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1 Introduction 

 

1.1 Background and project overview 

Alopecia areata (AA) is an organ-specific, T-cell-dependent autoimmune disease 

characterized by hair loss. In AA, the typical inflammatory cell infiltrate around growing hair 

follicles (HF) may result from the collapse of the constitutive immune privilege (IP) of the HF, 

leading to ectopic presentation of intrafollicular autoantigens via major histocompatibility 

complex (MHC) class I followed by a CD8+ T-cell-mediated autoimmune attack on the HF. 

Mast cell (MC) activities are implicated in the control of hair growth, may play a role in HF-IP 

maintenance, and modulate acquired immunity, including antigen-specific CD8+ T-cell (auto-

)immune responses. Moreover, an increased number and activities of MCs has been 

described in AA.  

 

Therefore, the current project aims to dissect for the first time, the role that perifollicular MCs, 

and their interactions with CD8+ T-cells may play in AA pathogenesis. 

 

Unfortunately, none of the routinely used MC-deficient or MC-overexpressing mouse models 

develop classical AA lesions, and it is not possible yet to selectively eliminate or functionally 

modulate MCs exclusively in established AA mouse models. For these reasons, the 

investigation of the role of MC-CD8+ T-cell interactions in AA pathobiology is currently 

restricted to descriptive phenomenological studies. However, in order to keep the analyses 

as instructive as possible and to generate data of maximal clinical relevance, extensive 

qualitative and quantitative (immuno-)histomorphometry investigations of markers that permit 

one to gauge changes in MC functions immunohistologically, namely during their interactions 

with CD8+ T-cells, were performed in human AA lesions in situ (compared with non-lesional 

and healthy control skin).  

 

In addition, organ cultures of normal human scalp HF, as well as of healthy and AA scalp 

skin, were carried out to investigate the effects of MC secretagogues and MC stabilizers on 

perifollicular MC-CD8+ T-cell interactions in vitro. Finally, MC and CD8+ T-cell interactions in 

situ were also examined in three complementary in vivo models, i.e. ageing C3H/HeJ AA 

mice, which spontaneously develop AA-like hair loss lesions, grafted C3H/HeJ mice that 

develop AA lesions in an accelerated manner, and in a newly established humanized mouse 

model where AA lesions are experimentally induced in healthy human scalp skin 

transplanted onto immunocompromised mouse skin. 
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Taken together, these studies provide important new insights into the role of perifollicular 

MCs and MC-CD8+ T-cell interactions in this common autoimmune disease. 

 

1.2 Hair follicle biology  

The skin is the biggest organ of the human body and is composed of epidermis, dermis and 

subcutis (Figure 1.1). It contains several appendages among which the HFs and their 

associated sebaceous glands (SG) (Heath and Carbone 2013, Di Meglio et al. 2011, Sterry 

at al. 2006).  

 

Figure 1.1: Human scalp skin structure. 
The human scalp skin is composed by 
epidermis, dermis and subcutis. It contains 
appendages such as sweat glands, HFs and 
SG and an array of structures such as nerves, 
blood and lymphatic vessels. Figure modified 
after Grice and Segre 2011. 

 

 

 

 

 

 

 

 

 

 

 

HFs are complex mini-organs whose main function is to produce a pigmented hair shaft 

(HS), which plays an important role in physical protection of the skin from environmental 

damage, thermoregulation, dispersion of secreted substances on the skin surface and social 

communication (Patzelt et al. 2013, Schneider et al. 2009, Stenn and Paus 2001, Paus and 

Cotsarelis 1999). 

 

In human skin, the HF develops during embryogenesis thanks to a bidirectional cross-talk 

between cutaneous ectoderm and mesenchyme which is tightly regulated by multiple growth 

factors and their receptors, growth factor antagonists, adhesion molecules and intracellular 

signal transduction components as well as many different transcription factors (Plikus et al. 

2012, Shimomura and Christiano 2010, Schneider et al. 2009, Schmidt-Ullrich and Paus 

2005). Once the HF is formed, it continuously self-renews during a process called HF cycling 
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(Jing et al. 2014, Shimomura and Christiano 2010, Schneider et al. 2009, Stenn and Paus 

2001).  

 

The HF is a highly sensitive tactile organ which registers even slight HS movements. In fact, 

the HFs is highly innervated by cutaneous nerves which contain neuromediators and 

neuropeptides, such as substance P (SP) or calcitonin gene-related peptide (CGRP) that can 

influence follicular keratinocytes and the HF cycle (Samuelov et al. 2012, Peters et al. 2007, 

Paus et al. 2006, Botchkarev et al. 2004, Paus et al. 1997, Paus et al. 1994b).  

1.2.1 Hair follicle anatomy 

Mature anagen VI HFs have a complex structure composed by ectoderm- or mesoderm-

derived tissue compartments that are arranged in the shape of an inverted-wine glass (hair 

bulb (HB)) that encloses an onion-shaped structure (dermal papilla (DP)) (Table 1.1). The 

HF’s epithelial compartments, from the outermost to the innermost layer, are the outer root 

sheath (ORS), the inner root sheath (IRS) and the HS and the hair matrix (HM) (Table 1.1. 

and Figure 1.2A-B). The ORS represents the continuation of the epidermal basal layer. The 

IRS is further divided into four parts, the companion layer, Henle's layer, Huxley’s layer and 

the IRS cuticle and reaches the insertion of the SG duct (Table 1.1 and Figure 1.2A-B). The 

HS is constituted by the cuticle, cortex and medulla (Table 1.1 and Figure 1.2A-B). A 

substantial basement membrane surrounds the ORS, which in turn is enclosed by a 

mesenchyme-derived layer, the connective tissue sheath (CTS) (Figure 1.2A-B) 

(Shimomura and Christiano 2010, Schneider et al. 2009, Paus and Foitzik 2004, Stenn and 

Paus 2001).  

 

 
Table 1.1: Hair follicle-associated terms: Definition. Table from Schneider et al. 2009. 
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Sagittally, the upper part of the HF is composed by the ORS infundibulum, which is the 

opening of hair canal to the skin surface, and the isthmus which is delimited by the arrector 

pili muscle (APM) (Table 1.1 and Figure 1.3A). In detail, the insertion of the SG duct divides 

the infundibulum part from the isthmus (Table 1.1), which is, in turn, separated from the 

suprabulbar region by the insertion of the APM (Figure 1.3A) (Schneider et al. 2009, Paus 

and Foitzik 2004).  

 

 
Figure 1.2: Histomorphology of the lower hair follicle (anagen hair bulb) and the concentric layers of the 
hair follicle epithelium. 

High magnification image of the HF bulb (A) and schematic drawing (B) showing the different HF cell layers. 
Starting from the periphery, ORS, the companion layer and the IRS which is composed of Henle's and Huxley´s 
layers and the IRS cuticle. The central compartment is the HS which comprises the HS cuticle, cortex and 
medulla, all of which are formed by terminally differentiated trichocytes, i.e. HF keratinocytes that richly express 
hair keratins (Moll at al. 2008, Langbein and Schweizer 2005). The HF is finally enveloped by a mesenchyme 
layer, the CTS. Connective tissue sheath (CTS), hair shaft (HS), inner root sheath (IRS), outer root sheath (ORS). 
Figures modified after Shimomura and Christiano 2010 and Schneider et al. 2009. 

 

The APM is a muscle structure which orients obliquely the HF to the epidermal surface 

(Figure 1.3A,B). Normally, 3-4 terminal HFs share a single APM composing the so-called 

follicular unit. It is also responsible for the ‘standing up’ of hair shafts, during stress, anger or 

anxiety because it is under adrenergic control (Paus and Peker 2003).  

 

The lower follicle which is the cycling part of the HFs, is constantly modified during the HF 

cycle and contains the suprabulbar and bulbar areas (Figure 1.3A,C). The mesenchyme-

derived tissue with onion-like structure placed in the centre of an anagen hair bulb is the DP, 

which is composed by an aggregate of highly specialized, inductive fibroblasts, collagen 

bundles, nerve fibers, capillaries and melanocytes (Figure 1.3C). Within the HB resides one 

of the most proliferative cells of the human body, the HM keratinocytes (Figure 1.3C) which 

differentiate into trichocytes of all epithelial HF cell layers with the exception of the ORS. 

During further progress they express different sets of hair keratins to produce the HS 
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(Shimomura and Christiano 2010, Schneider et al. 2009, Langbein and Schweizer 2005, Moll 

et al. 2008, Panteleyev et al. 2001, Stenn and Paus 2001). The HB harbours also the 

pigmentary unit constituted by active melanocytes (c-Kit positive) which transfer the melanin 

to the pre-cortical matrix keratinocytes (Tobin et al. 2011, Slominski et al. 2005).  

 

Figure 1.3: Histology of an anagen VI hair 
follicle. 
Histochemically stained human HF section 
showing the permanent (infundibulum, 
isthmus) and anagen-associate 
(suprabulbar and bulb) regions (A). Higher 
magnification of the HF stem cell niche 
(bulge) which is located within the isthmus 
under the SG and whose lower limit is 
indicated by the insertion of the APM (B). 
Higher magnification showing the bulbar 
region, i.e. the HS production machinery of 
the HF, which is mainly inhabited by highly 
proliferating HM keratinocytes and HF 
melanocytes of the HF pigmentary unit 
(Paus 2011, Tobin 2011) (C). Arrector pili 
muscle (AMP), basement membrane (BM), 
connective tissue sheath (CTS), dermal 
papilla (DP), hair shaft (HS), inner root 
sheath (IRS), matrix (M), outer root sheath 
(ORS), sebaceous gland (SG). Figure 
modified after Schneider et al. 2009. 

 

 

 

 

 

 

 

The stem cell niche, were the multipotent epithelial HF stem cells reside, is also called HF 

bulge (“Wulst”) (Purba et al. 2014, Schneider 2011) and is located below the SG duct at the 

insertion point of the APM where the ORS sometimes forms a “trochanter”-like protrusion 

(Lecardonnel et al. 2013, Leishman et al. 2013, Myung and Ito 2012, Plikus et al. 2012, 

Kloepper et al. 2008, Tiede et al. 2007, Cotsarelis 2006) (Figure 1.3B). These slow-cycling 

stem cells are responsible of the constant renewal of the HFs during the hair cycle (Purba et 

al. 2014, Myung and Ito 2012) and are located in a tissue niche that enjoys relative IP 

(Harries et al. 2013, Meyer et al. 2008).  

 

Apart from terminal HFs in the scalp, in the human body other hair type can be found with 

different sizes, diameter and anagen duration: lanugo, vellus and miniaturized HFs as well as 

other specialized hair types such as eyebrow and eyelash HFs. Lanugo hairs are fine 

filaments typical of the prenatal period and are shed in uterus or during the first weeks of life. 
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Vellus hairs which populate most of the body are very short, non-pigmented and usually non-

medullated; they lack of the APM and can show large SG. Instead, miniaturized follicles 

derive from terminal-to-vellus hair conversion which produces HFs that still retain the APM 

(Yazdabadi et al. 2012). 

1.2.2 Hair follicle cycle 

As a (mini-)organ, the HF is a unique organ in the mammalian body since it undergoes 

extensive, lifelong, cyclic transformations. During this process (hair cycle) the HF passes 

through an active growth phase (anagen) during which a pigmented HS is produced, a 

regression phase (catagen), which represents apoptosis-mediated organ involution, and a 

stage of relative quiescence (telogen) in which the club hair becomes enveloped by the 

permanent part of the HF epithelium (Gilhar et al. 2012, Shimomura and Christiano 2010, 

Schneider et al. 2009, Stenn and Paus 2001) (Figure 1.4).  

 

 
Figure 1.4: The hair follicle cycle. 

The HF cycle starts immediately after HF morphogenesis with the catagen phase. In humans, the first catagen 
occurs already in utero. In catagen, the lower part of the HF epithelium regresses by precisely regulated 
apoptosis (Shimomura and Christiano 2010, Schneider et al. 2009, Stenn and Paus 2001, Lindner et al. 1997) 
and the hair bulb moves upwards to the bulge region. During catagen the melanin production stops. This causes 
the depigmentation of the lower part of the HS called at this point, club hair (Table 1.1). The HF enters then into 

the telogen phase, characterized by resting regarding proliferation and biochemical activity, in which the DP is 
close to the bulge. At this stage, follicle stem cells in the secondary hair germ and/or in the bulge region can 
generate the new HF. The anagen phase is composed by 6 stages (anagen I-IV) in which transient amplifying 
cells in the HM differentiate into at least 8 different cell lines to produce mature HSs and the DP grows deep into 
the hypodermis. During these steps, the melanogenesis (i.e. pigmentation) is stimulated by induced melanocyte 
differentiation from precursors. Figure from Gilhar et al. 2012. 

 

Actually, the telogen HF is much less “quiescent” than frequently hypothesized, in fact this 

cycle phase is characterized by an increase of cholesterol and steroid metabolism and 
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changes in the skin immune status and circadian clock function (Geyfman et al. 2012). 

During telogen, the HF possesses a tightly cluster of follicular papilla cells called hair germ, 

which is implicated in anagen induction. It is in fact recently proposed, that these cells are 

responsible of the formation of some HF layers, such as the IRS and HS and to activate the 

bulge epithelial stem cells which in turn produce the ORS. However, contrary to this 

hypothesis (called "hypothesis of HF predetermination"), in the old theory called "bulge 

activation hypothesis" hair germ cells activate bulge stem cells to produce all HF layers 

(Myung and Ito 2012, Schneider et al. 2009, Panteleyev et al. 2001, Stenn and Paus 2001). 

 

The HS final length is determined by the anagen duration and depends of the body site. The 

anagen phase of scalp HFs is 1-6 years, while the catagen phase lasts only few weeks and 

the telogen phase for 2-4 months. The human HF clock is synchronized until shortly after 

birth, later on the cycling activity of human HFs become independent from each other (Al-

Nuaimi et al. 2013, Al-Nuaimi et al. 2012, Paus and Foitzik 2004). In human adult individual, 

about the 85-90% of scalp HFs are in anagen. The cycle is regulated by an array of genes, 

molecular mediators, hormones and neuropeptides (Al-Nuaimi et al. 2013, Al-Nuaimi et al. 

2012, Paus 2007, Stenn and Paus 2001).  

 

The proliferation, differentiation, and apoptosis of neuroectodermal and immune cell 

populations in or around the HFs together with the HF mesenchyme, perifollicular vascular 

system and follicular innervations are also strongly associated to the HF cycle (Al-Nuaimi et 

al. 2012, Paus and Foitzik 2004, Stenn and Paus 2001, Paus et al. 1998).  

 

Dysfunctions of the HF cycle are associated with several important HF diseases, including 

AA (Table 1.2) (D`Ovidio 2014, Ito 2013, Gilhar et al. 2012, Schneider et al. 2009). 

 

Table 1.2: Hair follicle cycle disorders. 
Table from Shneider et al. 2009. 
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1.2.3 Hair follicle immune system  

The human HF possesses an immune system which is tightly connected with the one of the 

skin (Health and Carbone 2013, Di Meglio et al. 2011), and is similar to the immune system 

of pelage (Paus et al. 1999) and vibrissae (Bertolini et al. 2013) HFs. Its composition strongly 

changes during the HF cycle and vice versa, perifollicular immuno-cells (macrophages and 

MCs) can influence the hair growth (Paus et al. 2007, Paus et al. 2005, Christoph et al. 2000, 

Paus et al. 1999).  

 

The HF perifollicular dermis (PFD) and CTS harbour many immunocytes, such as 

Langerhans cells (Figure 1.5A), macrophages (Figure 1.5B), MCs (Figure 1.5C), T-cells 

(Figure 1.5D,E), B-cells and natural killer (NK) cells (Christoph et al. 2000).  

 

Figure 1.5: Perifollicular immunocytes of the hair follicle immune system. 
Langerhans cells, detected by CD1a, are rare around the HFs but their number is high in the basal layer of the 
epidermis and in the distal ORS. The expression of CD1a decreases towards the HF bulb, which shows only rare 
Langerhans cells (A). High number of macrophages, detected by CD68, is found in the HF PFD, CTS and 
infundibulum. However, macrophages are almost absent in the proximal HF epithelium and HB (B). The PFD and 
CTS are colonized by abundant MCs, here revealed by Giemsa, which are absent in the DP and in the epithelium 
(C). Few CD4+ and CD8+ T-cells inhabit the PFD and CTS, mostly in the upper dermis. Within the epithelium, the 
maximal number of T-cells is found in the distal ORS. However, CD8+ T-cells disappear in the proximal HF 
epithelium and in the DP, while CD4+ T-cells only decline (D,E). Figure modified after Christoph et al. 2000. 

 

The HF epithelium is also populated by immunocytes, however their expression is mostly 

restricted to the infundibulum (Figure 1.5A,B,D,E), and the few Langerhans cells that can be 

detected ultrastructurally or by CD1a immunohistology in human anagen hair bulbs are 

functionally impaired (Ito et al. 2008b, Meyer et al. 2008, Paus et al. 2005, Christoph et al. 

2000). In fact, the HF bulge and anagen VI bulb are characterized by a special immune 

protection environment, which is further explained below.  

1.2.4 Hair follicle immune privilege 

The first functional evidence that the HF harbours IP sites derived from the experiment of 

Billigham, in which ear skin epidermis from black guinea pig was allotransplanted onto the 

skin of genetically incompatible white guinea pigs. The transplanted skin quickly lost its 

pigmentation, however after 100 days black hairs appeared within the skin area onto which 

previously black epidermis had been allotransplanted. This important study suggests that 
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epidermal donor melanocytes escaped from rejection moving into the HB of recipient HFs 

(Figure 1.6) (Billigham and Silvers 1971a,b). 

 

Figure 1.6: Billigham’s experiment suggesting 
the existence of a relative hair follicle immune 
privilege.  

The recipient HB provides a special milieu that 
permits transplanted allogeneic cells (namely donor 
melanocytes) to escape the attack by host immune 
system. Figure from Paus et al. 2005. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Apart of this old landmark study, recent studies further suggest that the HF bulge (Meyer et 

al. 2008, Rosemblum et al. 2006) and hair bulb (Paus et al. 1998, Paus at al. 1994a) exhibit 

relative IP (Wang et al. 2014, Breitkopf et al. 2013, Alli et al. 2012), confirming previous 

results based on (immuno-)histomorphometry analyses (McElwee et al. 2013, Gilhar et al. 

2012, Bertolini et al. 2012, Kinori et al. 2011, Ito et al. 2008b, Meyer et al. 2008, Paus et al. 

2005).  

 

In fact, as other mammalian tissue (central nervous system, anterior eye chamber, feto-

trophoblast, testis) these two HF regions meet most of the criteria (Murphy 2012, Playfair and 

Chain 2009, Kindt et al. 2007) defined for the establishment and maintenance of IP (Table 

1.3). These criteria mainly encompass the following items (Stein-Streilein and Caspi 2014, 

Bertolini et al. 2013, McElwee et al. 2013, Muldoon et al. 2013, Niederkorn 2013, Stein-

Streiler 2013, Gilhar et al. 2012, Kinori et al. 2011, Ito et al. 2008b, Meyer et al. 2008, Paus 

et al. 2005, Ito et al. 2004): 

 Downregulation or absence of classical MHC class I expression, resulting in the 

incapacity (or greatly reduced capacity) to present (auto)antigens to cognate CD8+ T-

cells. 

 Downregulation or absence of expression of β2-microglobulin (since this molecule is 

needed to stabilize MHC class I molecules and to allow the latter to properly function 

as antigen presenting molecules (Li et al. 2013, Zoete et al. 2013, Murphy 2012, 
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Playfair and Chain 2009, Kindt et al. 2007), the few MHC class I that may still be 

expressed cannot properly present (auto-)antigen. 

 Local production of potent immunosuppressants such as transforming growth factor 

β1 (TGFβ1), TGFβ2, interleukin 10 (IL-10), α-melanocyte-stimulating hormone (α-

MSH). 

 Functional impairment of antigen-presenting functions of dendritic cells, for example 

by absence of MHC class II expression. 

 Suppression of natural killer cell function by secretion of inhibitory molecules (e.g. 

macrophage migration inhibitory factor (MIF)) and by down-regulation of endogenous 

agonists (e.g. MHC class I polypeptide–related sequence A (MICA), ULBP3) of 

activating NK cell receptors (NKG2D); as NK cells are primed to recognize and 

eliminate MHC class I-negative cells. 

 Absence of lymphatic vessels.  

 Reduction of effective immune cell trafficking by erection of extracellular matrix 

barriers. 

 Expression of nonclassical MHC class I molecules (such as the MHC class Ib 

molecules human leukocyte antigen (HLA)-G, HLA-E in humans), which are involved 

in the suppression of NK cell- and cytotoxic T cell-dependent lysis. 

 Expression of Fas Ligand (FasL) in order to delete autoreactive, Fas-expressing T-

cells. 

 

 
Table 1.3: Key mechanisms underlying the relative immune privilege of selected human tissues.  

Calcitonin gene-related peptide (CGRP), indoleamine 2,3-dioxygenase (IDO), insulin like-growth factor (IGF), 
major histocompatibility (MHC), melanocyte stimulating hormone (α-MSH), macrophage migration inhibitory 
factor (MIF), TNF-releated apoptosis inducing ligand (TRAIL), transforming growth factor (TGF), vasoactive 
intestinal peptide (VIP). Modified after Gilhar et al. 2012. 
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Specifically, human HF bulge and anagen VI bulb are deficient of both MHC class I and II 

and β2-microglobulin (Figure 1.7). Moreover, the few Langerhans cells which reside in the 

HB are MHC class II negative (Breitkopf et al. 2013, Meyer et al. 2008, Christoph et al. 2000, 

Paus et al. 1993).  

 

 
Figure 1.7: The expression pattern of hair follicle-immune privilege-associated molecules.  

MHC class I and β2-microglobulin molecules and MHC class II+ cells are down-regulated in the HF bulge and 
almost absent in the HF bulb. The few Langerhans cells which populate the HB are MHC class II negative. The 
“no danger signal” CD200 is strongly up-regulated in the HF bulge and HLA (human leucocyte antigen)-E positive 
cells can be found in the HF bulge ORS. Immunosuppressors such as α-MSH (melanocyte stimulating hormone), 
TGFβ1/2 (transforming growth factor) and MIF (macrophage migration inhibitory factor) are expressed in the HF 
bulge and anagen VI bulb. The IDO (indoleamine 2,3-dioxygenase) enzyme activity is presented in the HF bulge. 
Arrector pili muscle (APM), bulge/follicular trochanter (B/FT), basement membrane (BM), companion layer (CL), 
connective tissue sheath (CTS), derma papilla (DP), epidermis (E), hair shaft (HS), inner root sheath (IRS), outer 
root sheath (ORS), sebaceous gland (SG). Figure from Meyer et al. 2008. 

 

During the growth stage, the HF epithelium strongly expresses adrenocorticotropic hormone 

and α-MSH (Figure 1.7), which derives from the cleavage of the pro-opiomelanocortin 

polypeptide (Ito 2010, Meyer et al. 2008, Slominski et al. 1992), and stimulates 

intrafollicularly cortisol generation and immunosuppressive activity (Ito et al. 2008b). In 

addition, the “IP guardians” TGFβ-1 (Foitzik et al. 2000, Bertolini et al. 2014) and TGFβ-2 

(Figure 1.7) (Meyer et al. 2008) are expressed in the HF ORS which prevent the attack of 

natural killer and CD8+ T-cells in tissue characterized by down-regulation MHC class I (Lee 

et al. 2014, Wahl et al. 2006). 
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Moreover, under physiological conditions, the HF epithelium expresses low level of NK cell–

stimulating ligands, such as MICA or ULBP3/6 (Petukhova et al. 2010, Ito et al. 2008a). 

  

Recently, it was shown that the epithelium and mesenchyme of human anagen HFs express 

also programmed cell death (PD)-ligand (L)1. Moreover, the expression of PD-L1 in cultured 

dermal sheath cup cells mediates the hypo-responsiveness from allogeneic T cells and 

inhibited T-cell activation and proliferation by inducing apoptosis of activated T cells (Wang et 

al. 2014).  

 

In addition, the number of CD4+ and mostly CD8+ T-cells is sharply reduced in the bulge and 

in the HB epithelium of anagen VI HFs (Figure 1.5D,E) (Ito et al. 2008b, Christoph et al. 

2000).  

 

In the human bulge, additional mechanism are present since this stem cell niche also 

upregulates indoleamine 2,3-dioxygenase (IDO) enzyme which catabolises tryptophan, 

limiting T-cell proliferation (Figure 1.7) (Meyer et al. 2008) and CD200 (Figure 1.7) (Meyer et 

al. 2008), the ‘no danger signal’ that inhibits immunocytes and downregulates antigen 

presenting cell activity (Meyer et al. 2008, Rosemblum et al. 2006).  

 

The function of the IP in mammalian tissues is to protect important human organs such as 

brain and eyes from autoaggressive inflammation (Ichiryu and Fairchild 2013). It has been 

hypothesized that same is valid for the HFs (Paus et al. 1993) which might need to create a 

special immunoinhibitory environment to preserve the HF cycle and the cyclic production of 

melanogenesis-related autoantigens, which may be highly immunogenic and often are a 

target of autoimmune response in human skin (e.g. vitiligo) (Tobin 2014, McElwee et al. 

2013, Paus and Bertolini 2013, Sandoval-Cruz et al. 2011, DiPreta et al. 2000). Interestingly, 

the HF represents one of the most frequent targets of immune-mediated diseases in man 

(Gilhar et al. 2012, Paus et al. 2005): collapse of the HF bulge IP and the subsequent 

destruction of epithelial HF stem cells are involved in scarring alopecia (e.g. lichen 

planopilaris, lupus erythematosus) (Harries et al. 2013, Harries and Paus 2010), while 

collapse of the hair bulb IP is considered to play a key factor in the AA pathogenesis 

(McElwee et al. 2013, Paus and Bertolini 2013, Gilhar et al. 2012, Paus et al. 1993). This 

underscores not only the necessity of establishing a relative HF-IP in order to preserve a 

functional HS factory, i.e. the HB, but also HF epithelial stem cells in the bulge, the 

guarantors of HF cycling as such (Harries et al. 2013, Paus and Bertolini 2013, Harries and 

Paus 2010, Meyer et al. 2008, Cotsarelis 2006).  
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1.3 Alopecia areata 

AA is one of the most common human organ-specific autoimmune disorders, involving about 

the 1,7% of the population, characterized by a collapse of the HF-IP, a CD8+ T-cell-driven 

response to MHC class I-presenting autoantigen(s) and a premature anagen termination 

(D`Ovidio 2014, Alkhalifah 2013, McElwee et al. 2013, Bertolini et al. 2012, Gilhar et al. 

2012). 

1.3.1 Clinical features 

AA is rather easy to identify since it appears as circumscribed round patches of hair loss 

without macroscopically visible skin inflammation, most commonly in scalp skin and the 

beard area (Figure 1.8A). AA can develop and involve the whole scalp, alopecia totalis (AT) 

(Figure 1.8B), or the entire body, alopecia universalis (AU), including the eyebrows, 

eyelashes, or pubic hair (Figure 1.8C) (D`Ovidio 2014, Alkhalifah 2013, Price 2013, Gilhar et 

al. 2012, Alkhalifah et al. 2010a, Harries et al. 2010). AA can manifest also with other 

phenotype such as band-like distribution-ophiasis pattern in which hair loss can be limited to 

the periphery of the scalp (Figure 1.8D), or conversely, it can spare the periphery of the 

scalp-sisapho (ophiasis inversus). Spontaneous remission is noted in patchy AA, but rarely in 

AU or AT (D`Ovidio 2014).  

