheral blood mononuclear 

cells (PBMC) present at the interface were collected and washed twice with PBS by 

centrifugation at 2000 rpm for 5 minutes. The pellet of PBMC was resuspended in 2 

ml of CHO-K1 cell culture medium (Section 2.20) and the cells counted in a 
haemocytometer before making any finäl adjustments to obtain the required 

concentration of cells. 
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6.3.5 Antibody-dependent cell-mediated cytotoxicity 

The CHO-MCHR1 cell line were grown to confluence in T75 tissue culture flasks in 

CHO-K1 culture medium (Section 2.20) containing geneticin sulphate at 1 mg/ml. 
Subsequently, the cells were washed once with PBS and detached from the tissue 

culture flask after incubation for 5 minutes at 37°C in a 5% C02 incubator with 

trypsin/EDTA. After centrifugation at 1000 g for 5 minutes, cells were resuspended 
in PBS at a concentration of 106 cells/ml. The cells were then labelled with 7.4 MBq 

of chromium-51 (51Cr; Amersham Pharmacia Biotech) by incubation at 37°C for 2 

hours in a 5% CO2 incubator. 51Cr labelled cells were washed twice with PBS and 
diluted to 105 cells/ml in CHO-K1 cell culture medium (Section 2.20). Fifty 

microlitres (5000 cells) of cells were then added to each well of a round-bottomed 
96-well microtitre plate (Nalge Nunc International). To the wells, either 100 µ1 of 

CHO-K1 cell culture medium, 100 Al of control sera (n=l1) or 100 µl of vitiligo 

patient sera (n=12) were added in triplicate and the plate incubated for 1 hour at 

37°C in a 5% C02 incubator. Sera were heat-inactivated by incubation at 56°C for 30 

minutes and diluted at 1: 10 in CHO-KI cell culture medium before use. Overall, 

each serum sample was tested in triplicate in at least two separate experiments. 
The plate was then centrifuged at 1000 g for 5 minutes and the supernatant 

removed from each well. A 150-µl aliquot of PBMC (Section 7.3.4) suspension 

containing 4x105 cells/ml was added in to each well. The same normal donor was 

used in all experiments to ensure consistency. The plate was incubated for 4 hours at 
37°C in a 5% CO2 incubator after which it was centrifuged at 1000 g for 5 minutes. 
One hundred and fifty microlitres of the supernatant were removed and the release of 
51Cr was counted in an LKB 1470 Rackgamma liquid scintillation analyser (Wallac 

UK). Spontaneous chromium-release was estimated from incubation of cells with 
CHO-K1 cell culture medium alone. Maximum chromium-release was estimated 
from incubation of cells with 100% Triton X-100. Percentage lysis by each serum 

sample was expressed as: 

Sample 51Cr release value - Spontaneous 51Cr release value 
% Lysis =X 100 

Maximum S'Cr release value - Spontaneous S? Cr release value 
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Percentage lysis values above the set arbitary level of 20% are considered as a 

positive indication of ADCC in this assay (Metcalfe et al. 1997). Differences in the 

percentage lysis as' a measure of ADCC activity in control and vitiligo patient 

samples were analysed using the Student's t test and p values less than 0.05 (two- 

tailed) were regarded as significant. 
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6.4 Results 

6.4.1 Complement-fixation by MCHR1 autoantibodies in vitiligo patients 

The complement-fixing activity of MCHRI autoantibodies in vitiligo patients was 

tested on the CHO-MCHR1 cell line and untransfected CHO-K1 cells by flow 

cytometry. Both the CHO-MCHRI cell line and untransfected CHO-K1 cells were 
incubated with the serum sample to be tested before the addition of human serum 

containing all complement factors except C7. If MCHR1 autoantibodies fix 

complement, a higher intensity of C3 deposits would be detected by flow cytometry 

on the CHO-MCHRI cell line compared to untransfected CHO-K1 cells. In this 

method, cell lysis is prevented by the use of serum deficient in terminal complement 
factor C7. 

In total, eighteen vitiligo patient sera and eighteen control sera were analysed, 

along with a positive control anti-CHO-K1 antibody. Each sample was tested in 

duplicate at least in two separate experiments. When untransfected CHO-K1 cells 

and the CHO-MCHR1 cell line were incubated with polyclonal anti-CHO-KI 

antibody, C3 deposition was detected on both cell types, as there was an increase in 

fluorescence intensity (Figures 6.1). This positive control indicated that complement- 
fixation could be detected by the method used here. In contrast, when untransfected 
CHO-KI cells and the CHO-MCHR1 cell line were incubated with vitiligo patient 

sera, C3 deposition could not be detected, as there was no increase in fluorescence 

intensity (Figure 6.2). Similarly, C3 deposition on untransfected CHO-K1 cells and 

on the CHO-MCHRI cell line could not be detected with the control sera tested, as 

again there was no increase in fluorescence intensity (Figure 6.3). 
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Figure 6.1 Complement-fixation on untransfected CHO-K1 cells and the CHO- 

MCHR1 cell line by rabbit anti-CHO-KI antibody using flow cytometry. 

Untransfected CHO-KI cells and the CHO-MCHRI cell line were initially incubated 

without and with rabbit anti-CHO-KI antibody (primary antibody) and then with 

human C7-deficient serum. Cells were then incubated with goat anti-human C3 

antibody (secondary antibody) and were finally stained with FITC-conjugated rabbit 

anti-goat IgG antibody (tertiary antibody). The deposition of C3 was analysed by 

flow cytometry as described in Section 6.3.3 and the results are shown for 

untransfected CHO-KI cells (a) and one CHO-MCHRI cell line (b). The increasing 

fluorescence intensity (x-axis) indicates C3 deposition on untransfected CHO-KI 

cells and a CHO-MCHRI cell line incubated with rabbit anti-CHO-KI antibody 

(green). In contrast, no increase of fluorescence intensity (blue and red) and hence no 

C3 deposition is apparent on untransfected CHO-KI cells and the CHO-MOHR I cell 

line without incubation with anti-CHO-KI antibody (red) and with only secondary 

and tertiary antibody (blue). 
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Figure 6.2 Detection of complement C3 deposition on CHO-K1 cells and the 

CHO-MCHR1 cell line incubated with vitiligo patient sera. Both untransfected 

CHO-KI cells and the CHO-MCHRI cell line were incubated with vitiligo patient 

sera (primary antibody) and then with human C7-deficient serum. Cells were then 

incubated with goat anti-human C3 antibody (secondary antibody) and were finally 

stained with FI"IC-conjugated rabbit anti-goat IgG antibody (tertiary antibody'). The 

deposition of 0 was analysed by flow cytometry as described in Section 6.3.3 and 

the results are shoNNn in duplicate (a and b) for one vitiligo patient serum sample. 

There was no complement C3 deposition on either untransfected CHO-KI cells 

(blue) or the CHO-MCHRI cell line (green), as there was no increase of 

fluorescence intensity on the x-axis. No staining was done with secondary antibody 

alone. 
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Figure 6.3 Detection of complement C3 deposition on CHO-K1 and the CHO- 

MCHR1 cell line incubated with control sera. Both untransfected CHO-KI cells 

and the C'HO-MCHRI cell line were incubated with control sera (primary antibody) 

and then with human C'7-deficient serum. Cells were then incubated with goat anti- 

human 0 antibody (secondary antibody) and were finally stained with FITC- 

conjugated rabbit anti-goat loG antibody (tertiary antibody). The deposition of C3 

was analysed b\ flow cytometry as described in Section 6.3.3 and the results are 

shown in duplicate (a and b) for one control serum sample. There was no 

complement C3 deposition on either untransfected CHO-K I cells (blue) or the CHO- 

MCHRl cell line (green). as there was no increase of fluorescence intensity on the x- 

axis. No staining N% as done '%ith secondary antibody alone. 
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6.4.2 Antibody-dependent cell-mediated cytotoxicity by MCHRI 

autoantibodies in vitiligo patients 

Antibody-dependent cell-mediated cytotoxicity activity of MCHR1 autoantibodies in 

vitiligo patients was tested in 51Cr-release assays with the CHO-MCHR1 cell line. 

Initially, both control and vitiligo patient sera were incubated with 51Cr-labelled 

CHO-MCHR1 cell line. After washing to remove any unbound antibody, the labelled 

cells were incubated with PBMC. These act as effector cells causing lysis and 51Cr- 

release on interaction with any MCHR1 antibody that might be bound to the labelled 

cells via MCHR1. Spontaneous 51Cr-release and maximum 51Cr-release were 

estimated in each experiment. In total, eleven control sera and twelve vitiligo patient 

sera (nine with and three without MCHR1 autoantibodies, as previously found in a 

radio-binding assay; Kemp et al. 2002), were tested in triplicate in two separate 

experiments. 

The results indicated that the mean percentage lysis initiated by the control serum 

samples was 7.37% with a range of 2.04-12.12% (Table 6.1). None of the control 

sera was, therefore, considered positive for ADCC. Equally, none of the vitiligo 

patient sera tested contained positive ADCC activity against 51Cr-labelled CHO- 

MCHRI cell line as all percentage lysis values were below the arbitary set level of 

20% (Table 6.2). The mean percentage lysis in this patient group was 6.28% with a 

range of 3.79-11.4% (Table 6.2). No significant difference was evident between the 

mean percentage lysis values of the control sera and those of the vitiligo patient sera 
(p=0.295). 
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Table 6.1 Percentage lysis values of control sera in the ADCC assay. 

Control sample 
number 

Percentage lysis 
values 

Mean percentage lysis 
value' 

Ci 5.30 5.36 
5.42 

C2 2.10 2.04 
1.98 

C3 6.92 6.52 
6.12 

C4 10.87 10.52 
10.17 

C5 6.8 7.40 
8.0 

C6 9.27 8.96 
8.67 

C7 6.49 6.88 
7.27 

C8 8.04 7.80 
7.56 

C9 11.88 12.12 
12.36 

C10 5.86 5.84 
5.82 

Cli 7.84 7.68 
7.56 

'The percentage lysis value shown for each control serum sample is the mean of the 

percentage lysis values from two separate experiments. 
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Table 6.2 Percentage lysis values of vitiligo patient sera in the ADCC assay. 

Vitiligo sample number' Percentage lysis 
values 

Mean Percentage lysis 
value2 

vi 7.21 7.16 
7.11 

V2 4.02 3.79 
3.56 

V3 6.55 6.76 
6.97 

V4 6.51 6.52 
6.53 

VS 6.02 6.04 
6.06 

V6 9.03 8.76 
8.49 

V7 4.09 4.12 
4.15 

V8 6.56 5.96 
5.36 

V9 6.24 6.28 
6.32 

V10 11.01 11.40 
11.79 

V11 4.19 4.16 
4.13 

V12 4.87 4.52 
4.17 

'Vitiligo patient sera containing MCHR1 autoantibodies (V1 to V9); vitiligo patient 

sera negative for autoantibody reactivity to MCHR1 (V 10 to V 12). 

2The percentage lysis value shown for each vitiligo patient serum sample is the mean 

of the percentage lysis values from two separate experiments. 
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6.5 Discussion 

Although the exact role of anti-melanocyte autoantibodies in the pathogenesis of 

vitiligo has not been determined, possible mechanisms by which they can destroy 

pigment cells have been investigated including complement activation and ADCC. 

Complement-fixing autoantibodies that bind to melanocytes have been reported in 

patients with mucocutaneous candidiasis, multiple endocrine insufficiencies, 

alopecia areata and vitiligo (Hertz et al. 1977). However, these autoantibodies were 

not found in patients with isolated vitiligo (Howanitz et al. 1981). Deposition of 

complement component C3 can occur in the basement membrane of vitiliginous skin 
(Uda et al. 1984) and the sera of vitiligo patients can cause direct cytotoxic damage 

of cultured melanocytes by complement-fixation (Norris et al. 1988b). In addition, a 

reduced expression of the membrane regulators of complement activation in both 

lesional and perilesional keratinocytes and melanocytes has been reported, possibly 
indicating an increased vulnerability of these cells to autologous complement attack 
(van den Wijngaard et al. 2002). 

In contrast to these studies, MCHR1 autoantibodies from vitiligo patients did not 

appear to fix complement as there was no deposition of complement C3 on the CHO- 

MCHR1 cell line following incubation with vitiligo patient sera. This difference 

could be related to the different assays used between studies. In order to assess the 

reliability of our complement-fixation assay, both untransfected CHO-K1 cells and 

the CHO-MCHR1 cell line were initially incubated with rabbit anti-CHO-K1 

antibody as a positive control and then with human complement with C7-deficient 

serum. Finally, C3 deposition was analysed by flow cytometry. These control 

experiments clearly showed the deposition of C3 on the cells and confirmed that the 

assay was working. However, it is possible that low expression of MCHRI on the 

surface of the CHO-MCHR1 cell line and/or low levels of MCHRI autoantibodies in 

vitiligo patient sera might mean that any complement-fixing activity of 

autoantibodies to the receptor remains undetected in the assay system used. 
With respect to ADCC, there is evidence that the sera of patients with vitiligo can 

induce cultured human melanocytes to detach from their cell matrix and can cause 
direct cytotoxic damage to pigment cells by ADCC (Norris et al. 1988b). However, 

in contrast to the aforementioned study, we were unable to detect any ADCC activity 
in vitiligo patient sera. Again, the difference between this and the previous study 
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may be related to the different methodologies used to measure ADCC. Here, the 

most popular method for assessing ADCC, that is the labelling of target cells with 

radioisotope chromium-51 (Brunner et al. 1968),, which binds to cytoplasmic 

proteins that are subsequently released during cell lysis, was employed. This method 

has been successfully used to analyse the ADCC activity of thyroid peroxidase 

autoantibodies in several autoimmune thyroid diseases (Bogner et al. 1984; Rodien 

et al. 1992; Bogner et al. 1995; Metcalfe et al. 1997). Again, it is possible that low 

expression of MCHR1 on the surface of CHO-MCHR1 cells and/or low levels of 

MCHRI autoantibodies in vitiligo patient sera might mean that any ADCC activity 

of receptor autoantibodies remains undetected in our experiments. 
Taken together, the immunological studies indicate that MCHR1 autoantibodies 

from vitiligo patients do not fix complement and do not mediate ADCC, at least in 

the assay systems used here with the CHO-MCHR1 cell line. However, the effects of 

MCHR1 autoantibodies on melanocytes through complement-fixation and ADCC 

activity have yet to be determined. 
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7 General Discussion 

7.1 Discussion of results 

Several hypotheses have been proposed to explain the destruction of cutaneous 

melanocytes in vitiligo. Persuasive observational and experimental evidence 

suggests that autoimmune mechanisms play a role in the development of the disease 

including aberrant humoral immune reactivites (Section 1.3.6). However, only a few 

autoantigens have been identified as targets of autoantibodies in vitiligo patients 
(Section 1.5.2.2). Characterisation of autoantigens in vitiligo may be beneficial in the 

advancement of more appropriate therapies and diagnostic tools and, perhaps, in 

determining the aetiology of the disease. 

Recently, MCHRI has been identified as a novel autoantigen in 16.5% of vitiligo 

patients (Kemp et al. 2002). In the present work, the autoantibodies that recognise 
MCHRI were characterised. Briefly, the aims of the study were (i) to identify B cell 

epitopes on the MCHRI using recombinant protein and phage-display technology 

(ii) to isolate a stable CHO-K1 cell line expressing MCHRI (iii) to examine the 

effects of MCHRI autoantibodies on the functioning of the receptor using the CHO- 

MCHR1 cell line (iv) to investigate complement-fixation and ADCC with respect to 

MCHRI autoantibodies again using the CHO-MCHRI cell line. 

The mapping of B cell autoepitopes can provide an understanding of the 

association of an autoantigen with a particular autoimmune disease and may give an 

insight into the mechanisms involved in the initiation and pathogenesis of the 

disease. Few studies have been carried out to identify B cell epitopes on vitiligo 

autoantigens (Kemp et al. 1999a; Kemp et al. 2001b). In this study, molecular 

analysis of the B cell epitopes on MCHRI was performed using recombinant 

proteins in radio-binding assays (Chapter 3) and phage-display technology (Chapter 

4). In radio-binding assays, multiple regions of MCHRI were found to be targets for 

vitiligo patient MCHR1 autoantibodies, including regions between amino acids 1- 

138 and 139-298. These domains overlapped with areas on the receptor that were 

predicted to be highly antigenic. 
It has been speculated that the autoimmune responses may arise from cross- 

reactivity between self-proteins and those of infecting micro-organisms 

195 



(Wucherpfennig 2001). However, no similarity was apparent between the amino acid 

sequences of the identified epitope regions and those of microbial proteins. The 

current study results indicated that the humoral response to MCHRI in vitiligo is 

heterogeneous in nature as several patients exhibiting autoantibodies to more than 

one MCHRI epitope. Similarly, autoantibodies in autoimmune thyroid disorders and 

type 1 diabetes mellitus have been reported to react against multiple epitopes on 

thyroid peroxidase (Zanelli et al. 1992) and tyrosine phosphatase-like IA-2 

autoantigen (Lampasona et al. 1996), respectively. This has been explained by the 

intramolecular spreading of an autoimmune response from a single or few epitope(s) 
to multiple epitopes during the progression of the disease. In type 1 diabetes 

mellitus, a temporal spreading of the autoantibody response has been described from 

immunodominant epitopes in an early preclinical phase to lesser immunogenic 

domains at the manifestation of disease (Naserke et al. 1998). In contrast, in the 

current study we did not find any evidence of epitope spreading in longitudinal 

serum samples, however, taken from four patients. Possibly, these four sequential 

patients may have been studied too late in the disease to see an indication of epitope 

spreading (Naserke et al. 1998). 

In addition, biopanning using IgG from vitiligo patients to screen a phage-display 
MCHRI cDNA fragment library, identified epitopes located within the larger 

autoepitope domains between amino acids 49-82 and 156-194 (Chapter 4). Each of 

the consensus sequences identified may represent a linear epitope that is recognised 
by patient MCHRI autoantibodies. Conversely, the consensus sequences could have 

been selected due to them being part of a conformational epitope as the biopanning 

method is carried out in liquid phase and might therefore facilitate folding of the 

peptide. However, it was not determined here if the recognised MCHRI epitopes 

were linear or conformational. Phage-display technology has been successfully used 

previously to identify linear and conformational autoantigenic epitopes in several 

autoimmune diseases such as autoimmune thrombocytopenic purpura (Gevorkian et 

al. 1998), celiac disease (Osman et al. 2000), primary biliary cirrhosis (Rowley et al. 
2000), type 1 diabetes mellitus (Myers et al. 2000; Farilla et al. 2002; Dromey et al. 
2004), autoimmune polyendocrine syndrome type II and stiff-man syndrome (Al- 

Bukhari et al. 2002). To differentiate the epitopes on the MCHR1, Western blot 

analysis could be applied to the expressed peptides, which would identify linear 

epitopes due to the denatured state of the protein in SDS-polyacrylamide gels. 

196 



A stable CHO-K1 cell line expressing the MCHRI (Chapter 5) was isolated for 

studying the effects of MCHR1 autoantibodies on the functioning of the receptor. 
Flow cytometry clearly showed the expression of MCHRI in transfected CHO-K1 

cells and the cell line responded to MCH with a reduction in forskolin-stimulated 

cyclic AMP levels and increases in intracellular calcium, both characteristic of 

MCHR1 function. 

Subsequently, CHO-K1 cells expressing MCHR1 were used to investigate 

whether or not MCHR1 autoantibodies in vitiligo patients have any effects upon the 

functioning of the receptor (Chapter 5). In these experiments, CHO-MCHR1 cells 

were pre-incubated with vitiligo patient IgG and then any subsequent release in 

intracellular calcium in response to MCH measured by fluorimetry. Of the vitiligo 

patient IgG samples tested, 56% (10/18) were able to block the receptor function. In 

contrast, none of the control IgG or SLE IgG samples tested was able to block the 

functioning of MCHR1. Among the eighteen vitiligo IgGs analysed, nine were from 

patients previously shown to contain MCHRI autoantibodies in radio-binding assays 

(Kemp et al. 2002). The remaining nine IgG samples were from patients shown in 

the same study not to contain MCHR1 autoantibodies. Of the nine vitiligo patient 

IgG samples that contained MCHRI binding autoantibodies, seven contained 

MCHR1 autoantibodies that blocked receptor function. In the two patients that only 

contained receptor-binding autoantibodies, it is probable that the MCHRI 

autoantibodies bind at a site on the receptor that has no effect upon its functionality. 

In addition, of nine patients that were previously shown not to contain MCHR1 

binding autoantibodies, three were demonstrated to have MCHRI function blocking 

autoantibodies. The existence of autoantibodies that appear to inhibit receptor 
function but do not bind MCHRI could be due to a number of reasons. It may be that 

the in vitro-translated protein used in the radio-binding assay (Kemp et al. 2002) 

fails to bind these antibodies due to incorrect folding of the molecule or the absence 

of an normal pattern of glycosylation, or it may simply reflect differential detection 

sensitivity in the two assays. Similar to our current findings in that MCHR1 

autoantibodies in vitiligo patients can block the function of MCHR1, non- 

stimulatory TBAb can prevent TSH action resulting in hypothyroidism (Arikawa et 

al. 1985; McKenzie and Zakarija 1992; Kosugi et al. 1993). In Addison's disease, 

patient IgGs can block the in vitro action of ACTH on adrenal growth and cortisol 

production by binding to its receptor (Wulffraat et al. 1989). Furthermore, 
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autoantibodies in myasthenia gravis patients directed against the acetylcholine 

receptor block the acetylcholine-binding site and provoke accelerated receptor 
degradation (Hara et al. 1993; Eymard and Chillet 1997; Hoedemaekers et al. 1997; 

Ferrero et al. 1997; Fabien et al. 2001). In addition, it has been demonstrated that 

serum immunoglobulin in patients with pernicious anaemia can block the gastrin- 

stimulation of acid secretion and it has been suggested that this blocking activity is 

mediated by competition with gastrin for the surface receptors on parietal cells (de 

Aizpurua et al. 1985; Burman et al. 1989). Although MCHR1 autoantibodies in 

some vitiligo patients were found to have a blocking effect upon the functioning of 

the receptor, the effect of MCHRI autoantibodies on the behaviour of melanocytes 
has yet to be determined. Equally, the relevance of MCHRI autoantibodies to the 

aetiology of vitiligo needs to be further investigated. 

Finally, MCHR1-expressing cells were used to investigate complement-fixation 

activity and ADCC with respect to MCHRI autoantibodies (Chapter 6). The 

complement-fixing capability of MCHRI-specific autoantibodies was measured by 

the incubation of heat-inactivated vitiligo patient sera with MCHR1-expressing cells, 

followed by the addition of serum containing all complement factors except C7. The 

level of deposition of C3 on the cells was subsequently measured by flow cytometry. 

In this in vitro study model, deposition of C3 on MCHR1-expressing cells by vitiligo 

patient MCHRI-specific autoantibodies was not detected. In contrast, previous 

studies have reported the deposition of C3 in the basement membrane of vitiliginous 

skin (Uda et al. 1984) and the detection of anti-melanocyte antibodies from vitiligo 

patients that display complement-fixation and damage pigment cells (Norris et al. 

1988b). For ADCC experiments, MCHR1-expressing cells were radiolabelled with 
51Cr and then incubated with either heat-inactivated vitiligo patient sera or control 

sera to allow binding of any MCHR1 autoantibodies to the receptor. After the 

addition of effector cells, the percentage of cell lysis was determined by measuring 

the amount of 51Cr released. No difference in the percentage lysis was found between 

the vitiligo and control serum samples tested. In contrast, previous research has 

demonstrated that vitiligo patient sera are able to cause direct cytotoxicity to 

melanocytes by ADCC (Norris et al. 1988b). The contrasting results obtained here to 

those in previous reports, with respect to complement-fixation and ADCC, could be 

due to differences in the techniques used or that MCHRI-specific autoantibodies do 

not mediate complement-fixation and ADCC. Alternatively, the expression levels of 
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MCHRI on the isolated cell line may not be sufficient to detect MCHR1-specific 

autoantibodies or low MCHR1-specific autoantibody titres in the patients tested may 

preclude the detection of complement-fixation and ADCC. 

7.2 Future studies 

The radio-binding assay originally used to detect MCHRI autoantibodies (Kemp et 

al. 2002) would not necessarily identify autoantibodies that react with 

conformational epitopes on the receptor. This is an important area for further study 

as it is well-documented that autoantibodies to TSHR that are responsible for disease 

activity in Graves' disease recognise several conformational epitopes (Morgenthaler 

et al. 1999). To address this, work is currently in progress to isolate a cell line 

expressing high levels of MCHRI that can be used in flow cytometry to screen 

vitiligo patient sera for autoantibodies that bind to native receptor. 
The isolation of purified receptor would be useful for a number of studies. This 

would probably be achieved by the expression of histidine-tagged MCHRI in either 

a mammalian or insect cell expression system. The MCHR1 protein could 

subsequently be used for: 

(i) Development of an ELISA format for routinely detecting autoantibodies in 

vitiligo patients. 

(ii) Detection of T cell reactivity to the receptor in vitiligo patients. 

(iii) Preparation of a MCHR1 affinity column that could be used to purify 
MCHR1 autoantibodies from vitiligo patient sera. The effects of purified 

receptor autoantibodies on the growth and pigmentation of melanocytes 

could then be studied. 

(iv) Development of an animal model of vitiligo by inoculation of mice with 
MCHRI protein. As well as studying any immune responses to the antigen, 
it would be interesting to investigate any effects on pigmentation. 

(v) Biopanning of antibody libraries prepared from vitiligo patients in order to 

isolate MCHR1 Fabs that could be used in the fine-mapping of MCHR1 

epitopes. These would also allow the gene usage of MCHR1 autoantibodies 

to be determined. 
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7.3 Conclusion 

This thesis has concentrated on characterising MCHR1 autoantibody reactivity in 

vitiligo patients. However, the relationship between MCHR1 autoantibodies, and 
indeed all vitiligo autoantibodies, and the pathogenesis of the disease has yet to be 

established. The possibility that MCHR1 autoantibodies play no part in vitiligo 

aetiology but rather indicate the presence of autoreactive anti-MCHR1 T 

lymphocytes that are cytotoxic to pigment cells, should be investigated. Even if they 

prove not to be directly pathogenic, MCHR1 autoantibodies may serve as useful 

markers of cellular disruption in the epidermis of vitiligo patients so further 

characterisation of them will continue. 

200 



8 References 

Abdel-Naser, M. B., W. D. Ludwig, H. Golinick and C. E. Orfanos (1992). 
Nonsegmental vitiligo: decrease of the CD45RA+ T-cell subset and evidence 
for peripheral T-cell activation. Int J Dermatol 31(5): 321-6. 

Abdel-Naser, M. B., S. Kruger-Krasagakes, K. Krasagakis, H. Gollnick, A. Abdel- 
Fattah and C. E. Orfanos (1994). Further evidence for involvement of both 
cell mediated and humoral immunity in generalized vitiligo. Pigment Cell 
Res 7(1): 1-8. 

Abraham, Z., M. Rozenbaum, Z. Gluck, E. J. Feuerman, N. Lahat and A. Kinarty 
(1993). Vitiligo, rheumatoid arthritis and pernicious anemia. J Dermatol 
20(7): 418-23. 

Acros, M., E. Parodi, E. Bedoya, D. Jaramillo, G. Ceballos, A. Uribe, M. Salgar and 
J. Builes (1999). Dissecting the pattern predisposing to vitiligo in Colombian 
pedigrees. Am J Hum Genet 65(SS): 1071. 

Agarwal, U. S. (2004). Satellite repigmentation after punch grafting. Int J Dermatol 
43(4): 273-4. 

Ahonen, P., S. Myllarniemi, I. Sipila and J. Perheentupa (1990). Clinical variation of 
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 
(APECED) in a series of 68 patients. N Engt J Med 322(26): 1829-36. 

Akamizu, T. (2001). Antithyrotropin receptor antibody: an update. Thyroid 11(12): 
1123-34. 

Akrigg, A., G. W. Wilkinson and J. D. Oram (1985). The structure of the major 
immediate early gene of human cytomegalovirus strain AD 169. Virus Res 
2(2): 107-21. 

Al Badri, A. M., A. K. Foulis, P. M. Todd, J. J. Gariouch, J. E. Gudgeon, D. G. 
Stewart, J. A. Gracie and R. B. Goudie (1993a). Abnormal expression of 
MHC class II and ICAM-1 by melanocytes in vitiligo. J Pathol 169(2): 203- 
6. 

Al Badri, A. M., P. M. Todd, J. J. Garioch, J. E. Gudgeon, D. G. Stewart and R. B. 
Goudie (1993b). An immunohistological study of cutaneous lymphocytes in 
vitiligo. J Pathol 170(2): 149-55. 

A1'Abadie, M. S., H. J. Senior, S. S. Bleehen and D. J. Gawkrodger (1994). 
Neuropeptide and neuronal marker studies in vitiligo. Br J Dermatol 131(2): 
160-5. 

A1'Abadie, M. S., M. A. Warren, S. S. Bleehen and D. J. Gawkrodger (1995). 
Morphologic observations on the dermal nerves in vitiligo: an ultrastructural 
study. Int J Dermatol 34(12): 837-40. 

201 



Al-Bukhari, T. A., P. M. Radford, G. Bouras, C. Davenport, S. M. Trigwell, G. F. 
Bottazzo, M. Lai, H. L. Schwartz, P. J. Tighe and I. Todd (2002). Distinct 
antigenic features of linear epitopes at the N-terminus and C-terminus of 65 
kDa glutamic acid decarboxylase (GAD65): implications for autoantigen 
modification during pathogenesis. Clin Exp Immunol 130(1): 131-9. 

Al-Fouzan, A., M. Al-Arbash, F. Fouad, S. A. Kaaba, M. A. Mousa and S. A. Al- 
Harbi (1995). Study of HLA class I111 and T lymphocyte subsets in Kuwaiti 
vitiligo patients. Eur J Immunogenet 22(2): 209-13. 

Albert, D. M., J. J. Nordlund and A. B. Lerner (1979). Ocular abnormalities 
occurring with vitiligo. Ophthalmology 86(6): 1145-60. 

Alberts, B., D. Bray, J. Lewis, M. Raff, K. Roberts and J. D. Watson (1989). 
Molecular Biology of the cell. London & New York, Garland Publishing, 
Inc. 

Alkhateeb, A., G. L. Stetler, W. Old, J. Talbert, C. Uhlhorn, M. Taylor, A. Fox, C. 
Miller, D. G. Dills, E. C. Ridgway, D. C. Bennett, P. R. Fain and R. A. Spritz 
(2002). Mapping of an autoimmunity susceptibility locus (AIS1) to 
chromosome lp3l. 3-p32.2. Hum Mol Genet 11(6): 661-7. 

Amit, A. G., R. A. Mariuzza, S. E. Phillips and R. J. Poljak (1986). Three- 
dimensional structure of an antigen-antibody complex at 2.8 A resolution. 
Science 233(4765): 747-53. 

Anstey, A. and R. Marks (1993). Colocalization of lichen planus and vitiligo. Br J 
Dermatol 128(1): 103-4. 

Arcos-Burgos, M., E. Parodi, M. Salgar, E. Bedoya, J. Builes, D. Jaramillo, G. 
Ceballos, A. Uribe, N. Rivera, D. Rivera, I. Fonseca, M. Camargo and G. 
Palacio (2002). Vitiligo: complex segregation and linkage disequilibrium 
analyses with respect to microsatellite loci spanning the HLA. Hum Genet 
110(4): 334-42. 

Arikawa, K., Y. Ichikawa, T. Yoshida, T. Shinozawa, M. Homma, N. Momotani and 
K. Ito (1985). Blocking type antithyrotropin receptor antibody in patients 
with nongoitrous hypothyroidism: its incidence and characteristics of action. 
J Clin Endocrinol Metab 60(5): 953-9. 

Aroca, P., J. C. Garcia-Borron, F. Solano and J. A. Lozano (1990). Regulation of 
mammalian melanogenesis. I: Partial purification and characterization of a 
dopachrome converting factor: dopachrome tautomerase. Biochim Biophys 
Acta 1035(3): 266-75. 

Aronson, P. J. and K. Hashimoto (1987). Association of IgA antimelanoma 
antibodies in the sera of vitiligo patients with active disease. J Invest 
Dermatol 88(4): 475. 

202 



Atabani, S. F. (2001). Combined B cell and T cell Epitopes. Epitope mapping: A 
practical approach. O. M. R. Westwood and F. C. Hay, Oxford University 
Press. 

Austin, L. M., R. E. Boissy, B. S. Jacobson and J. R. Smyth, Jr. (1992). The 
detection of melanocyte autoantibodies in the Smyth chicken model for 
vitiligo. Clin Immunol Immunopathol 64(2): 112-20. 

Avrameas, S. (1991). Natural autoantibodies: from 'horror autotoxicus' to 'gnothi 
seauton'. Immunol Today 12(5): 154-9. 

Bachner, D., H. Kreienkamp, C. Weise, F. Buck and D. Richter (1999). 
Identification of melanin concentrating hormone (MCH) as the natural ligand 
for the orphan somatostatin-like receptor 1 (SLC-1). FEBS Lett 457(3): 522- 
4. 

Baharav, E., 0. Merimski, Y. Shoenfeld, R. Zigelman, B. Gilbrud, G. Yecheskel, P. 
Youinou and P. Fishman (1996). Tyrosinase as an autoantigen in patients 
with vitiligo. Clin Exp Immunol 105(1): 84-8. 

Baker, B. I. (1988). Relative importance of MCH and MSH in melanophore control. 
Profi Clin Biol Res 256: 505-15. 

Baker, B. I. (1993). The role of melanin-concentrating hormone in color change. 
Ann NY Acad Sci 680: 279-89. 

Balandina, A., S. Lecart, ̀  P. Dartevelle, A. Saoudi and S. Berrih-Aknin (2005). 
Functional defect of regulatory CD4+CD25+ T cells in the thymus of patients 
with autoimmune myasthenia gravis. Blood 105(2): 735-41. 

Barbas, C. F., 3rd, A. S. Kang, R. A. Lerner and S. J. Benkovic (1991). Assembly of 
combinatorial antibody libraries on phage surfaces: the gene III site. Prop 
Natl Acad Sci USA 88(18): 7978-82. 

Barbas, C. F., 3rd (1993). Recent advances in phage display. Curr Opin Biotechnol 
4(5): 526-30. 

Barnadas, M. A., J. M. Rodriguez-Arias and A. Alomar (2000). Subcutaneous 
sarcoidosis associated with vitiligo, pernicious anaemia and autoimmune 
thyroiditis. Clin Exp Dermatol 25(1): 55-6. 