 

Figure 1.8: Clinical manifestations of 
alopecia areata. 
AA develops as round patches (A) and 
progresses involving the whole scalp, alopecia 
totalis (B) or the whole body, alopecia 
universalis (C). Ophiasis is a further clinical 
manifestation. Figure from Gilhar et al. 2012. 

 

 

 

 

 

 

 

 

 

 

The diagnosis is normally made by physical observation and the use of a videodermoscopy 

which reveals yellow dots (hair canal may be devoid of hairs or contain miniaturized, 

cadaverized, or dystrophic hairs) and ‘exclamation point’ hairs at the patches edges, which 
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are small and broken HSs (Table 1.4) (D`Ovidio 2014, Haliasos et al. 2013, Gilhar et al. 

2012, Miteva and Tosti 2012, Alkhalifah et al. 2010a). 

 

 
Table 1.4: Alopecia areata: Diagnostic criteria. Table from Gilhar et al. 2012. 

 

AA affects not only the HF, but also other ectodermal skin appendages, for example the nail 

apparatus (D`Ovidio 2014, Alkhalifah 2013, Gilhar et al. 2012, Alkhalifah et al. 2010a), which 

also harbours a site of relative IP (Ito et al. 2005c), and (rarely) the retina pigment epithelium 

(Ayuso et al. 2011, Pandhi et al. 2009).  

 

In many cases, AA is associated with other autoimmune (e.g. thyroid disease, vitiligo, 

diabetes mellitus) and chronic inflammatory diseases (e.g. atopy, psoriasis) (D`Ovidio 2014, 

Alkhalifah 2013, Ishak and Piliang 2013, Bertolini et al. 2012, Gilhar et al. 2012, Alkhalifah et 

al. 2010a). 

1.3.2 Histological features 

AA development is related to the alteration of the HF cycle due to inflammatory events, 

particularly those with an autoimmune background. In general, if the infiltration around the 

HF lasts for a long time, HFs undergo anagen arrest, catagen induction and HF involution, 

followed by conversion of terminal HF into tiny, depigmented vellus HFs (D`Ovidio 2014, 

Alkhalifah 2013, Gilhar et al. 2012, Cetin et al. 2009, Alexis et al. 2004, Whiting 2003, 

Kossard 2001, Messenger et al. 1986) (Figure 1.9 and 1.10). This can be appreciated also 

by histopathology of AA lesional skin (Figure 1.9). Therefore, each step of this process in AA 

development is characterized by a different histopathological picture.  
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Figure 1.9: Histopathology of acute alopecia areata. 
Histochemical identification of a healthy scalp HF bulb 
(A) and the corresponding in AA skin, the HF bulb is 
surrounded by a massive infiltrate (B). Trasversal view 
of a healthy HF bulb (A) and an AA affected HF bulb. 
Basement membrane (BM), connective tissue sheath 
(CTS), dermal papilla (DP), hair shaft (HS), inner root 
sheath (IRS), outer root sheath (ORS). These figures, 
some of which taken during the current thesis project, 
were provided by M. Bertolini for incorporation into 
Gilhar et al. 2012. 

 

 

 

 

 

 

In the acute stage, the HF is surrounded by an inflammatory cell infiltrate "swarm of bees" 

containing preferentially lymphocytes (Figure 1.9) (Gilhar et al. 2012, Alkhalifah et al. 2010a, 

King et al. 2008, Whiting 2003). Most of these T-cells are CD4+ T-cells which localize 

preferentially around the hair bulb (peribulbar infiltrate) while CD8+ T-cells seem to be the 

first to infiltrate the follicular epithelium (intrafollicular infiltrate) (Gilhar et al. 2012, Cetin et al. 

2009, Alexis et al. 2004; Whiting 2003, Bodemer et al. 2000, Perret et al. 1984).  

 

 
Figure 1.10: Abnormal hair follicle cycle in alopecia areata. 

The first episode in AA is an inflammatory infiltrate around anagen HF bulb which causes the sudden arrest of the 
anagen phase and a premature induction of catagen. The HFs continue their cycle through the telogen phase and 
return in anagen. This is possible only if the inflammatory environment does not persist, in contrary case an 
abnormal cycle will start promoting the conversion to miniaturized HFs. Figure from Gilhar et al. 2012.  
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Although the inflammatory infiltrate attacks mostly the peri- and intrabulbar HF area (Gilhar et 

al. 2012, Alkhalifah et al. 2010a, Whiting 2003) the damage can sometimes also reach the 

infundibulum (Karashima et al. 2013, Zhang et al. 2013b). The inflammatory environment 

promotes anagen arrest and catapults the HF into catagen (Figure 1.10). In fact, in the 

subacute stage, the number of catagen HFs increases and few telogen HFs can be seen 

(Alkhalifah et al. 2010a, Whiting 2003). In most of the cases, in the absence of inflammation, 

telogen hairs may revert to terminal hair which contributes to the spontaneous remission of 

the disease (Figure 1.10). In contrast, if the inflammatory condition persists when the HFs 

re-enter in the growth cycle, they are suddenly pushed again in catagen. This phenomenon 

starts the conversion to miniaturized hairs (vellus) which causes the entry into the chronic 

phase (Alkhalifah et al. 2010a, Whiting 2003). During this process, the HB and follicular 

epithelium suffer of important changes which promote the production of dystrophic anagen 

HFs (Alkhalifah et al. 2010a, Horenstein and Simon 2007). During recovery, vellus HFs can 

also switch to terminal hairs (Whiting 2003). The conversions telogen-to-anagen or vellus-to-

anagen are possible because the inflammatory cell attack spares the stem cells in hair bulge 

(Gilhar et al. 2012, Kossard 2001). 

 

Apart from T-cells, the inflammatory infiltrate is composed by NK cells and some plasma 

cells around the HF (in healthy HFs normally absent) and high number of Langerhans cells 

and MCs both in peribulbar and perivascular areas (Bertolini et al. 2014, Zhang et al. 2013b, 

Petukhova et al. 2010, Cetin et al. 2009, Ito et al. 2008a, Bodemer et al. 2000, D'Ovidio et al. 

1988, Ranki et al. 1984, Finzi and Landi 1964, Baccaredda-Boy and Giacometti 1959). 

Eosinophils and macrophages can also appear in the inflammatory mechanisms in about 

40% of the cases (Zhang et al. 2013b, Alkhalifah et al. 2010a, Alexis et al. 2004, Whiting 

2003).  

 

In AA, the HF epithelium prominently presents immunophenomenological evidence for IP 

collapse (D`Ovidio et al. 2014, Paus and Bertolini 2013): increase expression of MHC and 

class I and II antigens (Mcdonagh et al. 1993, Bröcker et al. 1987), intercellular adhesion 

molecule (ICAM)-1 (Mcdonagh et al. 1993) and NKG2D ligands expression (Breitkopf et al. 

2013, Wang et al. 2013a, Alli et al. 2012, Petukhova et al. 2010, Ito et al. 2008a).  

 

The role of immunomodulatory neuropeptides such as CGRP (Kinori et al. 2012, Ito 2010), 

SP (Cetin et al. 2009, Peters et al. 2007, Siebenhaar et al. 2007, Toyoda et al. 2001) and of 

the neurotrophin, nerve growth factor (NGF) (Peters et al. 2007), all of which are key players 

in the induction of neurogenic skin inflammation (Paus et al. 2008, Arck et al. 2006, Arck et 

al. 2005) is of particular interest in AA pathogenesis, since in some patients the initial 
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episode or disease aggravation seems to be connected to specific stressful events (Taheri et 

al. 2012, Paus and Arck 2009). SP and NGF, released after inducing stress, inhibit murine 

HF keratinocytes proliferation, induces apoptotic processes, cause catagen regression and 

triggers MC-dependent neurogenic inflammation (Peters et al. 2007).  

 

Moreover, during the onset of AA, C3H/HeJ mice reveal an increase of SP-immunoreactive 

nerve fibres and an up-regulation of SP-degrading enzyme (NEP) in the late AA stage 

(Siebenhaar et al. 2007, Toyoda et al. 2001). SP treatment in mice or in organ healthy scalp 

skin culture promotes HF catagen involution, MC degranulation, CD8+ T-cells recruitment 

around HFs as well as up-regulation of NGF and its apoptosis- and catagen-promoting 

receptor (p75NTR) (Peters et al. 2007; Siebenhaar et al. 2007). In fact, the HF epithelium, 

CD8+ T-cells and macrophages all express the SP receptor, neurokinin 1 receptor (NK1R). 

However, SP can act also independently of its receptor, e.g. in MCs (Siebenhaar et al. 2007). 

Moreover, SP treatment induces HF-IP collapse in vitro (Peters et al. 2007). These lines of 

evidence clearly support the role of neurogenic inflammation in AA development (Ito 2010, 

Paus and Arck 2009). 

1.3.3 Immunopathogenesis of alopecia areata 

The immunopathogenesis of AA and the relevant HF autoantigen(s) remain to be clarified. 

However, the best mechanism proposed in AA field concern the “IP collapse hypothesis” of 

AA pathogenesis (Figure 1.11) (D`Ovidio et al. 2014, McElwee et al. 2013, Paus and 

Bertolini 2013, Bertolini et al. 2012, Gilhar et al. 2012, Paus et al. 2005, Paus et al. 1993).  

 

According to this AA pathogenesis scenario, the existence of autoreactive CD8+ T-cells 

alone is insufficient for the development of AA. For the disease to occur, the normal HF-IP, 

which is predominantly based on the down-regulation of MHC class I molecules in the 

epithelium of anagen HFs, needs to collapse (D`Ovidio et al. 2014, McElwee et al. 2013, 

Paus and Bertolini 2013, Bertolini et al. 2012, Gilhar et al. 2012, Gilhar 2010, Paus et al. 

2005, Paus et al. 1993). Skin microtrauma, stress-induced neurogenic inflammation, 

infection, bacterial superantigens and/or other as yet unknown factors can trigger the release 

of MHC class I-up-regulating cytokines such as interferon (INF)-γ or immunomodulatory 

neuropeptides such as SP. This provokes HF-IP collapse by inducing ectopic overexpression 

of MHC class I in the HB so that previously sequestered, anagen-associated HF 

autoantigen(s) can now be presented (D`Ovidio et al. 2014, McElwee et al. 2013, Gilhar et al. 

2012, Peters et al. 2007, Paus et al. 2005, Ito et al. 2004). In some genetically predisposed 

individuals with autoreactive CD8+ T-cells, the recognition of these peptides with the help of 

co-stimulatory signals and CD4+ T-cells then induces a cytotoxic CD8+ T-cell attack on hair 

matrix keratinocytes. This process is believed to activate secondary immune response 



                                                                                        INTRODUCTION 

19 

 

(CD4+ T-cells, Langerhans cells, and macrophages) which amplifies the damage in the HF 

bulb, resulting in the clinical variants of AA (D`Ovidio et al. 2014, McElwee et al. 2013, Gilhar 

et al. 2012, Ito 2010, Paus et al. 1993) (Figure 1.11).  

 

 
Figure 1.11: Proposed immunopathogenesis for alopecia areata. 

In normal anagen HFs few MCs, CD4+ T-cells and rare CD8+ T-cells and NK cells surround the IP protected hair 
bulb. In AA, due to unknown reason (maybe micro-trauma, infection, stress..) in some predisposed individuals the 
HF-IP collapse exposing melanogenesis-related antigens to autoreactive CD8+ T-cells. This triggers the 
inflammatory process which promotes catagen induction. Calcitonin gene–related peptide (CGRP), indoleamine 
2,3-dioxygenase (IDO), insulin-like growth factor 1 (IGF-1), down-regulator of HLA II (IK), major histocompatibility 
complex (MHC), MHC class I polypeptide–related sequence A (MICA), migration inhibitory factor (MIF), α 
melanocyte–stimulating hormone (αMSH), natural killer (NK), activating receptor for NK cells and subgroups of T-
lymphocytes (NKG2D), and transforming growth factor β1 (TGFβ1). Figure from Gilhar et al. 2012. 

 

Since keratinocytes are able to present antigen to CD8+ T-cell (Kim et al. 2009), it is 

plausible that HF keratinocytes can present follicular autoantigens via ectopic MHC class I 

expression and co-expression with β2-microglobulin.  

 

The specific HF autoantigen(s) for autoreactive CD8+ T-cells in AA patients remain(s) to be 

identified, but several observations (reported below) suggest that they are anagen-

associated HF, most likely melanogenesis-related peptides (Paus et al. 2005, Gilhar et al. 

2002, Gilhar et al. 2001, Paus et al. 1993), but definitive evidence for this is still missing. In 

fact, clinically, the inflammatory attack in AA occurs only during anagen, when the 

melanogenesis is active and seems to spare white hairs preferentially (D`Ovidio 2014, 

McElwee et al. 2013, Gilhar et al. 2012, Paus et al. 1993). Experimentally, injection of 

melanogenesis-associated peptides or scalp T-cells activated by incubation with a 

homogenate from pigmented human scalp HFs induces hair loss in human scalp grafts on 

immunocompromised mice (Gilhar et al. 2002, Gilhar et al. 2001).  
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1.3.4 Genetic component 

As most other autoimmune diseases, AA also has a strong genetic component (Table 1.5) 

(D`Ovidio 2014, Jabbari et al. 2013, McElwee et al. 2013, Petukhova et al. 2011, Petukhova 

et al. 2010).  

 

 
Table 1.5 Evidence for a genetic component in alopecia areata pathogenesis. Table from McElwee et al. 

2013. 

 

The most severe cases of AA result in patients with positive family history (Jabbari et al. 

2013, Blaumeiser et al. 2006) and monozygotic twins have a risk of 55% to develop both AA 

(Jabbari et al. 2013, Scerri et al. 1992).  

 

AA presents susceptible genes commonly involved in autoimmune diseases, i.e HLA locus 

(Jabbari et al. 2013, Petukhova et al. 2011, Petukhova et al. 2010, Martinez-Mir et al. 2007), 

cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) (Jabbari et al. 2013, Muto et al. 

2011), the autoimmune regulator (AIRE) gene (Wengraf et al. 2008) (Table 1.6). 

 

Perhaps, the most important contribution to understand the connection between AA and 

genetic factors has been provided by recent genome-wide association studies which 

enlighten not only polymorphisms in genes related to the immune system, e.g. IL-2/IL-21, 

fundamental cytokines for T-cell proliferation, ULBP3-6 and MICA, ligands for the NKG2D 

expressed on NK cells and CD8+ T-cells, but also to the HF related genes, e.g. 

peroxiredoxins 5 (PRDX5), enzymes responsible for quenching reactive oxygen species, and 

syntaxins 17 (STX17) important for vesicular trafficking and membrane fusion in AA patients 

(Table 1.6) (Jabbari et al. 2013, McElwee et al. 2013, Petukhova et al. 2011, Petukhova et 

al. 2010, Martinez-Mir et al. 2007). 
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Table 1.6: Table showing the genes with susceptible loci for alopecia areata, their significance and 
association with other autoimmune diseases.  

Type 1 diabetes (T1D), rheumatoid arthritis (RA), celiac disease (CeD), multiple sclerosis (MS), systemic lupus 
erythematosus (SLE), Graves disease (GD), psoriasis (PS), Crohn’s disease (CD), ulcerative colitis (UC), 
generalized vitiligo (GV). Table from Petukhova et al. 2011. 
 

However, while these genetic elements of AA pathobiology may be important to determine 

an individual’s personal risk to develop AA and may greatly impact on the course of the 

disease and its response to therapy, the fact that an AA-like hair loss phenotype can be 

experimentally induced even in normal human skin (derived from individuals without a 

personal or family history of AA) by the injection of selected peripheral blood immunocyte 

populations from healthy patients (Gilhar et al. 2013a) (details: see below, chapter 1.3.6), 

questions the notion that genetic elements are the decisive factor that determines whether or 

not a patient develops AA lesions in a defined skin region (McElwee et al. 2013)  

1.3.5 Alopecia areata management 

Although AA is not a life threatening disease, it has substantial negative impact on social 

interactions and on the psychology of the patients (Gilhar et al. 2012, Harries et al. 2010). 

However, AA often shows spontaneous remission, most frequently in single patchy AA in 

patients without a family history of AA or atopy (Gilhar et al. 2012). On the contrary, 

multifocal AA, and especially AT or AU are very difficult to treat, and routinely require a 

combination of several therapeutic approaches, e.g. along the lines indicated in Figure 1.12. 

The treatment of AA is depending on many factors: age of the patients, severity and duration 

of the disease (Figure 1.12) (Rossi and Calvieri 2014, Alkhalifah 2013, Ito 2012, Messenger 

et al. 2012, Miteva and Tosti 2012, Gordon and Tosti 2011, Hordinsky 2011, Harries et al. 

2010). In any case, the - clinically overall disappointing - forms of AA treatment that are 

currently available are only symptomatic, of unpredictable efficacy, can neither reliably 

prevent disease recurrence nor do they appear to alter the course of AA. In addition, some of 

these AA management strategies are painful and/or stressful for the affected patients and 

carry the risk of significant undesired effects (Rossi and Calvieri 2014, Harries et al. 2010).  
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Figure 1.12: Treatment strategies for alopecia areata patients. 

Treatment plan for patients of 16 years old or more (A) and of 15 years old or younger (B) according to the 
Japanese dermatological association. C1 treatments: systemic corticosteroids, psoralen, UV-A therapy (PUVA) 
and minoxidil. Modified after Ito 2012. 

 

The management of AA is restricted to immunosuppressive drugs (e.g. corticosteroids, 

cyclosporine), or immuno-deviation strategies as contact immunotherapy (e.g. with DCP) or 

irritant contact dermatitis therapy (with dithranol), or photochemotherapy (PUVA)). The 

topically applied hair growth-promoting potassium channel opener, minoxidil, can also help 

namely if administered in combination with other therapies (Rossi and Calvieri 2014, 

Alkhalifah 2013, Ito 2012, Messenger et al. 2012, Miteva and Tosti 2012, Gordon and Tosti 

2011, Hordinsky 2011, Alkhalifah et al. 2010b, Harries et al. 2010). Moreover, although larger 

controlled studies are needed to confirm these pilot observations. Recently, antihistamines 

have also been reported to be of benefit for some AA patients (Inui et al. 2007, Ito et al. 

2013b, Ohyama et al. 2010). 

1.3.6 Animal models for alopecia areata 

AA is not restricted to the human condition but affects also other mammalian species (King et 

al. 2008). In AA research the most interesting animal models are ageing or C3H/HeJ mice 
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and the Dundee experimental bald rat (McElwee et al. 2013, Silva and Sundberg 2013, 

Wang et al. 2013, Ohyama et al. 2010, King et al. 2008, McElwee and Hoffmann 2002, 

McElwee et al. 1998a,b) as well as a newly established humanized mouse model of AA 

(Mcelwee et al. 2013, Gilhar et al. 2013a,b). 

 

Approximately 20% of ageing C3H/HeJ mice spontaneously develop AA-like phenotype, 

routinely after 4-6 or more months (Figure 1.13), with female C3H/HeJ mice being more 

susceptible than male mice. The lesions start to appear in the ventral side and develop until 

the back. Affected HFs reveal an inflammatory infiltrate similar to the one of human, however 

they are characterized of a ratio 2:1 for CD8+ T-cells and CD4+ T-cells and are localized 

from the hair bulb until the SG (Ohyama et al. 2010, King et al. 2008, McElwee et al. 1998a). 

Higher percentage of Dundee experimental bald rats also develops spontaneously AA in 

older age (King et al. 2008, McElwee et al. 1998b). 

 

 
Figure 1.13: Clinical and histological features of spontaneous alopecia areata-like phenotype in C3H/HeJ 
mice. 

C3H/HeJ affected mouse, showing the clinical appearance of spontaneous AA lesions, non-affected C3H/HeJ 
mouse (A). Histological features of AA lesional HFs in ageing C3H/HeJ mice showing inflammatory infiltrate 
extended until the dermis. Figure from King et al. 2008. 

 

However, researchers have established a procedure by which lesional skin from older mice 

affected by AA is transplanted onto young, healthy mice (C3H/HeJ grafted model) (Figure 

1.14). This accelerates the disease development and bring the susceptibility up to 100% 

(Silva and Sundberg 2013, Wang et al. 2013, McElwee 1998a,b).  
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Figure 1.14: C3H/HeJ grafted mouse model of alopecia areata. 

The lesion skin extracted from AA affected donor C3H/HeJ mice is transplanted in the back of young (6-8 weeks 
old) healthy C3H/HeJ mice. After 90 days, hair loss is localized in the skin transplant and in different site of the 
mouse body. After 100 days, the ventral exposes symmetric hair loss. Figure from McElwee et al. 1998a. 

 

Recently, a new humanized-mouse model was established which permit not only to further 

dissect important mechanisms of AA pathogenesis but also the pre-clinical screening of 

drugs (Figure 1.15). Moreover, the employment of this model seems to overcome the 

disadvantages of the C3H/HeJ model because the AA-like phenotype obtained in this model 

is identical to the one seen in AA patients and severe combined immunodeficiency (SCID) 

mice can easily cross-breed with other mouse mutants (Table 1.7) (McElwee et al. 2013, 

Gilhar et al 2013a,b). 

 

 
Figure 1.15: Humanized-mouse model of alopecia areata. 

Healthy scalp skin from healthy donors is transplanted on the back of beige SCID mice. After 1 month, the skin 
graft reveals hair loss due to telogen effluvium caused by the transplantation. However, the HFs regrowth in the 
skin graft after 2-3 months. At this point, autologus or allogeneic peripheral blood mononuclear cells (PBMCs) 
previously stimulated with high dose of IL-2 and enriched for CD56+/NKG2D+ cells, are injected subcutaneously 
into the transplanted human skin. This promotes AA-like phenotype, including up-regulation of MHC class I and II, 
ICAM-1, MICA and inflammation around HFs, and hair loss in the human skin graft (A). Comparison of the clinical 
features of a AA patients (B), skin graft on SCID mice previously injected with phytohaemagglutinin (PHA) treated 
PBMCs and enriched for CD56+/NKG2D+ cells (control) (C), skin graft on SCID mice previously injected with IL-2 
treated PBMCs and enriched for CD56+/NKG2D+ cells (AA-like) (D). Note that black hairs are present in control 
human skin grafts (C) but absent in AA-like lesional in transplanted humans scalp skin (D). Histological features of 
human AA in a biopsy taken from an AA patient (E), control (F) and AA-like phenotype (G) on SCID mice. 
Activating receptor for NK cells and subgroups of T-lymphocytes (NKG2D), hair bulb (HB), hair shaft (HS), dermal 
papilla (DP). Figure modified from Gilhar et al. 2013a.  
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Table 1.7: Animal model for alopecia areata: Characteristics, advantages and disadvantages. 

 

1.3.7 Alopecia areata as a model for autoimmune diseases 

AA pathogenesis shares similar mechanisms with other important autoimmune diseases, 

such as multiple sclerosis, autoimmune uveitis, type 1 diabetes. In fact, these pathological 

conditions are mediated by an abnormal T cell-dependent response and reveal evidence of 

IP collapse in the affected tissues (Horai et al. 2013, Muldoon et al. 2013, van Belle et al. 

2011, von Herrath and Homman 2004). Therefore, given that HFs are abundant in the 

human body (total number: ca. 5 million (Lien et al. 2014)) and relatively easy to obtain, AA is 

a regrettably under-utilized, but very instructive and accessible excellent general model in 

which common mechanisms in T cell-dependent autoimmune diseases can be dissected 

(McElwee et al. 2013, Bertolini et al. 2012, Gilhar et al. 2012, Kinori et al. 2011, Paus et al. 

2005). 

 

1.4 CD8+ T-cells 

T-lymphocytes are responsible for the cell-mediated immune response of the adaptative 

immune system and are classified on the bases of the T-cell receptor (TCR) expression in 
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the surface in CD4+ T-, CD8+ T-, γδ T- and NKT-cells. Classical CD4+ or CD8+ T-cells, 

which express αβTCR receptor, develop in the bone marrow, undergo negative and positive 

selection in the thymus and migrate into peripheral tissues via the bloodstream (Figure 1.16) 

(Carvalheiro et al. 2013, Li et al. 2013, Murphy 2012, Playfair and Chain 2009, Kindt et al. 

2007). 

 

 
Fig 1.16: Development and differentiation of CD8+ T-cells.  

The thymus is composed of medulla (1), cortico-medullary junction (2), cortex (3) and subcapsular zone (4). CD8+ 
T-cells precursors derive form hematopoietic stem cells (HSC) of the bone marrow and reach the thymus via the 
blood vessels (hematopoietic precursors, HP). Here, the passage through the cortico-medullary junction promotes 
their differentiation into lymphoid progenitors (LP). In the cortex, they become double-negative T-cells (DN) and 
they acquired a fully formed TCR in the subcapsular zone and CD4 and CD8 receptors, becoming double-positive 
(DP), in the cortex. After positive and negative selections they become single positive cells (CD8), they migrate in 
the medulla and enter the bloodstream and reach the lymphoid second organs where they reside as naïve T-cells. 
Here, once primed they become effector cells (cytotoxic T-cells, Tc) which proliferate and migrate into the 
peripheral tissue to exert their cytotoxic properties. When the antigen is cleared, most of them undergo apoptosis 
and the few that survive differentiate in memory T-cells. If the antigen persists, as in chronic status, CD8+ T-cells 
suffer of exhaustion due to the over activation. However, suppressor CD8 T-cells can be also found which release 
TGFβ1 and IL-10. Figure from Carvalheiro et al. 2013. 

 

1.4.1 Biology of CD8+ T-cells 

CD8+ T-cells are small lymphocytes with very little cytoplasm (Figure 1.17A) (Murphy 2012, 

Playfair and Chain 2009). The cell surface of CD8+ T-cells is characterized by the expression 

of an αβTCR receptor, which recognizes intracellularly generated peptides presented by 

MHC class I molecules and the co-receptor αβCD8, which weakly binds the MHC class I 

molecule (Figure 1.17B) (Li et al. 2013, Zoete et al. 2013, Murphy 2012, Playfair and Chain 

2009, Kindt et al. 2007). Other cell surface receptors (e.g., CD28, 4-1BB, OX40, CD30, 

lymphocyte function-associated antigen (LFA)-1, protease-activated receptor (PAR)-2, PD-1, 

CD200R) that are intimately involved in the regulation of T-cell signalling complement the cell 

surface repertoire CD8+ T-cells (Carvalheiro et al. 2013, Murphy 2012, Springer et al. 2012, 

Shi et al. 2011, Croft 2010; Ishii et al. 2010, Fischer et al. 2006, Nakae et al. 2006, Keir et al. 

2008, Watts 2005). MHC class I molecules are highly expressed by all the nucleated cells of 

the body, with the notable exception of cells that reside within a tissue area that enjoys 

relative IP (Dyer et al. 2013, Leone et al. 2013, Kinori et al. 2011). Therefore, all cells 
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expressing MHC class I are able to present antigens to CD8+ T-cells, once activated (Zoete 

et al. 2013, Murphy 2012, Playfair and Chain 2009, Kindt et al. 2007). However, since their 

effector functions are so destructive, CD8+ T-cells often require extra co-stimulatory signals 

in order to become activated; these co-stimulatory signals (such as IL-2, 4-1BBL, OX40L) are 

routinely provided by antigen- presenting cells or CD4+ T-cells (Figure 1.17C) (Murphy 

2012, Hivroz et al. 2012, Springer et al. 2012, Playfair and Chain 2009, Kindt et al. 2007).  

 

 
Figure1.17: CD8+ T-cell phenotype and activation. 

Transmission electron micrograph of a CD8+ T-cell (A) and schematic drawing explaining how CD8+ T-cells 
recognize the complex MHC class I:peptide via TCR and CD8 co-receptor (B). However, most of CD8+ T-cells 
need special stimuli from antigen presenting cells and help from CD4+ T-cells (C). Pictures from Murphy 2012.  

 

Human CD8+ T-cells are currently subdivided in at least, six groups (Figure 1.16): naïve, 

effector or cytotoxic, central memory, effector memory, resident memory and suppressor 

(Carvalheiro et al. 2013, Health and Carbone 2013, Masopust and Schenkel 2013, Mueller et 

al. 2013, Playfair and Chain 2009, Kindt et al. 2007). Naïve CD8+ T-cells are mostly localized 

in secondary lymphoid organs and circulate via the lymphatic system (Masopust and 

Schenkel 2013, Mueller et al. 2013, Murphy 2012, Playfair and Chain 2009). They do not 

have encountered their cognate antigen yet. When they are primed by a suitable MHC class 

I: peptide complex, they proliferate, release IL-2 (which stimulates T-cell proliferation) and 

thus differentiate into effector T-cells (Carvalheiro et al. 2013, Health and Carbone 2013, 

Masopust and Schenkel 2013, Mueller et al. 2013, Murphy 2012, Playfair and Chain 2009, 

Kindt et al. 2007).  

 

The physiological role of cytotoxic effector CD8+ T-cells is to directly kill cells on whose 

surface they recognize epitopes presented via MHC class I, such as cells infected by viruses 

or expressing certain tumour antigens (Figure 1.17B) (Cavalheiro et al. 2013, Leone et al. 

2013, Masopust and Schenkel 2013, Murphy 2012, Willing and Friese 2012, Playfair and 

Chain 2009, Kindt et al. 2007). The effector molecules released by CD8+ T-cells are 

cytotoxins which are stored in pre-formed granules, such as perforin, granzymes (serine 

proteases), granulysin and serglycin (proteoglycans) (Murphy 2012, Playfair and Chain 2009, 

Kindt et al. 2007). Moreover, they release de novo synthesized cytokines depending on their 

subset: Tc1 (INFγ) and Tc2 (IL-4 and IL-5) (Cavalheiro et al. 2013, Murphy 2012, Playfair and 

Chain 2009, Kindt et al. 2007).  
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Once the antigen is eradicated, most of the effector CD8+ T-cells die by apoptosis, while 

some of them become memory CD8+ T-cells. Memory effector CD8+ T-cells are mostly 

localized in non-lymphoid peripheral tissue, where they are ready to become fully functional 

effector cells and to release INFγ, IL-4 or IL-5 (Figure 1.18) (Cavalheiro et al. 2013, Krzysiek 

et al. 2013, Mueller et al. 2013, Murphy 2012, Playfair and Chain 2009, Kindt et al. 2007).  

 

Figure 1.18: Localization of 
memory CD8+ T-cells. 
Effector memory CD8+ T-cells 
(TEM) settle mostly in the tissue 
and they are immediately 
activate by a second 
encountering of the antigen while 
centre memory CD8+ T-cells 
(TCM) circulate between 
peripheral lymphoid organs and 
are slower to re-activate. 
Resident memory CD8+ T-cells 
(TRM) reside in particular 
peripheral tissues. Figure from 
Mueller et al. 2013. 

 

 

 

 

 

 

 

 

 

 

 

 

Human central memory CD8+ T-cells circulate more than naïve T lymphocytes through the 

peripheral lymphoid organs but are slower to differentiate in effector cells than effector 

memory cells (Figure 1.18) (Carvalheiro et al. 2013, Masopust and Schenkel 2013, Mueller 

et al. 2013, Murphy 2012). Memory CD8+ T-cells which constantly reside in defined tissue 

compartments and protect the tissue during pathogens invasion, e.g. in the epidermis or HF 

infundibulum, are now called resident memory cells (Figure 1.18) (Carvalheiro et al. 2013, 

Health and Carbone 2013, Krzysiek et al. 2013, Masopust and Schenkel 2013, Mueller et al. 

2013, Murphy 2012).  
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Some CD8+ T-cells are able to produce IL-10 and TGFβ1 and express FoxP3. These 

represent suppressor CD8+ T-cells (Carvalheiro et al. 2013, Murphy 2012, Mellor et al. 

2011). 

1.4.2 CD8+ T-cell in autoimmune diseases 

While the antigens presented via MHC class I to CD8+ T-cells can be virally encoded or 

tumour antigens, they often represent a self-peptide which stimulates an abnormal 

autoreactive CD8+ T-cell-mediated immuno response. Such autoreactive CD8+ T-cell 

responses are critically involved in the pathogenesis of several autoimmune diseases, such 

as rheumatoid arthritis (Figure 1.19) (Carvalheiro et al. 2013, Alzabin and Williams 2011), 

type 1 diabetes (Figure 1.20) (Coppieters et al. 2013, Padgett et al. 2013, van Belle et al. 

2011, Bluestone et al. 2010, von Herrath and Homann 2004) and multiple sclerosis (Figure 

1.21) (Luo et al. 2014, Willing and Friese 2012, Sayed et al. 2010, Friese and Fugger 2009).  

 

 
Figure 1.19: CD8+ T-cells in the pathogenesis of rheumatoid arthritis. 

CD8+ T-cells are abundant in the inflammatory infiltrate in the synovial fluid of rheumatoid arthritis patients. These 
represent both Tc1 and suppressor CD8+ T-cells, with the latter presumably attempting to counterbalancing the 
excessive pro-inflammatory response. Tc1 cells release IL-6, IL-17, TNFα, granzyme, perforin which promote 
bone degradation by activating osteclasts. In the synovial membrane one can detect aggregates of T-cells or 
even follicular structures, which are reminiscent of germinal centres of secondary lymphoid organs. Figure from 
Carvalheiro et al. 2013. 

 

CD8+ T-cells play either an effector role, e.g. in type 1 diabetes (Figure 1.20) (Padgett et al. 

2013, van Belle et al. 2011, Bluestone et al. 2010, von Herrath and Homann 2004) or in 

multiple sclerosis (Figure 1.21) (Willing and Friese 2012, Sayed et al. 2010, Friese and 

Fugger 2009) or they amplify the inflammation by releasing pro-inflammatory cytokines, e.g. 

in rheumatoid arthritis (Figure 1.19) (Carvalheiro et al. 2013, Alzabin and Williams 2011).  

 



                                                                                        INTRODUCTION 

30 

 

 
Figure 1.20: CD8+ T-cells in the pathogenesis of type 1 diabetes 

The trigger event of type 1 diabetes is still unknown but it derives by a concurrence of genetic susceptibility and 
environmental factors. The first episode is the collapse of the IP by up-regulation of IFNγ and MHC class I in β 

cells of pancreas. CD8+ T-cells kill human islet β cells upon MHC class I:peptide complex recognition, by 
releasing perforins and granzymes and in some cases up-regulating the Fas ligand. This damage further 
increases the autoreactive response and results in the exposure of additional self antigens. Figure from van Belle 
et al. 2011. 

 

 
Figure 1.21: CD8+ T-cells in the pathogenesis of multiple sclerosis 
Several factors (genetic, environmental) might trigger the disease which is characterized by a strong central 
nervous system inflammation, along with a defective blood brain barrier and a collapse of central nervous system 
IP. B cells, dendritic cells, microglia and macrophages present the antigen to T-cells. CD8+ T-cells kill glial cells, 
exposing the axons, transect axons, cause vascular permeability and activate oligodendrocyte death. Figure from 
Willing and Friese 2012. 
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1.4.3 CD8+ T-cells, hair follicles and alopecia areata 

Human skin is populated by many T-cells, with most the CD8+ T-cells found in the epidermis 

and few residing in and around the HF (Health and Carbone et al. 2013, Di Meglio et al. 

2011, Christoph et al. 2000). Namely, high numbers of CD8+ T-cell inhabit the infundibulum 

and their number start to decline at the level of the isthmus. CD8+ T-cells are seen only very 

rarely in the proximal and HB epithelium. The HF CTS shows a similar CD8+ T-cells 

distribution of the epithelium (Figure 1.5) (Christoph et al. 2000). In mouse HFs, CD8+ T-

cells are rare in the HF epithelium, CTS and dermis (Bertolini et al. 2013, Paus et al. 1998). 

 

CD8+ T-cells have long been a focus of AA research (e.g. (Gilhar et al. 2013a, Ito et al. 

2013a, Alli et al. 2012, McElwee et al. 2005, Yano et al. 2002, Gilhar et al. 1998, Becker et 

al. 1996, McElwee et al. 1996, Paus et al. 1993, Kalish et al. 1992). Many studies suggest 

their key role in the pathogenesis of AA. First of all, CD8+ T-cell depletion abrogates AA 

onset in a rat model of AA (Table 1.8) (McElwee et al. 1996). In rodent AA models, CD8+ T-

cells are the key pathogenesis-initiating immunocytes supported by CD4+ T-cells by which is 

determined the level of inflammatory HF damage (Table 1.8) (McElwee et al. 2005). Cell 

transfer studies in an excellent preclinical model for the study of human AA (i.e. human scalp 

skin from AA patients transplanted onto immunocompromised SCID mice) have clearly 

established that AA lesions can be induced just by transfer of human CD8+ T-cells (Table 

1.8) (Gilhar et al. 2002, 1998) which recognize MHC class I-presented autoantigen(s). 

However, maximal induction of AA lesions in this model requires not only CD8+ T-cell 

exposure to HF-associated autoantigen(s), but also the help of CD4+ T-cells (Table 1.8) 

(Gilhar et al. 2002, Gilhar et al. 2001, Gilhar et al. 1998).  

 

In C3H/HeJ mice, the injections of IL-4 or anti- IFNγ-specific monoclonal antibodies induced 

hair growth and a significant decrease of CD8+ T-cells around the HFs affected by AA (Table 

1.8) (Nakamura et al. 2008). The treatment with the contact sensitizer, diphencyprone 

(DPCP), in AA C3H/HeJ mice and Dundee rat promote hair regrowth and the 

immunohistology showed a decrease of CD8+ T-cell numbers (Table 1.8) (Shapiro et al. 

1999). A recent genome wide association study is in line with the concept that in AA, the 

autoimmune destruction is due to overstimulation of CD8+/NKG2D+ cytotoxic T-cells by the 

abnormal expression of ULBP3, a NKG2D ligand, in the HF CTS of AA patients (Petukhova 

et al. 2010). Moreover, a recently published new mouse model of AA (Table 1.8) 

impressively confirmed the key role of CD8+ T-cells in AA pathogenesis generating 

transgenic mice with HF-specific CD8+ T-cells (Alli et al. 2012). Similar phenotype and HF-

attack by CD8+ T-cells occurs in C57BL/6 mice after administration of antibody-targeted IL-2 

(therapy for melanoma) (Becker et al. 1996). The newly established humanized-mouse 
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model for AA bases on the injection of IL-2 stimulated NKG2D+/CD56+ immunocytes, many 

of which are CD8+, into healthy human skin transplanted on (SCID) mice (for additional lines 

of evidence see Table 1.8) (Gilhar et al. 2013a,b).  

 

 
Table 1.8: Evidence from animal models that CD8+ T-cells are key effector cells in alopecia areata. 

Intercellular Adhesion Molecule 1 (ICAM), human leucocyte antigen (HLA). Table modified after Gilhar et al. 2012. 

 

1.5 Mast cells 

1.5.1 Biology of mast cells 

MCs were visualized histochemically in the human tissue for the first time by Paul Ehrlich in 

the 1878 as large mononuclear cells that contain characteristic metachromatic granules in 

their cytoplasm (Figure 1.22) (Melo et al. 2014, Wernersson and Pejler 2014, Beaven 2009, 

Dvorack 2005).  
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Figure 1.22: Ultrastructure of 
human mast cells. 
Histochemical and transmission 
electron micrograph pictures of a 
MC showing many granules in the 
cytoplasm, centrioles and microvilli 
on its surface. Figure modified after 
Wernersson and Pejler et al. 2014 
and Dvorak 2005.  

 
 
 
 

 

MCs develop from pluripotent hematopoietic cells (CD34+) in the bone marrow from the 

same precursor of granulocytes, monocytes, megakaryocytes and erythrocytes (Figure 

1.23). It is not clear yet if they share most of this process with basophils, deriving from a 

common basophil/MC progenitors, or if they derive from a distinct MC precursor population 

that has differentiated from a common myeloid progenitor (Figure 1.23) (Frenzel and 

Hermine 2013, Voehringer 2013, Gurish and Austen 2012, Katz and Austen 2011, Galli et al. 

2011, Beaven 2009, Galli 2005). MITF is thought to be the crucial transcription factor which 

determinates the MC fate (Qi et al. 2013, Voehringer 2013), and the appropriate stimuli is 

given by IL-3, IL-4 and stem cell factor (SCF) (Kritas et al. 2014b, Voehringer 2013, Gurish 

and Austen 2012, Galli et al. 2011, Beaven 2009, Bishoff 2007, Galli 2005).  

 
Figure 1.23: Development of mast cells. 

Hematopoietic stem cells (HSCs) differentiate 
in common lymphoid progenitors (CLPs) and 
common myeloid progenitors (CMPs). MCs 
progenitors (MCPs) may derive either directly 
from CMPs or from a granulocyte/monocyte 
progenitors (GMPs) which later on 
differentiate in basophil/MC progenitors 
(BMCP). Through the bloodstream immature 
MC precursors reach the tissue where they 
mature and differentiate. Depending on the 
tissue, MCs can differentiate in connective 
tissue MCs (CTMC) or mucosal MCs (MMC). 
C/EBPα, CCAAT/enhancer-binding protein-α; 
FcεRIα, high-affinity receptor for IgE; GATA, 
GATA-binding protein; IL-3, interleukin-3; 
MITF, microphthalmia-associated transcription 
factor; P1-RUNX1, distal promoter-derived 
runt-related transcription factor 1; SCF, stem 
cell factor; STAT5, signal transducer and 
activator of transcription 5; TSLP, thymic 
stromal lymphopoietin. Figure from Voehringer 
2013. 
 

 

Non-granulated MC progenitors circulate in the blood stream and migrate to tissues, where 

they differentiate and mature under the influence of local signals arising from the relevant 

microenvironment such as SCF, IL-3, and IL-9 (Dahlin and Hallgren 2014, Kritas et al. 
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2014b, Frenzel and Hermine 2013, Voehringer 2013, Taketomi et al. 2013, Gurish and 

Austen 2012, Beaven 2009, Galli 2005, Metcalfe et al 1997, Yong 1997). 

 

However, in some tissue, notably in the CTS of murine vibrissae and human scalp HFs, MC 

precursors get deposited (Dahlin and Hallgren 2014), and from these intrafollicular resident 

MC precursors mature MC can differentiate and proliferate under organ culture conditions, 

i.e. in the absence of bone marrow and a functional vasculature (Sugawara et al. 2012, Ito et 

al. 2010, Gurish and Boyce 2006, Kumamoto et al. 2003). It has been proposed that 

pathological increase in the number of intracutaneous or mucosal MCs in human skin or 

upper airway mucosa, for example during atopic dermatitis, chronic urticarial or allergic 

asthma, may result at least in part from such resident peripheral MC progenitors (Sugawara 

et al. 2013, Sugawara et al. 2012).  

 

The receptor for SCF is c-Kit, a tyrosine kinase membrane receptor (CD117) (Figure 1.24). 

The stimulation of c-Kit is fundamental not only in the regulation and migration of MC 

progenitors but also in the proliferation, survival and maturation of mature MCs (Voehringer 

2013, Gurish and Austen 2012, Gilfillan and Beaven 2011, Galli 2005, Metcalfe et al. 1997, 

Yong 1997). 

 

Figure 1.24: C-Kit structure 

C-Kit receptors is composed by an extracellular ligand-binding region containing five 
immunoglobulin-like repeats, necessary for the binding of SCF, a transmembrane 
sequence, an autoinhibitory juxtamembrane domain. The intracellular tyrosine 
kinase domains are an ATPbinding pocket and a kinase activation loop. Figure from 
Pittoni et al. 2011. 
 

 

 

 

 

 

 

 

 

 

 

 

Depending on the peripheral tissue where they reside, MC progenitors differentiate either in 

connective tissue MCs (CTMCs) or mucosal MCs (MMCs), both in human and mouse 

(Figure 1.25). CTMCs are mainly localized in the dermis of skin, submucosal connective 
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tissues of the respiratory tract, joint synovial, and peritoneum while MMCs in mucosa of the 

gastrointestinal tract, in the lamina propria of the respiratory tract and in the small intestinal 

submucosa (Bradding and Saito 2014, Wernersson and Pejler 2014, Gurish and Austen 

2012, Galli et al. 2011, Beaven 2009, Matsue et al 2009). While, under physiological 

circumstances, MCs never enter the epithelium of human skin (incl. the HF ORS and the 

HB), they can migrate into human airway epithelium (Sugawara et al. 2013, Sugawara et al. 

2012). CTMCs and MMCs show a distinct morphology, granule content and sensitivity to 

stimulation by various secretagogues, stabilizers and drugs (Table 1.9) (Bradding and Saito 

2014, Gurish and Austen 2012, Galli et al. 2011, Beaven 2009, Metcalfe et al. 1997).  

 

Figure 1.25: Mast cell subpopulations. 

In human and rodents, MCs mature into MCTC 
(CTMC) or serosal MCs containing both tryptase 
and chymase and MCT (hMMC) or mucosal MCs 
containing mainly tryptase and depending on the 
anatomical location and/or mediator contents. 
Figure from Galli et al. 2011. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Human CTMCs (or MCTC) which correspond to mucosal MCs in rodents, contain both 

tryptase and chymase, carboxypeptidase A and cathepsin G. Human MMCs (or MCT) contain 

tryptase only and represent serosal MCs in rodents (Gri et al. 2012, Galli et al. 2011, 

Metcalfe et al. 1997, Yong 1997) (Figure 1.25).  
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Table 1.9 Human mast cell heterogeneity 

Complement component 5a (C5a), connective tissue MC (MCTC), leukotriene C4 (LTC4), mucosal MC (MCT), 
platelet-activating factor (PAF), prostaglandin D2 (PGD2). Table modified after Bradding and Saito 2014. 

 

MCs are activated by a multitude of different signalling pathways (Figure 1.26), including 

numerous MC surface receptors, most prominently high-affinity receptors for IgE (FcR) (Gri 

et al. 2012, Manikandan et al. 2012, Metz and Maurer 2007), corticotropin-releasing hormone 

receptor (CRH-R1 and CRH-R2) (Slominski et al. 2013, Ito et al. 2010), and SP (NK1) 

(Peters et al. 2007) (Table 1.10) (Gri et al. 2012, Migalovich-Sheikhet et al. 2012, Galli et al. 

2011). MCs express also inhibitory receptors, such as CD200R (Bishoff 2007, Cherwinski et 

al. 2005), CD300A and C (Takahashi et al. 2013, Gri et al. 2012, Migalovich-Sheikhet et al. 

2012, Karra et al. 2009, Bachelet et al. 2005), and TGFβ receptor type I (Gri et al. 2012, 

Bishoff 2007) (Table 1.10). As ever-more MC surface receptors are being discovered (e.g. 

Migalovich-Sheikhet et al. 2012), the complexity of signalling pathways via which MC 

functions are regulated within their respective local microenvironment is continuously 

increasing.  
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Figure 1.26: Mast cell activation 

MCs constantly release little amount of 
mediators, also if not activated. In some cases, 
slight activation could result from the binding of 
IgE bound to high-affinity receptors for IgE 
(FceRI) on the cell surface. However, the 
classical activation of MCs, e.g. in allergic 
response, is mediated by the complex 
antigen:IgE to FceRI which causes the rapid 
exocytosis of the cytoplasmic granules 
(degranulation), the production of lipid 
mediators (such as leukotrienes and 
prostaglandins) and the release of cytokines, 
chemokines and growth factors. Toll-like 
receptors (TLRs) are expressed in a 
moltitudine of MCs and their stimulation 
promote the activation of MCs and the release 
of cytokines without degranulation. Finally, 
MCs present many surface receptors that if 
stimulated, cause the release of granule 
content and cytokines. Figure from Galli et al. 
2011. 

 

 

 

 

 
Table 1.10: Summary of mast cell surface receptors.  

Overview of surface receptors expressed either in CTMCs or MMCs or both. Some receptors have been only 
investigated in human

a
 or murine

b
 or not investigate

ni
, if not indicated the molecules where studied in both 

species. Intercellular adhesion molecule (ICAM), prostaglandine (PG), T-cell immunoglobulin mucin domain 
(TIM), tumor necrosis factor (TNF), toll like-receptors (TRL), vascular cell adhesion molecule (VCAM). Table 
modified after Gri et al. 2012. 

 

For example, it has recently surfaced that cannabinoid receptor 1-mediated signalling plays a 

crucial role in preventing excessive maturation of mucosal MCs from resident precursors in 

human skin and upper airway mucosa also counterbalances MC-activating stimuli (Sugawara 

et al 2013, Sugawara et al. 2012). Together with the well-recognized secretagogue activity of 
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CRH and SP this suggests that locally generated neuroendocrine signals are prominently 

involved in regulation MC activity. This notion is further supported by findings that CGRP, the 

α-MSH-derived peptide, K(D)PT all can inhibit human skin connective MC functions in situ 

(Kinori et al. 2012, Meyer et al. 2009) 

 

Once activated MCs are able to immediately release an array of pre-formed mediators stored 

in cytoplasmic granules via exocytosis, such as histamine, proteases (tryptase, chymase), 

proteoglycans and many different cytokines (e.g. tumor necrosis factor, TNFα) and growth 

factors (e.g. TGFβ1). In addition, lipid mediators, cytokines, chemokines, growth and 

angiogenic factors are synthesized de novo upon MC activation (details and references, see 

Table 1.11). The type and amount of mediators which are released depend on the nature, 

property and strength of the activation stimuli. Therefore, MCs are able to produce and 

release a vast array of molecules with either pro-inflammatory or immunoinhibitory functions, 

depending on the microenvironmental signalling context, systemic, neural, and 

environmental signals received, and on the cells they interact with (Hallgren and Gurish 

2014, Wernersson and Pejler 2014, Frenzel and Hermine 2013, Nelissen et al. 2013, 

Voehringer 2013, Gri et al. 2012, Gurish and Austen 2012, Gilfillan and Beaven 2011, 

Beaven 2009, Galli 2005, Metcalfe et al 1997, Yong 1997).  

 

 
Table 1.11: Summary of mast cell mediators.  

Overview of mediators released either by CTMCs or MMCs or both. Some mediators have been only investigated 
in human

a
 or murine

b
 or not investigate

ni
, if not indicated the markers where studied in both species. Colony-

stimulating factor (CSF), fibroblast growth factor (FGF), leucocyte migration inhibitory factor (LIF), leukotriene 
(LT), nerve growth factor (NGF), nitric oxide (NO), platelet-activating factor (PAF), prostaglandine (PG), reactive 
oxygen species (ROS), stem cell factor (SCF), transforming growth factor (TGF). Table from Gri et al. 2012. 
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The ability of MCs to easily change their phenotype implicated them in numerous biological 

processes: host defence, innate and adaptive immunity, peripheral tolerance induction, 

immune suppression, autoimmunity, chronic inflammation, tissue remodelling/wound repair 

(collagen synthesis, angiogenesis), hair growth, tumour progression, and detoxification of 

venoms and other toxic substances (Figure 1.27) (Douaiher et al. 2014, Voehringer et al. 

2013, Dyduch et al. 2012, Gilfillan and Beaven 2011, Della Rovere et al. 2009, de Vries et al. 

2009a, Matsue et al. 2009, Bischoff 2007, Metz and Maurer 2007, Maurer et al 1995, 

Metcalfe et al. 1997, Paus et al. 1994). 

 

 
Figure 1.27: General function of human mast cells. 

MCs are implicated in host defence, innate and adaptive immunity, peripheral tolerance induction, immune 
suppression, autoimmunity, chronic inflammation, tissue remodelling/wound repair, tumours progression, and 
detoxification. Fibroblast growth factor (FGF), interleukin (IL), leukotriene C4 (LTC4), prostaglandin D2 (PGD2), 
transforming growth factor (TGF), tumour-necrosis factor (TNF), CD4+CD25+ regulatory T cell (Treg cell), very 
late antigen 4 (VLA4). Picture from Bischoff 2007. 

 

1.5.2 The immunomodulatory role of mast cells 

MCs have long been viewed as the primary effector cells of innate immunity (Kurashima et 

al. 2014, St. John and Abraham 2013, Frenzel and Hermine 2013, Galli et al. 2011). 

However, they also play a key role in connecting innate and adaptive immune responses 

(Ebert et al. 2014, Frenzel and Hermine 2013, St John and Abraham 2013, Brown and 

Hatfield 2012, Gri et al. 2012, Tete et al. 2012, Harvima and Nilsson 2011, Tsai et al 2011, 

Frossi et al. 2010, Stelekati et al. 2009, Galli et al. 2008, Harvima et al. 2008, Sayed et al. 

2008). In fact, MCs are able to attract and to regulate dendritic cells, B-cells, eosinophils, 

lymphocytes, NK cells, macrophages (Merluzzi et al. 2014, Chatterjee and Gashev 2014, 

Brown and Hatfield 2012, Gri et al. 2012, Migalovich-Sheikhet et al. 2012, Harvima and 
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Nilsson 2011, Sayed et al 2008, Christy and Brown 2007, Sayed and Brown 2007, Galli et al 

2008) and can even control antigen-specific CD8+ T-cell responses (Stelekati et al. 2009) 

(Figure 1.28).  

 

 
Figure 1.28: Immuno-modulatory functions of mast cells. 

MCs are able to interact with many different immunocytes such as dendritic cells (DC), B cells (B), T effector cells 
(T eff), regulatory T-cells (T reg), neutrophils (PMN), macrophages, NK cell and γδ T-cells. Modified after Brown 

and Hatfield 2012. 

 

Importantly, MCs exert a dual immunoregulatory role (Frenzel and Hermine 2013, Voehringer 

2013, Brown and Hatfield 2012, Gri et al. 2012, Gilfillan and Beaven 2011, Harvima and 

Nilsson 2011, Tsai et al. 2011, Frossi et al. 2010, Galli et al. 2008, Sayed et al. 2008): Under 

physiological circumstances, they appear to exert largely immunoinhibitory functions, thus 

contributing to the maintenance of IP for example, and may function as intermediaries of 

peripheral tolerance and regulatory T-cell-dependent tolerance (Figure 1.28 and 1.29) (Chan 

et al. 2013, Voehringer 2013, Gan et al. 2012, Kalesnikoff and Galli 2011, Tsai et al. 2011, 

Frossi et al. 2010, de Vries et al. 2009a, Sayed et al. 2008, Lu et al. 2006, Waldmann 2006).  

 

 
Figure 1.29: Mast cell phenotype switch. 

MCs are able to switch from an immunosuppressive, important for peripheral tolerance and IP maintenance to a 
pro-inflammatory phenotype which promotes pathogenic environment. Interferon (IFN), interleukin (IL), protease 
activated receptor (PAR2), stem cell factor (SCF), tumor necrosis factor (TNF), transforming growth factor (TGF), 
Picture from Harvima and Nilsson 2011. 



                                                                                        INTRODUCTION 

41 

 

For example, in the bladder, MCs are the major source of IL-10 which promotes a tolerogenic 

microenviroment and is important to suppress immunocytes during infection in order to 

permit long-term bacterial persistence (Chan et al. 2013). Similarly, MCs promote the release 

of IL-9 from T-regulatory cells which contributes to the peripheral tolerance in a mouse model 

of skin allografts (Lu et al. 2006). However, if MCs are strongly activated by MC 

secretagogue (compound 48/80) the allogenic graft is rejected due to a T-cell dependent 

immuno-response (de Vries et al. 2009b). 