Barnes, L. (1988). Vitiligo and the Vogt-Koyanagi-Harada syndrome. Dermatol Clin 
6(2): 229-39. 

Barsh, G. S. (1996). The genetics of pigmentation: from fancy genes to complex 
traits. Trends Genet 12(8): 299-305. 

Bartels, C., R. Honig, G. Burger, V. Diehl and R. de Vivie (1994). The significance 
of anticardiolipin antibodies and anti-heart muscle antibodies for the 
diagnosis of postpericardiotomy syndrome. Eur Heart J 15(11): 1494-9. 

203 



Bass. S.. R. Greene and J. A. Wells (1990). Hormone phage: an enrichment method 
for variant proteins with altered binding properties. Proteins 8(4): 309-14. 

Berridge. M. J.. M. D. Bootman and P. Lipp (1998). Calcium--a life and death 
signal. Nature 395(6703): 645-8. 

Betterle. C.. G. F. Del Prete. A. Peserico, G. Bersani, F. Caracciolo, A. Trisotto and 
F. Poggi (1976). Autoantibodies in vitiligo. Arch Dermatol 112(9): 1328. 

Biswas. G.. J. N. Barbhuiya. M. C. Biswas, M. N. Islam and S. Dutta (2003). 
Clinical pattern of ocular manifestations in vitiligo. J Indian Med Assoc 
101(8): 478-80. 

Bittencourt. J. C.. F. Presse. C. Arias, C. Peto, J. Vaughan, J. L. Nahon, W. Vale and 
P. E. Sawchenko (1992). The melanin-concentrating hormone system of the 
rat brain: an immuno- and hybridization histochemical characterization. J 
Comp Neurol 319(2): 218-45. 

Bleehan. S. S. (1979). Vitiligo. Pigment Cell. S. N. Klaus. Basel. Karger, A. G. 5: 
54. 

Bockaert. J. and J. P. Pin (1999). Molecular tinkering of G protein-coupled 
receptors: an evolutionary success. EMBO J 18(7): 1723-9. 

Bogner. U.. H. Schleusener and J. R. Wall (1984). Antibody-dependent cell mediated 
cytotoxicity against human thyroid cells in Hashimoto's thyroiditis but not 
Graves' disease. J Clin Endocrinol Metab 59(4): 734-8. 

Bogner. U.. L. Hegedus. J. M. Hansen. R. Finke and H. Schleusener (1995). Thyroid 

cytotoxic antibodies in atrophic and goitrous autoimmune thyroiditis. Eur J 
Endocrinol 132(1): 69-74. 

Boiss). R. E. and M. L. Lamoreux (1988). Animal models of an acquired pigmentary 
disorder-vitiligo. Prog Clin Biol Res 256: 207-18. 

Boissy. R. E. and J. J. Nordlund (1995a). Biology of Melanocytes. Cutaneous 
Medicine and Surgery: An Intergrated Program in Dermatology. K. A. Arndt, 
LeBoit. P. E.. Robinson, J. K., Wintroub, B. U. Philadelphia, W. B. Saunders 
Company: 1203-1209. 

Boissy. R. E. and J. J. Nordlund (1995b). Vitiligo. Cutaneous Medicine and Surgery: 
An lntergrated Program in Dermatology. K. A. Arndt, LeBoit, P. E., 
Robinson. J. K.. Wintroub. B. U. Philadelphia, W. B. Saunders Company: 
1210-1218. 

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

Bootman. M. D. and P. Lipp (2001). Calcium Signalling and regulation of cell 
function. In: Nature. Encyclopedia of life sciences, Nature Publishing Group: 
1-7. 

204 



Bose, S. K. and J. P. Ortonne (1994). Focal gaps in the basement membrane of 
involved and uninvolved skin of vitiligo: are they normal? J Dermatol 21(3): 
152-9. 

Boshart, M., F. Weber, G. Jahn, K. Dorsch-Hasler, B. Fleckenstein and W. Schaffner 
(1985). A very strong enhancer is located upstream of an immediate early 
gene of human cytomegalovirus. Cell 41(2): 521-30. 

Boyle, M. L., 3rd, S. L. Pardue and J. R. Smyth, Jr. (1987). Effect of corticosterone 
on the incidence of amelanosis in Smyth delayed amelanotic line chickens. 
Poult Sci 66(2): 363-7. 

Brostoff, J. (1969). Autoantibodies in patients with vitiligo. Lancet 2(7613): 177-8. 

Brunner, K. T., J. Mauel,. J. C. Cerottini and B. Chapuis (1968). Quantitative assay 
of the lytic action of immune lymphoid cells on 51-Cr-labelled allogeneic 
target cells in vitro; inhibition by isoantibody and by drugs. Immunology 
14(2): 181-96. 

Buc, M., B. Busova, E. Hegyi and K. Kolibasova (1996). Vitiligo is associated with 
HLA-A2 and HLA-Dw7 in the Slovak populations. Folia Biol 42(1-2): 23-5. 

Buc, M., H. Fazekasova, E. Cechova, E. Hegyi, K. Kolibasova and S. Ferencik 
(1998). Occurrence rates of HLA-DRB 1, HLA-DQBI, and HLA-DPB 1 
alleles in patients suffering from vitiligo. Eur J Dermatol8(1): 13-5. 

Bullock, W. 0., J. M. Fernadez and J. M. Short (1987). Al-blue: A high efficiency 
plasmid transforming recA Escherichia coli strain with ß-galactosidase. 
Biotechniques 5: 376-379. 

Burch, H. B., E. V. Nagy, K. C. Kain, D. E. Lanar, F. E. Carr, L. Wartofsky and K. 
D. Burman (1993). Expression polymerase chain reaction for the in vitro 
synthesis and epitope mapping of autoantigen. Application to the human 
thyrotropin receptor. J Immunol Methods 158(1): 123-30. 

Burgaud, J. L., R. Poosti, J. A. Fehrentz, J. Martinez and J. L. Nahon (1997). 
Melanin-concentrating hormone binding sites in human SVK14 
keratinocytes. Biochem Biophys Res Commun 241(3): 622-9. 

Burman, P., S. Mardh, L. Norberg and F. A. Karlsson (1989). Parietal cell antibodies 
in pernicious anemia inhibit H+, K+-adenosine triphosphatase, the proton 
pump of the stomach. Gastroenterology 96(6): 1434-8. 

Butteroni, C., M. De Felici, H. R. Scholer and M. Pesce (2000). Phage display 
screening reveals an association between germline-specific transcription 
factor Oct-4 and multiple cellular proteins. J Mol Biol 304(4): 529-40. 

Bystryn, J. C. (1997). Immune mechanisms in vitiligo. Clinics in Dermatology 
15(6): 853-861. 

205 



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

Cambell, I. L. and L. C. Harrison (1990). Molecular Biology of type 1 diabetes. Mol 
Biol Med 7: 299-309. 

Cao, D., V. Malmstrom, C. Baecher-Allan, D. Hafler, L. Klareskog and C. Trollmo 
(2003). Isolation and functional characterization of regulatory 
CD25brightCD4+ T cells from the target organ of patients with rheumatoid 
arthritis. Eur J Immunol 33(1): 215-23. 

Casiano, C. A. and E. M. Tan (1996). Recent developments in the understanding of 
antinuclear autoantibodies. Int Arch Allergy Immunol 111(4): 308-13. 

Casp, C. B., J. X. She and W. T. McCormack (2002). Genetic association of the 
catalase gene (CAT) with vitiligo susceptibility. Pigment Cell Res 15(1): 62- 
6. 

Castanedo-Cazares, J. P., V. Lepe and B. Moncada (2003). Repigmentation of 
chronic vitiligo lesions by following tacrolimus plus ultraviolet-B-narrow- 
band. Photodermatol Photoimmunol Photomed 19(1): 35-6. 

Chambers, J., R. S. Ames, D. Bergsma, A. Muir, L. R. Fitzgerald, G. Hervieu, G. M. 
Dytko, J. J. Foley, J. Martin, W. S. Liu, J. Park, C. Ellis, S. Ganguly, S. 
Konchar, J. Cluderay, R. Leslie, S. Wilson and H. M. Sarau (1999). Melanin- 
concentrating hormone is the cognate ligand for the orphan G- protein- 
coupled receptor SLC-1. Nature 400(6741): 261-5. 

Chanco-Turner, M. L. and A. B. Lerner (1965). Physiologic changes in vitiligo. Arch 
Dermatol 91(4): 390-6. 

Clapham, D. E. (1995). Calcium signaling. Cell 80(2): 259-68. 

Claudy, A. L. and B. Rouchouse (1984). Langerhans' cell and vitiligo: quantitative 
study of T6 and HLA-DR antigen-expressing cells. Acta Derm Venereol 
64(4): 334-6. 

Coles, A. J., M. Wing, S. Smith, F. Coraddu, S. Greer, C. Taylor, A. Weetman, G. 
Hale, V. K. Chatterjee, H. Waldmann and A. Compston (1999). Pulsed 
monoclonal antibody treatment and autoimmune thyroid disease in multiple 
sclerosis. Lancet 354(9191): 1691-5. 

Cowan, C. L., Jr., R. M. Haider, P. E. Grimes, S. G. Chakrabarti and J. A. Kenney, 
Jr. (1986). Ocular disturbances in vitiligo. J Am Acad Dermatol 15(1): 17-24. 

Crameri, R. and M. Suter (1993). Display of biologically active proteins on the 
surface of filamentous phages: a cDNA cloning system for selection of 
functional gene products linked to the genetic information responsible for 
their production. Gene 137(1): 69-75. 

206 



Cui, J., L. Y. Shen and G. C. Wang (1991). Role of hair follicles in the 
repigmentation of vitiligo. J Invest Dermatol 97(3): 410-6. 

Cui, J., R. Harning, M. Henn and J. C. Bystryn (1992). Identification of pigment cell 
antigens defined by vitiligo antibodies. J Invest Dermatol 98(2): 162-165. 

Cui, J., D. Chen, M. L. Misfeldt, R. W. Swinfard and J. C. Bystryn (1995a). 
Antimelanoma antibodies in swine with spontaneously regressing melanoma. 
Pigment Cell Res 8(1): 60-3. 

Cui, J. A., Y. Arita and J. C. Bystryn (1995b). Characterization of vitiligo antigens. 
Pigment Cell Res 8(1): 53-59. 

Cunliffe, W. J., R. Hall, D. J. Newell and C. J. Stevenson (1968). Vitiligo, thyroid 
disease and autoimmunity. Br J Dermatol 80(3): 135-9. 

D'Amelio, R., C. Frati, A. Fattorossi and F. Aiuti (1990). Peripheral T-cell subset 
imbalance in patients with vitiligo and in their apparently healthy first-degree 
relatives. Ann Allergy 65(2): 143-5. 

Dahlberg, P. A., G. Holmlund, F. A. Karlsson and J. Safwenberg (1981). HLA-A, - 
B, -C and -DR antigens in patients with Graves' disease and their correlation 
with signs and clinical course. Acta Endocrinol (Copenh) 97(1): 42-7. 

Das, P. K., R. M. van den Wijngaard, A. Wankowicz-Kalinska and I. C. Le Poole 
(2001). A symbiotic concept of autoimmunity and tumour immunity: lessons 
from vitiligo. Trends Immunol 22(3): 130-6. 

Daw, K., N. Ujihara, M. Atkinson and A. C. Powers (1996). Glutamic acid 
decarboxylase autoantibodies in stiff-man syndrome and insulin-dependent 
diabetes mellitus exhibit similarities and differences in epitope recognition. J 
Immunol 156(2): 818-25. 

de Aizpurua, H. J., B. Ungar and B. H. Toh (1985). Serum from patients with 
pernicious anaemia blocks gastrin stimulation of acid secretion by parietal 
cells. Clin Exp Immunol 61(2): 315-22. 

de la Fuente-Fernandez, R. (1997). Mutations in GTP-cyclohydrolase I gene and 
vitiligo. Lancet 350(9078): 640. 

del Rincon, I., M. Zeidel, E. Rey, J. B. Harley, J. A. James, M. Fischbach and I. Sanz 
(2000). Delineation of the human systemic lupus erythematosus anti-Smith 
antibody response using phage-display combinatorial libraries. J Immunol 
165(12): 7011-6. 

Dervis, E., 0. Acbay, G. Barut, A. Karaoglu and L. Ersoy (2004). Association of 
vitiligo, morphea, and Hashimoto's thyroiditis. Int J Dermatol 43(3): 236-7. 

Dhar, S. and S. Malakar (1998). Colocalization of vitiligo and psoriasis in a 9-year- 
old boy. Pediatr Dermatol 15(3): 242-3. 

207 



Dromey, J. A., S. M. Weenink, G. H. Peters, J. Endl, P. J. Tighe, I. Todd and M. R. 
Christie (2004). Mapping of epitopes for autoantibodies to the type I diabetes 
autoantigen IA-2 by peptide phage display and molecular modeling: overlap 
of antibody and T cell determinants. J Immunol 172(7): 4084-90. 

Drozdz, R., W. Siegrist, B. I. Baker, J. Chluba-de Tapia and A. N. Eberle (1995). 
Melanin-concentrating hormone binding to mouse melanoma cells in vitro. 
FEBS Lett 359(2-3): 199-202. 

Dunston, G. M. and R. M. Haider (1990). Vitiligo is associated with HLA-DR4 in 
black patients. A preliminary report. Arch Dermatol 126(1): 56-60. 

Durham, F. M. (1904). On the presence of tyrosinase in the skin of some pigmented 
vertebrates. Preliminary note. Proc Royal Soc London 74: 310-313. 

Durham-Pierre, D. G., C. S. Walters, R. M. Haider, H. N. Pham and E. A. 
Vanderpool (1995). Natural killer cell and lymphokine-activated killer cell 
activity against melanocytes in vitiligo. J Am Acad Dermatol 33(1): 26-30. 

Dutta, A. K. and S. B. Mandal (1982). Studies on cutaneous autonomic nerve 
functions in some dermatoses. Indian J Dermatol 27(1): 11-7. 

Eckard, C. P. and A. G. Beck-Sickinger (2000). Characterisation of G-protein- 
coupled receptors by antibodies. Curr Med Chem 7(9): 897-910. 

Elliott, R. J., M. Szabo, M. J. Wagner, E. H. Kemp, S. MacNeil and J. W. Haycock 
(2004). alpha-Melanocyte-stimulating hormone, MSH 11-13 KPV and 
adrenocorticotropic hormone signalling in human keratinocyte cells. J Invest 
Dermatol 122(4): 1010-9. 

Erf, G. F., A. V. Trejo-Skalli and J. R. Smyth, Jr. (1995). T cells in regenerating 
feathers of Smyth line chickens with vitiligo. Clin Immunol Immunopathol 
76(2): 120-6. 

Erf, G. F. and J. R. Smyth, Jr. (1996). Alterations in blood leukocyte populations in 
Smyth line chickens with autoimmune vitiligo. Poult Sci 75(3): 351-6. 

Eymard, B., B. Vernet-der Garabedian, S. Berrih-Aknin, C. Pannier, J. F. Bach and 
E. Morel (1991). Anti-acetylcholine receptor antibodies in neonatal 
myasthenia gravis: heterogeneity and pathogenic significance. J Autoimmun 
4(2): 185-95. 

Eymard, B. and P. Chillet (1997). Autoimmune myasthenia: recent 
physiopathological data. Presse Med 26(18): 872-9. 

Fabien, N., F. X. Huchet, M. Sanmarco, S. Dubucquoi, S. Wagner and A. M. 
Yamamoto (2001). Auto-antibodies against acetylcholine receptors in 
myasthenia gravis. Presse Med 30(28): 1414-8. 

208 



Facchetti, F., C. de Wolf-Peeters, H. de Greef and V. J. Desmet (1984). Langerhans 
cells in various benign and malignant pigment-cell lesions of the skin. Arch 
Dermatol Res 276(5): 283-7. 

Fain, P. R., K. Gowan, G. S. LaBerge, A. Alkhateeb, G. L. Stetler, J. Talbert, D. C. 
Bennett and R. A. Spritz (2003). A genomewide screen for generalized 
vitiligo: confirmation of AIS1 on chromosome lp31 and evidence for 
additional susceptibility loci. Am J Hum Genet 72(6): 1560-4. 

Farilla, L., C. Tiberti, A. Luzzago, L. Yu, G. S. Eisenbarth, R. Cortese, F. Dotta and 
U. Di Mario (2002). Application of phage display peptide library to 
autoimmune diabetes: identification of IA-2/ICA512bdc dominant 
autoantigenic epitopes. Eur J Immunol 32(5): 1420-7. 

Feeny-Burns, L. (1980). The pigments of the retinal pigment epithelium. Curr Top 
Eve Res 2: 119-178. 

Ferrero, B., G. Aimo, R. Pagni, B. Bergamasco, M. R. Bongioanni, L. Bergamini 
and L. Durelli (1997). Modified and improved anti-acetylcholine receptor 
(AchR) antibody assay: comparison of analytical and clinical performance 
with conventional anti-AChR antibody assay. Cl in Chem 43(5): 824-3 1. 

Finco, 0., M. Cuccia, M. Martinetti, G. Ruberto, G. Orecchia and G. Rabbiosi 
(1991). Age of onset in vitiligo: relationship with HLA supratypes. Clin 
Genet 39(1): 48-54. 

Fishman, P., E. Azizi, Y. Shoenfeld, B. Sredni, G. Yecheskel, S. Ferrone, R. 
Zigelman, S. Chaitchik, S. Floro and M. Djaldetti (1993). Vitiligo 
autoantibodies are effective against melanoma. Cancer 72(8): 2365-9. 

Fitzpatrick, T. B. (1964). Hypomelanosis. South Med J 57: 995-1005. 

Fitzpatrick, T. B., M. Miyamoto and K. Ishikawa (1967). The evolution of concepts 
of melanin biology. Arch Dermatol 96(3): 305-23. 

Foley, L. M., N. J. Lowe, E. Misheloff and J. L. Tiwari (1983). Association of HLA- 
DR4 with vitiligo. J Am Acad Dermatol 8(1): 39-40. 

Franczuk, A., J. C. Szepietowski and A. Noworolska (2004). Serum concentrations 
of interleukin-2 soluble receptor (IL-2 sR) in patients with vitiligo: 
relationship with type and extent of the disease. Acta Dermatovenerol Croat 
12(2): 71-6. 

Gauthier, Y. (1994). Le vitiligo. Gaz Med 101: 8-12. 

Gauthier, Y. (1996). The importance of Koebner's phenomenon in the induction of 
vitiligo vulgaris lesions. Eur J Dermatol 5(8): 704-708. 

Gawkrodger, D. J. (1998). Vitiligo. Endocrine Autoimmunity and Associated 
Conditions. A. P. Weetman, Kluwer Academic Publishers (London): 269- 
284. 

209 



Gether, U. (2000). Uncovering molecular mechanisms involved in activation of G 
protein-coupled receptors. Endocr Rev 21(1): 90-113. 

Gevorkian, G., K. Manoutcharian, J. C. Almagro, T. Govezensky and V. Dominguez 
(1998). Identification of autoimmune thrombocytopenic purpura-related 
epitopes using phage-display peptide library. Clin Immunol Immunopathol 
86(3): 305-9. 

Gilhar, A., B. Zelickson, Y. Ulman and A. Etzioni (1995). In vivo destruction of 
melanocytes by the IgG fraction of serum from patients with vitiligo. J Invest 
Dermatol 105(5): 683-6. 

Goldschmidt, L., M. Goldbaum, S. M. Walker and W. 0. Weigle (1982). The 
immune response to homologous lens crystallin. I. Antibody production after 
lens injury. J Immunol 129(4): 1652-7. 

Goodnow, C. C., J. Crosbie, H. Jorgensen, R. A. Brink and A. Basten (1989). 
Induction of self-tolerance in mature peripheral B lymphocytes. Nature 
342(6248): 385-91. 

Gottumukkala, R. V., E. A. Waterman, L. M. Herd, D. J. Gawkrodger, P. F. Watson, 
A. P. Weetman and E. H. Kemp (2003). Autoantibodies in vitiligo patients 
recognize multiple domains of the melanin-concentrating hormone receptor. J 
Invest Dermatol 121(4): 765-70. 

Gould, I. M., R. S. Gray, S. J. Urbaniak, R. A. Elton and L. J. Duncan (1985). 
Vitiligo in diabetes mellitus. Br J Dermatol 113(2): 153-5. 

Grab, J. and F. Wise (1948). Vitiligo with raised borders. Arch Dermatol Syphilol 
58: 148-153. 

Graham, A., K. Wakamatsu, G. Hunt, S. Ito and A. J. Thody (1997). Agouti protein 
inhibits the production of eumelanin and phaeomelanin in the presence and 
absence of alpha-melanocyte stimulating hormone. Pigment Cell Res 10(5): 
298-303. 

Grando, S. A., G. N. Drannik, B. T. Glukhenky, A. P. Kostromin, A. B. Romanenko, 
O. A. Chayun and A. I. Chernyavski (1990). Clinical and laboratory 
evaluation of hemocarboadsorption in autoimmune bullous dermatoses. Tnt J 
Artif Organs 13(3): 181-8. 

Grimes, P. E., R. M. Haider, C. Jones, S. G. Chakrabarti, J. Enterline, H. R. Minus 
and J. A. Kenney, Jr. (1983). Autoantibodies and their clinical significance in 
a black vitiligo population. Arch Dermatol 119(4): 300-3. 

Grimes, P. E., M. Ghoneum, T. Stockton, C. Payne, A. P. Kelly and L. Alfred 
(1986). T cell profiles in vitiligo. J Am Acad Dermatol 14(2 Pt 1): 196-201. 

Grimes, P. E., J. S. Sevall and A. Vojdani (1996). Cytomegalovirus DNA identified 
in skin biopsy specimens of patients with vitiligo. J Am Acad Dermatol 
35(1): 21-6. 

210 



Grimes, P. E., T. Soriano and M. T. Dytoc (2002). Topical tacrolimus for 
repigmentation of vitiligo. J Am Acad Dermatol 47(5): 789-91. 

Grimes, P. E., R. Morris, E. Avaniss-Aghajani, T. Soriano, M. Meraz and A. 
Metzger (2004). Topical tacrolimus therapy for vitiligo: therapeutic 
responses and skin messenger RNA expression of proinflammatory 
cytokines. J Am Acad Dermatol 51(1): 52-61. 

Gueant, J. L., A. Safi, I. Aimone-Gastin, H. Rabesona, J. P. Bronowicki, F. Plenat, 
M. A. Bigard and T. Haertle (1997). Autoantibodies in pernicious anemia 
type I patients recognize sequence 251-256 in human intrinsic factor. Proc 
Assoc Am Physicians 109(5): 462-9. 

Haider, R. M., C. S. Walters, B. A. Johnson, S. G. Chakrabarti and J. A. Kenney, Jr. 
(1986). Aberrations in T lymphocytes and natural killer cells in vitiligo: a 
flow cytometric study. J Am Acad Dermatol 14(5 Pt 1): 733-7. 

Hanafusa, T., R. Pujol-Borrell, L. Chiovato, R. C. Russell, D. Doniach and G. F. 
Bottazzo (1983). Aberrant expression of HLA-DR antigen on thyrocytes in 
Graves' disease: relevance for autoimmunity. Lancet 2(8359): 1111-5. 

Hann, S. K., S. Im, H. I. Kim, H. S. Kim, Y. J. Lee and Y. K. Park (1993a). 
Increased incidence of antismooth muscle antibody in Korean vitiligo 
patients. J Dermatol 20(11): 679-83. 

Hann, S. K., Y. K. Park, K. Y. Chung, H. I. Kim, S. Im and J. H. Won (1993b). 
Peripheral blood lymphocyte imbalance in Koreans with active vitiligo. 1nt J 
Dermatol 32(4): 286-9. 

Hann, S. K. and J. B. Kim (1995). Detection of antibodies to human melanoma cell 
in vitiligo by western blot analysis. Yonsei Med J 36(5): 457-61. 

Hann, S. K., S. W. Koo, J. B. Kim and Y. K. Park (1996). Detection of antibodies to 
human melanoma cells in vitiligo and alopecia areata by Western blot 
analysis. J Dermatol 23(2): 100-3. 

Hann, S. K. and H. S. Chung (1997). Historic view of vitiligo in Korea. Int J 
Dermatol 36(4): 313-5. 

Hara, H., K. Hayashi, K. Ohta, N. Itoh, H. Nishitani and M. Ohta (1993). Detection 
and characterization of blocking-type anti-acetylcholine receptor antibodies 
in sera from patients with myasthenia gravis. Clin Chem 39(10): 2053-7. 

Hara, M., M. Yaar and B. A. Gilchrest (1995). Endothelin-1 of keratinocyte origin is 
a mediator of melanocyte dendricity. J Invest Dermatol 105(6): 744-8. 

Harning, R., J. Cui and J. C. Bystryn (1991). 
level of pigment cell antibodies and 
Dermatol 97(6): 1078-80. 

Relation between the incidence and 
disease activity in vitiligo. J Invest 

211 



Hartmann, A., E. B. Brocker and J. C. Becker (2004). Hypopigmentary skin 
disorders: current treatment options and future directions. Drugs 64(1): 89- 
107. 

Hawes, B. E., E. Kil, B. Green, K. ONeill, S. Fried and M. P. Graziano (2000). The 
melanin-concentrating hormone receptor couples to multiple G proteins to 
activate diverse intracellular signaling pathways. Endocrinology 141(12): 
4524-32. 

Hearing, V. J. (2000). The melanosome: the perfect model for cellular responses to 
the environment. Pigment Cell Res 13(Suppl 8): 23-34. 

Hedstrand, H., O. Ekwall, M. J. Olsson, E. Landgren, E. H. Kemp, A. P. Weetman, 
J. Perheentupa, E. Husebye, J. Gustafsson, C. Betterle, O. Kampe and F. 
Rorsman (2001). The transcription factors SOX9 and SOX10 are vitiligo 
autoantigens in autoimmune polyendocrine syndrome type I. J Biol Chem 
276(38): 35390-5. 

Hegedus, L., M. Heidenheim, M. Gervil, H. Hjalgrim and M. Hofer-Madsen (1994). 
High frequency of thyroid dysfunction in patients with vitiligo. Acta Derm 
Venereol 74(2): 120-3. 

Heino, M., P. Peterson, J. Kudoh, N. Shimizu, S. E. Antonarakis, H. S. Scott and K. 
Krohn (2001). APECED mutations in the autoimmune regulator (AIRE) 
gene. Hum Mutat 18(3): 205-11. 

Hertz, K. C., L. A. Gazze, C. H. Kirkpatrick and S. I. Katz (1977). Autoimmune 
vitiligo: detection of antibodies to melanin-producing cells. N Engl J Med 
297(12): 634-7. 

Hervieu, G. J., J. E. Cluderay, D. Harrison, J. Meakin, P. Maycox, S. Nasir and R. A. 
Leslie (2000). The distribution of the mRNA and protein products of the 
melanin-concentrating hormone (MCH) receptor gene, sic-1, in the central 
nervous system of the rat. Eur J Neurosci 12(4): 1194-216. 

Hoedemaekers, A. C., P. J. van Breda Vriesman and M. H. De Baets (1997). 
Myasthenia gravis as a prototype autoimmune receptor disease. Immunol Res 
16(4): 341-54. 

Holbrook, K. A., R. A. Underwood, A. M. Vogel, A. M. Gown and H. Kimball 
(1989). The appearance, density and distribution of melanocytes in human- 
embryonic and fetal skin revealed by the anti-melanoma monoclonal- 
antibody, hmb-45. Anat EmbrLol 180(5): 443-455. 

Hoogduijn, M. J., J. Ancans and A. J. Thody (2001). Melanin-concentrating 
hormone may act as a paracrine inhibitor of melanogenesis. Br J Dermatol 
144: 651-677. 

Hoogduijn, M. J., J. Ancans, I. Suzuki, S. Estdale and A. J. Thody (2002). Melanin- 
concentrating hormone and its receptor are expressed and functional in 
human skin. Biochem Biophys Res Commun 296(3): 698-701. 

212 



Howanitz, N., J. L. Nordlund, A. B. Lerner and J. C. Bystryn (1981). Antibodies to 
melanocytes. Occurrence in patients with vitiligo and chronic mucocutaneous 
candidiasis. Arch Dermatol 117(11): 705-8. 

Howitz, J. and M. Schwartz (1971). Vitiligo, achlorhydria, and pernicious anaemia. 
Lancet 1(7713): 1331-4. 

Howitz, J., H. Brodthagen, M. Schwartz and K. Thomsen (1977). Prevalence of 
vitiligo. Epidemiological survey on the Isle of Bornholm, Denmark. Arch 
Dermatol 113(1): 47-52. 

Hunt, G., C. Todd, J. E. Cresswell and A. J. Thody (1994). Alpha-melanocyte 
stimulating hormone and its analogue Nle4DPhe7 alpha-MSH affect 
morphology, tyrosinase activity and melanogenesis in cultured human 
melanocytes. J Cell Sci 107 (Pt 1): 205-11. 

Hwang, S. M., S. K. Ahn and E. H. Choi (1998). Psoriasis occurring in amelanotic 
lesions. J Dermatol 25(1): 66-7. 

Ide, A., E. Kawasaki, N. Abiru, F. Sun, M. Kobayashi, T. Fukushima, R. Takahashi, 
H. Kuwahara, A. Kita, K. Oshima, S. Uotani, H. Yamasaki, Y. Yamaguchi 
and K. Eguchi (2004). Association between IL-18 gene promoter 
polymorphisms and CTLA-4 gene 49A/G polymorphism in Japanese patients 
with type 1 diabetes. J Autoimmun 22(1): 73-8. 

Iismaa, T. P. and J. Shine (1992). G protein-coupled receptors. Curr Opin Cell Biol 
4(2): 195-202. 

Isenberg, D., M. A. Rahman, C. T. Ravirajan and J. K. Kalsi (1997). Anti-DNA 
antibodies: from gene usage to crystal structures. Immunol Today 18(4): 149- 
53. 

Ishii, K., M. Amagai, R. P. Hall, T. Hashimoto, A. Takayanagi, S. Gamou, N. 
Shimizu and T. Nishikawa (1997). Characterization of autoantibodies in 
pemphigus using antigen-specific enzyme-linked immunosorbent assays with 
baculovirus-expressed recombinant desmogleins. J Immunol 159(4): 2010-7. 

Isoldi, M. C., M. H. de Pina Benabou, R. I. Schumacher, C. C. Gois, A. C. Scarparo, 
N. A. Reboucas and M. A. Visconti (2004). Mechanisms of action of 
melanin-concentrating hormone in the teleost fish erythrophoroma cell line 
(GEM-81). Gen Comp Endocrinol 136(2): 270-5. 

Ivker, R., M. Goldaber and M. R. Buchness (1994). Blue vitiligo. J Am Acad 
Dermatol 30(5 Pt 2): 829-31. 

Iwata, M., T. Corn, S. Iwata, M. A. Everett and B. B. Fuller (1990). The relationship 
between tyrosinase activity and skin color in human foreskins. J Invest 
Dermatol 95(1): 9-15. 

Iyengar, B. and R. S. Misra (1987). Reaction of dendritic melanocytes in vitiligo to 
the substrates of tyrosine metabolism. Acta Anat 129(3): 203-5. 

213 



Iyengar, B. and R. S. Misra (1988). Neural differentiation of melanocytes in 
vitiliginous skin. Acta Anat 133(1): 62-5. 

Iyengar, B. (1989). Modulation of melanocytic activity by acetylcholine. Acta Anat 
136(2): 139-41. 

Iyengar, B. (1994). UV guided dendritic growth patterns and the networking of 
melanocytes. Experientia 50(7): 669-72. 

Janeway, C. A., Jr. (1992). The immune system evolved to discriminate infectious 
nonself from noninfectious self. Immunol Today 13(1): 11-6. 

Jara, J. R., P. Aroca, F. Solano, J. H. Martinez and J. A. Lozano (1988). The role of 
sulfhydryl compounds in mammalian melanogenesis: the effect of cysteine 
and glutathione upon tyrosinase and the intermediates of the pathway. 
Biochim Biophys Acta 967(2): 296-303. 

Jimbow, K., H. Chen, J. S. Park and P. D. Thomas (2001). Increased sensitivity of 
melanocytes to oxidative stress and abnormal expression of tyrosinase-related 
protein in vitiligo. Br J Dermatol 144(1): 55-65. 

Jimenez, M., F. Garcia-Canovas, F. Garcia-Carmona, J. Tudela and J. L. Iborra 
(1986). Study of alpha-methyldopa oxidation by tyrosinase. Int J Biochem 
18(1): 39-47. 

Jin, S: Y., H. -H. Park, G. -Z. Li, H: J. Lee, M. -S. Hong, S. -J. Hong, H. -K. Park, J. -H. 
Chung and M. -H. Lee (2004). Association of Angiotensin Converting 
Enzyme Gene I/D Polymorphism of Vitiligo in Korean Population. Pigment 
Cell Res 17(1): 84-86. 

Johnson, R. and I. J. Jackson (1992). Light is a dominant mouse mutation resulting 
in premature cell death. Nat Genet 1(3): 226-9. 

Kahl, L. E. and J. P. Atkinson (1988). Autoimmune aspects of complement 
deficiency. Clin Aspects Autoimmun 5: 8-20. 

Kao, C. H. and H. S. Yu (1990). Depletion and repopulation of Langerhans cells in 
nonsegmental type vitiligo. J Dermatol 17(5): 287-96. 

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

Kawauchi, H., I. Kawazoe, M. Tsubokawa, M. Kishida and B. I. Baker (1983). 
Characterization of melanin-concentrating hormone in chum salmon 
pituitaries. Nature 305(5932): 321-3. 

Kemp, E. H., D. J. Gawkrodger, S. MacNeil, P. F. Watson and A. P. Weetman 
(1997a). Detection of tyrosinase autoantibodies in patients with vitiligo using 
35S-labeled recombinant human tyrosinase in a radioimmunoassay. J Invest 
Dermatol 109(1): 69-73. 

214 



Kemp, E. H., D. J. Gawkrodger, P. F. Watson and A. P. Weetman (1997b). 
Immunoprecipitation of melanogenic enzyme autoantigens with vitiligo sera: 
evidence for cross-reactive autoantibodies to tyrosinase and tyrosinase- 
related protein-2 (TRP-2). Clin Exp Immunol 109(3): 495-500. 

Kemp, E. H., R. A. Ajjan, E. S. Husebye, P. Peterson, R. Uibo, H. Imrie, S. H. 
Pearce, P. F. Watson and A. P. Weetman (1998a). A cytotoxic T lymphocyte 
antigen-4 (CTLA-4) gene polymorphism is associated with autoimmune 
Addison's disease in English patients. Clin Endocrinol (Oxf) 49(5): 609-13. 