 

Therefore, as cells primed to rapidly secrete significant, proinflammatory ‘danger’ signals 

upon activation/degranulation, this role can quickly switch into a tolerance-breaking and 

potentially autoimmunity-promoting role, for example during allograft rejection and 

experimental autoimmune encephalomyelitis, rheumatoid arthritis, psoriasis, atopic dermatitis 

(Figure 1.30 and Table 1.12) (Frenzel and Hermine 2013, Voehringer 2013, Brown and 

Hatfield 2012, Walker et al. 2012, Gilfillan and Beaven 2011, de Vries et al. 2009b, Sayed et 

al. 2008, Lu et al. 2006, Waldmann 2006). 

  

 
Table 1.12: List of diseases in which mast cells are considerate to play a role. Table from Frenzel and 

Hermine 2013 

 

1.5.3 Mast cells in autoimmune diseases 

Recently, strong evidence has supported MCs make pathobiologically important 

contributions to the development of selected to autoimmune disorders such as multiple 

sclerosis, rheumatoid arthritis, type 1 diabetes and bullous penphigoid (Figure 1.30) (Christy 

et al. 2013, Frenzel and Hermine 2013, Anand et al. 2012, Brown and Hatfield 2012, Gan et 

al. 2012, Walker et al. 2012, Gilfillan and Beaven. 2011, Sayed et al. 2008).  
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In multiple sclerosis for example, MCs not only release preformed mediators such as 

tryptase, TNFα which contribute to target tissue destruction, but also are fundamental for 

maximal autoreactive T-cell responses and the recruitment of neutrophils which in turn recruit 

additional autoreactive T-cells and cause additive tissue damage, at least in the mouse 

model (Christy et al. 2013, Walker et al. 2012, Sayed et al. 2011, Sayed et al. 2010, Gregory 

et al. 2005).  

 

In rheumatoid arthritis, the MC number is strongly up-regulated in the joint and the release of 

tryptase and cytokines (TNF, IL-1β, IL-17) is indirectly responsible of neutrophils chemotaxis 

and cartilage and bone destruction by activating synovial fibroblasts. Moreover, MC tryptase 

increases vascular permeability and inflammation in the joint (Christy et al. 2013, Kritas et al. 

2013, Frenzel and Hermine 2013, Brown and Hatfield 2012, Shin et al. 2009).  

 

The inhibition of MCs by cromolyn sodium in a rat model for type 1 diabetes delay the onset 

the disease (Geoffrey et al. 2006) and the specific inhibition of c-Kit only slightly limit the 

disease progression in NOD mice (Brown and Hatfield 2012, Shi et al. 2012, Louvet et al. 

2008). 

 

 
Figure 1.30: Mechanisms by which mast cells could play a role in autoimmune diseases. 

MCs are able to cross-talk with autoreactive T and B cells, present the antigens, release mediators that increase 
vessels permeability and direct damage the tissue and recruit inflammatory cells thus amplifying the autoimmune 
response. Antigen-presenting cells (APC), dendritic cell (DC), polymorphonuclear leukocytes (PMN). Figure from 
Brown and Hatfield 2012. 

 

However if MCs play a role in autoimmune disease is still controversy since in some animal 

experiments MCs revealed to be protective for the disease development (Gutierrez et al. 

2014, Brown and Hatfield 2012).  
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1.5.4 Mast cells, hair follicles and alopecia areata 

In mammalian skin, MCs are located in the dermal and subcutaneous tissue and are 

particularly prominent in the CTS of the HF (Figure 1.5) (Metz and Maurer 2009, Christoph 

et al. 2000), where they play a role in the regulation of HF cycling (Liu et al. 2013, Paus et al. 

1998, Botchkarev et al. 1997, Maurer et al. 1997, Botchkarev et al. 1995, Maurer et al. 1995, 

Paus et al. 1994c, Moretti et al. 1967). Namely, after stimulation with the endogenous MC 

secretagogues, SP or corticotrophin-releasing hormone (Ito et al. 2010, Ito et al. 2005a, 

Maurer et al. 1997), anagen HFs can be induced to prematurely enter into the regression 

phase of HF cycling, i.e. catagen (Peters et al. 2007, Siebenhaar et al. 2007, Ito et al. 2005a, 

Maurer et al. 1997). This is also suggested by substantial fluctuations in the number, activity 

and histochemical staining characteristics of skin MCs during synchronized HF cycling (Paus 

et al. 1998, Botchkarev et al. 1997, Botchkarev et al. 1995, Moretti et al. 1967). 

 

Moreover, the HF mesenchyme in human and murine skin harbours resident MC progenitor 

cells, from which fully functional, mature skin MCs can differentiate in loco (Sugawara et al. 

2012, Ito et al. 2010, Kumamoto et al. 2003). In the HF CTS, MCs may collaborate to 

maintain the IP (Gilhar et al. 2012, Waldmann 2006, Maurer et al. 2003). Their action is 

considered to be connected to the release of immunosuppressive cytokines, in particularly, 

IL-10 and TGFβ, which may decrease the immune response indirectly by interacting with T-

regulatory cells or CD8+ T lymphocytes (Stelekati et al. 2009, Sayed et al. 2008, Waldmann 

2006, Maurer et al. 2003).  

 

Several studies have reported an increase of the number of peribulbar and perivascular MCs 

in AA lesions (Cetin et al. 2009, D'Ovidio et al. 1988, Finzi and Landi 1964, Baccaredda-Boy 

and Giacometti 1959). However, other authors did not find any differences in AA skin 

compared to controls with respect to MC histochemistry (Spath and Steigleder 1970). Given 

this conflicting literature, recent published results generated during the Master´s thesis 

project of the current PhD candidate revealed that the number of immature and mature MCs 

is indeed strongly increased in AA, as well as the degranulation and the proliferation in situ 

around lesional HFs (Figure 1.31) (Bertolini et al. 2014, Bertolini et al. 2010a,b). 
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Figure 1.31: Human 
alopecia areata lesions 
show increased density, 
proliferation and 
degranulation of 
perifollicular mast cells. 
The immunohistochemical 
identification and 
evaluation of MCs by c-Kit 
(A,D), TB (B,E) or Ki-
67/tryptase (C,F) revealed 
a strong increase of MC 
numbers in AA (D-F) 
compared to control 
healthy (A-C) skin. Red 
arrows indicate MCs. C-
Kit/tryptase double-IF 
showing immature c-Kit+ 
MCs (stained in green) 
and mature c-
Kit+/tryptase+ MCs in AA 
skin (stained in green and 
red) (G). See inserted 
panels in the bottom left of 
each Figure for higher 
magnification views of the 
area highlighted in the 
small boxes. Reference 
area for the quantitative 
analysis using (immuno-
)histomorphometry for the 
cell counting in the 
connective tissue sheath 
(CTS) and perifollicular 
dermis (PFD). CTS+PFD 
represents the total area 
including the space 
demarcated up to 200µm 
from the HF basement 
membrane (C,F). Fold 
change of MC density 
detected by c-Kit, TB and 
tryptase (H). Black line 
indicates the control. 
Analysis derived from 69-
81areas (HFs) of 11-17 
AA patients and from 50-
69 areas (HFs) of 5-7 
healthy controls, ±SEM, 
*p≤0.05, **p≤0.01, 
***p≤0.001, Mann-
Whitney-U-Test or Student 

t-test (for c-Kit, TB and tryptase compared to respective controls and for comparing bars between CTS and PFD), 
Kruskal-Wallis test (p<0.0001) followed by Dunn's test (for comparing c-Kit, TB and tryptase within CTS and 
PFD). Immunohistochemical identification of MCs by Ki-67/tryptase IHC (I,J,M), Ki-67/tryptase IF (K), Ki-67/c-Kit 
(L) and TB (N) showing non-degranulating, non proliferating MCs (blue arrows), degranulating, non proliferating 
MCs (green arrows), non-degranulating MCs in proliferation (red arrows) and degranulating MCs in proliferation 
(orange arrows). Quantitative analysis of MC proliferation by Ki-67/Tryptase IHC (O). Analysis derived from 81 
areas (HFs) of 17 AA patients and 50areas (HFs) of 7 healthy controls, ±SEM, Mann-Whitney-U-Test 
(ns).Quantitative analysis of MC degranulation by TB histochemisty and Ki-67/tryptase IHC (P). Black line 
indicates the control. Analysis derived from 69-81 areas (HFs) of 11-17 AA patients and 50-69 areas (HFs) of 5-7 
healthy controls, ±SEM, *p≤0.05, **p≤0.05, ***p≤0.001 Mann-Whitney-U-Test (compare to control), Mann-Whitney 
test (TB compare to Tryp) (ns). Scale bars: 100µm (A-G) and 20 µm (I-N). Connective tissue sheath (CTS), hair 
shaft (HS), inner root sheath (IRS), outer root sheath (ORS), perifollicular dermis (PFD), toluidine blue (TB), 
sebaceous gland (SG). (Figure and legend derived from data generated during M. B.’s M.Sc. thesis project, 
included in Bertolini et al. 2014).  
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1.6 Mast cells and CD8+ T-cell interactions in autoimmune diseases  

A co-localization of MCs with T-cells, including CD8+ T-cells, has been observed in several 

T-mediated inflammatory processes (Harries et al. 2013, Brown and Hatfield 2012, Gri et al. 

2012). Moreover, MCs are able to activate an antigen specific MHC class I dependent CD8+ 

T-cells immune response (Figure 1.32) (Stelekati et al. 2009, Malaviya et al. 1996). MCs can 

co-stimulate CD8+ T-cells via molecular mediators and adhesion pathways (Figure 1.33) 

(Christy et al. 2013, Frenzel and Hermine 2013, Brown and Hatfield 2012, Gan et al. 2012, 

Gri et al. 2012, Walker et al. 2012, Gilfillan and Beaven 2011, Stelekati et al. 2009, Sayed et 

al. 2008). 

 

 
Figure 1.32: A selection of pro-inflammatory mediators and surface molecules involved in mast cell-CD8+ 
T-cell interactions. 

MCs are able to present antigen via MHC class I to CD8+ T-cells and to costimulate them via OX40L, 4-1BBL, 
CD30L, ICAM-1, CD80 and granules-associated molecules such as histamines, tryptase and chymase. Moreover 
MCs release potent mediators which influence CD8+ T-cell activities. Interferon (IFN), interleukin (IL), intercellular 
adhesion molecule (ICAM), leukocyte functional associated antigen (LFA), leukotriene (LT), prostaglandine (PG), 
transforming growth factor (TGF), tumor necrosis factor (TNF). Picture from Harvima et al. 2008. 

 

1.6.1 Mast cell mediators and CD8+ T-cells: A selection 

Most MC mediators play a role in the recruitment, activation of CD8+ T-cells during 

inflammatory processes, however some of them are important to maintain homeostasis and 

to inhibit immuno cells such as CD8+ T-cells (Wernersson and Pejler 2014, Christy et al. 

2013, Frenzel and Hermine 2013, Brown and Hatfield 2012, Gan et al. 2012, Gri et al. 2012, 

Walker et al. 2012, Gilfillan and Beaven 2011, Harvima et al. 2008, Sayed et al. 2008). Here 

below, a list of MC mediators able to modulate CD8+ T-cell functions: 
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- Histamine is an organic nitrogenous molecule that exerts its function by binding to four 

different receptors: H1, H2, H3 and H4, with both pro-inflammatory and immuno-inhibitory 

capacity (Table 1.10). Among its complex functions, histamine contributes to the polarization 

of T-cell responses (Galli et al. 2005) and can stimulate the production of INFγ by some 

CD8+ T-cells (Figure 1.32) (Hanzlikova et al. 2012). 

 

- Tryptase is a trypsin-like protease stored together with heparin within MCs, whose functions 

are mostly mediated mostly by signalling via the protease-activated receptor (PAR)-2 

receptor (Wernersson and Pejler 2014, Gri et al. 2012, Harvima & Nilsson 2011, Sayed et al. 

2008, Shin et al. 2009) and by activating other proteases such as collagenases (Magarinos 

et al. 2013, Sayed et al. 2008). Since PAR-2 is also expressed by MCs, it is also possibly a 

paracrine activator of MCs (Wernersson and Pejler 2014, Hernandez-Hernandez et al. 2012, 

Harvima and Nilsson 2011, Dvorak 2005). Apart from providing protection against several 

pathogens (St. John and Abraham 2013, Gri et al. 2012, Pejler et al. 2010), controlled “MC-

directed collagenolysis” (Hammel et al. 2010, Krejci-Papa and Paus 1998), i.e. activation of 

procollagenase, tryptase activates keratinocytes (Kempkes et al. 2014, Harvima and Nilsson 

2011, Steinhoff et al. 1999), elicits action potentials in sensory skin nerves (Harvima and 

Nilsson 2011, Lohi et al. 1992) (Table 1.10), and activates and recruits T-cells (Figure 1.28) 

(Harvima and Nilsson 2011, Spinnler et al. 2010, Li and He 2006).  

 

- Chymase, a chymotryptic serine proteases, is fundamental in the degradation of eotaxin 

and neuropeptides (Table 1.10) but it is also able to recruit eosinophils and neutrophils in 

vivo and to stimulate inflammatory cells including T-cells in vitro (Figure 1.28) (Harvima and 

Nilsson 2011). 

 

- The release of leukotriene B4 by MCs (Table 1.10) contributes to the chemotaxis of effector 

CD8+ T-cells in target tissues affected by allergic disease, acting on high-affinity BLT1 

leukotriene receptor (Ott et al. 2003). This receptor on CD8+ T-cells seems to be 

fundamental for the migration of CD8+ T-cells in tumour (Sharma et al. 2013) and CD8+ T-

cell mediated colitis (Figure 1.31) (Nancey et al. 2011). 

 

- IL-10 is a pleiotropic cytokine which is secreted from MCs during cross-talk with other cells 

(Table 1.10) (Soyer et al. 2013, Mosser and Zhang 2008, Groux et al. 1998). It exerts mostly 

immunosuppressive functions, such as the inhibition of T-cells (Rowbottom et al. 1999) or the 

maintenance of peripheral tolerance, supporting regulatory T-cells (Chan et al. 2013, Gan et 

al. 2012, Gri et al. 2012, Chacon-Salinas et al. 2011, Harvima and Nilsson 2011, de Vries et 
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al. 2009b, Lu et al. 2006). However, under certain circumstances and in defined 

microenvironments, IL-10 can also activate natural killer and cytotoxic CD8+ T-cells (Figure 

1.28) (Hofmann et al. 2012). 

- TGFβ-1 (Table 1.10), is a potent IP guardian which is also able to inhibit CD8+ T-cells and 

to reduce their proliferation, cytolitic activity, differentiation, and acquisition of effector 

molecules. Moreover, TGFβ-1 is a fundamental factor for the differentiation of regulatory T-

cells (Figure 1.28) (Oh and Li 2013, Wahl et al. 2006).  

1.6.2 Co-stimulatory molecules for CD8+ T-cells expressed on mast cells  

MCs on their surface may express after appropriate stimuli, an array of co-stimulatory 

molecules, including OX40L, CD30L, 4-1BBL, ICAM-1 which have been shown to modulate 

MC-CD8+ T-cell interaction (Frenzel and Hermine 2013, Brown and Hatfield 2012, Gri et al. 

2012, Harvima and Nilsson 2011, Harvima et al. 2008, Sayed et al. 2008, Galli et al. 2008, 

Stelekati et al. 2009). Here below, a list of MC co-stimulatory molecules able to influence 

CD8+ T-cell functions: 

 

- OX40L (syn CD252, TNFSF4, gp34) (Table 1.11) is a type II transmembrane and soluble 

glycoprotein express after activation, which binds OX40 during cell contact. The receptor 

OX40 it is not expressed on naϊve or memory T-cells but it is transiently expressed after 

antigen presentation (Ilves and Harvima 2013, Zhang et al. 2013b, Weinberg et al. 2011, 

Croft 2010, Ishii et al. 2010, Kober et al. 2008, Nakae et al. 2006, Kashiwakura et al. 2004). 

The expression of OX40L on MCs seems to be induced by GM-CSF, IL-1 and TNF and to 

promote the expansion, survival and cytokine production in CD8+ T-cells (Croft 2014, Croft 

2010, Nakae et al. 2006, Kashiwakura et al. 2004). It was shown that the binding of OX40L+ 

MCs with OX40 regulatory T-cells, which could be also CD8+, is fundamental for regulatory 

T-cell-dependent peripheral tolerance in skin allografting (Frossi et al. 2010). 

 

- CD30L (syn: CD153, TNFSF8) (Table 1.11) depending on the environment exerts several 

pleiotropic biological effect on T-cells, including proliferation, activation, differentiation and 

cell death. Recently, it was shown that not only CD4+ T-cells but also CD8+ T-cells can 

express CD30 (Croft 2014, Cabrera et al. 2013, Zhang et al. 2013a, Kober et al. 2008, Horie 

and Watanabe 1998, Gruss et al. 1996). 

 

- 4-1BBL (syn.: CD137L, TNFSF9) (Table 1.10) modulates the antigen presentation by MCs 

to CD8+ T-cells (Stelekati et al. 2009). In fact, 4-1BB can be express on T-cells (apart resting 

T-cells) but is induced more on CD8+ T-cells compared to other T-cells. The binding 4-

1BBL/4-1BB mediates the survival, activation, expansion, up-regulation of effector molecules 
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(perforin, granzyme) in CD8+ T-cells and promote Th1 response (Croft 2014, Chacon et al. 

2013, Vinay and Kwon 2012, Shao and Schwarz 2011, Wu et al. 2011, Wang et al. 2009, 

Kober et al. 2008, Watts 2005).  

 

- The interaction between ICAM-1 (Table 1.11) and LFA-1 is well known to mediate the 

immunological synapse during antigen presentation from APCs to T-cells (Springer and 

Dustin 2012), and it is also the first signaling pathway which was found to mediate MC-T-cell 

interactions (Gri et al. 2012). However, the role of ICAM-1/LFA-1 signaling in MC-CD8+ T-

cell interactions is as yet insufficiently characterized. In fact, most of the studies consider 

only the effect of activated T-cells to MCs (Nagai et al. 2009, Brill et al. 2004, Inamura et al. 

1998). Only in rare case, like in Skokos et al. (2001), the scenario is seen the other way 

around, in fact exosomes containing also ICAM-1 and derived from mouse bone marrow-

derived MCs promote T-cell proliferation and cytokine production (Skokos et al. 2001, Galli et 

al. 2005). Since ICAM-1/LFA-1 interactions are likely to play an important role in the HF 

immune system under physiological and pathological circumstances (Joachim et al. 2008, 

Müller-Röver et al. 2000, Eichmüller et al. 1998, Limat et al. 1994) and have also been 

implicated in the context of AA pathobiology (Ghersetich et al. 1996, Zhang and Oliver 1994, 

Mcdonagh et al. 1993), the role of ICAM-1/LFA-1 signaling in MC-CD8+ T-cell interactions 

during AA may be of particular relevance. 

1.6.3 Inhibitory molecules for CD8+ T-cells expressed on mast cells 

Vice versa, the MC surface also expresses immuno-inhibitory receptors important for the 

maintenance of peripheral tolerance and the inhibition of CD8+ T-cells (Chan et al. 2013, 

Voehringer 2013, Gan et al. 2012, Kalesnikoff and Galli 2011, Tsai et al. 2011, Frossi et al. 

2010, de Vries et al. 2009a, Sayed et al. 2008, Lu et al. 2006, Waldmann 2006). The most 

important is PD-L1 (syn: B7-H1, CD274) (Table 1.11), which is a type I transmembrane 

protein. PD-L1 seems to be implicated also in HF-IP maintenance (Wang et al. 2014). It 

delivers an inhibitory signal through its receptor on T-cells (PD-1), inhibiting cytokine 

production and proliferation while stimulating T-cell death (Podojil and Miller 2013, Saresella 

et al. 2012, Wu et al. 2012, Keir et al. 2008). However, the expression of PD-L1 has so far 

only been investigated in mouse bone marrow-derived MCs (Nakae et al. 2006), therefore it 

would be interesting to study this receptor in human MCs in situ and in the context of AA 

pathogenesis. 
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1.7. Selected open questions in the field 

If one accepts the concept that AA is an organ-restricted CD8+ T-cell dependent 

autoimmune disease during which a collapse of the HF’s IP plays a critical role (Paus et al. 

1993, Gilhar et al. 2012, McElwee et al. 2013), many important questions remain unsolved. 

These include, for example: 1) What exactly stimulates the HF-IP collapse in AA?  2) Which 

T-cells are the autoreactive in AA?  3) What is (are) the auto-antigen(s) in AA?  4) What is 

the role of autoantibodies in AA?  5) What is the role of the innate immune system in AA, 

namely the role of MCs, NK and NKT-cells and the endogenous agonists of NKG2D such as 

MICA, ULBP3?  6) What is the role of regulatory T-cells? 

 

Among these multiple open questions, the current thesis project focuses on the potential role 

of MCs in AA, given that a) MCs are up-regulated in AA lesion (Bertolini et al. 2014, Bertolini 

et al. 2010a,b, Cetin et al. 2009, D'Ovidio et al. 1988, Finzi and Landi 1964, Baccaredda-Boy 

and Giacometti 1959), b) that they are able to co-stimulate CD8+ T-cells (Christy et al. 2013, 

Frenzel and Hermine 2013, Brown and Hatfield 2012, Gan et al. 2012, Gri et al. 2012, 

Walker et al. 2012, Gilfillan and Beaven. 2011, Harvima et al. 2008, Sayed et al. 2008), and 

c) can even present specific antigens to CD8+ T-lymphocytes (Stelekati et al. 2009), the 

accepted key effector lymphocytes in AA pathogenesis (McElwee et al. 2013, Gilhar et al. 

2012, McElwee et al. 2005, Gilhar et al. 1998, McElwee et al. 1996). Therefore the main 

research challenge in this context is to systematically explore the role of MC-CD8+ T-cell 

interactions in human AA pathobiology in situ. 

 

1.8. Working hypothesis 

The following working hypothesis regarding MC and CD8+ T-cell interactions was formulated 

so as to guide the experimental design chosen for this thesis project: in physiological state, 

MCs around the HFs interact with CD8+ T-cells in order to preserve the HF-IP and peripheral 

tolerance; instead, under pathological conditions, such as in AA, MCs switch to pro-

inflammatory phenotype and activate pathogenic CD8+ T-cells as well as autoimmunity-

promoting MC-CD8+ T-cell interactions. Taken together, this causes HF-IP collapse and 

breaks the peripheral tolerance to HF-associated autoantigens, which in turn results in the 

development of AA (Figure 1.34). 
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Figure 1.34: Overall hypothesis: Mast cell-CD8+ T-cell interactions in physiological hair follicle-immune 
privilege versus alopecia areata.  

In the picture tryptase+ MC (pink) interacting with CD8+ T-cell (brown). 

 

1.9. Overall aim and specific questions addressed  

The overall aim of the current project was: to dissect the role of MC and CD8+ T-cell 

interactions in AA pathogenesis. 

 

With this overarching aim in mind, the following specific questions were addressed: 

1) Do MCs switch to a pro-inflammatory phenotype in AA? 

2) Do MCs interact with CD8+ T-cells in AA? 

3) Are the observed interactions between MCs and CD8+ T-cells likely to be pro-

inflammatory or immuno-inhibitory? 

4) Is it possible to investigate and modulate MC-CD8+ T-cell interactions ex-vivo? 

5) Do abnormal MCs interact with CD8+ T-cells in vivo in AA lesions from animal models for 

AA? 

 

The specific questions addressed in each set of experiments in this thesis project are 

summarized in Table 1.13. 
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Model Question addressed Investigated read-out parameters 

Lesional and 
non-lesional skin 
from AA patients 
versus healthy 

skin  
 

Do MCs switch to a pro-inflammatory 
phenotype in AA? 

Evaluation of TGFβ1 and tryptase contents within 
MCs using TGFβ1/C-Kit and Ki-67/Tryptase 
stainings. Evaluation of MC number positive for 
OX40L, CD30L, 4-1BBL, ICAM-1, IL-10, PD-L1, 
CD200 using corresponding triple-staining. 

Do MCs interact with CD8+ T-cells in 
AA? 

Evaluation of MC number in close contact with 
CD8+ T-cells using CD8/Tryptase and CD8/C-Kit 

Are the observed interactions 
between MCs and CD8+ T-cells likely 
to be pro-inflammatory or immuno-
inhibitory? 

Evaluation of MC degranulation and expression 
MHC class I, OX40L, CD30L, 4-1BBL, ICAM-1, IL-
10, PD-L1 CD200 when in close contact with CD8+ 
T-cells using corresponding double- and triple-
staining. 

Hair follicle 
organ culture 

Is the HF organ culture suitable for 
investigating MC-CD8+ T-cell 
interactions after MC secretagogue 
treatment? 

Evaluation of MC number in close contact with 
CD8+ T-cells using CD8/Tryptase and C-Kit/CD8 
immunostainings in SP and compound 48/80 
treated HFs 

Full-thickness 
healthy skin 

organ culture  

Do perifollicular MCs and their 
activities increase in full-thickness 
healthy skin organ-culture after MC 
secretagogue treatment? 

Evaluation of MC number using C-Kit/Ki-67 and Ki-
67/Tryptase stainings. Evaluation of MC 
degranulation using Ki-67/Tryptase stainings. 
Evaluation of MC proliferation using Ki-67/Tryptase, 
C-Kit/tryptase and Ki-67/C-Kit and HF IP collapse 
using MHC class I and TGFβ1 stainings in SP and 
compound 48/80 treated healthy skin 

Is the full-thickness healthy skin 
organ-culture suitable to investigate 
MC-CD8+ T-cell interactions after MC 
secretagogue treatment? 

Evaluation of MC number in close contact with 
CD8+ T-cells using CD8/Tryptase in SP and 
compound 48/80 treated healthy skin 

Full-thickness 
AA skin organ 

culture 

Do perifollicular MCs and their 
activities increase in full-thickness AA 
skin organ-culture after MC 
secretagogue and stabilizer 
treatment? 

Evaluation of MC number using C-Kit and Ki-
67/Tryptase stainings. Evaluation of MC 
degranulation using Ki-67/Tryptase stainings. 
Evaluation of MC proliferation using Ki-67/Tryptase, 
C-Kit/tryptase and Ki-67/C-Kit stainings in SP, 
compound 48/80, cromoglycate treated AA skin 

Is the full-thickness AA skin organ-
culture suitable to investigate MC-
CD8+ T-cell interactions after MC 
secretagogue and stabilizer 
treatment? 

Evaluation of MC number in close contact with 
CD8+ T-cells using CD8/Tryptase in SP, compound 
48/80, cromoglycate treated AA skin 

C3H/HeJ mice 

Does the subcutaneous injection with 
IFNγ accelerate the spontaneous 
development of AA in C3H/HeJ mice? 

Determinate the first episode of AA in vehicle and 
INFγ treated C3H/HeJ mice  

Are C3H/HeJ mice subcutaneously 
injected with IFNγ suitable for 
investigating MC-CD8+ T-cell 
interactions? 

Evaluation of MC number in close contact with 
CD8+ T-cells using CD8/C-Kit in AA affected skin? 

Grafted C3H/HeJ 
mice  

Do perifollicular MCs and their 
activities increase in AA affected 
mice? 

Evaluation of MC number using C-Kit/CD8 and 
mMCP6/CD8, stainings. Evaluation of MC 
degranulation using mMCP6/CD8 staining. 

Are MCs and MC-CD8+ T-cell 
interactions also abnormal in the best-
established AA mouse model? 

Evaluation of MC number in close contact with 
CD8+ T-cells using mMCP6/CD8 and C-Kit/CD8 
stainings. 

Humanized-
mouse model of 

AA  

Can key findings made in the skin of 
AA patients with respect to excessive 
MC number/activities and MC-CD8+ T-
cell interactions be reproduced in 
experimentally induced AA-like 
lesions in previously healthy human 
skin? 

Evaluation of MC number using c-Kit and 
Tryptase/CD8, stainings. Evaluation of MC number 
degranulation using tryptase/CD8 staining. 
Evaluation of MC number in close contact with 
CD8+ T-cells using tryptase/CD8 staining. 

 

Table 1.13: List of models used, question addressed formulated and investigated read-out parameters 
evaluated in the current project. 
Underline in light blue the in situ analyses performed on lesional and non-lesional skin section from AA patients 
and control skin sections from healthy individuals, in pink ex-vivo analyses performed in HF or full thickness skin 
organ culture and in green in-vivo analyses performed in C3H/HeJ mice and human skin transplanted on SCID 

mice. Intercellular adhesion molecule (ICAM), programmed death-ligand (PD), transforming growth factor (TGF).  
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1.10. Experimental Design 

To dissect the role of MC-CD8+ T-cell interactions in AA pathogenesis, in the current project, 

several complementary models were employed (Table 1.2) to overcome the frustrating fact 

the MC cannot be strictly selectively depleted or modulated neither in human or in mouse 

skin (see Discussion for details).  

 

MC and CD8+ T-cell interactions were first investigated in AA lesional skin from AA patients 

compared to non-lesional skin and to control skin from healthy human subjects. Here, the 

MC phenotype and number of MC-CD8+ T-cell interactions were evaluated by employing 

single-, double-, and triple- immunostainings for several MC markers known to take part in 

MC-CD8+ T-cell interactions (tryptase, TGFβ1, OX40L, CD30L, 4-1BBL, ICAM-1, IL-10, PD-

L1 and CD200) (Table 1.12). These were evaluated by quantitative (immuno-

)histomorphometry (Bertolini et al. 2013, Kloepper et al. 2013, Harries et al. 2013, Meyer et 

al. 2008). 

 

As a first attempt towards establishing an ex-vivo model in which MC-CD8+ T-cell 

interactions can be studied and experimentally manipulated, human scalp HF organ culture 

was performed in which HFs were treated with SP and compound 48/80. The number of MCs 

and CD8+ T-cell interactions were evaluated using immunofluorescent double-stainings 

(Table 1.12). In addition, organ cultures of full-thickness human healthy skin were carried out 

treated with endogenous or exogenous MC secretagogues (SP or compound 48/80). The 

number of MCs and CD8+ T-cell interactions were evaluated using double-

immunohistochemistry techniques and HF-IP was assessed by quantitative immuno-

histomorphometry (Table 1.12). This was complemented by full-thickness organ culture from 

a patient with long-standing AA who underwent cosmetic facelift surgery (4mm punches were 

treated with SP, compound 48/80, or the MC stabilizer, cromoglycate). The number of MCs 

and CD8+ T-cell interactions were evaluated using double-immunohistochemistry techniques 

(Table 1.12). 

 

Finally, MC-CD8+ T-cell interactions were also evaluated in vivo, namely in C3H/HeJ mice 

injected subcutaneously with INFγ, in grafted C3H/HeJ mice, and in a newly established 

humanized-mouse model for AA (Table 1.12).
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2 Material and Methods 

 

2.1 Human tissue collection  

All experiments on human tissue were performed according to Helsinki guidelines, and after 

written patient consent (where applicable) and ethics committee approval. 

2.1.1 Human healthy tissue collection from plastic surgery clinics  

Clinically “healthy” frontotemporal human scalp skin samples were obtained from 23 women 

without a record of AA (mean age: 55 years) undergoing cosmetic facelift surgery after ethics 

committee approval (University of Lübeck, n. 06-109, 18-07-06) and written patient consent 

(Vidali et al. 2014, Ernst et al. 2013, Harries et al. 2013, Ramot et al. 2013, Kinori et al. 

2012). The skin samples, stored in William's E medium (Biochrom, Cambridge, United 

Kingdom), were shipped by collaborating plastic surgeons overnight at 4°C to the laboratory 

and was used within 24 hours after extraction (Figure 2.1).  

 

 

Figure 2.1: Human scalp skin samples received from collaborating plastic surgeons. 

 

If the skin was used as control for the (immuno-)histomorphometry analyses on AA patients, 

small skin pieces were cut out from the skin samples and fixed in 10% formalin (Merck, 

Darmstadt, Germany) at least for 24 hours. After proper fixation steps in alcohol solutions 

done at the histology laboratory at the department of dermatology, University of Lübeck, the 

skin pieces were embedded in paraffin (Leica Microsystems, Wetzlar, Germany ) (Table 2.1).  
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Table 2.1: Details of the human skin 
samples used as control for 
(immuno-)histomorphometry analysis 
on alopecia areata patients. Human 

skin (HS). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

If the skin was used for HF or full-thickness human healthy skin organ culture, it was 

processed as explain below (Table 2.2). 

 

 
Table 2.2: Details of the human skin samples used either for hair follicles or full-thickness human healthy 
skin organ culture. Hair follicle (HF), human skin (HS). 

 

2.1.2 Alopecia areata samples, University of Lübeck, Lübeck 

25 human lesional scalp skin biopsies from AA patients were obtained from archival paraffin 

blocks (up to 10 years old) from biopsies that had been taken exclusively for diagnostic 

purposes, filed in the Dermatopathology Paraffin Block Collection, Dept. of Dermatology 

University of Lübeck after ethics committee approval (University of Lübeck, n. 13-007, 13-03-

13) (Table 2.3). In this case, it was not possible to obtain the written consent forms from all 

patients because only several of them were still traceable after such a long period 

(pseudoanonymous use of these tissue blocks without formal written consent was, therefore, 

approved by the ethics committee). These human skin biopsies had been fixed in formalin 

and had been processed for paraffin embedding as describe above. 
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Table 2.3: Details of archival human lesional alopecia areata skin samples obtained from the Dept. of 
Dermatology, University of Lübeck, Germany. Alopecia areata (AA), Hair follicle (HF). 
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2.1.3 Alopecia areata samples, University “La Sapienza”, Rome, Italy 

Human lesional and non-lesional scalp skin biopsies (4-6mm) were obtained from 7 AA 

patients (n= 7, lesional skin, n= 4, non lesional skin) by Prof. Alfredo Rossi at the University 

"La Sapienza", Rome, Italy, after written patient consent and approval of the ethical 

committee (n. 2973,28-11-13), University “La Sapienza” of Rome.  

 

Figure 2.2: Human alopecia areata lesional skin punch biopsy cut 
into two pieces, one for embedding in cryomatrix and one for 
embedding in paraffin. 
 
 

 

 

 

 

 

The skin pieces were delivered to the laboratory overnight by courier in William's E medium 

at 4 °C. After arrival, the skin punches were cut into pieces (Figure 2.2), and one fragment 

was fixed in Shandon Cryomatrix (Pittsburgh, USA) and frozen in N2 while the second 

fragment was fixed in formalin and embedded in paraffin. Only paraffin embedded skin was 

used for the (immuno-)histomorphometry analyses reported in this thesis (Table 2.4). 

 

 
Table 2.4: Details of the human lesional alopecia areata skin biopsies obtained from Prof. Alfredo Rossi, 
University "La Sapienza", Rome, Italy. # indicates that from this patient lesional and non-lesional skin punches 

were obtained. 

 

2.1.4 Alopecia areata sample, Klinik Dr. Koslowski, Munich 

One of the collaborating surgeons (Dr. Wolfgang Funk, Klinik Dr. Koslowiski, Munich) 

contributed a unique cosmetic facelift surgery skin sample from a female patient (age 67) 

with long-standing AA (duration: 43 years). After receiving the fresh skin samples (in 

William’s E medium, 4 °C, transported over night), 4mm punches were taken with a standard 

4 mm skin punch (pfm medical, Cologne, Germany). These AA skin fragments were 
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processed for full-thickness serum-free skin organ culture, following our basic protocol 

(Langan et al. 2013, Lu et al. 2007) (see below).  

2.1.5 Tissue samples taken as positive control for immunohistology, University of 

Lübeck, Lübeck 

As positive control tissues for different immunostaining protocols, human tonsil and placenta 

tissue samples fixed in 10% of formalin and embedded in paraffin were obtained from the 

Dept. of Pathology, University of Lübeck, with ethics approval (n. 06-109, 18.07.06).  

 

2.2 Organ cultures 

2.2.1 Hair follicle organ culture 

Human scalp skin received by plastic surgeons (Table 2.2 and Figure 2.3A,B), was cut into 

0.5 cm x 1 cm thin strips (Figure 2.3C). The epidermis and part of the dermis were cut off 

with a scalpel blade (Figure 2.3D). The HF bulge region and SGs were cut off as well. After 

that, intact HFs were dissected from the skin under a binocular microscope (Figure 2.3E,F). 

A careful check of the HFs followed this procedure, to ensure that the HFs were not in 

catagen and that they were surrounded by their full corresponding CTS (Kinori et al. 2011, 

Kloepper et al. 2010).  

 

36 HFs were then placed in groups of three in a 24-well plate (Greiner Bio One, Wemmel, 

Belgium) with 500µl of supplemented William's E medium, containing 2mmol/L L-glutamine 

(Invitrogen, Paisley, UK), 10µg/ml insulin (Sigma-Aldrich, Taufkirchen, Germany), 10ng/ml 

hydrocortisone (Sigma Aldrich) and 1% antibiotic/antimycotic mixture (100x Gibco, Karlsruhe, 

Germany) (Figure 2.3G,H). The HFs were incubated in Hera cell incubator (Heraeus, 

Kendro, Artisan Scientific Corporation, Champaign, United States) at 37°C with an 

atmosphere of 5% CO2 and 95% air. After one day of preincubation in order to allow the 

stabilization of the system after the trauma of surgery and HF microdissection, the medium 

was changed, and treatment with the test substances was initiated (Vidali et al. 2014, Kinori 

et al. 2012, Kinori et al. 2011, Kloepper et al. 2010, Peters et al. 2007). In this assay, HFs 

were incubated for 24 hours either with only supplemented William's E medium (vehicle) or 

supplemented William's E medium added of 10-8M or 10-10M SP (Sigma-Aldrich) or 5µg/ml 

compound 48/80 (Sigma-Aldrich) (Sugawara et al. 2013, Peters et al. 2007). The 

concentrations of SP were chosen following previous obtained results in our laboratory, in 

fact 10-8M and 10-10M SP treatments were shown to stimulate MC degranulation in HF culture 

(Sugawara et al. 2013, Peters et al. 2007). Regarding the concentration for compound 48/80, 

it was shown by Kambe and colleagues that skin-derived MCs respond and degranulate in 
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culture in the same way after the treatment from 3 to 100 µg/ml of compound 48/80 (Kambe 

et al. 2008). Therefore, in order to keep the concentration of coumpound 48/80 as low as 

possible but considering that in this experiment the HFs were treated and not isolated cells, 

the concentration of 5µg/ml was chosen. Finally, the HFs were fixed in cryomatrix and frozen 

in liquid nitrogen and stored at -80°C (Kinori et al. 2012, Kinori et al. 2011, Kloepper et al. 

2010, Peters et al. 2007). 

 

Figure 2.3: Hair follicle isolation 
and culture procedure. 
Human scalp skin (A) is shaved 
and cut in thin strips with a scalpel 
blade (B), following the growing 
orientation of the HFs (C). The 
skin is then deprived of the 
epidermis and part of the dermis 
(D). If a net of white dermal 
collagen fibers spread all over the 
subcutaneous fat tissue is 
visualized, the cut was successful 
(E) and the HFs could be 
dissected (F). The HFs were 
culture in threesome (G) in a 24-
wells plate and observed under a 
microscope (H). Modified after 
Kinori et al. 2011. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.2.2 Full-thickness human skin organ culture 

4 mm punches were obtained from human scalp skin (Figure 2.4A,B), placed in a 6-wells 

plate in with 5 ml of supplemented William's E medium (Figure 2.4C) and incubated at 37°C 

with an atmosphere of 5% CO2 and 95% air (Ramot et al. 2013, Langan et al 2012, 
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Sugawara et al. 2012, Lu et al. 2007). The treatment stared after 24 hours, when the medium 

was changed. 

 

For full-thickness human healthy skin organ cultures, punches were treated for 24 hours or 

72 hours with vehicle (only medium), 10-8M or 10-10M of SP and 5µg/ml compound 48/80 

(Sugawara et al. 2012). In the case of 72 hours of incubation the medium was changed every 

24 hours. However, after the first experiment it was clear that the concentration of compound 

48/80 was too low to obtain significant results. Therefore, for following experiments a higher 

concentration (50µg/ml) was also used. 

 

For the organ culture of full-thickness human AA skin, punches were treated for 24 hours 

with vehicle (only supplemented medium), 10-8M or 10-10M of SP, 5µg/ml of compound 48/80 

and 10-4M or 10-7M of cromoglycate (Sigma-Aldrich) (Leung et al. 1988). 

 

At the end of the experimentation, the skin fragments were fixed in 10% buffered formalin for 

at least 48 hours and embedded in paraffin as described above.  

 

 
Figure 2.4: Full-thickness skin organ culture.  

4mm punches were performed (A), extracted (B) from human scalp skin and placed in 6-wells plate (C).  

 

2.3 Animal experiments 

2.3.1 C3H/HeJ mice, University of Lübeck, Lübeck 

42 female C3H/HeJ mice (Figure 2.5A,B) were purchased from Charles Rivers Laboratories 

(Sulzfeld, Germany) (JAX 000569), 14-15 weeks older (Wang et al. 2013, Ohyama et al. 

2010, King et al. 2008). The mice were housed at the animal facility of the University of 

Lübeck (Figure 2.5A) and were subcutaneously injected once a week near the neck on the 

back either with 100 µl of 10mM NaPO4 + 0,1% bovine serum albumin (BSA) (vehicle) 

(Sigma Aldrich) or 10mM NaPO4 + 0,1% BSA + 10000UI INFγ (treated) (Peprotech, 

Hamburg, Germany). Every week the mice were observed to search of AA sign. Once that a 

mouse revealed AA lesion were immediately killed by cervical dislocation together with a 
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vehicle treated healthy mouse. After that, the mice were processed for tissue sampling 

(Figure 2.5C,D).  

 

AA lesional and peri-lesional skin fragments together with back hairy skin as control were 

harvested from AA mice. Back skin and skin from the same site in which alopecic mouse 

presented AA lesion were harvested from non-alopecic vehicle injected mice. For all mice 

also lymph nodes, spleen and nails were obtained, however these samples were not used for 

this thesis project. All tissue samples were harvested in duplicate or cut into two pieces so 

that cryo and paraffin blocks could be prepared. This experiment was conducted following 

ethics approval by the governmental authorities: Ministerium für Landwirtschaft, Umwelt und 

ländliche Räume, V 312-72241.122-5 (66-6/10). 

 

 
Figure 2.5: C3H/HeJ mice. 

Management of C3H/HeJ mice (A). Picture of a C3H/HeJ mouse (B). Mouse tissue sampling (C,D). 

 

2.3.2 Grafted C3H/HeJ mice, University of British Columbia, Vancouver, Canada 

13 weeks-old female C3H/HeJ mice were purchased from The Jackson Laboratory, Bar 

Harbor, Maine USA and housed in the British Columbia University facility. The experiment 

was conducted by Eddy Wang and Prof. Kevin McElwee. The mice were transplanted with 

healthy hairy or alopecic skin isolated from older C3H/HeJ donors as previously described 

(Silva and Sundberg 2013, Wang et al. 2013, King et al. 2008). Most of the mice transplanted 

with alopecic lesions developed AA on the belly skin which developed fast in all body, here 
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called AA mice (mAA), while few mice failed to develop AA, here called failed-grafted mice 

(fAA). Mice transplanted with hairy skin did not develop AA, here called sham-grafted mice 

(mSH). For comparison also normal not-transplanted mice were used, here called normal 

mice (NM). After about one year the mice were killed and the tissue samples were collected 

from the mid to lower back close to the midline, fixed in cryo matrix and frozen in liquid 

nitrogen. The skin samples were then shipped to the University of Lübeck for (immuno-

)histomorphometry analyses. This experiment was performed following ethics approval by 

the University of British Columbia Animal Care Committee (n. A10-0166, 16-08-13).  

2.3.3 Humanized-mouse model for alopecia areata, Technion-Israel Institute, Haifa, 

Israel 

6 C.B-17/IcrHsd-PrkdcSCIDLystbg-J mice (Shultz et al. 1995) (derived from 2 independent 

experiments) were purchased from The Jackson Laboratory and housed at the facility of the 

Technion-Israel Institute. Immunologically, this mouse strains is characterized by the lack of 

T-cells and B-cells as well as severe lymphopenia (Mosier et al. 1993, Carroll et al. 1989). In 

addition to other SCID models, this strain reveals also diminished NK cell activity (Shultz et 

al. 1995). For this reasons, this mouse model is very much in use and widely accepted in the 

field in xenograft transplantation experiments (Lai et al. 2014, Zhang et al. 2013). The mice 

were transplanted with healthy human scalp skin which was subsequently injected 

intradermally with allogeneic, IL-2 or PHA-treated PBMCs from healthy donors enriched for 

NKG2D+/CD56+ cells (for details, see: Gilhar et al. 2013a,b).  

 

Mice that received an injection of IL-2-treated NKG2D+/CD56+ cell-enriched PBMCs 

clinically and histologically developed characteristic AA lesions in the transplanted, 

previously healthy and hair-bearing human skin, while control mice receiving 

NKG2D+/CD56+-enriched cells cultured with PHA instead of IL-2 failed to develop AA in the 

human skin transplants. This xenotransplant model has been advocated as the best currently 

available animal model for AA since it imitates human AA more closely than any other animal 

models. In addition, it permits one to transform previously healthy human skin in vivo into one 

that phenotypically copies this autoimmune disease and thus allows one to dissect all stages 

of disease development (Gilhar et al. 2013a,b). 

 

After euthanasia, the human skin was harvested from the mice and frozen in liquid nitrogen 

or fixed in 10% formalin and embedded in paraffin. The cryoblocks were used in the lab in 

Haifa during my visit while paraffin skin samples were shipped to the University of Lübeck for 

(immuno-)histomorphometry analyses. Human skin samples were obtained after informed 

patient consent and ethics approval (n. 919970072, 13-05-97) from the Flieman Medical 

Center and the Ministry of Health, Israel, and the study was performed in adherence with the 
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Declaration of Helsinki Principles. Animal care and research protocols were in accordance 

with institutional guidelines and were approved by the Technion Institute Committee on 

Animal Use (n. IL-087-08-2011, 08-11). These experiments were conducted by Dr. Aviad 

Keren and Prof. Amos Gilhar, who hosted the PhD candidate for two weeks in his lab in 

Haifa so that the candidate could handle these mice and could witness how the 

xenotransplantation was done.  

 

2.4 Stainings 

Before each staining, paraffin sections from blocks of human skin from healthy individuals 

and AA patients, of human cultured skin and of human skin transplanted on SCID mice 

(Humanized-mouse model) were cut of 4.5 µm thickness using a Leica RM 2255 microtome 

(Leica Microsystems) and devolved on superfrost plus slides (Menzel GmbH & Co KG, 

Braunschweig, Germany), were deparaffinized in xylene for 20 min and were immersed 4-5 

times into different alcohol-content bath sequentially (100%, 96%, 70%, 50%) (Merck, 

Darmstadt, Germany) and subsequently re-hydrated in distillate water. The deparaffinization 

was followed by an antigen retrieval step either with sodium-citrate (pH 6.1) or TRIS-EDTA 

(pH 9) buffers for 20 min in the microwave (Europastyle) respectively at 650 and 800 watt 

(Table 2.5). 

 

Cryosections from blocks of C3H/HeJ mouse skin and of cultured HFs were cut of 7µm 

thickness using a Leica 3500 cryostat (Leica) and devolved on superfrost plus slides were 

dried for 10 min at room temperature (RT) and fixed either in acetone at -20°C or in 1% 

paraformaldeyde in phosphate buffered saline (PBS) at RT for 10 min; in some cases, 

cryosections were alternatively post-fixed with ethanol and acetic acid (2:1) for 5 min at -

20°C (Table 2.5). 

 

Paraffin- and cryo-sections were then rinsed in Tris-buffered saline (TBS) or Tris-NaCl-

Tween buffer (TNT) or distilled water.  

2.4.1 Haematoxylin-eosin histochemistry 

The haematoxylin-eosin (H&E) staining is a dichromatic staining, based on the basic dye 

haematoxylin and the alcohol-based acidic dye eosin. The nucleus is stained in blue-purple 

while intracellularly or extracellularly structures are stained in a brilliant pink colour by the 

eosin (Bancrof and Gamble 2008).  
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Paraffin sections were stained in Mayer’s haematoxylin (Merck, Darmstadt, Germany) for 10 

min and rinsed under tap water approximately for 15 min. The counterstaining was 

performed with 0.1% eosin (Sigma Aldrich) for approximately 1 min. The final water 

elimination was done by incubating the slides in ascending ethanol series: 70%, 96%, 100% 

ethanol and immersing two times into xylene, for 10 min each. Finally, the slides were 

mounted with Eukitt, a synthetic resin (Eukitt, O.Kindler &Co, Freiburg, Germany). 

 

 
Table 2.5: List of all immunostainings which were performed and relevant details. 

Avidin-biotin complex, alkaline phosphatase (ABC-AP), Avidin-biotin complex, horseradish peroxidase (ABC-
HRP), 3-amino-9-ethylcarbazole (AEC), 3,3’-diaminobenzidine (DAB), diamidino-2-phenylindole (DAPI), Envision- 
horseradish peroxidise (Envision®-HRP), Fluorescein isothiocyanate (FITC), immunofluorescence (IF), Fast Red 
TR/Naphthol AS-MX tablets (SIGMAFAST™), Rhodamine (Rho). 
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2.4.2 Immunohistochemistry 

For detection of single antigen, the skin sections were immunostained following previously 

established protocols (Vidali et al. 2014, Bertolini et al. 2013; Harries et al. 2013, Sugawara 

et al. 2013, Sugawara et al. 2012, Meyer et al. 2008) by using either the avidin-biotin 

complex method (Vector Laboratories, Burlingame, CA, USA) or EnvisionTM method (DAKO, 

Hamburg, Germany) and the corresponding chromogen (Table 2.5) (Buchwalow and Böcker 

2010, Hsu et al. 2006). Similar protocols were used for each protein antigen assessed by 

double or triple-immunostainings in which the sections were serially stained for each antigen 

(Table 2.5). 

 

Briefly, in the avidin-biotin complex method after antigen retrieval or fixation the sections 

(Table 2.5) were washed three times for 5 min in TBS. At this point, either the endogenous 

peroxides (Emprove®) or the endogenous expression of avidin and biotin (Vector 

Laboratories) of the tissue were blocked depending on which enzyme was used in the 

detection system. After pre-incubation with either normal serum, normal serum plus bovin 

serum albumine (BSA), BSA or normal serum plus BSA and X-triton 0,5% or 1% casein 

(Sigma Aldrich) to block reactive sites of the tissue and therefore unspecific antibody binding, 

the sections were incubated with the correct primary antibody (Table 2.6) dissolved either in 

TBS, TBS and normal serum, antibody diluent (DAKO, Glostrup, Denmark) or DCS LabLine 

Antikörper-Verdünnungspuffer (DCS, Innovative Diagnostik-Systeme, Hamburg, Germany) 

for 60 min at 37°C or ON at +4°C.  

 

After washing, the sections were incubated with goat biotinylated antibodies against rabbit or 

mouse IgG (Jackson Immunoresearch Laboratories (JIR), West Grove, United States or 

Beckman Coulter, Brea, CA, USA) (Table 2.7) at 1:200 either in TBS, TBS and normal 

serum, antibody diluent or DCS LabLine Antikörper-Verdünnungspuffer for 45 min at RT. 

Slides were washed three times for 5 min in TBS again and treated with the detection system 

alkaline phosphatase- (AP) or horseradish peroxidase-based (HRP) avidin biotin complex 

(ABC) (Table 2.5) for 30 min at RT. The sections were labeled with the AP-chromogen Fast 

Red TR/Naphthol AS-MX tablets (SIGMAFASTTM) (Sigma Aldrich, Saint Louis, USA) or 

Vector blue® (Vector Laboratories) for AP-ABC and 3-amino-9-ethylcarbazole (AEC) (Vector 

Laboratories) or 3,3’-diaminobenzidine (DAB) (Vector Laboratories) for HRP-ABC for 3-15 

min (Table 2.5). 
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Table 2.6: Primary antibodies employed. 

Antibodies used for immunohistochemical and immunofluorescence stainings are listed and described in detail. 

Immunohistochemistry (IHC), Immunofluorescence (IF).  
 

As explained, for double or triple-immunostaining, skin sections were serially stained for each 

antigen. Skin sections were incubated with the correct dilution of the first primary antibody 

(Table 2.6), followed by a biotinylated secondary goat anti-mouse or goat anti-rabbit antibody 

(1:200) (Table 2.7) and the colour reaction was developed using either the ABC-HRP and 

DAB or AEC as substrate (Table 2.5). After proper blocking (see above), this was followed 

by immunostaining for the second primary antibody (Table 2.6). The skin sections were then 

incubated with an appropriate secondary antibody (Table 2.5) and the AP-ABC detection 

system and developed either using SIGMAFASTTM or Vector Blue® as substrate (Table 2.5). 

In order to detect the third antigen, after proper blocking, the third primary antibody (Table 

2.6) was applied, followed by the incubation of the secondary antibody (Table 2.7), which 
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were visualized either with HRP-ABC or AP-ABC and DAB or SIGMAFASTTM colour reaction 

(Table 2.5). 

 

For mMCP6/CD8 double-immunostaining, the mMCP6 protein (Table 2.6) was detected by 

using the EnvisionTM-HRP kit (DAKO) (Buchwalow and Böcker 2010), following the 

manufacturer´s protocol (Table 2.5). In order to block endogenous peroxidise, the sections 

were pre-treated for 5 min at RT with a peroxidase block. The incubation of the primary 

antibody (Table 2.6) was followed by incubation of a labelled polymer-HRP anti-rabbit and 

the staining was developed using AEC as substrate chromogen. All these substances were 

contained in the kit. Since in this method the secondary antibody molecules are carried on an 

enzyme-conjugated polymer backbone, it is a high sensitive technique that allows one to 

detect also very low concentrated antigens in the tissue.  

 

For CD200 triple staining, a HRP conjugated donkey anti-goat (JIR) as a secondary antibody 

(Table 2.7) was used for goat anti-human CD200, therefore it was not necessary to use 

ABC-HRP (Table 2.5).  

 

In some cases (Table 2.5), skin sections were finally incubated with a counterstain, either 

Mayer’s haematoxylin (Merck) for 30 sec or Methyl green (DAKO) for 1 min and rinsed in tap 

water for 5 min (Bancrof and Gamble 2008) (Table 2.5). Finally the slides were mounted with 

Faramount (DAKO). 

 

 
Table 2.7: List of secondary antibodies. 

Fluorescein isothiocyanate (FITC), Rhodamine (Rho). 
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2.4.3 Immunofluorescence 

For the detection of single antigen, the skin sections were immunostained following 

established protocols by using either the classical indirect immunofluorescence (IF) 

(Kloepper et al. 2014, Vidali et al. 2014, Ernst et sl. 2013, Harries et al. 2013, Samuelov et al. 

2012, Meyer et al. 2008) or the tyramide amplification method (TSA) (Perkin-Elmer, Boston, 

United States) (Sugawara et al. 2013, Buchwalow and Böcker 2010, Bobrow et al. 1989) 

(Table 2.6). Similar protocols were then used for each protein stained in double or triple-

immunostainings in which the sections were serially stained for each protein (Table 2.5). 

 

Sections stained with IF, after antigen retrieval or fixation, were washed in TBS for three 

times for 5 min each. After pre-incubation with 10% goat serum in TBS or 1% BSA the slides 

were incubated with the corresponding primary antibody (Table 2.6) for 60 min at 37°C or 

ON at +4°C. After three washing steps in TBS, 45 or 60 min incubation at RT with the correct 

secondary antibody (Table 2.5 and 2.7) was arranged.  