Kemp, E. H., E. A. Waterman, D. J. Gawkrodger, P. F. Watson and A. P. Weetman 
(1998b). Autoantibodies to tyrosinase-related protein-1 detected in the sera of 
vitiligo patients using a quantitative radiobinding assay. Br J Dermatol 
139(5): 798-805. 

Kemp, E. H., D. J. Gawkrodger, P. F. Watson and A. P. Weetman (1998c). 
Autoantibodies to human melanocyte-specific protein pme117 in the sera of 
vitiligo patients: a sensitive and quantitative radioimmunoassay (RIA). Clin 
Exp Immunol 114(3): 333-8. 

Kemp, E. H., E. A. Waterman, D. J. Gawkrodger, P. F. Watson and A. P. Weetman 
(1999a). Identification of epitopes on tyrosinase which are recognized by 
autoantibodies from patients with vitiligo. J Invest Dermatol 113(2): 267-71. 

Kemp, E. H., R. A. Ajjan, E. A. Waterman, D. J. Gawkrodger, M. J. Cork, P. F. 
Watson and A. P. Weetman (1999b). Analysis of a microsatellite 
polymorphism of the cytotoxic T-lymphocyte antigen-4 gene in patients with 
vitiligo. Br J Dermatol 140(1): 73-8. 

Kemp, E. H., E. A. Waterman, R. A. Ajjan, K. A. Smith, P. F. Watson, M. E. 
Ludgate and A. P. Weetman (2001 a). Identification of antigenic domains on 
the human sodium-iodide symporter which are recognized by autoantibodies 
from patients with autoimmune thyroid disease. Clin Exp Immunol 124(3): 
377-85. 

Kemp, E. H., E. A. Waterman, D. J. Gawkrodger, P. F. Watson and A. P. Weetman 
(2001b). Molecular mapping of epitopes on melanocyte-specific protein 
PmelI7 which are recognized by autoantibodies in patients with vitiligo. Clin 
Exp Immunol 124(3): 509-15. 

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

Kemp, E. H., E. A. Waterman, B. E. Hawes, K. ONeill, R. V. Gottumulckala, D. J. 
Gawkrodger, A. P. Weetman and P. F. Watson (2002). The melanin- 
concentrating hormone receptor 1, a novel target of autoantibody responses 
in vitiligo. J Clin Invest 109(7): 923-30. 

Kent, G. and M. Al'Abadie (1996). Psychologic effects of vitiligo: a critical incident 
analysis. J Am Acad Dermatol 35(6): 895-8. 

215 



Kim, S. M., H. S. Chung and S. K. Hann (1998). The genetics of vitiligo in Korean 
patients. Int J Dermatol 37(12): 908-10. 

King, R. A., V. J. Hearing, D. J. Creel and W. S. Oetting (1995). Albinism. 
Metabolic and Molecular Basis of Inherited Disease. C. R. Scriver, A. L. 
Beaudet, W. S. Sly and D. Valle. New York, McGraw-Hill Book Co.: 4353- 
4392. 

Knigge, K. M., D. Baxter-Grillo, J. Speciale and J. Wagner (1996). Melanotropic 
peptides in the mammalian brain: the melanin-concentrating hormone. 
Peptides 17(6): 1063-73. 

Kobayashi, T., K. Urabe, A. Winder, K. Tsukamoto, T. Brewington, G. Imokawa, B. 
Potted and V. J. Hearing (1994a). DHICA oxidase activity of TRP1 and 
interactions with other melanogenic enzymes. Pigment Cell Res 7(4): 227-34. 

Kobayashi, T., K. Urabe, S. J. Orlow, K. Higashi, G. Imokawa, B. S. Kwon, B. 
Potterf and V. J. Hearing (1994b). The Pmel 17/silver locus protein. 
Characterization and investigation of its melanogenic function. J Biol Chem 
269(46): 29198-205. 

Koca, R., F. Armutcu, H. C. Altinyazar and A. Gurel (2004). Oxidant-antioxidant 
enzymes and lipid peroxidation in generalized vitiligo. Clin Exp Dermatol 
29(4): 406-9. 

Kokkotou, E. G., N. A. Tritos, J. W. Mastaitis, L. Slieker and E. Maratos-Flier 
(2001). Melanin-concentrating hormone receptor is a target of leptin action in 
the mouse brain. Endocrinology 142(2): 680-6. 

Kolakowski, L. F., Jr., B. P. Jung, T. Nguyen, M. P. Johnson, K. R. Lynch, R. 
Cheng, H. H. Heng, S. R. George and B. F. O'Dowd (1996). Characterization 
of a human gene related to genes encoding somatostatin receptors. FEBS Lett 
398(2-3): 253-8. 

Korytowski, W., B. Pilas, T. Sarna and B. Kalyanaraman (1987). Photoinduced 

generation of hydrogen peroxide and hydroxyl radicals in melanins. 
Photochem Photobiol 45(2): 185-90. 

Kosugi, S., T. Ban, T. Akamizu, W. Valente and L. D. Kohn (1993). Use of 
thyrotropin receptor (TSHR) mutants to detect stimulating TSHR antibodies 
in hypothyroid patients with idiopathic myxedema, who have blocking TSHR 
antibodies. J Clin Endocrinol Metab 77(1): 19-24. 

Kotsa, K., P. F. Watson and A. P. Weetman (1997). A CTLA-4 gene polymorphism 
is associated with both Graves disease and autoimmune hypothyroidism. Cl in 
Endocrinol (Oxfl 46(5): 551-4. 

Kovacs, S. 0. (1998). Vitiligo. J Am Acad Dermatol 38(5 Pt 1): 647-66. 

Kroemer, G. and C. Martinez (1992). Mechanisms of self tolerance. Immunol Today 
13(10): 401-4. 

216 



Kukreja, A., G. Cost, J. Marker, C. Zhang, Z. Sun, K. Lin-Su, S. Ten, M. Sanz, M. 
Exley, B. Wilson, S. Porcelli and N. Maclaren (2002). Multiple immuno- 
regulatory defects in type-1 diabetes. J Clin Invest 109(1): 131-40. 

Kurtev, A. and A. L. Dourmishev (2004). Thyroid function and autoimmunity in 
children and adolescents with vitiligo. J Eur Acad Dermatol Venereol 18(1): 
109-11. 

Kwon, B. S., C. Chintamaneni, C. A. Kozak, N. G. Copeland, D. J. Gilbert, N. 
Jenkins, D. Barton, U. Francke, Y. Kobayashi and K. K. Kim (1991). A 
melanocyte-specific gene, Pmel 17, maps near the silver coat color locus on 
mouse chromosome 10 and is in a syntenic region on human chromosome 12. 
Proc Nat] Acad Sci USA 88(20): 9228-32. 

Kwon, B. S. (1993). Pigmentation genes: the tyrosinase gene family and the pmel 17 
gene family. J Invest Dermatol 100(2 Suppl): 134S-140S. 

Kwon, Y. T., Y. Reiss, V. A. Fried, A. Hershko, J. K. Yoon, D. K. Gonda, P. 
Sangan, N. G. Copeland, N. A. Jenkins and A. Varshavsky (1998). The 
mouse and human genes encoding the recognition component of the N-end 
rule pathway. Proc Natl Acad Sci USA 95(14): 7898-903. 

Lacour, J. P., D. Dubois, A. Pisani and J. P. Ortonne (1991). Anatomical mapping of 
Merkel cells in normal human adult epidermis. Br J Dermatol 125(6): 535- 
42. 

Lamont, S. J. and J. R. Smyth, Jr. (1981). Effect of bursectomy on development of a 
spontaneous postnatal amelanosis. Clin Immunol Immunopathol 21(3): 407- 
11. 

Lampasona, V., M. Bearzatto, S. Genovese, E. Bosi, M. Ferrari and E. Bonifacio 
(1996). Autoantibodies in insulin-dependent diabetes recognize distinct 
cytoplasmic domains of the protein tyrosine phosphatase-like IA-2 
autoantigen. J Immunol 157(6): 2707-11. 

Lang, K. S., C. C. Caroli, A. Muhm, D. Wernet, A. Moris, B. Schittek, E. Knauss- 
Scherwitz, S. Stevanovic, H. G. Rammensee and C. Garbe (2001). HLA-A2 
restricted, melanocyte-specific CD8+ T lymphocytes detected in vitiligo 
patients are related to disease activity and are predominantly directed against 
MelanA/MARTI. J Invest Dermatol 116(6): 891-7. 

Lang, T. J., P. Nguyen, J. C. Papadimitriou and C. S. Via (2003). Increased severity 
of murine lupus in female mice is due to enhanced expansion of pathogenic T 
cells. J Immunol 171(11): 5795-801. 

Larsen, C. E. and C. A. Alper (2004). The genetics of HLA-associated disease. Curr 
Orrin Immunol 16(5): 660-7. 

217 



Le Poole, I. C., T. Mutis, R. M. van den Wijngaard, W. Westerhof, T. Ottenhoff, R. 
R. de Vries and P. K. Das (1993a). A novel, antigen-presenting function of 
melanocytes and its possible relationship to hypopigmentary disorders. J 
Immunol 151(12): 7284-92. 

Le Poole, I. C., R. M. van den Wijngaard, W. Westerhof, R. P. Dutrieux and P. K. 
Das (1993b). Presence or absence of melanocytes in vitiligo lesions: an 
immunohistochemical investigation. J Invest Dermatol 100(6): 816-22. 

Le Poole, I. C., P. K. Das, R. M. van den Wijngaard, J. D. Bos and W. Westerhof 
(1993c). Review of the etiopathomechanism of vitiligo: a convergence 
theory. Exp Dermatol 2(4): 145-53. 

Le Poole, I. C., R. M. van den Wijngaard, N. P. Smit, J. Oosting, W. Westerhof and 
S. Pavel (1994). Catechol-O-methyltransferase in vitiligo. Arch Dermatol 
Res 286(2): 81-6. 

Le Poole, I. C., R. M. van den Wijngaard, W. Westerhof and P. K. Das (1996). 
Presence of T cells and macrophages in inflammatory vitiligo skin parallels 
melanocyte disappearance. Am J Pathol 148(4): 1219-28. 

Le Poole, I. C., F. Yang, T. L. Brown, J. Cornelius, G. F. Babcock, P. K. Das and R. 
E. Boissy (1999). Altered gene expression in melanocytes exposed to 4- 
tertiary butyl phenol (4-TBP): upregulation of the A2b adenosine receptor 1. 
J Invest Dermatol 113(5): 725-31. 

Le Poole, I. C., R. Sarangarajan, Y. Zhao, L. S. Stennett, T. L. Brown, P. Sheth, T. 
Miki and R. E. Boissy (2001). 'VITI', a novel gene associated with vitiligo. 
Pigment Cell Res 14(6): 475-84. 

Le Poole, I. C., L. S. Stennett, B. K. Bonish, L. Dee, J. K. Robinson, C. Hernandez, 
S. K. Hann and B. J. Nickoloff (2003). Expansion of vitiligo lesions is 
associated with reduced epidermal CDw60 expression and increased 
expression of HLA-DR in perilesional skin. Br J Dermatol 149(4): 739-48. 

Lembo, P. M., E. Grazzini, J. Cao, D. A. Hubatsch, M. Pelletier, C. Hoffert, S. St- 
Onge, C. Pou, J. Labrecque, T. Groblewski, D. O'Donnell, K. Payza, S. 
Ahmad and P. Walker (1999). The receptor for the orexigenic peptide 
melanin-concentrating hormone is a G-protein-coupled receptor. Nat Cell 
Biol 1(5): 267-71. 

Lepe, V., B. Moncada, J. P. Castanedo-Cazares, M. B. Torres-Alvarez, C. A. Ortiz 
and A. B. Torres-Rubalcava (2003). A double-blind randomized trial of 0.1% 
tacrolimus vs 0.05% clobetasol for the treatment of childhood vitiligo. Arch 
Dermatol 139(5): 581-5. 

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

Lerner, A. B. (1971). On the etiology of vitiligo and gray hair. Am J Med 51(2): 
141-7. 

218 



Lerner, A. B., T. Shiohara, R. E. Boissy, K. A. Jacobson, M. L. Lamoreux and G. E. 
Moellmann (1986). A mouse model for vitiligo. J Invest Dermatol 87(3): 
299-304. 

Lernmark, A. (2001). Autoimmune diseases: are markers ready for prediction? J Clin 
Invest 108(8): 1091-6. 

Lin, M. S., M. Gharia, C. L. Fu, M. Olague-Marchan, M. Hacker, K. E. Harman, B. 
S. Bhogal, M. M. Black, L. A. Diaz and G. J. Giudice (1999). Molecular 
mapping of the major epitopes of BP180 recognized by herpes gestationis 
autoantibodies. Clin Immunol 92(3): 285-92. 

Liu, P. Y., L. Bondesson, W. Lontz and 0. Johansson (1996). The occurrence of 
cutaneous nerve endings and neuropeptides in vitiligo vulgaris: a case-control 
study. Arch Dermatol Res 288(11): 670-5. 

Lorincz, A. (1985). Disturbance in pigmentation. Dermatology. S. Moschella and N. 
Hurley. Philadelphia, WB Sanders Co.: 1292. 

Lorini, R., G. Orecchia, M. Martinetti, J. M. Dugoujon and M. Cuccia (1992). 
Autoimmunity in vitiligo: relationship with HLA, Gm and Km 
polymorphisms. Autoimmunity 11(4): 255-60. 

Lu, D., D. Willard, I. R. Patel, S. Kadwell, L. Overton, T. Kost, M. Luther, W. Chen, 
R. P. Woychik and W. O. Wilkison (1994). Agouti protein is an antagonist of 
the melanocyte-stimulating-hormone receptor. Nature 371(6500): 799-802. 

Ludwig, D. S., K. G. Mountjoy, J. B. Tatro, J. A. Gillette, R. C. Frederich, J. S. Flier 
and E. Maratos-Flier (1998). Melanin-concentrating hormone: a functional 
melanocortin antagonist in the hypothalamus. Am J Physiol 274(4 Pt 1): 
E627-33. 

Ludwig, D. S., N. A. Tritos, J. W. Mastaitis, R. Kulkarni, E. Kokkotou, J. Elmquist, 
B. Lowell, J. S. Flier and E. Maratos-Flier (2001). Melanin-concentrating 
hormone overexpression in transgenic mice leads to obesity and insulin 
resistance. J Clin Invest 107(3): 379-86. 

Macdonald, D., N. Murgolo, R. Zhang, J. P. Durkin, X. Yao, C. D. Strader and M. P. 
Graziano (2000). Molecular characterization of the melanin-concentrating 
hormone/receptor complex: identification of critical residues involved in 
binding and activation. Mol Pharmacol 58(1): 217-25. 

Maclaren, N. K. and W. J. Riley (1986). Inherited susceptibility to autoimmune 
Addison's disease is linked to human leukocyte antigens-DR3 and/or DR4, 
except when associated with type I autoimmune polyglandular syndrome. J 
Cl in Endocrinol Metab 62(3): 455-9. 

Majumder, P. P., J. J. Nordlund and S. K. Nath (1993). Pattern of familial 
aggregation of vitiligo. Arch Dermatol 129(8): 994-8. 

219 



Mandry, R. C., L. J. Ortiz, A. Lugo-Somolinos and J. L. Sanchez (1996). Organ- 
specific autoantibodies in vitiligo patients and their relatives. Int J Dermatol 
35(1): 18-21. 

Markmann, J., D. Lo, A. Naji, R. D. Palmiter, R. L. Brinster and E. Heber-Katz 
(1988). Antigen presenting function of class II MHC expressing pancreatic 
beta cells. Nature 336(6198): 476-9. 

Martin, A., N. K. Goldsmith, E. W. Friedman, A. E. Schwartz, T. F. Davies and S. 
H. Roman (1990). Intrathyroidal accumulation of T cell phenotypes in 
autoimmune thyroid disease. Autoimmunity 6(4): 269-81. 

Mayenburg, J. V., H. J. Vogt and G. Ziegelmayer (1976). Vitiligo in a pair of 
enzygotic twins. Hautarzt 27(9): 426-31. 

McCormack, W. T., C. A. Bradley, D. L. Kristensen and J. X. She (2001). Genetics 
of vitiligo susceptibility: association studies of immune response gene. 
Pigment Cell Res 14(3): 231. 

McGregor, A. M. (1990). Autoantibodies to the TSH receptor in patients with 
autoimmune thyroid disease. Clin Endocrinol (Oxf) 33(6): 683-5. 

McKenzie, J. M. and M. Zakarija (1992). Fetal and neonatal hyperthyroidism and 
hypothyroidism due to maternal TSH receptor antibodies. Thyroid 2(2): 155- 
9. 

Mehta, N. R., K. C. Shah, C. Theodore, V. P. Vyas and A. B. Patel (1973). 
Epidemiological study of vitiligo in Surat area, South Gujarat. Indian J Med 
Res 61(l): 145-54. 

Merello, M., M. Nogues, R. Leiguarda, C. Lopez Saubidet and A. Florin (1993). 
Abnormal sympathetic skin response in patients with autoimmune vitiligo 
and primary autoimmune hypothyroidism. J Neurol 240(2): 72-4. 

Metcalfe, R. A., Y. S. Oh, C. Stroud, K. Arnold and A. P. Weetman (1997). Analysis 
of antibody-dependent cell-mediated cytotoxicity in autoimmune thyroid 
disease. Autoimmunity 25(2): 65-72. 

Metcalfe, R. A., C. Findlay, W. R. Robertson, A. P. Weetman and S. Mac Neil 
(1998). Differential effect of thyroid-stimulating hormone (TSH) on 
intracellular free calcium and cAMP in cells transfected with the human TSH 
receptor. J Endocrinol 157(3): 415-24. 

Metzker, A., R. Zamir, E. Gazit, M. David and E. J. Feuerman (1980). Vitiligo and 
the HLA system. Dermatologica 160(2): 100-5. 

Mihailova, D., R. Grigorova, B. Vassileva, G. Mladenova, N. Ivanova, S. Stephanov, 
K. Lissitchky and E. Dimova (1999). Autoimmune thyroid disorders in 
juvenile chronic arthritis and systemic lupus erythematosus. Adv Exp Med 
Biol 455: 55-60. 

220 



Millington, P. F. and R. Wilkinson (1983). Skin, Cambridge University Press. 

Modlin, R. L., M. B. Brenner, M. S. Krangel, A. D. Duby and B. R. Bloom (1987). 
T-cell receptors of human suppressor cells. Nature 329(6139): 541-5. 

Moellmann, G., S. Klein-Angerer, D. A. Scollay, J. J. Nordlund and A. B. Lerner 
(1982). Extracellular granular material and degeneration of keratinocytes in 
the normally pigmented epidermis of patients with vitiligo. J Invest Dermatol 
79(5): 321-30. 

Mohr, J. (1951). Vitiligo in a pair of monovular twins. Acta Genet Stat Med 2: 252- 
255. 

Mojamdar, M., M. Ichihashi and Y. Mishima (1982). Tyrosinase and gamma- 
glutamyl transpeptidase in 5-s-cysteinyldopa genesis within melanotic and 
amelanotic melanomas. J Dermatol 9(1): 73-7. 

Mooney, E., R. J. Falk and W. R. Gammon (1992). Studies on complement deposits 
in epidermolysis bullosa acquisita and bullous pemphigoid. Arch Dermatol 
128(1): 58-60. 

Morgenthaler, N. G., K. Hodak, J. Seissler, H. Steinbrenner, I. Pampel, M. Gupta, A. 
M. McGregor, W. A. Scherbaum and J. P. Banga (1999). Direct binding of 
thyrotropin receptor autoantibody to in vitro translated thyrotropin receptor: a 
comparison to radioreceptor assay and thyroid stimulating bioassay. Thyroid 
9(5): 466-75. 

Morrone, A., M. Picardo, C. de Luca, 0. Terminali, S. Passi and F. Ippolito (1992). 
Catecholamines and vitiligo. Pigment Cell Res 5(2): 65-9. 

Mosher, D. B., T. B. Fitzpatrick and J. Porter (1979). Abnormalities of pigmentation. 
Dermatology in General Medicine. T. B. Fitzpatrick, A. Z. Eisen and K. 
Wolff. New York, McGraw-Hill International Book Co.: 582. 

Mouri, T., K. Takahashi, H. Kawauchi, M. Sone, K. Totsune, O. Murakami, K. Itoi, 
M. Ohneda, H. Sasano and N. Sasano (1993). Melanin-concentrating 
hormone in the human brain. Peptides 14(3): 643-6. 

Mozzanica, N., U. Frigerio, M. Negri, G. Tadini, M. L. Villa, M. Mantovani and A. 
F. Finzi (1989). Circadian rhythm of natural killer cell activity in vitiligo. J 
Am Acad Dermatol 20(4): 591-6. 

Mozzanica, N., M. L. Villa, S. Foppa, G. Vignati, A. Cattaneo, R. Diotti and A. F. 
Finzi (1992). Plasma alpha-melanocyte-stimulating hormone, beta- 
endorphin, met- enkephalin, and natural killer cell activity in vitiligo. J Am 
Acad Dermatol 26(5 Pt 1): 693-700. 

Mulligan, T. M. and J. R. Sowers (1985). Hyperpigmentation, vitiligo, and Addison's 
disease. Cutis 36(4): 317-8,322. 

221 



Munakata, Y., T. Saito, K. Matsuda, J. Seino, S. Shibata and T. Sasaki (2000). 
Detection of complement-fixing antiphospholipid antibodies in association 
with thrombosis. Thromb Haemost 83(5): 728-31. 

Murakami, M., T. Tsubata, M. Okamoto, A. Shimizu, S. Kumagai, H. Imura and T. 
Honjo (1992). Antigen-induced apoptotic death of Ly-1 B cells responsible 
for autoimmune disease in transgenic mice. Nature 357(6373): 77-80. 

Myers, M. A., J. M. Davies, J. C. Tong, J. Whisstock, M. Scealy, I. R. Mackay and 
M. J. Rowley (2000). Conformational epitopes on the diabetes autoantigen 
GAD65 identified by peptide phage display and molecular modeling. J 
Immunol 165(7): 3830-8. 

Myhre, A. G., M. Halonen, P. Eskelin, O. Ekwall, H. Hedstrand, F. Rorsman, O. 
Kampe and E. S. Husebye (2001). Autoimmune polyendocrine syndrome 
type I (APS I) in Norway. Clin Endocrinol (Oxf) 54(2): 211-7. 

Na, G. Y., K. H. Lee, M. K. Kim, S. J. Lee, W. Kim do and J. C. Kim (2003). 
Polymorphisms in the melanocortin-1 receptor (MC1R) and agouti signaling 
protein (ASIP) genes in Korean vitiligo patients. Pigment Cell Res 16(4): 
383-7. 

Nagamine, K., P. Peterson, H. S. Scott, J. Kudoh, S. Minoshima, M. Heino, K. J. 
Krohn, M. D. Lalioti, P. E. Mullis, S. E. Antonarakis, K. Kawasaki, S. 
Asakawa, F. Ito and N. Shimizu (1997). Positional cloning of the APECED 
gene. Nat Genet 17(4): 393-8. 

Nagayama, Y. and B. Rapoport (1992). Role of the carboxyl-terminal half of the 
extracellular domain of the human thyrotropin receptor in signal transduction. 
Endocrinology 131(2): 548-52. 

Nahon, J. L., F. Presse, J. C. Bittencourt, P. E. Sawchenko and W. Vale (1989). The 
rat melanin-concentrating hormone messenger ribonucleic acid encodes 
multiple putative neuropeptides coexpressed in the dorsolateral 
hypothalamus. Endocrinology 125(4): 2056-65. 

Nahon, J. L. (1994). The melanin-concentrating hormone: from the peptide to the 
gene. Crit Rev Neurobiol 8(4): 221-62. 

Naparstek, Y. and P. H. Plotz (1993). The role of autoantibodies in autoimmune 
disease. Annu Rev Immunol 11: 79-104. 

Naserke, H. E., A. G. Ziegler, V. Lampasona and E. Bonifacio (1998). Early 
development and spreading of autoantibodies to epitopes of IA-2 and their 
association with progression to type 1 diabetes. J Immunol 161(12): 6963-9. 

Nath, S. K., J. A. Kelly, B. Namjou, T. Lam, G. R. Bruner, R. H. Scofield, C. E. 
Aston and J. B. Harley (2001). Evidence for a susceptibility gene, SLEV1, on 
chromosome 17pl3 in families with vitiligo-related systemic lupus 
erythematosus. Am J Hum Genet 69(6): 1401-6. 

222 



Naughton, G. K., M. Eisinger and J. C. Bystryn (1983a). Antibodies to normal 
human melanocytes in vitiligo. J Exp Med 158(1): 246-51. 

Naughton, G. K., M. Eisinger and J. C. Bystryn (1983b). Detection of antibodies to 
melanocytes in vitiligo by specific immunoprecipitation. J Invest Dermatol 
81(6): 540-542. 

Naughton, G. K., M. Mahaffey and J. C. Bystryn (1986a). Antibodies to surface 
antigens of pigmented cells in animals with vitiligo. Proc Soc Exp Biol Med 
181(3): 423-6. 

Naughton, G. K., D. Reggiardo and J. C. Bystryn (1986b). Correlation between 
vitiligo antibodies and extent of depigmentation in vitiligo. J Am Acad 
Dermatol 15(5 Pt 1): 978-81. 

Nikoshkov, A., A. Falorni, S. Lajic, S. Laureti, A. Wedell, K. Lernmark and H. 
Luthman (1999). A conformation-dependent epitope in Addison's disease and 
other endocrinological autoimmune diseases maps to a carboxyl-terminal 
functional domain of human steroid 21-hydroxylase. J Immunol 162(4): 
2422-6. 

Njoo, M. D., P. K. Das, J. D. Bos and W. Westerhof (1999). Association of the 
Kobner phenomenon with disease activity and therapeutic responsiveness in 
vitiligo vulgaris. Arch Dermatol 135(4): 407-13. 

Nordlund, J. J., N. T. Taylor, D. M. Albert, M. D. Wagoner and A. B. Lerner (1981). 
The prevalence of vitiligo and poliosis in patients with uveitis. J Am Acad 
Dermatol 4(5): 528-36. 

Nordlund, J. J. and A. B. Lerner (1982). Vitiligo. It is important. Arch Dermatol 
118(1): 5-8. 

Nordlund, J. J. (1998). The Pigmentary System: Physiology & Pathophysiology. 
Oxford, Oxford University Press. 

Norris, D. A., L. Capin, J. J. Muglia, R. L. Osborn, G. O. Zerbe, J. -C. Bystryn and 
M. G. Tonnesen (1988a). Enhanced susceptibility of melanocytes to different 
immunologic effector mechanisms in vitro: potential mechanisms for post- 
inflammatory hypopigmentation and vitiligo. Pigment Cell Res(Suppl. 1): 
113-123. 

Norris, D. A., R. M. Kissinger, G. M. Naughton and J. C. Bystryn (1988b). Evidence 
for immunologic mechanisms in human vitiligo: patients' sera induce damage 
to human melanocytes in vitro by complement-mediated damage and 
antibody-dependent cellular cytotoxicity. J Invest Dermatol 90(6): 783-9. 

Norris, D. A. (1990). Cytokine modulation of adhesion molecules in the regulation 
of immunologic cytotoxicity of epidermal targets. J Invest Dermatol 95(6 
Suppl): 11 I S-120S. 

223 



Nossal, G. J. (1989). Immunologic tolerance: collaboration between antigen and 
lymphokines. Science 245(4914): 147-53. 

Oetting, W. S. (2000). The tyrosinase gene and oculocutaneous albinism type 1 
(OCA1): A model for understanding the molecular biology of melanin 
formation. Pigment Cell Res 13(5): 320-5. 

Ogg, G. S., P. R. Dunbar, P. Romero, J. L. Chen and V. Cerundolo (1998). High 
frequency of skin-homing melanocyte-specific cytotoxic T lymphocytes in 
autoimmune vitiligo. J Exp Med 188(6): 1203-1208. 

Okada, T., T. Sakamoto, T. Ishibashi and H. Inomata (1996). Vitiligo in Vogt- 
Koyanagi-Harada disease: immunohistological analysis of inflammatory site. 
Graefes Arch Clin Exp Ophthalmol 234(6): 359-63. 

Okamoto, T., R. F. Irie, S. Fujii, S. K. Huang, A. J. Nizze, D. L. Morton and D. S. 
Hoon (1998). Anti-tyrosinase-related protein-2 immune response in vitiligo 
patients and melanoma patients receiving active-specific immunotherapy. J 
Invest Dermatol 111(6): 1034-9. 

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

Orecchia, G., L. Perfetti, P. Malagoli, F. Borghini and Y. Kipervarg (1992). Vitiligo 
is associated with a significant increase in HLA-A30, Cw6 and DQw3 and a 
decrease in C4AQO in northern Italian patients. Dermatology 185(2): 123-7. 

Orlow, S. J., R. E. Boissy, D. J. Moran and S. Pifko-Hirst (1993). Subcellular 
distribution of tyrosinase and tyrosinase-related protein-i: implications for 
melanosomal biogenesis. J Invest Dermatol 100(1): 55-64. 

Ortonne, J. P., D. B. Mosher and T. B. Fitzpatrick (1983). Vitiligo and other 
hypomelanoses of hair and skin. Topics in Dermatology. J. P. Ortonne, D. B. 
Mosher and T. B. Fitzpatrick. New York, Plenum Medical Book Co: 257- 
258. 

Ortonne, J. P. and S. K. Bose (1993). Vitiligo: where do we stand? Pigment Cell Res 
6(2): 61-72. 

Ortonne, J. P. and R. Ballotti (2000). Melanocyte biology & melanogenesis: what's 
new? J Dermatol Treatment 11(suppl. 1): 515-526. 

Osman, A. A., T. Gunnel, A. Dietl, H. H. Uhlig, M. Amin, B. Fleckenstein, T. 
Richter and T. Mothes (2000). B cell epitopes of gliadin. Clin Exp Immunol 
121(2): 248-54. 

224 



Palermo, B., R. Campanelli, S. Garbelli, S. Mantovani, E. Lantelme, V. Brazzelli, M. 
Ardigo, G. Borroni, M. Martinetti, C. Badulli, A. Necker and C. Giachino 
(2001). Specific cytotoxic T lymphocyte responses against Melan- 
A/MARTI, tyrosinase and gplOO in vitiligo by the use of major 
histocompatibility complex/peptide tetramers: the role of cellular immunity 
in the etiopathogenesis of vitiligo. J Invest Dermatol 117(2): 326-32. 

Papadopoulos, L., R. Bor, C. Legg and J. L. M. Hawk (1999). Impact of life events 
on the onset of vitiligo in adults: preliminary evidence for a psychological 
dimension in aetiology. Clin Exp Dermatol 23(6): 243-248. 

Papadopoulos, K. I., O. Melander, M. Orho-Melander, L. C. Groop, M. Carlsson and 
B. Hallengren (2000). Angiotensin converting enzyme (ACE) gene 
polymorphism in sarcoidosis in relation to associated autoimmune diseases. J 
Intern Med 247(1): 71-7. 

Pardue, S. L., K. V. Fite, L. Bengston, S. J. Lamont, M. L. Boyle, 3rd and J. R. 
Smyth, Jr. (1987). Enhanced integumental and ocular amelanosis following 
the termination of cyclosporine administration. J Invest Dermatol 88(6): 758- 
61. 

Park, Y. K., N. S. Kim, S. K. Hann and S. Im (1996). Identification of autoantibody 
to melanocytes and characterization of vitiligo antigen in vitiligo patients. J 
Dermatol Sci 11(2): 111-20. 

Parker, J. M., D. Guo and R. S. Hodges (1986). New hydrophilicity scale derived 
from high-performance liquid chromatography peptide retention data: 
correlation of predicted surface residues with antigenicity and X-ray-derived 
accessible sites. Biochemistry 25(19): 5425-32. 

Parsad, D., R. Pandhi, S. Dogra and B. Kumar (2004). Clinical study of 
repigmentation patterns with different treatment modalities and their 
correlation with speed and stability of repigmentation in 352 vitiliginous 
patches. J Am Acad Dermatol 50(1): 63-7. 

Pavel, S., F. A. Muskiet, L. de Ley, T. H. The and W. van der Slik (1983). 
Identification of three indolic compounds in a pigmented-melanoma cell- 
culture supernatant by gas chromatography-mass spectrometry. J Cancer Res 
Clin Oncol 105(3): 275-9. 

Pawelek, J., A. Korner, A. Bergstrom and J. Bologna (1980). New regulators of 
melanin biosynthesis and the autodestruction of melanoma cells. Nature 
286(5773): 617-9. 

Pedeutour, F., C. Szpirer and J. L. Nahon (1994). Assignment of the human pro- 
melanin-concentrating hormone gene (PMCH) to chromosome 12q23-q24 
and two variant genes (PMCH1 and PMCHL2) to chromosome 5p14 and 
5g12-q13. Genomics 19(1): 31-7. 

225 



Perdue, S. (2001). Site-directed mutagenesis in epitope mapping. Epitope mapping: 
A practical approach. O. M. R. Westwood and F. C. Hay, Oxford University 
Press. 

Peterson, P. and K. J. Krohn (1994). Mapping of B cell epitopes on steroid 17 alpha- 
hydroxylase, an autoantigen in autoimmune polyglandular syndrome type I. 
Clin Exp Immunol 98(1): 104-9. 

Petterson, I. (1992). Methods of epitope mapping. Mol Biol Reports 16: 149-153. 

Pilewski, J. M., H. C. Yan, I. Juhasz, M. Christofidou-Solomidou, J. Williams, G. F. 
Murphy and S. M. Albelda (1995). Modulation of adhesion molecules by 
cytokines in vivo using human/severe combined immunodeficient (SCID) 
mouse chimeras. J Clin Immunol 15(6 Suppl): 122S-129S. 

Pissios, P. and E. Maratos-Flier (2003). Melanin-concentrating hormone: from fish 
skin to skinny mammals. Trends Endocrinol Metab 14(5): 243-8. 

Platz, P., B. K. Jakobsen, N. Morling, L. P. Ryder, A. Svejgaard, M. Thomsen, M. 
Christy, H. Kromann, J. Benn, J. Nerup, A. Green and M. Hauge (1981). 
HLA-D and -DR antigens in genetic analysis of insulin dependent diabetes 
mellitus. Diabetologia 21(2): 108-15. 

Poloy, A., L. Tibor, J. Kramer, N. Anh-Tuan, E. Kraszits, I. Medgyessy, G. Fust, V. 
Stenszky and N. R. Farid (1991). HLA-DR1 is associated with vitiligo. 
Immunol Lett 27(1): 59-62. 