To perform double- (Kloepper et al. 2014, Ito et al. 2005a) and triple-immunofluorescence 

(IF), we used the appropriate primary antibody (Table 2.6) and secondary antibodies 

conjugated to the correct fluorophore, goat anti-mouse/goat anti-rabbit IgG conjugated with 

fluorescein isothiocyanate (FITC) (1:400, JIR), Alexa Fluor 488 (1:400, Invitrogen, Xuhui, 

Shanghai, China), rhodamine (1:400, JIR) or Dy Light 350 (1:50, Thermo Scientific, Marietta, 

OH, United States) were used (Table 2.5 and 2.7).  

 

For the TSA protocol, sections were pre-treated to block the endogenous peroxidase and the 

endogenous expression of avidin and biotin. The sections were then incubated with the 

correct primary antibody (Table 2.6) ON at +4°C. After washing, the correct biotinylated 

secondary (Table 2.7) antibody was applied. Next, streptavidin HRP (TSA kit) was 

administrated (1:100 in TNT) for 30 min at RT. The reaction was amplified by FITC tyramide 

amplification reagent at RT for 5 min (1:50 in amplification diluent, TSA kit). This method is 

highly sensitive compared to the indirect conventional technique. In fact, the detection of the 

antigens is improved up to 100 fold. This is due to the oxidation by HRP of the phenol moiety 

of FITC-labelled tyramide that once activated, suddenly bind convalently the protein 

immediately close to the immunoreaction (Buchwalow and Böcker 2010, van Gijlswijk et al. 

1997).  

 

Finally, only in some stainings (Table 2.5), the samples were washed three times for 5 min in 

TBS and counterstained with 4’,6-diamidin-2’-phenylindoldihydrochlorid (DAPI, Boehringer 

Mannheim, Germany) for 1 min and mounted with Fluoromount-G (Southern 

Biotechnologies, Birmingham, USA). 
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2.4.4 Problems overcome during the establishment of the stainings 

The establishment of all these immunostainings was not easy and most of the time 

frustrating. One has to consider which is the most difficult antigen to stain, what is the correct 

order of antibodies and what are the correct blocking steps. Here, will follow some examples 

of how it was possible to overcome methodological problems. 

 

The skin is one of the tissues with many autofluorescent structures, e.g. blood vessels, nerve 

endings and with structures that stick the antibodies, e.g. collagen, AMP, SGs. Therefore, 

this become a great problem when one want to establish a double- or triple-IF, most when 

already labelled antibodies are not available. One attempt was to pre-labelled the primary 

antibody using a labelling kit, Zenon® labelling technology, which uses a new method to 

labelled primary antibody without covalent binding. Following the manufactory procedure, 

1µg of the primary antibody (e.g. mouse anti-human CD8) was incubated with 5µl of Alexa 

Fluor labelled Fab mixture for 5 min at RT and then 5µl of blocking reagent was added and 

the mixture incubated for other 5 min at RT. Once the labelled primary antibody was 

prepared, it could be use directly on the sections. However, since this technology, did not 

consider the removal of free Fab the result obtained was not satisfactory enough.  

 

Therefore, another method was used to decrease skin structures autofluorescence, the 

incubation with 0,25% ammonia in 70% ethanol for 60 min at RT after deparafinization of the 

sections and the incubation with 0,1% Sudan Black B (Sigma Aldrich) in 70% ethanol after 

counterstaining. However, after observation it was denoted that this procedure has to be 

carefully used when the antigen should be stained with a chromosphore excited in the red 

spectrum. 

 

The establishment of OX40L/CD8/Tryptase triple staining was rather extreme complicate 

because after reaching a beautiful and specific staining for OX40L, the treatment of the 

sections with the blocking buffers and mostly for the ones that contained BSA or goat serum 

caused the lost of OX40L IR. Therefore, in this case, the normal three days protocol for a 

triple-staining had to be tremendously shortened (1 day and half) and the casein was used 

instead of BSA. However, the blocking ability of casein it was lowered compared to BSA, so 

the success of this staining was dependent on the ability of controlling the development time 

of the substrates. 

 

In some cases, the primary antibody already in the single ABC-based staining revealed 

unspecific background, as for a monoclonal rabbit anti-human 4-1BBL (Abcam, ab68185). 

Therefore, alternative methods were employed, e.g. Envision®-base IHC. However, also with 
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these methods the result was unchanged. Therefore, to overcome this problem another 

primary antibody was purchased. 

 

Some antigens were not possible to stain, even in a single IHC (e.g.IL-15), or to combine 

with other antigens in an IF (e.g. F-actin) because of the unspecific staining.  

 

Finally, critical was the establishment and the performance of double-staining in cryosections 

of mouse skin. Given that the skin of mouse is so thin and breckable, a particular attention 

has to be made on applying the solutions to the sections if one wants to perform a long 

staining.  

 

Once that the staining is established, the success of the staining on valuable tissue samples 

is depending on many factors, room temperature, humidity which varies the time of substrate 

incubation. So, to perform triple-immunohistochemistry protocols one has to know perfectly 

the antibodies, the substrate development time and has to play, each time in a different way, 

to avoid cross-reaction between substrates. 

2.4.5 Positive and negative controls 

Each immunostaining protocol was also conducted with the appropriate positive and negative 

controls (see Figure 2.6 legend), which confirmed both the sensitivity and specificity of the 

IR patterns reported here in order to avoid false positive results (Figure 2.6). 

 

MHC class I is expressed in all nucleated cells, apart those which reside in IP sites (Murphy 

2012). Therefore, the anagen HF, which harbours two IP sites, is an optimal positive and 

negative control for MHCI class I staining. In fact, the HF infundibulum is characterized by a 

strong MHC class I IR, which is then down-regulated in the bulge and almost absent in the 

bulb (Meyer et al. 2008). The same pattern of MHC class I expression was detected in the 

corresponding IF staining (Figure 2.6A). Tonsil sections were used to confirm the specificity 

of the triple CD8/MHCI/Tryptase IF staining, since in this tissue samples many CD8+ T-cells, 

MCs and MHC class I+ cells could be detected (Figure 2.6B). 

 

Tonsil tissue samples were employed as positive and negative control for OX40L IR, since 

tonsillar MCs, lymphoid tissue inducer (LTi), activated macrophages and dendritic cells 

express this glycoprotein on their surface (Kim et al. 2011, Kashiwakura et al. 2004, Croft 

2010). As shown in Figure 2.6C,D, OX40L IR could be found in the marginal zone of tonsil 

follicle where mostly OX40L+ cells may be LTi or macrophages and in some MCs localized in 

the sinuses (Shikotra et al. 2012).  
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For confirming the CD30L IR, placenta tissue sections were stained since CD30L is 

expressed in placental villous endothelial cells but not in placenta syncytiotrophoblasts 

(Figure 2.6E) (Phillips et al. 2003). In tonsil, some activated MCs in the sinuses expressed 

CD30L, as confirmed in the established staining (Figure 2.6F) (Molin et al. 2001). 

 

 
Figure 2.6: Positive controls for triple-immunostainings. 

Specific MHC class I in the HF infundibulum (A) (Meyer et al. 2008) and triple CD8/MHCI/Tryptase IF in the tonsil 
(B). Green cells are CD8+ T-cells, red cells are MHC class I+ cells and blue cells are tryptase+ cells. Specific 
single OX40L staining (C) showing OX40L+ activated T lymphocyte in the marginal zone of tonsil follicle (Shikotra 
et al. 2012) and triple OX40L/CD8/Tryptase staining (D). Blue arrows indicate CD8+ T-cells, pink arrows indicate 
tryptase+ MCs and green arrows indicate OX40L+/tryptase+ MCs. CD30L is expressed in placental villous 
endothelial cells (Phillips et al. 2003) (E), our positive control together with tonsil (F) for the triple staining 
CD30L/C-kit/CD8. Red arrows indicate CD30L+ cells, blue arrows indicate c-Kit+ MCs, brown arrows indicate 
CD8+ T-cells and green arrows indicate CD30L+/c-Kit+ MCs. 4-1BBL+ cells are found in the marginal zone of 
tonsil follicles (Zhao et al., 2013) (G) as shown also in the triple 4-1BBL/c-Kit/CD8 staining (H). Red arrows 
indicate 4-1BBL+ cells, blue arrows indicate c-Kit+ MCs, brown arrows indicate CD8+ T-cells and green arrows 
indicate 4-1BBL+/c-Kit+ MCs. Specific single staining for ICAM-1 (I) showing ICAM-1 IR in the germinal centre 
(Goval et al. 2006) and sparse positive cells of tonsils (J), our positive control for ICAM-1/CD8/Tryptase. Brown 
arrows indicate ICAM-1+ cells, blue arrows indicate CD8+ T-cells, pink arrows indicate tryptase+ MCs. Many IL-
10+ cells are found in tonsil (Poindexter et al. 2004) as shown in our single IL-10 (K) but also triple IL-10/c-
Kit/CD8 (L) stainings. Red arrows indicate IL-10+ cells, blue arrows indicate c-Kit+ MCs, brown arrows indicate 
CD8+ T-cells and green arrows indicate IL-10+/c-Kit+ MCs. PD-L1 IR in chorionic villi of placenta (Kshirsagar et 
al. 2012) detected by single PD-L1 (M) and triple PD-L1/c-Kit/CD8 (N) stainings. Red arrows indicate PD-L1+ 
cells, blue arrows indicate c-Kit+ MCs, brown arrows indicate CD8+ T-cells and green arrows indicate PD-L1+/c-
Kit+ MCs. Positive CD200+ cells are found in the HF bulge (Harries et al. 2013) (O) also for the triple staining 
CD200/CD8/Tryptase (N). Brown arrows indicate CD200+ cells, pink arrows indicate tryptase+ MCs, blue arrows 
indicate CD8+ cells. 
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In healthy tonsil, the mantle zone of secondary lymphoid follicles is populated by 4-1BBL+ 

cells. No 4-1BBL+ cells are found in tonsil sinuses (Zhao et al. 2013). This 4-1BBL 

expression pattern is revealed also in the corresponding established stainings (Figure 

2.6G,H). 

 

Specific single staining for ICAM-1 is reported in the germinal centre of tonsil follicles where 

mostly intrafollicular dendritic cells are positive (Goval et al. 2006) and in sparse positive 

cells of tonsils but not in tonsil mantle zone (Figure 2.6I,J). 

 

Many IL-10+ cells are found in tonsil sinuses (Figure 2.6K) (Poindexter et al. 2004) and 

some of them are MCs, as shown in the triple IL-10/c-Kit/CD8 (Figure 2.6L) staining. 

However, no IL-10+ cells were found in germinal center or mantle zone (Figure 2.6L). 

 

PD-L1 IR is expressed in chorionic villi of placenta but not in their mesenchyme, (Kshirsagar 

et al. 2012) as detected by the single PD-L1 staining (Figure 2.6M), and in few immunocytes 

in tonsil tissue samples (Figure 2.6N) (Latchman et al. 2001).  

 

Since CD200 is a hallmark for bulge IP (Harries et al. 2013, Meyer et al. 2008), skin tissue 

was used as internal negative and positive control. In fact, CD200+ cells are found only in the 

HF bulge (Harries et al. 2013) (Figure 2.6O,P).  

 

2.5 Microscopy 

For fluorescence and light microscopy, Keyence Biozero-8000 and Keyence Biozero-8100 

microscopes (Keyence Corporation, Biozero-8000, Higashi-Nakajima, Osaka, Japan) were 

used, in combination with Nikon lenses (Japan). The software used was Biozero Image 

Analyzer, Version 2.5. 

 

For fluorescence microscopy, a Zeiss LSM 700 confocal microscope (Carl-Zeiss-Strasse, 

Oberkochen, Germany) were used, in combination with ZEN imaging software. 

 

2.6 Quantitative (immuno-)histomorphometry 

In human skin, the cell density of MCs, CD8+ T-cells and MC-CD8+ T-cell interactions was 

evaluated by quantitative (immuno-)histomorphometry in the HF CTS and the PFD, using 

previously established general histomorphometry principles (Bertolini et al. 2013, Harries et 

al. 2013, Kloepper et al. 2013, Sugawara et al. 2012). The total reference area (CTS+PFD), 
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demarcated using Biozero Image Analyzer software, included all human skin tissue within a 

distance of up to 200µm from the HF basement membrane in human skin (Figure 2.7A).  

 

In murine skin, positive cells were counted in a perifollicular tissue area at a distance of up to 

50µm (Figure 2.7B) (Bertolini et al. 2013, Kloepper et al. 2013).  

 

For the current study, the HF CTS and PFD (defined as indicated in Figure 2.7A) were 

considered to be the most important reference areas for many evident reasons: 1) MCs are 

prominent in the HF CTS in human and mice (Metz and Maurer 2009, Christoph et al. 2000, 

Paus et al. 1998, Botchkarev et al. 1995, Paus et al. 1994c) where they seems to play a role 

also in HF cycle (Liu et al. 2013, Paus et al. 1998, Botchkarev et al. 1997, Maurer et al. 1997, 

Botchkarev et al. 1995, Maurer et al. 1995, Paus et al. 1994c, Moretti et al. 1967) and HF-IP 

(Gilhar et al. 2012, Waldmann 2006); 2) CD8+ T-cells in the HF mesenchyme are mostly 

found in the infondibulum and isthmus CTS (Christoph et al. 2000, Paus et al. 1998); 3) 

CTS+PFD represents the perifollicular mesenchyme tissue in which MCs and CD8+ T-cells 

can interact and have an effect on the proximal HF and not on other neighbour HFs. In fact, 

in human skin 300-400µm separates one HF from another HF nearby, while in mouse skin 

80-100µm (personal observation). So, evaluating an area of 200µm in human and 50µm in 

mouse skin around the HF, it was possible to exclude the skin mesenchyme in which MC-

CD8+T-cell interactions might have an effect on a second HF.  

 

MCs with more than five granules located outside of the cell membrane were regarded as 

“degranulated” (Bertolini et al. 2013, Sugawara et al. 2012, Paus et al. 1994c).  

 

The staining intensity of TGFβ1 and tryptase of individual MCs (Figure 2.7C), of TGFβ1 in 

the HF ORS (Figure 2.7D) and MHC class I in the hair bulb (Figure 2.7E) was evaluated by 

quantitative analysis, using NIH image J software (National Institute of Health, Bethesda, 

Maryland) (Bertolini et al. 2013, Harries et al. 2013, Meyer et al. 2008).  
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Figure 2.7: Reference areas for quantitative (immuno)-histomophometry. 

In human skin the cell density was counted in the HF CTS and PFD. The total reference area (CTS+PFD) 
included the human skin tissue within a distance of up to 200µm from the HF basement membrane (A). In murine 
skin, positive cells were counted in a perifollicular tissue area around the HFs at a distance of up to 50µm from 
the basement membrane (B). The staining intensity of TGFβ1 and tryptase of individual MCs was evaluated 
drawing the area around MC (C). TGFβ1 IR in the HF ORS was evaluated drawing 2 areas in the ORS (D). MHC 
class I in the hair bulb was evaluated in CTS, HM and ORS (E). Connective tissue sheath (CTS), hair matrix 
(HM), outer root sheath (ORS), perifollicular dermis (PFD). 

 

2.7 Statistical analysis 

All data were analyzed by Student´s t- or Mann-Whitney-U- tests when only two groups were 

compared, or by One Way-ANOVA or Kruskal-Wallis tests followed by Bonferroni´s or 

Dunn´s multiple comparison tests, respectively, when more than two groups were analyzed, 

using GraphPad (GraphPad Prism version 4.00 for Windows; GraphPad Software, San 

Diego, CA, USA) (Dytham 2011, Bremer and Doerge 2010). Data are expressed as mean 

±SEM; p values of <0.05 were regarded as significant.  
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3 Results 

 

3.1 Mast cell and CD8+ T-cell interactions are enhanced and abnormal in situ in 

the perifollicular mesenchyme of human alopecia areata lesional skin 

3.1.1 Mast cells in alopecia areata lesional skin are skewed towards a pro-

inflammatory phenotype 

MCs are able to both inhibit and promote inflammation by releasing either immuno-inhibitory 

or pro-inflammatory mediators (see Introduction, chapters 1.5 and 1.6). Specifically, MCs 

may help to maintain the HF-IP (Gilhar et al. 2012a) by releasing potent immunoinhibitors 

such as IL-10 and TGFβ1 (Gri et al. 2012, Harvima and Nilsson 2011, Hugle et al. 2011, 

Kalesnikoff and Galli 2011, Tsai et al. 2011, Aceves et al. 2010, Gordon and Galli 1994), 

which may decrease the immune response indirectly by interacting with regulatory T-cells 

(Sayed et al. 2008, Waldmann 2006, Maurer et al. 2003). Therefore, the immune-phenotype 

of lesional MCs in AA skin was investigated. 

3.1.1.1 Lesional AA mast cells contain less TGFβ1 compared to control mast cells 

TGFβ1 is one of the most important “guardians of HF-IP” (Gilhar et al. 2012, Kang et al. 

2010, Kinori et al. 2011, Meyer et al. 2008, Wahl et al. 2006, Paus et al. 2005, Ito et al. 2004) 

and was found to be down-regulated in the ORS of lesional AA-HFs (Bertolini et al. 2014), 

suggesting compromised HF-IP (Harries et al. 2013, McElwee et al. 2013, Gilhar et al. 2012, 

Wahl et al. 2006). This observation raised the question whether the TGFβ1 content of 

perifollicular MCs was also abnormal in AA lesional skin.  

 

To explore this, double-immunostainings for c-Kit and TGFβ1 were established in which the 

antigens were detected either by using a FITC-labelled secondary antibody (green signal) for 

c-Kit and a rhodamine-labelled secondary antibody (red signal) for TGFβ1 (Figure 3.1A) or 

by using a FITC-labelled secondary antibody for TGFβ1 and a rhodamine-labelled secondary 

antibody for c-Kit. The latter combination led to higher-quality immunostaining result for 

TGFβ1 and therefore was used for the evaluation of TGFβ1 IR within MCs (Figure 3.1B,C). 

Indeed, perifollicular MCs in lesional AA skin (Figure 3.1C) showed a reduced TGFβ1 

content compared to control MCs from healthy scalp skin (Figure 3.1B-D).  
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Figure 3.1: Lesional alopecia areata mast cells contain less TGFβ1 compared to control MCs from healthy 
scalp skin. 

Representative picture of TGFβ1(red)/C-Kit(green) double-staining in control healthy skin showing a double 
stained perifollicular MC (white arrow) and TGFβ1 IR in the ORS of the HF (A). Representative pictures of the 
spectral emission channel for green fluorescence showing TGFβ1+ MCs in control skin from healthy subjects (B) 
and lesional skin from AA patients (C) stained by TGFβ1(green)/C-Kit(red) double-staining and used for the 
evaluation of TGFβ1 IR within MCs. Scale bars: 20µm. Quantitative analysis revealed a down-regulation of 
TGFβ1 IR within perifollicular MCs in AA lesional skin compared to the control skin (D). Analysis derived from 272 
MCs around 29 HFs of 10 AA patients and 175 MCs around 19 HFs of 2 healthy controls, ±SEM, Mann-Whitney-
U-Test (ns). Connective tissue sheath (CTS), hair follicle (HF), outer root sheath (ORS). This evaluation was 
performed together with other colleagues. 

 

This phenomenon suggests that the TGFβ-based immuno-inhibitory phenotype of 

perilesional MCs is attenuated in AA. 

3.1.1.2 Lesional AA mast cells contain more tryptase than control mast cells 

Additionally, MCs can release numerous pro-inflammatory mediators (Frenzel and Hermine 

2013, Voehringer 2013, Gri et al. 2012, Gurish and Austen 2012, Gilfillan and Beaven 2011, 

Beaven 2009, Galli 2005, Metcalfe et al 1997, Yong 1997). One of the most important ones 

among these, is tryptase, a trypsin-like protease stored together with heparin within MCs and 

released upon MC degranulation (Li et al. 2013, Magarinos et al. 2013, Voehringer 2013, Gri 

et al. 2012, Hernandez-Hernandez et al. 2012, Sugawara et al. 2012, Harvima and Nilsson 

2011, Pejler et al. 2010, Shin et al. 2009).  

 

To investigate any fluctuations in tryptase content within perifollicular MCs of AA lesions, 

tryptase IR (pink colour) was evaluated by re-analysing previously immunostained sections 

for Ki-67/Tryptase IHC of AA lesional and control skin (Figure 1.31C,F,I,J,M). This analysis 

revealed a significant up-regulation of tryptase expression in perifollicular MCs of lesional AA 

skin compared to control MCs from healthy scalp skin (Figure 3.2A-E).  
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Figure 3.2: Lesional alopecia areata mast cells contain more tryptase compared to control MCs from 
healthy scalp skin. 

Representative pictures of tryptase+ MCs in human scalp skin of control (A,B) and lesional skin from AA patients 
(C,D) stained by Ki-67/Tryptase double-staining used for the evaluation of tryptase IR within MCs (pink cells). 
Quantitative analysis of tryptase IR in perifollicular MCs revealed an increased expression of tryptase within MCs 
in AA lesional skin compared to the control (E). Analysis derived from 272 MCs around 41 HFs of 14 AA patients 
and 182 MCs around 19 HFs of 2 healthy controls, ***p≤0.001, ±SEM, Mann-Whitney-U-Test. Scale bars: 50µm. 
Connective tissue sheath (CTS), hair follicle (HF). This evaluation was performed together with other colleagues. 

 

This suggests that the production of pro-inflammatory mediators (such as tryptase) in 

lesional MCs is strongly increased in AA.  

 

Taken together, compared to control MCs of non-affected skin from healthy individuals, 

lesional AA MCs revealed less TGFβ1, an immuno-inhibitory cytokine, along with more 

tryptase, a pro-inflammatory mediator. This supports the concept that perifollicular MCs in AA 

switch from an immuno-inhibitory to a pro-inflammatory phenotype at some stage during AA 

pathogenesis. 

3.1.2 Mast cell-CD8+ T-cell contacts are significantly increased in alopecia areata 

lesional skin 

Considering that CD8+ T-cells have a key role in AA pathogenesis (McElwee et al. 2013, 

Gilhar et al. 2012, McElwee et al. 2005, Gilhar et al. 1998, McElwee et al. 1996, Paus et al. 

1993) and that MCs can activate CD8+ T-cells (Ebert et al. 2014, Frenzel and Hermine 2013, 

Brown and Hatfield 2012, Gri et al. 2012, Harvima and Nilsson 2011, Stelekati et al. 2009, 

Harvima et al. 2008, Nakae et al. 2006, Kashiwakura et al. 2004), it was hypothesized that 

interactions between CD8+ T-cells and MCs in AA may be abnormal. Namely, perifollicular 

MCs in AA may not control CD8+ T-cells as efficiently as it may be the case under 

physiological conditions.  

 

This hypothesis was supported by the observation that MCs in AA revealed a pro-

inflammatory phenotype (see above). In order to further probe this hypothetical concept, it 

was investigated whether the number of MC-CD8+ T-cell contacts is altered in human 

lesional AA compared to control healthy scalp skin since direct cell-cell contact is a 

fundamental prerequisite for their interaction (Stelekati et al. 2009, Nakae et al. 2006). This 
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was possible by analysing the number of MC-CD8+ T-cell interactions in sections previously 

double-stained for CD8 and tryptase antigens during the candidate’s Master´s thesis project, 

in which CD8+ T-cells were labelled in brown while tryptase+ MCs in pink (Figure 3.4C,D).  

 

 
Figure 3.3: The number of perifollicular CD8+ T-cells is increased in alopecia areata lesional skin. 

Quantitative analysis of CD8+ T-cells revealed more perifollicular CD8+ T-cells in AA lesional skin compared to 
control skin from healthy individuals (A). This evaluation was performed in sections stained with CD8/Tryptase 
double-IHC. Analysis derived from 56 areas (HFs) from 13 AA patients and 44 areas (HFs) of 7 healthy controls, 
***p≤0.001, ±SEM, p value was calculated by Mann-Whitney-U-Test. Quantitative analysis of CD8+ T-cells 
revealed more perifollicular CD8+ T-cells in AA lesional skin compared to non-lesional skin from AA patients and 
to control skin from healthy individuals (B). This evaluation was performed in sections stained with CD30L/C-
Kit/CD8 triple-IHC. Analysis deriving from 12-18 areas of 4-16 HFs of 6 healthy controls and 7 AA patients (non 
lesional skin; only from 3 AA patients), ***p≤0.001, **p≤0.01, ±SEM, One-Way ANOVA or Kruskal-Wallis test 
followed respectively by Bonferroni´s or Dunn´s multiple comparison tests. Representative pictures showing CD8+ 
T-cells, stained by CD8 IF (green cells, green arrows), around healthy (C) and AA lesional (D) HFs. The latter 
picture (D) was provided by M. Bertolini for incorporation into Gilhar et al. 2012. Scale bars: 50µm. Connective 
tissue sheath (CTS), hair bulb (HB), outer root sheath (ORS), perifollicular dermis (PFD). 

 

The number of CD8+ T-cells in the perifollicular mesenchyme was evaluated first. As 

expected from the literature (Ito et al. 2013c, Alli et al. 2012, Cetin et al. 2009, Nagai et al. 

2006, Yano et al. 2002, Tsuboi et al. 1999), lesional AA skin revealed significant higher 

CD8+ T-cell numbers compared to healthy anagen HFs (Figure 3.3A,C,D). This was later 

confirmed also in comparison to non-lesional skin from AA patients when CD30L/C-Kit/CD8 

triple immunostains were evaluated in lesional and non-lesional skin from AA patients as well 

as in healthy control skin (Figure 3.3B). 

 

Importantly, the analysis of MC-CD8+ T-cells interactions provided the first evidence that 

tryptase+ MCs co-localize with CD8+ T-cells around the HFs in lesional AA skin (Figure 

3.4A,D) significantly more frequently than in healthy control skin (Figure 3.4A,C,D). Later on, 
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this was confirmed also for c-Kit+ MC-CD8+ T-cell interactions and compared to non-lesional 

skin (Figure 3.4B). Calculation of the percentage of MC-CD8+ T-cell interactions among 

CD8+ T-cells and MCs revealed that this was independent of the numeric CD8+ T-cell 

increase, but reflected the number increase of MCs in lesional AA skin (data not shown).  

 

 
Figure 3.4: The number of perifollicular mast cell-CD8+ T-cell interactions is increased in alopecia areata 
lesional skin. 

Quantitative analysis of tryptase+ MC-CD8+ T-cell interactions showing that their number is up-regulated in 
lesional compared to control skin (A). Analysis derived from 56 areas (HFs) from 13 AA patients and 44 areas 
(HFs) of 7 healthy controls, ***p≤0.001, ±SEM, p value was calculated by Mann-Whitney-U-Test. Quantitative 
analysis of c-Kit+ MC-CD8+ T-cell interactions showing that their number is up-regulated in AA lesional skin 
compared to AA non-lesional and control skin (B). This evaluation was performed in sections stained with 
CD30L/C-Kit/CD8 triple-IHC. Analysis deriving from 12-18 areas of 4-16 HFs of 6 healthy controls and 7 AA 
patients (non lesional skin only from 3 AA patient), **p≤0.01, *p≤0.05, ±SEM, Kruskal-Wallis test followed by 
Dunn´s multiple comparison test. Representative pictures showing tryptase+ MCs and CD8+ T-cells around HFs 
from control healthy (C) and AA lesional skin (D) stained by CD8/Tryptase double-IHC. Red circles indicate MC-
CD8+ T-cell interaction. Pink cells are tryptase+ MCs and brown cells are CD8+ T-cells. Scale bars: 50µm. 
Connective tissue sheath (CTS), dermal papilla (DP), outer root sheath (ORS), perifollicular dermis (PFD). 