Porter, J. R., A. H. Beuf, A. Lerner and J. Nordlund (1986). Psychosocial effect of 
vitiligo: a comparison of vitiligo patients with "normal" control subjects, with 
psoriasis patients, and with patients with other pigmentary disorders. J Am 
Acad Dermatol 15(2 Pt 1): 220-4. 

Porter, J. R., A. H. Beuf, A. B. Lerner and J. J. Nordlund (1990). The effect of 
vitiligo on sexual relationships. J Am Acad Dermatol 22(2 Pt 1): 221-2. 

Prodinger, W. M., R. Wurzner, A. Edrei and M. P. Dierich (1999). Complement. 
Fundamental Immunology. W. E. Paul. Philadelphia, PA, Lippincott-Raven 
Publishers, Philadelphia, PA, USA: 968-971. 

Puri, N., M. Mojamdar and A. Ramaiah (1987). In vitro growth characteristics of 
melanocytes obtained from adult normal and vitiligo subjects. J Invest 
Dermatol 88(4): 434-8. 

Puri, N., J. M. Gardner and M. H. Brilliant (2000). Aberrant pH of melanosomes in 
pink-eyed dilution (p) mutant melanocytes. J Invest Dermatol 115(4): 607- 
13. 

Qu, D., D. S. Ludwig, S. Gammeltoi, M. Piper, M. A. Pelleymounter, M. J. Cullen, 
W. F. Mathes, R. Przypek, R. Kanarek and E. Maratos-Flier (1996). A role 
for melanin-concentrating hormone in the central regulation of feeding 
behaviour. Nature 380(6571): 243-7. 

226 



Quevedo, W. C., T. B. Fitzpatrick and M. A. Pathak (1974). Light and skin colour. 
Sunlight and Man. T. B. Fitzpatrick, M. A. Pathak and L. C. Harber. Tokyo, 
University of Tokyo Press: 165-194. 

Quevedo, W. C., T. B. Fitzpatrick, G. Szabo and K. Jimbow (1987). Biology of 
melanocytes. Dermatology in General Medicine. T. B. Fitzpatrick, A. Z. 
Eisen and K. Wolff. New York, McGraw-Hill International Book Co.: 224- 
251. 

Ramaiah, A., N. Puri and M. Mojamdar (1989). Etiology of vitiligo. A new 
hypothesis. Acta Derm Venereol 69(4): 323-6. 

Rammensee, H. G., R. Kroschewski and B. Frangoulis (1989). Clonal anergy 
induced in mature V beta 6+ T lymphocytes on immunizing Mls-lb mice 
with Mls-la expressing cells. Nature 339(6225): 541-4. 

Rawles, M. E. (1947). Origin of pigment cells from the neural crest in the mouse 
embryo. Physiol Zool 20: 248-266. 

Redl, B., P. Merschak, B. Abt and P. Wojnar (1999). Phage display reveals a novel 
interaction of human tear lipocalin and thioredoxin, which is relevant for 
ligand binding. FEBS Lett 460(1): 182-6. 

Reeves, G. and L. Todd (1996). Lecture notes on Immunology. Oxford, Blackwell 
Science. pp 77-85. 

Reichlin, M. (1995). Cell injury mediated by autoantibodies to intracellular antigens. 
Clin Immunol Immunopathol 76(3 Pt 1): 215-9. 

Riley, P. A. (1967). A study of the distribution of epidermal dendritic cells in 
pigmented and unpigmented skin. J Invest Dermatol 48(1): 28-38. 

Rinchik, E. M., S. J. Bultman, B. Horsthemke, S. T. Lee, K. M. Strunk, R. A. Spritz, 
K. M. Avidano, M. T. Jong and R. D. Nicholls (1993). A gene for the mouse 
pink-eyed dilution locus and for human type II oculocutaneous albinism. 
Nature 361(6407): 72-6. 

Ring, G. H. and F. G. Lakkis (1999). Breakdown of self-tolerance and the 
pathogenesis of autoimmunity. Semin Nephrol 19(1): 25-33. 

Rocha, I. M., L. J. Oliveira, L. C. De Castro, L. 1. de Araujo Pereira, A. Chaul, J. G. 
Guerra, M. C. Silvestre, K. M. Batista, F. A. Pereira, M. A. Gomide and L. 
A. Guillo (2000). Recognition of melanoma cell antigens with antibodies 
present in sera from patients with vitiligo. Int J Dermatol 39(11): 840-3. 

Rocha, I. M. and L. A. Guillo (2001). Lipopolysaccharide and cytokines induce 
nitric oxide synthase and produce nitric oxide in cultured normal human 
melanocytes. Arch Dermatol Res 293(5): 245-8. 

227 



Rock, B., R. S. Labib and L. A. Diaz (1990). Monovalent Fab' immunoglobulin 
fragments from endemic pemphigus foliaceus autoantibodies reproduce the 
human disease in neonatal Balb/c mice. J Cl in Invest 85(1): 296-9. 

Rodien, P., A. M. Madec, Y. Morel, A. Stefanutti, H. Bornet and J. Orgiazzi (1992). 
Assessment of antibody dependent cell cytotoxicity in autoimmune thyroid 
disease using porcine thyroid cells. Autoimmunity 13(3): 177-85. 

Roitt, I. M. and P. J. Delves (2001). Roitt's Essential Immunology. Oxford, 
Blackwell Science Ltd. 

Rose, N. R. and C. Bona (1993). Defining criteria for autoimmune diseases 
(Witebsky's postulates revisited). Immunol Today 14(9): 426-30. 

Rowley, M. J., M. Scealy, J. C. Whisstock, J. A. Jois, L. C. Wijeyewickrema and I. 
R. Mackay (2000). Prediction of the immunodominant epitope of the 
pyruvate dehydrogenase complex E2 in primary biliary cirrhosis using phage 
display. J Immunol 164(6): 3413-9. 

Rubisz-Brzezinska, J., S. A. Buchner and P. Itin (1996). Vitiligo associated with 
lichen planus. Is there a pathogenetic relationship? Dermatology 192(2): 176- 
8. 

Sacher, M., P. Blumel, H. Thaler and M. Manns (1990). Chronic active hepatitis 
associated with vitiligo, nail dystrophy, alopecia and a new variant of LKM 
antibodies. J Hepatol 10(3): 364-9. 

Saito, Y., H. P. Nothacker, Z. Wang, S. H. Lin, F. Leslie and 0. Civelli (1999). 
Molecular characterization of the melanin-concentrating-hormone receptor. 
Nature 400(6741): 265-9. 

Saito, Y., H. P. Nothacker and 0. Civelli (2000). Melanin-concentrating hormone 
receptor: an orphan receptor fits the key. Trends Endocrinol Metab 11(8): 
299-303. 

Saito, Y., M. Tetsuka, L. Yue, Y. Kawamura and K. Maruyama (2003). Functional 
role of N-linked glycosylation on the rat melanin-concentrating hormone 
receptor 1. FEBS Lett 533(1-3): 29-34. 

Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh and M. Toda (1995). Immunologic 
self-tolerance maintained by activated T cells expressing IL-2 receptor alpha- 
chains (CD25). Breakdown of a single mechanism of self-tolerance causes 
various autoimmune diseases. J Immunol 155(3): 1151-64. 

Salaun, J., A. Bandeira, I. Khazaal, F. Calman, M. Coltey, A. Coutinho and N. M. Le 
Douarin (1990). Thymic epithelium tolerizes for histocompatibility antigens. 
Science 247(4949 Pt 1): 1471-4. 

Sandhu, K., I. Kaur and B. Kumar (2004). Psoriasis and vitiligo. J Am Acad 
Dermatol 51(1): 149-50. 

228 



Sanger, F., S. Nicklen and A. R. Coulson (1977). DNA sequencing with chain- 
terminating inhibitors. Proc Natl Acad Sci USA 74(12): 5463-7. 

Schallreuter, K. U., M. K. Hordinsky and J. M. Wood (1987). Thioredoxin 
reductase. Role in free radical reduction in different hypopigmentation 
disorders. Arch Dermatol 123(5): 615-9. 

Schallreuter, K. U. and M. P. Pittelkow (1988). Defective calcium uptake in 
keratinocyte cell cultures from vitiliginous skin. Arch Dermatol Res 280(3): 
137-9. 

Schallreuter, K. U., J. M. Wood and J. Berger (1991). Low catalase levels in the 
epidermis of patients with vitiligo. J Invest Dermatol 97(6): 1081-5. 

Schallreuter, K. U., J. M. Wood, R. Lemke, C. LePoole, P. Das, W. Westerhof, M. 
R. Pittelkow and A. J. Thody (1992). Production of catecholamines in the 
human epidermis. Biochem Biophys Res Commun 189(1): 72-8. 

Schallreuter, K. U., C. Levenig, P. Kuhnl, C. Loliger, M. Hohltehari and J. Berger 
(1993). Histocompatibility antigens in vitiligo - Hamburg study on 102 
patients from Northern Germany. Dermatology 187(3): 186-192. 

Schallreuter, K. U., J. M. Wood, M. R. Pittelkow, M. Gutlich, K. R. Lemke, W. 
Rodl, N. N. Swanson, K. Hitzemann and I. Ziegler (1994a). Regulation of 
melanin biosynthesis in the human epidermis by tetrahydrobiopterin. Science 
263(5152): 1444-6. 

Schallreuter, K. U., R. Lemke, 0. Brandt, R. Schwartz, M. Westhofen, R. Moritz and 
J. Berger (1994b). Vitiligo and other diseases - coexistence or true 
association - Hamburg study on 321 patients. Dermatology 188(4): 269-275. 

Schallreuter, K. U., J. M. Wood, I. Ziegler, K. R. Lemke, M. R. Pittelkow, N. J. 
Lindsey and M. Gutlich (1994c). Defective tetrahydrobiopterin and 
catecholamine biosynthesis in the depigmentation disorder vitiligo. Biochim 
Bioph s Acta 1226(2): 181-92. 

Schallreuter, K. U., J. M. Wood, K. R. Lemke and C. Levenig (1995). Treatment of 
vitiligo with a topical application of pseudocatalase and calcium in 
combination with short-term UVB exposure: a case study on 33 patients. 
Dermatology 190(3): 223-9. 

Schallreuter, K. U., J. M. Wood, M. R. Pittelkow, G. Buttner, N. Swanson, C. 
Korner and C. Ehrke (1996). Increased monoamine oxidase A activity in the 
epidermis of patients with vitiligo. Arch Dermatol Res 288(1): 14-8. 

Schallreuter, K. U., M. Zschiesche, J. Moore, A. Panske, N. A. Hibberts, F. H. 
Herrmann, H. R. Metelmann and J. Sawatzki (1998). In vivo evidence for 
compromised phenylalanine metabolism in vitiligo. Biochem Biophys Res 
Commun 243(2): 395-9. 

229 



Schallreuter, K. U., J. Moore, J. M. Wood, W. D. Beazley, D. C. Gaze, D. J. Tobin, 
H. S. Marshall, A. Panske, E. Panzig and N. A. Hibberts (1999). In vivo and 
in vitro evidence for hydrogen peroxide (H202) accumulation in the 
epidermis of patients with vitiligo and its successful removal by a UVB- 
activated pseudocatalase. J Investig Dermatol Symp Proc 4(1): 91-6. 

Schalireuter, K. U. (1999). A review of recent advances on the regulation of 
pigmentation in the human epidermis. Cell Mol Biol (Noisy-le-grand) 45(7): 
943-9. 

Schallreuter, K. U., S. M. Elwary, N. C. Gibbons, H. Rokos and J. M. Wood (2004). 
Activation/deactivation of acetylcholinesterase by H202: more evidence for 
oxidative stress in vitiligo. Biochem Biophys Res Commun 315(2): 502-8. 

Schlumberger, S. E., C. Talke-Messerer, U. Zumsteg and A. N. Eberle (2002). 
Expression of receptors for melanin-concentrating hormone (MCH) in 
different tissues and cell lines. J Recept Signal Transduct Res 22(1-4): 509- 
31. 

Scholzen, T. E., S. Stander, H. Riemann, T. Brzoska and T. A. Luger (2003). 
Modulation of cutaneous inflammation by angiotensin-converting enzyme. J 
Immunol 170(7): 3866-73. 

Schwartz, R. H. (1989). Acquisition of immunologic self-tolerance. Cell 57(7): 
1073-81. 

Scott, J. K. (1992). Discovering peptide ligands using epitope libraries. Trends 
Biochem Sci 17(7): 241-5. , 

Searle, E. A., R. E. Boissy, L. M. Austin and J. J. Nordlund (1991). Smyth chicken 
melanocyte autoantibodies: cross-reactivity, in vivo binding, and plasma 
membrane location of the antigen(s). J Invest Dermatol 96: 631. 

Segal-Lieberman, G., R. L. Bradley, E. Kokkotou, M. Carlson, D. J. Trombly, X. 
Wang, S. Bates, M. G. Myers, Jr., J. S. Flier and E. Maratos-Flier (2003). 
Melanin-concentrating hormone is a critical mediator of the leptin-deficient 
phenotype. Proc Natl Acad Sci USA 100(17): 10085-90. 

Sharma, V. K., G. Dawn and B. Kumar (1996). Profile of alopecia areata in Northern 
India. lnt J Dermatol 35(1): 22-7. 

Shegan, V. N. (1971). Hypopigmented lesions in leprosy. Br J Dermatol 4: 91-93. 

Shevach, E. M. (2002). CD4+ CD25+ suppressor T cells: more questions than 
answers. Nat Rev Immunol 2(6): 389-400. 

Shimomura, Y., M. Mori, T. Sugo, Y. Ishibashi, M. Abe, T. Kurokawa, H. Onda, O. 
Nishimura, Y. Sumino and M. Fujino (1999). Isolation and identification of 
melanin-concentrating hormone as the endogenous ligand of the SLC-1 
receptor. Biochem Biophys Res Commun 261(3): 622-6. 

230 



Shong, Y. K. and J. A. Kim (1991). Vitiligo in autoimmune thyroid disease. 
Thyroidology 3(2): 89-91. 

Siemens, H. W. (1953). Die Zwillingpathologie der vitiligo. Acta Genet Med 
Gemellol (Roma) 2: 118-124. 

Silverstein, A. (1989). A history of immunology. San Diego, CA, USA, Academic 
Press Inc. 

Skofitsch, G., D. M. Jacobowitz and N. Zamir (1985). Immunohistochemical 
localization of a melanin concentrating hormone-like peptide in the rat brain. 
Brain Res Bull 15(6): 635-49. 

Slominski, A., R. Paus and A. Bomirski (1989). Hypothesis: possible role for the 
melatonin receptor in vitiligo: discussion paper. JR Soc Med 82(9): 539-41. 

Smith, G. P. (1985). Filamentous fusion phage: novel expression vectors that display 
cloned antigens on the virion surface. Science 228(4705): 1315-7. 

Smyth, J. R. (1989). The Smyth chicken: a model for autoimmune amelanosis. CRC 
Crit Rev Poultry 2: 1-19. 

Song, Y. H., E. L. Connor, A. Muir, J. X. She, B. Zorovich, D. Derovanesian and N. 
Maclaren (1994a). Autoantibody epitope mapping of the 21-hydroxylase 
antigen in autoimmune Addison's disease. J Clin Endocrinol Metab 78(5): 
1108-12. 

Song, Y. H., E. Connor, Y. X. Li, B. Zorovich, P. Balducci and N. Maclaren 
(1994b). The role of tyrosinase in autoimmune vitiligo. Lancet 344(8929): 
1049-1052. 

Song, Y. H., Y. Li and N. K. Maclaren (1996). The nature of autoantigens targeted in 
autoimmune endocrine diseases. Immunol Today 17(5): 232-38. 

Soubiran, P., S. Benzaken, C. Bellet, J. P. Lacour and J. P. Ortonne (1985). Vitiligo: 
peripheral T-cell subset imbalance as defined by monoclonal antibodies. Br J 
Dermatol 113 Supp128: 124-7. 

Speiser, D. E., R. K. Lees, H. Hengartner, R. M. Zinkernagel and H. R. MacDonald 
(1989). Positive and negative selection of T cell receptor V beta domains 
controlled by distinct cell populations in the thymus. J Exp Med 170(6): 
2165-70. 

Spritz, R. A., K. Gowan, D. C. Bennett and P. R. Fain (2004). Novel vitiligo 
susceptibility loci on chromosomes 7 (AIS2) and 8 (AIS3), confirmation of 
SLEV1 on chromosome 17, and their roles in an autoimmune diathesis. Am J 
Hum Genet 74(1): 188-91. 

Stites, D. P. (1994). Clinical laboratory methods for detection of cellular immunity. 
Basic and Clinical Immunology. D. P. Stites, A. I. Terr and T. G. Parslow. 
Norwalk, Appleton and Lange: 199. 

231 



Sumar, N. (2001). Multiple Pin Peptide Scanning ("Pepscan"). Epitope mapping: A 
practical approach. O. M. R. Westwood and F. C. Hay, Oxford University 
Press. 

Swope, V. B., D. N. Sauder, R. C. McKenzie, R. M. Sramkoski, K. A. Krug, G. F. 
Babcock, J. J. Nordlund and Z. A. Abdel-Malek (1994). Synthesis of 
interleukin-1 alpha and beta by normal human melanocytes. J Invest 
Dermatol 102(5): 749-53. 