 

The above results demonstrate for the first time that human skin MCs are able to directly 

interact with CD8+ T-cells in both healthy and AA affected human skin in situ. Moreover, that 

the number of MC-CD8+ T-cell interactions is increased and that MCs have pro-inflammatory 

phenotype, provides phenomenological support for the working hypothesis that MCs in AA 

lesional skin may promote pathogenic CD8+ T-cell responses. 
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3.1.2.1 Alopecia areata mast cells show prominent MHC class I immunoreactivity 

during their interaction with CD8+ T-cells  

MCs are able to present autoantigens to CD8+ T-cells via MHC class I and to thus drive and 

control CD8+ T-cell-dependent immune responses (Stelekati et al. 2009). Therefore, after 

establishing a triple immunofluorescent staining for MHC class I (red signal), CD8 (green 

signal) and tryptase (blue signal) (Figure 3.5A-B), we investigated whether MCs express 

MHC class I during the interaction with CD8+ T-cells in lesional AA skin.  

 

 
Figure 3.5: Alopecia areata mast cells show prominent MHC class I immunoreactivity during their 
interaction with CD8+ T-cells. 

Representative pictures of MHCI(red)/CD8(green)/Tryptase(blue) showing the expression of MHC class I within 
MCs during the interaction with CD8+ T-cells in human AA lesional skin from AA patients (A-B). In small panels, 
higher magnifications of MHC class I+ MCs in close contact with CD8+ T-cells. Scale bars: 50µm. Epidermis 
(Epi), outer root sheath (ORS). 

 

This showed that perifollicular human MCs strongly express MHC class I in lesional human 

AA skin, also when they physically interact with CD8+ T-cells (Figure 3.5A,B). Therefore, it 

is conceivable in principle that MCs are capable of presenting autoantigens to cognate CD8+ 

T-cells at some stage during AA pathogenesis.  

3.1.2.2 Mast cells degranulate during their interaction with CD8+ T-cells in alopecia 

areata lesional skin 

Upon activation, MCs can immediately release mediators stored in cytoplasmatic pre-formed 

granules, such as neutral proteases (tryptase, chymase), histamine, proteoglycans (heparin 

and chondroitin sulphate E) and cytokines like TNF-alpha (Christy et al. 2013, Frenzel and 

Hermine 2013, St John and Abraham 2013, Brown and Hatfield 2012, Gri et al. 2012, 

Harvima and Nilsson 2011, Frossi et al. 2010, Pejler et al. 2010, Shin et al. 2009, Galli et al. 

2008) and therefore create a strong pro-inflammatory environment. Since most of these 

molecules have direct impact on CD8+ T-cells activation (Frenzel and Hermine 2013, Brown 

and Hatfield 2012, Gri et al. 2012, Tete et al. 2012, Harvima and Nilsson 2011, Tsai et al. 

2011, Frossi et al. 2010, Galli et al. 2008, Sayed et al. 2008), it was next investigated 
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whether MCs degranulate during the interaction with CD8+ T-cells in AA lesional skin. This 

was done by assessing the degranulation status using CD8/Tryptase IHC. 

 

Indeed, during MC-CD8+ T-cell interactions, almost 50% of MCs in AA lesional skin were 

found to be degranulated (when more than five granules located outside of the cell 

membrane, see chapter 2.6) (Figure 3.6A-F) while in control healthy skin most of them were 

non degranulated (Figure 3.6G,H). Hence, in AA lesional skin, pre-formed MC mediators 

may activate CD8+ T-cells by binding the corresponding receptors of these lymphocytes 

(Frenzel and Hermine 2013, Brown and Hatfield 2012, Gri et al. 2012, Tete et al. 2012, 

Harvima and Nilsson 2011, Tsai et al. 2011, Frossi et al. 2010, Galli et al. 2008, Sayed et al. 

2008).  

 

 
Figure 3.6: Half of the mast cells interacting with CD8+ T-cells are degranulated in alopecia areata lesional 
skin.  

Immunohistochemical identification of tryptase+ MCs (pink cells) interacting with CD8+ T-cells (brown cells) in 
lesional skin from AA patients (A-F) and in control skin from healthy individuals (G-H). Non-degranulated MCs (A-
C, G-H) and degranulated MCs (D-F). Scale bars: 10µm. 

 

Taken together, the above results show that perifollicular MHC class I+ MCs interact with 

CD8+ T-cells much more frequently in AA lesional compared to control healthy skin.  

3.1.3 Mast cells in lesional alopecia areata skin up-regulate co-stimulatory molecules 

for CD8+ T-cells 

Given that MHC class I+ MC-CD8+ T-cell interactions are increased in AA lesional skin but 

that only half of MCs are degranulated during these contacts, this raised the question how 

MCs and CD8+ T-cells may interact in AA. It is known that the release of MC mediators is not 

the only mechanism by which MCs and CD8+ T-cells may talk to each other during their 

interaction, since MCs can express many cell surface molecules that are either co-

stimulatory or inhibitory for CD8+ T-cells (see Introduction, chapter 1.6) (Frenzel and 

Hermine 2013, Brown and Hatfield 2012, Gri et al. 2012, Harvima and Nilsson 2011, 

Kalesnikoff and Galli 2011, Tsai et al. 2011, Galli et al. 2008, Harvima et al. 2008, Sayed et 

al. 2008). Therefore, as a first attempt towards dissecting these interactions in situ, triple-

immunostainings were established for MCs, CD8+ T-cells and some of the best-
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characterized co-stimulatory molecules known to modulate MC-CD8+ T-cells interactions: 

OX40L, CD30L, 4-1BBL and ICAM-1 (Frenzel and Hermine 2013, Brown and Hatfield 2012, 

Gri et al. 2012, Harvima and Nilsson 2011, Galli et al. 2008, Sayed et al. 2008). In order to 

be precise with the evaluation, for each established immunostaining the total number of MCs, 

CD8+ T-cells and MC-CD8+ T-cell interactions was first evaluated in order to confirm the 

pattern of expression for these antigens. Once these analyses had revealed similar results to 

the ones obtained with the double-staining of CD8 and tryptase by IHC, the expression of the 

corresponding co-stimulatory molecules by MCs was investigated. Moreover, for each triple-

staining the correct positive control tissue was immunostained together with sample sections 

(see Material and methods, Figure 2.6). 

3.1.3.1 The total number and the percentage of OX40L+ mast cells are significantly 

increased in alopecia areata lesional skin, at least compared to non-lesional skin.  

OX40L+ MCs can stimulate CD8+ T-cell proliferation, survival, and/or cytokine production 

(Ilves and Harvima 2013, Zhang et al. 2013, Weinberg et al. 2011, Croft 2010, Ishii et al. 

2010, Kober et al. 2008, Nakae et al. 2006, Kashiwakura et al. 2004). This raised the 

questions if MCs are expressing OX40L in healthy human skin in situ (unknown so far), 

whether OX40L expression is up-regulated in AA lesional MCs, and whether MCs interacting 

with CD8+ T-cells in AA lesional skin are expressing OX40L. To answer these questions 

lesional and non-lesional AA skin as well as healthy control skin sections were triple-stained 

for OX40L/CD8/Tryptase. This demarcated OX40L+/tryptase+ MCs as brown-pink cells 

(Figure 3.7A,B), OX40L-/tryptase+ MCs as pink cells and CD8+ T-cells as blue cells (Figure 

3.7C-F). 

 

 
Figure 3.7: OX40L expression of mast cells in healthy control versus lesional alopecia areata skin. 

Immunohistochemical identification of OX40L/tryptase+ MCs, detected using OX40L/CD8/Tryptase staining, 
showing the expression pattern of OX40L within MCs (A). Higher magnification of an OX40L+/tryptase+ MC (B). 
Representative pictures of OX40L/CD8/Tryptase triple staining in human scalp skin of controls (C,E) and lesional 
skin from AA patients (D,F). Brown cells are OX40L+ (brown arrows), blue cells are CD8+ (blue arrows), pink 
cells are tryptase+ cells (pink arrows), pink-brown cells are OX40L+/tryptase+ cells (green arrows). Of note, that 
the yellow arrow indicate exchange of small molecules via pseudopodial extensions (Carroll-Portillo et al. 2012, 
Della Rovere et al. 2009). Scale bars: 20µm (A,C,D), 5µm (B) and 10µm (E,F). 
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In line with the literature (Croft 2010, Nakae et al. 2006), OX40L was found in the nuclei, 

cytoplasm or in the cell membrane of human skin MCs. Typically, the expression of OX40L 

within MCs was mostly localized at one side of the cells at the cell membrane (Figure 3.7A-

F). This feature could be related to the receptor binding, since three copies of OX40 interact 

with three ligand molecules creating an accumulation of OX40L molecules at one side of MC 

surface (Croft 2010). 

 

Quantitative (immuno-)histomorphometry showed that the total number of OX40L+ MCs was 

increased in lesional skin of AA patients (Figure 3.8A-C). However, the percentage of 

OX40L+ MCs among all tryptase+ MCs was significantly increased only compared to non-

lesional AA skin but not compared to healthy skin (Figure 3.8A,B,D). This intriguing result 

raises the possibility of a constitutive genetic abnormality in MCs of AA patients, which might 

be involved in AA pathogenesis by predisposing individuals prone to develop AA to OX40L-

dependent activating interactions with CD8+ T cells. 

 

 
Figure 3.8: The total number and percentage of OX40L+ mast cells are increased in lesional alopecia 
areata skin compared to non-lesional skin. 

Immunohistochemical identification of OX40L/Tryptase+ MCs and CD8+ T-cells in human hair bulb from scalp 
skin from non-lesional (A) and lesional (B) AA skin showing an increase of OX40L+ MC numbers around AA 
lesional HFs. Green arrows indicate OX40L+/tryptase+ MCs. Scale bars: 50µm (A,B). Quantitative analysis of 
OX40L+/tryptase+ MCs number (C) and % of OX40L+/tryptase+ MCs among all MCs (D) in AA lesional skin 
compared to controls which confirmed the qualitative observation. Analysis deriving from 20-23 areas of 12-14 
HFs of 7 healthy controls and 8 AA patients (non lesional skin only from 4 AA patients), ***p≤0.001, ±SEM, One-
Way ANOVA or Kruskal-Wallis test followed respectively by Bonferroni´s or Dunn´s multiple comparison tests. 
Connective tissue sheath (CTS), dermal papilla (DP), perifollicular dermis (PFD). 
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Most of the MCs interacting with CD8+ T-cells in healthy and non-lesional skin were 

expressing OX40L (Figure 3.9A), however a significant up-regulation of OX40L+ MCs that 

were in direct contact with CD8+ T-cells was found in AA lesional skin (Figure 3.9A-C). 

Unfortunately, it was not possible calculate the ratio for the small number of interactions in 

healthy and AA non-lesional skin.  

 
Figure 3.9: The number of OX40L+ 
mast cells interacting with CD8+ T-cells 
is increased in alopecia areata lesional 
skin. 
Representative pictures of OX40L+ (A) 
and OX40L- (B) MCs (detected by 
tryptase) interacting with CD8+ T-cells. 
Blue cells are CD8+ T-cells (blue arrows), 
pink cells are tryptase+ MCs (pink 
arrows), pink-brown cells are 
OX40L+/tryptase+ MCs (green arrows). 
Scale bars: 5µm (A-B). Quantitative 
analysis reports an up-regulation of 
OX40L+/tryptase+ MCs interacting with 

CD8+ T-cells in AA lesional skin compared to controls (C). Analysis deriving from 20-23 areas of 12-14 HFs of 7 
healthy controls and 8 AA patients (non lesional skin only from 4 AA patients), *p≤0.05, ±SEM, One-Way ANOVA 
or Kruskal-Wallis test followed respectively by Bonferroni´s or Dunn´s multiple comparison tests. Connective 
tissue sheath (CTS), perifollicular dermis (PFD). 

 

These findings further corroborate the concept that MCs are phenotypically abnormal in 

lesional skin of AA patients and suggest that OX40L might be involved in the excessive 

interaction between MCs and CD8+ T-cells seen in AA skin. 

3.1.3.2 The total number and percentage of CD30L+ mast cells is significantly up-

regulated in alopecia areata lesional skin 

The expression of CD30L by MCs is up-regulated under pro-inflammatory conditions 

(Diaconu et al. 2007, Fischer et al. 2006, Molin et al. 2001). Moreover, activated CD8+ T-

cells can express CD30, which is implicated in the control of CD8+ T-cell proliferation and 

cytokine production (Croft et al. 2014, Cabrera et al. 2013, Zhang et al. 2013, Kober et al. 

2008, Horie and Watanabe 1998, Gruss et al. 1996). In order to investigate whether CD30L+ 

MCs were up-regulated and if MCs during the interaction with CD8+ T-cells were expressing 

CD30L in AA lesional skin, it was attempted to establish a triple immunostaining technique 

for CD30L/C-Kit/CD8. However, this initially exposed major cross-reaction problems between 

the substrates AEC and DAB (not shown). Therefore, first, a double staining for CD30L/C-Kit 

was established and used for the evaluation of CD30L+ MC numbers in lesional and non-

lesional AA skin from AA patients and control skin from healthy individuals. CD30L+/c-Kit+ 

MCs were revealed as red-blue cells and CD30L-/c-Kit+ MCs as blue cells (Figure 3.10A-C). 
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Figure 3.10: Immunohistochemical identification of CD30L expression by mast cells. 

Representative pictures showing the expression pattern of CD30L within MCs in healthy control skin (A-D), 
detected using CD30L/C-Kit double staining (A,D) and CD30L/C-Kit/CD8 triple staining (B-C). Red cells are 
CD30L+ cells (red arrows), blue cells are c-Kit+ MCs (blue arrows), red-blue cells are CD30L+/c-Kit+ MCs (green 
arrows). Scale bars: 50µm (A,D) and 20µm (B,C). Epidermis (Epi), hair follicle (HF).  

 

Only very few MCs positive for CD30L were detectable in non-lesional skin from AA patients 

and in control skin from healthy individuals (Figure 3.10A-D and 3.11A). Instead, in lesional 

AA skin, the number of CD30L+ MCs was significantly up-regulated (Figure 3.11B). In 

addition, the percentage of CD30L+ MCs among all MCs in the PFD was also significantly 

higher than in non-lesional skin from AA patients and healthy control skin (Figure 3.11A-C). 

 

 
Figure 3.11: The total number and percentage of CD30L+ mast cells are increased in lesional alopecia 
areata skin. 

Immunohistochemical identification of CD30L/c-Kit+ MCs in human HFs from healthy scalp skin (A) and lesional 
AA skin (B) showing an increase of CD30L+ MC numbers around AA lesional HFs. Green arrows indicate 
CD30L+/c-Kit+ MCs. Scale bars: 50µm. Quantitative analysis of the percentage of CD30L/c-Kit+ MCs among all 
MCs (C) in AA lesional skin compared to controls which confirmed the qualitative observation. Analysis deriving 
from 12-17 areas of 4-17 HFs of 6 healthy controls and 7 AA patients (non lesional skin only from 4 AA patients), 
***p≤0.001, **p≤0.01, ±SEM, One-Way ANOVA or Kruskal-Wallis test followed respectively by Bonferroni´s or 
Dunn´s multiple comparison tests. Connective tissue sheath (CTS), hair follicle (HF), perifollicular dermis (PFD). 

 

Later on, it became possible to establish the desired CD30L/C-Kit/CD8 staining avoiding the 

cross-reaction problems reducing the temperature and the time of incubation for the 

substrates. This led the possibility to investigate if CD30L+ MCs that were in close contact 

with CD8+ T-cells. This triple immunostaining was repeated once to confirm the pattern of 

expression. CD30L+ cells were detected as red cells, CD30L+ MCs as red-blue cells, 
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CD30L- MCs as blue cells and CD8+ T-cells as brown cells (Figure 3.12A-D). However, 

hardly any CD30L+ MCs were found to be in contact with CD8+ T-cells, neither in AA 

lesional skin, nor in non-lesional AA skin, nor in healthy control skin (Figure 3.12A-C). Only 

in one area out a total of 17 examined, it was possible to detect a CD30L+ MCs that was in 

close contact with CD8+ T-cells (interestingly, this skin section was from an AA patient) 

(Figure 3.12D). 

 

 
Figure 3.12: The number of CD30L+ mast cells interacting with CD8+ T-cells does not change in alopecia 
areata lesional skin compared to non-lesional alopecia areata and healthy controls skin. 

Representative pictures of CD30L/C-Kit/CD8 triple staining in control (A) and AA lesional (B) skin showing an 
increased CD30L+ MC numbers in AA lesional skin and MC-CD8+ T-cell interactions. Representative pictures of 
CD30L- (C) and CD30L+ (D) (detected by c-Kit) MCs interacting with CD8+ T-cells. Brown cells CD8+ cells 
(brown arrows), blue cells are c-Kit+ MCs (blue arrows), red cells are CD30L+ cells (red arrows), blue-red cells 
are CD30L+/c-Kit+ MCs (green arrows). Red circles underline MC-CD8+ T-cell interactions. Of note, the brown 
cells in the HF bulge are mostly cytokeratin 15+ cells, not CD8+ T-cells. Scale bars: 50µm (A,B) and 20µm (C,D). 

 

In sum, MCs in AA lesional skin up-regulate CD30L. However, since CD30L+ MCs do not 

appear to interact with CD8+ T-cells in AA lesional skin, CD30L-CD30 pathways might 

mediate MC interaction with other intracutaneous immunocytes (e.g. CD4+ T-cells), or with 

the soluble sCD30 (Velasquez et al. 2013), which is produced by the cleavage of membrane-

bound CD30 by metalloproteinase (Hansen et al. 1995). 

3.1.3.3 4-1BBL+ mast cells are slightly increased in alopecia areata lesional skin  

4-1BBL is expressed by activated MCs (Stelekati et al. 2009, Kashiwakura et al. 2004, 

Sayama et al. 2002) and supports CD8+ T-cell survival/expansion after binding its receptor 

(4-1BB) on activated T-cells (Croft et al. 2014, Chacon et al. 2013, Vinay and Kwon 2012, 

Shao and Schwarz 2011, Wu et al. 2011, Kober et al. 2008, Wang et al. 2009, Watts 2005). 

In order to investigate whether the number of 4-1BBL+ MCs is up-regulated in lesional 

compared to non-lesional AA and control healthy skin, a 4-1BBL/C-Kit/CD8 triple-

immunostaining was established, performed and analysed in which 4-1BBL+/c-Kit+ MCs 

were detected as blue-red cells, 4-1BBL-/c-Kit+ MCs as blue cells and CD8+ T-cells as 

brown cells (Figure 3.13A).  
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Figure 3.13: 4-1BBL+ cells are exceptionally rare in healthy and non-lesional alopecia areata skin, while 
more 4-1BBL+ mast cells are detectable in alopecia areata lesional skin.  

Representative pictures showing the expression pattern of 4-1BBL within MCs in AA lesional skin detected by 
using 4-1BBL/C-Kit/CD8 triple staining (A). Immunohistochemical identification of 4-1BBL+/c-Kit+ and 4-1BBL-/c-
Kit+ MCs, detected using 4-1BBL/C-Kit/CD8 staining around the HF bulb of control (B) and lesional skin of an AA 
patient (C) showing higher number of 4-1BBL+/c-Kit+ MCs in AA lesional skin. Representative pictures of 4-
1BBL+/c-Kit+ (D), 4-1BBL-/c-Kit+ (E) MCs interacting with CD8+ T-cells. Brown cells are CD8+ T-cells (brown 
arrows), blue cells are c-Kit+ MCs, red cells are 4-1BBL+ cells (red arrows), blue-red cells are 4-1BBL+/c-Kit+ 
MCs (green arrows). Of note, the brown colour in panel B, in the HM is the melanin content of melanocytes, not 
CD8+ T-cells.This staining was observed in one section/subject of 8 healthy individuals and non-lesional skin from 
4 AA patients and lesional skin from 11 AA patients. Scale bars: 50µm (A,B,C) and 10µm (D,E). Dermal papilla 
(DP), hair matrix (HM). 

 

However, in lesional skin from AA patients the number of 4-1BBL+ cells was slightly 

increased and also more 4-1BBL+ MCs were detectable, notably in a peribulbar location 

(Figure 3.13C) (fitting to the typical peribulbar inflammatory infiltrate in AA) (McElwee et al. 

2013, Gilhar et al. 2012, Cetin et al. 2009, Whiting 2003). 4-1BBL+ MCs were seen 

occasionally in close proximity to CD8+ T-cells in lesional AA skin (Figure 3.13D).  

 

The above results indicate that 4-1BBL+ MCs are up-regulated in AA lesional skin and raise 

the possibility that the 4-1BBL-4-1BB signalling pathway may be involved in the regulation of 

MCs-CD8+ T-cell interactions in AA lesional skin.  

3.1.3.4 ICAM-1+ mast cells are slightly increased in alopecia areata lesional skin 

Considering that MCs are able to present antigens to CD8+ T-cells (Stelekati et al. 2009) and 

that they can express ICAM-1 (Nagai et al. 2009, Galli et al. 2005), it is possible that ICAM-1 

expressed by MCs play a role in MC-CD8+ T-cell interaction in AA. Moreover, ICAM-1 stored 

in exosomes derived from mouse bone marrow-derived MCs promotes T-cell proliferation 

and cytokine production (Skokos et al. 2001). 

 

Therefore, the corresponding triple-immunostaining ICAM-1/CD8/Tryptase was established 

in order to analyse any changes on ICAM-1+ MCs number in AA lesional skin and any 

involvement of ICAM-1 in mediating MCs and CD8+ T-cell interactions in AA pathogenesis. 

In this staining, ICAM-1+ cells were detected as brown cells, CD8+ T-cells as blue cells, 

tryptase+ MCs as pink cells and ICAM-1+/tryptase+ MCs as brown-pink cells (Figure 3.14A). 
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Figure 3.14: ICAM-1+ mast cells are slightly increased in alopecia areata lesional skin. 

Representative pictures showing the expression pattern of ICAM-1 within MCs in AA lesional skin detected using 
ICAM-1/CD8/Tryptase triple staining (A). Immunohistochemical identification of ICAM-1+/tryptase+ MCs and 
ICAM-1-/tryptase+ MCs, detected using ICAM-1/CD8/Tryptase staining around the HF bulb of control (B) and 
lesional skin of an AA patient (C) showing higher ICAM-1+/tryptase+ MCs in AA lesional skin. Representative 
pictures of ICAM-1+/tryptase+ (D) and ICAM-1-/tryptase+ (E) MCs interacting with CD8+ T-cells. Brown cells are 
ICAM-1+ cells (brown arrows), blue cells are CD8+ T-cells (blue arrows), pink cells are tryptase+ MCs (pink 
arrows) and brown-pink cells are ICAM-1+/tryptase+ MCs (green arrows). Of note, the brown colour in panel B, in 
the HM is the melanin content of melanocytes, not CD8+ T-cells.This staining was observed in one 
section/subject of 6 healthy individuals and non-lesional skin from 4 AA patients and lesional skin from 11 AA 
patients. Scale bars: 20µm (A), 50µm (B,C) and 10µm (D,E). Dermal papilla (DP), hair matrix (HM). 

 

In control skin and non-lesional skin from AA patients, only few ICAM-1+ cells and ICAM-1+ 

MCs were found (Figure 3.14B). In striking contrast, ICAM-1+ IR tremendously increased in 

AA lesional skin around affected hair bulbs (Figure 3.14C), confirming previously published 

results (Mcdonagh et al. 1993). Moreover, a slight increase in the number of ICAM-1+ MCs 

was also found in AA lesional skin (Figure 3.14C). However, only very few ICAM-1+ MCs 

were seen in close proximity to CD8+ T-cells (Figure 3.14D).  

 

Therefore, ICAM-1+ MCs are up-regulated in AA lesional skin and it is conceivable that the 

ICAM-1/LFA-1 signalling pathway may promote pathogenic MC-CD8+ T-cell interactions 

during AA pathogenesis. 

 

Collectively, the above results further support the concept that MCs in AA are skewed 

towards pro-inflammatory activities and that namely OX40/OX40L, but possibly also 4-1BB/4-

1BBL and/or ICAM-1/LFA-1 signalling pathways might be involved in regulating abnormal 

MC-CD8+ T-cell interactions in AA. 

 

3.1.4 Immuno-inhibitory mast cells appear to be defective in alopecia areata lesional 

skin  

Under physiological conditions, MCs can release immuno-inhibitory molecules and thus 

maintain peripheral tolerance and IP (Chan et al. 2013, Voehringer 2013, Gan et al. 2012, 

Kalesnikoff and Galli 2011, Tsai et al. 2011, Frossi et al. 2010, de Vries et al. 2009a, Sayed 

et al. 2008, Lu et al. 2006, Waldmann 2006), e.g. by releasing immunosuppressive cytokines 

such as IL-10 and TGFβ1 (Sayed et al. 2008, Waldmann 2006, Maurer et al. 2003). 

Considering the reduced TGFβ1 expression of perifollicular MCs in situ AA reported above 
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(Figure 3.1), it was interesting to check other MC immune-inhibitory markers are also 

expressed at reduced levels in AA skin. 

 

Therefore, triple immunostainings were established in order to visualize MCs (either using c-

Kit or tryptase), CD8+ T-cells and MCs positive for three selected immuno-inhibitory 

molecules known to dampen MC-CD8+ T-cells interactions: IL-10, PD-L1 and CD200 (Chan 

et al. 2013, Gan et al. 2012, Gri et al. 2012, Chacon-Salinas et al. 2011, Harvima and 

Nilsson 2011, de Vries et al. 2009b, Lu et al. 2006, Nakae et al. 2006). As explained before, 

the MC expression of these antigens was investigated only after having confirmed that the 

analyses of the total number of MCs, CD8+ T-cells and MC-CD8+ T-cell interactions gave 

similar results to the ones obtained with the CD8/Tryptase double-staining technique. Again, 

for each triple-staining the correct tissue for positive control was stained together with sample 

sections (see Material and methods, Figure 2.6). 

3.1.4.1 The number of IL-10+ mast cells is significantly decreased in lesional and non-

lesional alopecia areata skin  

IL-10, a predominantly type II cytokine, is a potent inhibitor of antigen presentation and 

proinflammatory cytokine production (Soyer et al. 2013, Mosser and Zhang 2008, Groux et 

al. 1998). Depending on the environment and functional context, MCs can produce IL-10 and 

regulate peripheral tolerance (Chan et al. 2013, Gan et al. 2012, Gri et al. 2012, Chacon-

Salinas et al. 2011, Harvima and Nilsson 2011, de Vries et al. 2009b, Lu et al. 2006).  

 

To investigate the expression pattern of IL-10 within perifollicular MCs and whether IL-10 

expression on MCs is changed in AA lesional skin or during the interaction with CD8+ T-

cells, an IL-10/C-Kit/CD8 triple immunostain was established and executed in control healthy 

skin, lesional and non-lesional skin from AA patients: IL-10+ cells were labelled as red cells, 

IL-10-/c-Kit+ MCs as blue cells, CD8+ T-cells as brown cells, and IL-10+/c-Kit+ MCs as red-

blue cells (Figure 3.15A-C). 
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Figure 3.15: The number of IL-10+ mast cells is significantly decreased in lesional and non-lesional 
alopecia areata skin compared to healthy controls. 