Syren, K., L. Lindsay, B. Stoehrer, K. Jury, F. Luhder, S. Baekkeskov and W. 
Richter (1996). Immune reactivity of diabetes-associated human monoclonal 
autoantibodies defines multiple epitopes and detects two domain boundaries 
in glutamate decarboxylase. J Immunol 157(11): 5208-14. 

Szabo, G., T. Hirobe, E. A. Flynn and R. I. Garcia (1988). The biology of the 
melanocyte. Advances in Pigment Cell Research. J. T. Bagnara. New York, 
Alan R. Liss. 256: 463-474. 

Taieb, A. (2000). Intrinsic and extrinsic pathomechanisms in vitiligo. Pigment Cell 
Res 13(Suppl 8): 41-7. 

Takayama, Y., C. Wada, H. Kawauchi and M. Ono (1989). Structures of two genes 
coding for melanin-concentrating hormone of chum salmon. Gene 80(1): 65- 
73. 

Tan, R. S. (1974). Ulcerative colitis, myasthenia gravis, atypical lichen planus, 
alopecia areata, vitiligo. Proc R Soc Med 67(3): 195-6. 

Tan, E. M., Y. Muro and K. M. Pollard (1994). Autoantibody-defined epitopes on 
nuclear antigens are conserved, conformation-dependent and active site 
regions. Cl in Exp Rheumatol 12 Suppl 11: S27-31. 

Tanghetti, E. A. (2003). Tacrolimus ointment 0.1% produces repigmentation in 
patients with vitiligo: results of a prospective patient series. Cutis 71(2): 158- 
62. 

Tastan, H. B., A. Akar, F. E. Orkunoglu, E. Arca and A. Ina] (2004). Association of 
HLA class I antigens and HLA class II alleles with vitiligo in a Turkish 
population. Pigment Cell Res 17(2): 181-4. 

Taylor, S. I., F. Barbetti, D. Accili, J. Roth and P. Gorden (1989). Syndromes of 
autoimmunity and hypoglycemia. Autoantibodies directed against insulin and 
its receptor. Endocrinol Metab Clin North Am 18(1): 123-43. 

Terunuma, A., A. Watabe, T. Kato and H. Tagami (2000). Coexistence of vitiligo 
and sarcoidosis in a patient with circulating autoantibodies. Int J Dermatol 
39(7): 551-3. 

232 



The Finnish-German APECED Consortium. (1997). An autoimmune disease, 
APECED, caused by mutations in a novel gene featuring two PHD-type zinc- 
finger domains. Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal 
Dystrophy. Nat Genet 17(4): 399-403. 

Thody, A. J. and A. Graham (1998). Does alpha-MSH have a role in regulating skin 
pigmentation in humans? Pigment Cell Res 11(5): 265-74. 

Thurmon, T. F., J. Jackson and C. G. Fowler (1976). Deafness and vitiligo. Birth 
Defects Orig Artic Ser 12(5): 315-20. 

Tomer, Y. and T. F. Davies (1993). Infection, thyroid disease, and autoimmunity. 
Endocr Rev 14(1): 107-20. 

Tosti, A:, F. Bardazzi, M. P. De Padova, S. Veronesi and C. Bergonzoni (1986). 
Deafness and vitiligo in an Italian family. Dermatologica 172(3): 178-9. 

Tosti, A., F. Bardazzi, G. Tosti and L. Monti (1987). Audiologic abnormalities in 
cases of vitiligo. J Am Acad Dermatol 17(2 Pt 1): 230-3. 

Tripathi, R. K., D. J. Flanders, T. L. Young, W. S. Oetting, A. Ramaiah, R. A. King, 
R. E. Boissy and J. J. Nordlund (1999). Microphthalmia-associated 
transcription factor (MITF) locus lacks linkage to human vitiligo or 
osteopetrosis: an evaluation. Pigment Cell Res 12(3): 187-92. 

Tsubata, T. and T. Honjo (2000). B cell tolerance and autoimmunity. Rev 
Immunogenet 2(1): 18-25. 

Tsuji, T. and T. Hamada (1983). Topically administered fluorouracil in vitiligo. Arch 
Dermatol 119(9): 722-7. 

Tsuruta, D., T. Hamada, H. Teramae, H. Mito and M. Ishii (2001). Inflammatory 
vitiligo in Vogt-Koyanagi-Harada disease. J Am Acad Dermatol 44(1): 129- 
31. 

Turnbridge, W. M. G., D. C. Evered, R. Hall, D. Appleton, M. Brewis, F. Clark, J. 
Grimley-Evans, E. Young, T. Bird and P. A. Smith (1977). The spectrum of 
thyroid disease in the community: the wickim survey. Clin Endocrinol 7: 
481-92. 

Tursen, U., T. I. Kaya, M. E. Erdal, E. Derici, O. Gunduz and G. Ikizoglu (2002). 
Association between catechol- 0-methyltransferase polymorphism and 
vitiligo. Arch Dermatol Res 294(3): 143-6. 

Uda, H., M. Takei and Y. Mishima (1984). Immunopathology of vitiligo vulgaris, 
Sutton's leukoderma and melanoma-associated vitiligo in relation to steroid 
effects. 11. The IgG and C3 deposits in the skin. J Cutan Pathol 11(2): 114-24. 

Urabe, K., P. Aroca, K. Tsukamoto, D. Mascagna; A. Palumbo, G. Prota and V. J. 
Hearing (1994). The inherent cytotoxicity of melanin precursors: a revision. 
Biochim Biophys Acta 1221(3): 272-8. 

233 



van den Wijngaard, R., A. Wankowicz-Kalinska, C. Le Poole, B. Tigges, W. 
Westerhof and P. Das (2000). Local immune response in skin of generalized 
vitiligo patients. Destruction of melanocytes is associated with the prominent 
presence of CLA+ T cells at the perilesional site. Lab Invest 80(8): 1299- 
1309. 

van den Wijngaard, R. M., S. S. Asghar, A. C. Pijnenborg, A. J. Tigges, W. 
Westerhof and P. K. Das (2002). Aberrant expression of complement 
regulatory proteins, membrane cofactor protein and decay accelerating factor, 
in the involved epidermis of patients with vitiligo. Br J Dermatol 146(1): 80- 
7. 

Venkataram, M. N., A. G. White, W. A. Leeny, A. R. al Suwaid and A. S. Daar 
(1995). HLA antigens in Omani patients with vitiligo. Clin Exp Dermatol 
20(1): 35-7. 

Venneker, G. T., W. Westerhof, I. J. de Vries, N. M. Drayer, B. G. Wolthers, L. P. 
de Waal, J. D. Bos and S. S. Asghar (1992). Molecular heterogeneity of the 
fourth component of complement (C4) and its genes in vitiligo. J Invest 
Dermatol 99(6): 853-8. 

Venneker, G. T., L. P. de Waal, W. Westerhof, J. D'Amaro, G. M. Schreuder and S. 
S. Asghar (1993). HLA associations in vitiligo patients in the Dutch 
population. Dis Markers 11(4): 187-90. 

Verlaet, M., A. Adamantidis, B. Coumans, G. Chanas, W. Zorzi, E. Heinen, T. 
Grisar and B. Lakaye (2002). Human immune cells express ppMCH mRNA 
and functional MCHR1 receptor. FEBS Lett 527(1-3): 205-10. 

Viglietta, V., C. Baecher-Allan, H. L. Weiner and D. A. Hafler (2004). Loss of 
functional suppression by CD4+CD25+ regulatory T cells in patients with 
multiple sclerosis. J Exp Med 199(7): 971-9. 

Vojdani, A. and P. Grimes (1996). The presence of anti-benzene ring antibodies in 
patients with vitiligo. Int J Occupational Med Immunol Toxicol 5(1): 3-9. 

Volpato, M., L. Prentice, S. Chen, C. Betterle, B. Rees Smith and J. Furmaniak 
(1998). A study of the epitopes on steroid 21-hydroxylase recognized by 
autoantibodies in patients with or without Addison's disease. Clin Exp 
Immunol 111(2): 422-8. 

von Boehmer, H. and P. Kisielow (1990). Self-nonself discrimination by T cells. 
Science 248(4961): 1369-73. 

von Mikecz, A. H., P. H. Hemmerich, H. H. Peter and U. Krawinkel (1995). 
Autoantigenic epitopes on eukaryotic L7. Clin Exp Immunol 100(2): 205-13. 

Wahlstedt, V. (1990). Urinary autoantibodies against intrinsic factor in pernicious 
anaemia patients. Br J Haematol 76(3): 420-6. 

234 



Walunas, T. L., D. J. Lenschow, C. Y. Bakker, P. S. Linsley, G. J. Freeman, J. M. 
Green, C. B. Thompson and J. A. Bluestone (1994). CTLA-4 can function as 
a negative regulator of T cell activation. Immunity 1(5): 405-13. 

Wang, X. and G. F. Erf (2004). Apoptosis in feathers of Smyth line chickens with 
autoimmune vitiligo. J Autoimmun 22(1): 21-30. 

Wardle, C. A., A. P. Weetman, R. Mitchell, N. Peers and W. R. Robertson (1993). 
Adrenocorticotropic hormone receptor-blocking immunoglobulins in serum 
from patients with Addison's disease: a reexamination. J Clin Endocrinol 
Metab 77(3): 750-3. 

Watanabe, Y., K. Tahara, A. Hirai, H. Tada, L. D. Kohn and N. Amino (1997). 
Subtypes of anti-TSH receptor antibodies classified by various assays using 
CHO cells expressing wild-type or chimeric human TSH receptor. Thyroid 
7(1): 13-9. 

Waterman, E. A., E. H. Kemp, D. J. Gawkrodger, P. F. Watson and A. P. Weetman 
(2002). Autoantibodies in vitiligo patients are not directed to the melanocyte 
differentiation antigen MelanA/MART1. Clin Exp Immunol 129(3): 527-32. 

Wedlock, N., T. Asawa, A. Baumann-Antczak, B. R. Smith and J. Furmaniak 
(1993). Autoimmune Addison's disease. Analysis of autoantibody binding 
sites on human steroid 21-hydroxylase. FEBS Lett 332(1-2): 123-6. 

Weetman, A. P., S. B. Cohen, D. A. Oleesky and B. P. Morgan (1989a). Terminal 
complement complexes and C1/C1 inhibitor complexes in autoimmune 
thyroid disease. Clin Exp Immunol 77(1): 25-30. 

Weetman, A. P., S. Cohen, M. W. Makgoba and L. K. Borysiewicz (1989b). 
Expression of an intercellular adhesion molecule, ICAM-1, by human thyroid 
cells. J Endocrinol 122(1): 185-91. 

Weetman, A. P. and A. M. McGregor (1994). Autoimmune thyroid disease: further 
developments in our understanding. Endocr Rev 15(6): 788-830. 

Westwood, O. M. R. and F. C. Hay (2001). An Introduction to Epitope Mapping. 
Epitope mapping: A practical approach. O. M. R. Westwood and F. C. Hay, 
Oxford University Press. 

Whaley, K. and W. Schwaeble (1997). Complement and complement deficiencies. 
Semin Liver Dis 17(4): 297-3 10. 

Williams, G. A., R. P. Kaintz, K. K. Habermehl, J. G. Nelson and H. L. Kennedy 
(1985). Clinical experience with two-dimensional echocardiography to guide 
endomyocardial biopsy. Clin Cardiol 8(3): 137-40. 

Williams, S., P. van der Logt and V. Germaschewski (2001). Phage display libraries. 
Epitope mapping: A practical approach. O. M. R. Westwood and F. C. Hay, 
Oxford University Press. 

235 



Wilson, D. R. and B. B. Finlay (1998). Phage display: applications, innovations, and 
issues in phage and host biology. Can J Microbiol 44(4): 313-29. 

Wojdani, A., P. E. Grimes, L. E. Loeb, A. P. Kelly and M. Ghoneum (1992). 
Detection of antibenzene ring antibodies in patients with vitiligo. J Invest 
Dermatol 98(4): 644-644. 

Wolff, K. (1973). Melanocyte-keratinocyte interactions in vivo: the fate of 
melanosomes. Yale J Biol Med 46(5): 384-96. 

Wood, E. J. and P. T. Bladon (1985). The Human Skin. In: Studies in Biology. 
Edward Arnold Ltd, London. pp 121-5. 

Wucherpfennig, K. W. (2001). Mechanisms for the induction of autoimmunity by 
infectious agents. J Clin Invest 108(8): 1097-104. 

Wulffraat, N. M., H. A. Drexhage, G. F. Bottazzo, W. M. Wiersinga, P. Jeucken and 
R. Van der Gaag (1989). Immunoglobulins of patients with idiopathic 
Addison's disease block the in vitro action of adrenocorticotropin. J Clin 
Endocrinol Metab 69(2): 231-8. 

Xie, P., W. D. Geoghegan and R. E. Jordan (1991). Vitiligo autoantibodies. studies 
of subclass distribution and complement acitvation (Abstract). J Invest 
Dermatol 96: 627. 

Xie, Z., D. Chen, D. Jiao and J. C. Bystryn (1999). Vitiligo antibodies are not 
directed to tyrosinase. Arch Dermatol 135(4): 417-22. 

Yaar, M., K. Grossman, M. Eller and B. A. Gilchrest (1991). Evidence for nerve 
growth factor-mediated paracrine effects in human epidermis. J Cell Biol 
115(3): 821-8. 

Yaar, M. and B. A. Gilchrest (1991). Human melanocyte growth and differentiation: 
a decade of new data. J Invest Dermatol 97(4): 611-7. 

Yanagita, Y., F. Okajima, K. Sho, Y. Nagamachi and Y. Kondo (1996). An 
adenosine derivative cooperates with TSH and Graves' IgG to induce Ca2+ 
mobilization in single human thyroid cells. Mol Cell Endocrinol 118(1-2): 
47-56. 

Yanisch-Perron, C., J. Vieira and J. Messing (1985). Improved M13 phage cloning 
vectors and host strains: nucleotide sequences of the M13mpl8 and pUC19 
vectors. Gene 33(1): 103-19. 

Yeo, U. C., Y. S. Yang, K. B. Park, H. T. Sung, S. Y. Jung, E. S. Lee and M. H. Shin 
(1999). Serum concentration of the soluble interleukin-2 receptor in vitiligo 
patients. J Dermatol Sci 19(3): 182-8. 

Yildirim, M., V. Baysal, H. S. Inaloz, D. Kesici and N. Delibas (2003). The role of 
oxidants and antioxidants in generalized vitiligo. J Dermatol 30(2): 104-8. 

236 



Yokoyama, W. M. (1999). Natural Killer Cell. 'In: Fundamental Immunology. W. E. 
Paul. Philadelphia, PA, Lippincott-Raven Publishers. pp 580-3. 

Yu, H. S., C. H. Kao and C. L. Yu (1993). Coexistence and relationship of 
antikeratinocyte and antimelanocyte antibodies in patients with non- 
segmental-type vitiligo. J Invest Dermatol 100(6): 823-8. 

Yu, H. S., K. L. Chang, C. L. Yu, H. F 
Alterations in IL-6, IL-8, GM-CSF, 
peripheral mononuclear cells in 
Dermatol 108(4): 527-9. 

Li, M. T. Wu and C. S. Wu (1997). 
TNF-alpha, and IFN-gamma release by 

patients with active vitiligo. J Invest 

Zachariae, C. 0., K. Thestrup-Pedersen and K. Matsushima (1991). Expression and 
secretion of leukocyte chemotactic cytokines by normal human melanocytes 
and melanoma cells. J Invest Dermatol 97(3): 593-9. 

Zakarija, M. and J. M. McKenzie (1987). The spectrum and significance of 
autoantibodies reacting with the thyrotropin receptor. Endocrinol Metab Clin 
North Am 16(2): 343-63. 

Zamani, M., M. Spaepen, S. S. Sghar, C. Huang, W. Westerhof, L. Nieuweboer- 
Krobotova and J. J. Cassiman (2001). Linkage and association of HLA class 
II genes with vitiligo in a Dutch population. Br J Dermatol 145(1): 90-4. 

Zanelli, E., M. Henry and Y. Malthiery (1992). Use of recombinant epitopes to study 
the heterogeneous nature of the autoantibodies against thyroid peroxidase in 
autoimmune thyroid disease. Clin Exp Immunol 87(l): 80-6. 

Zauli, D., A. Tosti, G. Biasco, F. Miserocchi, A. Patrizi, D. Azzaroni, G. Andriani, 
G. Di Febo and C. Callegari (1986). Prevalence of autoimmune atrophic 
gastritis in vitiligo. Digestion 34(3): 169-72. 

Zhang, X. J., H. S. Liu, Y. H. Liang, L. D. Sun, J. Y. Wang, S. Yang, J. B. Liu, M. 
Gao, P. P. He, Y. Cui and Q. Yang (2004). Association of HLA class I alleles 
with vitiligo in Chinese Hans. J Dermatol Sci 35(2): 165-8. 

Zheng, R. Q., E. R. Abney, B. Grubeck-Loebenstein, C. Dayan, R. N. Maini and M. 
Feldmann (1990). Expression of intercellular adhesion molecule-I and 
lymphocyte function- associated antigen-3 on human thyroid epithelial cells 
in Graves' and Hashimoto's diseases. J Autoimmun 3(6): 727-36. 

Zhou, B. K., T. Kobayashi, P. D. Donatien, D. C. Bennett, V. J. Hearing and S. J. 
Orlow (1994). Identification of a melanosomal matrix protein encoded by the 
murine si (silver) locus using "organelle scanning". Proc Natl Acad Sci 
USA 91(15): 7076-80. 

237 