Immunohistochemical identification of IL-10+/c-Kit+ MCs and CD8+ T-cells in human scalp skin of controls (A) 
and AA lesional skin (B), higher magnification of a single MC in inserted panels showing the decreased 
expression of IL-10 in AA MCs. Higher magnification of IL-10/CD8/c-Kit triple staining (C). Blue cells are c-Kit+ 
MCs (blue arrows), blue-red cells are c-Kit+/IL-10+ MCs (green arrows), red cells are IL-10+ cells (red arrows) 
and brown cells are CD8+ T-cells (brown arrows) (C). Of note, the brown colour in panel A, in the HM is the 
melanin content of melanocytes, not CD8+ T-cells. Scale bars: 200µm. Quantitative analysis of IL-10+ MCs 
(detected by c-Kit) in lesional skin compared to non-lesional skin from AA patients and control skin from healthy 
individuals revealing a down-regulation in IL-10+ MCs in AA patients (D). Analysis derived from 14-20 areas of 5-
16 HFs of 7 healthy controls and 7 AA patients (for non lesional skin only from 3 AA patients), ***p≤0.001, ±SEM, 
Kruskal-Wallis test followed by Dunn´s multiple comparison test. Connective tissue sheath (CTS), hair follicle 
(HF), hair matrix (HM), outer root sheath (ORS), perifollicular dermis (PFD), sebaceous glands (SG). 

 

Interestingly, most of the cells demarcated with this immunostaining technique were seen to 

express prominent IL-10 IR in healthy human skin were in fact MCs, namely in the CTS and 

PFD (Figure 3.15A,C). However, the number of IL-10+ MCs was significantly decreased in 

lesional and non-lesional AA skin compared to healthy controls (Figure 3.15A-D). The few 

IL-10+ MCs which remained visible in AA lesional skin were localized around sweat glands, 

SG and blood vessels, and were seen only rarely in the perifollicular mesenchyme (i.e CTS 

or PFD) (Figure 3.15B). Moreover, IL-10 protein expression of individual MCs was 

decreased in AA skin compared to healthy controls (Figure 3.15A,B, see higher 

magnification insert).  

 

Generally, MCs that interacted with CD8+ T-cells did not express IL-10 IR, neither in healthy 

nor in AA skin (Figure 3.16A-E). We could identify only one incident of IL-10+ MCs 

interacting with CD8+ cells in an AA patient (lesional skin) and two in healthy controls 
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(Figure 3.15B,C). Obviously, this does not provide a basis for any meaningful quantitative 

analysis. 

 

 
Figure 3.16: The number of IL-10+ mast cells interacting with CD8+ T-cells does not change in alopecia 
areata lesional skin compared to non-lesional alopecia areata and healthy controls skin. 

Quantitative analysis of IL-10+ MCs (detected by c-Kit) interacting with CD8+ T-cells in lesional skin compared to 
non-lesional skin from AA patients and control skin from healthy individuals (A) which reveals no change between 
those cases. Analysis derived from 14-20 areas of 5-16 HFs of 7 healthy controls and 7 AA patients (for non-
lesional skin only from 3 AA patients), ns, ±SEM, Kruskal-Wallis test followed by Dunn´s multiple comparison test.  
Representative pictures of IL-10+ (B,C) and IL-10- (D,E) MCs (detected by c-Kit) interacting with CD8+ T-cells in 
control skin (B,C) and AA lesional skin (D,E). Blue cells are c-Kit+ MCs (blue arrows), blue-red cells are c-Kit+/IL-
10+ MCs (green arrows) and brown cells are CD8 + T-cells (brown arrows). Scale bars: 10µm. Connective tissue 
sheath (CTS), perifollicular dermis (PFD). 

 

Thus, many IL-10+ MCs populate healthy control skin, while their number drastically 

decreases in AA lesional skin. However, the expression of IL-10+ within MCs may not be 

directly related to their interaction with CD8+ T-cells, because only seldomly IL-10+ MCs 

appear to be interacting with CD8+ T-cells. 

3.1.4.2 The number of PD-L1+ mast cells seems to be reduced in lesional alopecia 

areata skin 

Mouse bone marrow derived MCs constitutively express PD-L1 and its expression is slightly 

increased after IgE and Ag-stimulation (Nakae et al. 2006). However no data on PD-L1 

expression is available for human MCs. Therefore, a triple immunostaining for PD-L1/C-

Kit/CD8 was established and performed in healthy control, non lesional and lesional AA skin 

in order to explore if MCs in human skin express PD-L1. Moreover, evidence for any 

changes of PD-L1 IR in AA MCs was searched, together with a possible interaction between 

PD-L1+ MCs and CD8+ T-cells. The corresponding staining revealed PD-L1+ cells as red 

cells, c-Kit+ MCs as blue cells, CD8+ T-cells as brown cells and PD-L1+/c-Kit+ cells as red-

blue cells (Figure 3.17A-E). 

 

These analyses provided the first evidence in the literature that primary human MCs can 

express varying levels of PD-L1 in situ in healthy human skin (Figure 3.17A-D). Qualitatively, 

the number of PD-L1+ MCs appeared to be reduced in lesional AA compared to healthy skin 
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(Figure 3.17E). However the total number of PD-L1+ cells was too low to permit a 

quantitative analysis.  

 

 
Figure 3.17: The number of PD-L1+ mast cells appears to be reduced in lesional alopecia areata compared 
to non-lesional alopecia areata and healthy skin. 

Immunohistochemical identification of PD-L1+/c-Kit+ MCs and CD8+ T-cells in human healthy skin (A). 
Representative pictures showing low (B) and high (C) PD-L1 IR of human healthy skin MCs in situ. 
Immunohistochemical identification of perifollicular PD-L1+/c-Kit+ MCs and CD8+ T-cells in human healthy skin 
(D) and AA patient (E) enlightening the decreased PD-L1+ MC numbers in AA lesional skin. Higher magnification 
showing PD-L1- MC interacting with CD8+ T-cells (F). Brown arrows indicate CD8+ T-cells, blue arrows indicate 
c-Kit+ MCs, red arrows indicate PD-L1+ cells, green arrows indicate PD-L1+/c-Kit+ MCs. This staining was 
carefully observed in one section/subject of 8 healthy individuals and non-lesional skin from 4 AA patients and 
lesional skin from 12 AA patients. Scale bars: 20µm (A-C) and 50µm (D-E). Hair follicle (HF). 

 

Overall, PD-L1+ MCs were not found to interact with CD8+ T-cells, neither in healthy nor in 

AA skin (Figure 3.17A-E).  

 

Shortly, PD-L1+ MCs inhabit healthy control skin and their number seems to decrease in AA 

lesional skin. However, PD-L1+ MCs do not appear to directly contact CD8+ T-cells, since 

these two cell populations were not found to be physically interacting. 

3.1.4.3 Human skin displays almost no CD200+ mast cells  

The final functional MC marker we examined in this series of experiments, was the important 

immuno-inhibitory “no danger-signal”, CD200, which plays a key role in HF-IP maintenance 

(Harries et al. 2013, Meyer et al. 2008, Rosenblum et al. 2006) and whose interaction partner 

is expressed on T-cells (Rygiel and Meyaard 2012). Therefore, a CD200/CD8/Tryptase triple 

staining was established and performed in healthy control, non-lesional and AA lesional skin 

with the intention of examining whether CD200 is expressed by MCs in skin, if its IR changes 

in AA lesional skin and if CD200+ MCs are interacting with CD8+ T-cells. As shown in Figure 

3.18A-D, CD200+ cells were labeled as brown cells, CD8+ T-cells as blue cells, tryptase+ 

MCs as pink cells. 

 

This staining revealed that almost no CD200+ MCs were found, neither in healthy human 

skin nor in AA lesional skin (Figure 3.18A-D), in line with a previous report (Cherwinski et al. 



                                                                                                   RESULTS 

92 

 

2005). For this reason, it was not possible to detect CD200+ MCs double-positive cells which 

should have been depicted as pink-brown cells. 

 

Figure 3.18: There are almost no CD200+ mast 
cells in healthy or alopecia areata-afflicted 
human skin.  
Representative picture of a control HFs showing 
the expression pattern of CD200 in the bulge and 
blood vessels, tryptase+ MCs and CD8+ T-cells 
detected by CD200/CD8/tryptase triple 
immunohistochemistry (A). Higher magnification of 
the bulge area delineated in the red rectangle in 
panel A (B). Immunohistochemical identification of 
CD200+, tryptase+ and CD8+ T-cells in AA 
lesional skin (C,D). Brown cells are CD200+ cells 
(brown arrows), blue cells are CD8+ T-cells (blue 
arrows) and pink cells are tryptase+ MCs (pink 
arrows). Scale bars: 200µm (A) and 50µm (B-D). 
Connective tissue sheath (CTS), infundibulum 
(Infund), outer root sheath (ORS), perifollicular 
dermis (PFD), sebaceous glands (SG). 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Briefly, the observation that MCs in healthy skin express classical immuno-inhibitory 

molecules (IL-10, PD-L1) supports the hypothesis that, physiologically, perifollicular MCs 

mainly have tolerance-promoting functions (Waldmann 2006). Furthermore, that MC 

expression of selected immuno-inhibitory proteins was reduced in AA skin further suggest 

that MCs in AA are skewed towards pro-inflammatory activities and that MC-CD8+ T-cells 

interactions in AA are predominantly pro-inflammatory.  

 

Taken together these phenomenological in situ results support the working hypothesis that 

under physiological conditions, immune-inhibitory MCs are able to control CD8+ T-cells, 

preserving the HF-IP and peripheral tolerance, while under pathological conditions, such as 

in the skin of AA patients, abnormal, pro-inflmmatory MCs can activate pathogenic CD8+ T-

cells and contribute to HF-IP collapse, break of peripheral tolerance, and thus the onset of 

AA. 
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3.2 Ex-vivo organ culture experiments do not allow one to functionally probe 

mast cell and CD8+ T-cell interactions in situ 

Given that the above results suggested a role for abnormal MC-CD8+ T-cell interactions in 

AA pathogenesis, development of a functional model was desirable in order to further probe 

the working hypothesis summarized above. Considering the well accepted use of SP and 

compound 48/80 in the modulation of MC activities, also in a hair research context 

(Sugawara et al. 2012, Peters et al. 2007, Siebenhaar et al. 2007, Arck et al. 2005, Ito et al. 

2005, Maurer et al. 1997), human HF and full-thickness skin organ culture were taken into 

consideration as possible models, using SP and compound 48/80 as MC secretagogues. SP 

is an endogenous MC secretagogue which also promotes human HF-IP collapse (Peters et 

al. 2007) and activates CD8+ T-cells in mice (Siebenhaar et al. 2007). Compound 48/80 is 

the most frequently employed exogenous MC secretagogue (Sugawara et al. 2012) whose 

effects on human CD8+ T-cells remain to be explored. Therefore, the usage of these two MC 

activators might allow one to functionally manipulate MC-CD8+ T-cell interactions (utizing SP 

as an endogenous activator of both cell populations, and compound 48/80 as a selective 

exogenous stimulator of MC degranulation).  

3.2.1 Hair follicle organ culture is not suitable to investigate mast cell-CD8+ T-cell 

interactions 

In order to probe the effects of MC secretagogues on MC-CD8+ T-cell interactions, human 

HF organ culture was performed as previously described (Sugawara et al. 2012, Peters et al. 

2007), treating HFs for 24 hours with SP (10-8M and 10-10M) or compound 48/80 (5µg/ml) 

(Figure 3.19A-D). After embedding in cryomatrix, HFs were cut and double-immunostained 

for Tryptase/CD8 and C-Kit/CD8, with MCs demarcated as green cells and CD8+ T-cells as 

red cells (Figure 3.19A-D).  

 

As expected (Sugawara et al. 2012, Peters et al. 2007), many MCs populated the HF CTS, 

and their number increased after SP treatment (Figure 3.19B,C) (qualitative observation). 

Moreover, SP promoted catagen involution (Figure 3.19B,C) (qualitative observation), as 

previously described (Peters et al. 2007, Siebenhaar et al. 2007, Maurer et al. 1997). 

Unfortunately, the total number of detectable CD8+ T-cells in the HF’s CTS was extremely 

low under assay conditions (i.e. a total of only 4 CD8+ cells could be visualized in 26 

analyzed HFs) so that their interactions with MCs could not be meaningfully investigated 

(Figure 3.19A-D). 
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Figure 3.19: Immunohistochemical identification of tryptase+ mast cells and CD8+ T-cells in 
microdissected human HFs treated with endogenous or synthetic mast cell secretagogues. 

Representative pictures of Tryptase/CD8 double-staining showing that in the CTS of HFs treated with vehicle (A), 
SP10

-8
M (B), SP10

-10
M (C) and compound 48/80 (D), the number of CD8+ T-cells is too low to study the effect of 

MC secretagogues on MC-CD8+ T-cell interactions. Green cells are tryptase+ MCs (green arrows) and red cells 
are CD8+ T-cells (red arrows). Scale bars: 50µm. Connective tissue sheath (CTS), dermal papilla (DP), hair 
matrix (HM). 

 

Therefore, the current human HF organ culture assay cannot be used for further studying 

and manipulating MC-CD8+ T-cell interactions. 

3.2.2 In healthy human skin organ culture, the effects of MC secreragogues on mast 

cell-CD8+ T-cell interactions show major interindividual differences  

In view of the extremely low CD8+ T-cell numbers in the mesenchyme of microdissected 

HFs, next, full thickness healthy human scalp skin organ culture (Lu et al. 2007) was 

employed as an alternative method to functionally manipulate MC-CD8+ T-cell interactions in 

human skin. In healthy human scalp skin fragments, higher number of CD8+ T-cells was 

detectable (i.e. 9,26±1,98 positive cells/mm2 after 3 day culture in vehicle group). Therefore, 

4mm punches from healthy human scalp skin were organ-cultured and treated with the 

endogenous MC secretagogue, SP (10-8M and 10-10M), or the exogenous standard 

secretagogue, compound 48/80 (5µg/µl), for 24 or 72 hours. After the treatment, the skin 

punches were fixed in 4% formalin and embedded in paraffin. The skin sections were then 

stained for for Ki-67/C-Kit and for CD8/Tryptase by which tryptase+ cells were detected as 

pink cells and CD8+ T-cells as brown cells (Figure 3.20A-D and 3.21A-D).  
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Figure 3.20: 
Immunohistochemical 

identification of tryptase+ 
mast cells and CD8+ T-cells 
around hair follicles from 

secretagogue-treated, 
organ-cultured healthy 
human skin fragments (full-
thickness). 
Representative pictures 
showing tryptase+ MCs and 
CD8+ T-cells stained by 
CD8/Tryptase double-IHC of 
HFs deriving from human 
healthy scalp skin punches 
treated with vehicle (only 
medium) (A), SP10

-10
M (B), 

SP10
-8

M (C) and compound 
48/80 (D). Pink cells are 
tryptase+ MCs and brown 
cells are CD8+ T-cells. Of 
note, the brown colour in the 
HF bulge are mostly 
cytokeratin 15+ cells, not 
CD8+ T-cells. Red circles 
indicate aggregation of 
tryptase+ MCs and CD8+ T-
cells in which occasionally is 
possible to find MC-CD8+ T-
cell interactions. Scale bars: 
200µm. Connective tissue 
sheath (CTS), infundibulum 
(infund), outer root sheath 
(ORS), sebaceous glands 
(SG). 

 

 

Figure 3.21: Immunohistochemical 
identification of tryptase+ mast cells 
and CD8+ T-cells around hair bulbs of 
secretagogue-treated human skin 
fragments. 

Higher magnification of HF peribulbar 
area showing tryptase+ MCs and CD8+ 
T-cells stained by Tryptase/CD8 double-
IHC of HFs deriving from human healthy 
scalp skin punches treated with vehicle 
(only medium) (A), SP10

-10
M (B), SP10

-

8
M (C) and compound 48/80 (D). In 

panels C and D is possible to visualize 
MC-CD8+ T-cell interactions. Pink cells 
are tryptase+ MC (pink arrows) and 
brown cells are CD8+ T-cells (brown 
arrows). Of note, the brown colour in the 
HM is the melanin content of 
melanocytes, not CD8+ T-cells. Scale 
bars: 100µm. Connective tissue sheath 
(CTS), dermal papilla (DP), hair matrix 
(HM), perifollicular dermis (PFD). 
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The number of tryptase+ MCs, c-Kit+ MCs, CD8+ T-cells, MC-CD8+ T-cell complexes and 

MC degranulation were evaluated in the HF CTS and PFD. In skin from the first patient SP, 

but not compound 48/80, was found to slightly increase the number of tryptase+ (mature) 

(Figure 3.22A) and c-Kit+ (mature and immature) (Figure 3.22B) MCs, either in CTS or 

PFD, after 24 hours of treatment. However, this effect was not significant. Also, under these 

assay conditions, non significant influence on human skin MC degranulation in situ could be 

seen (Figure 3.22C).  

 

 
Figure 3.22: The number, but not the degranulation, of mast cells is slightly increased after 24 hours of 
treatment with substance P. 

Quantitative analysis of tryptase+ MCs showing that the number of mature MCs is up-regulated after the 
treatment with SP but not after compound 48/80 treatment (A). Black line indicates vehicle. Analysis deriving from 
22-32 areas from 14-25 HFs/group divided in upper dermis, dermis and subcutis, ns, ±SEM, Kruskal-Wallis test 
followed by Dunn´s multiple comparison test. Quantitative analysis of c-Kit+ MCs number showing that the 
number of mature and immature MCs is slightly up-regulated after the treatment with SP but not after compound 
48/80 treatment (B). Black line indicates vehicle. Analysis deriving from 19-22 areas from 10-16 HFs/group 
divided in upper dermis, dermis and subcutis, ns, ±SEM, One-Way ANOVA followed by Bonferroni´s comparison 
test. Quantitative analysis of the percentage of tryptase+ MCs showing that the degranulation status of mature 
MCs does not change after SP or compound 48/80 treatment (C). Analysis deriving from 22-32 areas from 14-25 
HFs/group divided in upper dermis, dermis and subcutis, ns, ±SEM, One-Way ANOVA followed by Bonferroni´s 
comparison test. Connective tissue sheath (CTS), perifollicular dermis (PFD). 

 

The treatment with SP, whose receptor is also expressed by lymphocytes (Siebenhaar et al. 

2007), also increased the number of CD8+ T-cell number while no change was detected after 

treatment with compound 48/80 (Figure 3.23A). 

 

Surprisingly, SP and compound 48/80 treatments decreased the number of MC-CD8+ T-cell 

interactions in the CTS and only SP up-regulated them in the PFD (Figure 3.23B). However, 

again, the frequency of detectable MC-CD8+ T-cell contacts was too low to obtain results 

that were statistically significantly different.  
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Figure 3.23: CD8+ T-
cells are increased while 
the number of tryptase+ 
mast cell-CD8+ T-cell 
interactions is 
decreased in the 
coonective tissue 
sheath after 24 hours of 
substance P treatment. 

Quantitative analysis of 
CD8+ T-cell number 
showing that their number 
is up-regulated after SP, 
but not after compound 
48/80 treatment (A). 
Quantitative analysis of 
MC-CD8+ T-cell 
interactions showing that 
their number decreases in 
the HF CTS after SP and 

compound 48/80 treatments (B). Analysis deriving from 22-32 areas from 14-25 HFs/group divided in upper 
dermis, dermis and subcutis, *p≤0.05, ±SEM, Kruskal-Wallis test followed by Dunn´s multiple comparison test. 
Representative pictures of Tryptase/CD8 double-IHC showing MC-CD8+ T-cell interactions. Pink cells are 
tryptase+ MCs (pink arrows) and brown cells are CD8+ T-cells (brown arrows) (C-E). Scale bars: 20µm (C,D) and 
10µm (E). Connective tissue sheath (CTS), perifollicular dermis (PFD). 

 

The numbers of Ki-67+/tryptase+ cells and Ki-67+/c-Kit+ cells were also evaluated to 

investigate whether SP or compound 48/80 might stimulate human skin MC proliferation in 

situ. These double-immunostainings revealed MCs as pink cells, Ki-67+ cells as black/brown 

cells and Ki-67+/tryptase+ or c-Kit+ cells as pink-black/brown cells (Figure 3.24C). However, 

any detectable proliferation events were extremely rare (Figure 3.24A-B), so that the results 

obtained for test and control groups failed to reach a significant level of difference and thus 

remained inconclusive.  

 
Figure 3.24: The number of Ki-
67+/tryptase+ mast cells and Ki-
67+/c-Kit+ mast cells were too 
low for obtaining meaningful 
quantitative data. 

Quantitative analysis of Ki-
67+/tryptase+ MCs showing that 
their number was low in vehicle 
and treated groups (A). Analysis 
deriving from 13-15 areas from 5-9 
HFs/group divided in upper dermis, 
dermis and subcutis, ns, ±SEM, 
Kruskal-Wallis test followed by 
Dunn´s multiple comparison test.  
Quantitative analysis of Ki-67+/c-
Kit+ MCs showing that their 
number was low in vehicle and 
treated groups (B). Analysis 
deriving from 19-22 areas from 10-
16 HFs/group divided in upper 
dermis, dermis and subcutis, ns, 
±SEM, Kruskal-Wallis test followed 
by Dunn´s multiple comparison 
test.Representative pictures of Ki-
67/Tryptase double-IHC showing Ki-67+/tryptase+ MCs around a hair bulb. Pink cells are tryptase+ MCs (pink 
arrows) and black cells are Ki-67+ cells, pink-black cells are Ki-67+/tryptase+ MCs (green arrows) (C). Scale bar: 
50µm. Connective tissue sheath (CTS), hair matrix (HM), perifollicular dermis (PFD). 
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Since SP stimulates both catagen and HF-IP collapse (Peters et al. 2007, Siebenhaar et al. 

2007, Maurer et al. 1997), the expression of MHC class I and TGFβ1 were analyzed in situ in 

HFs from skin punches treated with SP and compound 48/80 for 24 hours, after performing 

the corresponding staining. Both SP and compound 48/80 up-regulated MHC class I protein 

expression (green signal) in the HM, CTS and ORS of organ-cultured human HFs (Figure 

3.25A-C). TGFβ1 protein expression in the HF’s ORS remained unchanged, though (Figure 

3.25D). Therefore, in the present assay not only SP, but also compound 48/80, promote HF-

IP collapse.  

 

 
Figure 3.25: MHC class I, but not TGFβ1, expression is up-regulated after 24 hours of treatment with 
substance P and compound 48/80. 

Representative pictures of MHCI IF showing increased MHC class I expression (green signal) in the HF bulb of 
SP10

-8
M (B) compared to vehicle (A) treated skin. Scale bars: 50µm.The quantitative analysis of MHC class I IR 

revealed an increase of MHC class I expression in HF bulb of treated skin compared to vehicle (C). Analysis 
deriving from 4-5HFs/group, *p≤0.05, **p≤0.01, ±SEM, One-Way ANOVA followed by Bonferroni´s comparison 
test. Quantitative analysis of TGFβ1 IR revealed no change of TGFβ1 expression in the HF ORS in treated skin 
compared to vehicle (D). Analysis deriving from 33-42 areas from 18-28 HFs/group divided in upper dermis, 
dermis and subcutis, ns, ±SEM, Kruskal-Wallis test followed by Dunn´s multiple comparison test. Connective 
tissue sheath (CTS), hair matrix (HM), outer root sheath (ORS). 

 

In skin from the same subject, 72 hours of treatment with SP or compound 48/80 did not 

significantly change the number of perifollicular tryptase+ (Figure 3.26A) or c-Kit+ (Figure 

3.26B) MCs or MC degranulation (Figure 3.26C) compared to vehicle controls.  

 



                                                                                                   RESULTS 

99 

 

 
Figure 3.26: The number of mast cells and their degranulation do not change after 72 hours of treatment 
with substance P or compound 48/80. 

Quantitative analysis of tryptase+ MCs showing that the number of mature MCs does not change after SP and 
compound 48/80 treatments (A). Analysis deriving from 45-58 areas from 20-51 HFs/group divided in upper 
dermis, dermis and subcutis, ns, ±SEM, One-Way ANOVA followed by Bonferroni´s comparison test. Quantitative 
analysis of c-Kit+ MCs showing that the number of mature and immature MCs does not change after SP and 
compound 48/80 treatments (B) Analysis deriving from 20-35 areas from 10-29 HFs/group divided in upper 
dermis, dermis and subcutis, ns, ±SEM, One-Way ANOVA followed by Bonferroni´s comparison test. Quantitative 
analysis of the percentage of tryptase+ MCs showing that the degranulation status of mature MCs does not 
change after SP and compound 48/80 treatments (C). Analysis deriving from 45-58 areas from 20-51 HFs/group 
divided in upper dermis, dermis and subcutis, ns, ±SEM, One-Way ANOVA followed by Bonferroni´s comparison 
test. Connective tissue sheath (CTS), perifollicular dermis (PFD). 

 

Again, after 72 hours of treatment, Ki-67+/tryptase+ (Figure 3.27A) and Ki-67+/c-Kit+ 

(Figure 3.27B) MCs were extremely rare in vehicle and test skin, precluding meaningful 

quantitative evaluation and comparison. 

 

 
Figure 3.27: The number of Ki-67+/tryptase+ mast cells and Ki-67+/c-Kit+ mast cells were too low for 
obtaining meaningful quantitative data, after 72 hours of treatment with mast cell secretagogues. 

Quantitative analysis of Ki-67+/tryptase+ MC number showing that their number was low in vehicle and treated 
groups (A). Analysis deriving from 22-24 areas from 9-21 HFs/group divided in upper dermis, dermis and 
subcutis, ns, ±SEM, Kruskal-Wallis test followed by Dunn´s multiple comparison test. Quantitative analysis of Ki-
67+/c-Kit+ MC number showing that their number was low in vehicle and treated groups (B). Analysis deriving 
from 20-35 areas from 10-29 HFs/group divided in upper dermis, dermis and subcutis, ns, ±SEM, Kruskal-Wallis 
test followed by Dunn´s multiple comparison test. Representative picture of Ki-67/c-Kit double-IHC showing Ki-
67+/c-Kit+ MCs. Pink cell is c-Kit+ MC (pink arrow) and pink-brown cell is Ki-67+/c-Kit+ MCs (green arrow) (C). 
Scale bar: 10µm. Connective tissue sheath (CTS), perifollicular dermis (PFD). 

 

The number of perifollicular CD8+ T-cells was slightly, but non-significanty up-regulated after 

72 hours of SP treatment (Figure 3.28A). Also, the fact that the number of CD8+ T-cells is 

reduced with increasing organ culture duration (Figure 3.23A) suggests that T-cell viability 

declines progressively under the current human skin organ culture conditions (possibly 

because the culture medium favors HF growth but may disfavor lymphocyte survival).  
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Figure 3.28: The number of CD8+ T-cells is increased after 72 hours of treatment with substance P 
treatment, while the interactions between tryptase+ mast cell and CD8+ T-cell in connective tissue sheath 
decline. 

Quantitative analysis of CD8+ T-cells showing that their number is slightly up-regulated after 72 hours of 
treatment with SP but not with compound 48/80 (A). Quantitative analysis of MC-CD8+ T-cell interactions showing 
that their number decreases in the HF CTS after SP and compound 48/80 treatments after 72 hours (B). Analysis 
deriving from 45-58 areas from 20-51 HFs/group divided in upper dermis, dermis and subcutis, ns, ±SEM, 
Kruskal-Wallis test followed by Dunn´s multiple comparison test. Connective tissue sheath (CTS), perifollicular 
dermis (PFD). 

 

Nevertheless, the number of visualized MC-CD8+ T-cell interactions after 72 hours of 

treatment with SP or compound 48/80 revealed the same decreased trend in HF CTS and 

increased trend in HF PFD (Figure 3.28B), as it was seen after 24 hours (Figure 3.23B).  

 
Regarding the previously assessed IP markers (MHC class I and TGFβ1), MHC class I 

revealed not change between HF bulbs of treated and vehicle groups (Figure 3.29A) while 

TGFβ1 expression was found to be decreased in the HF ORS of treated groups (Figure 

3.29B) after 72 hours of treatments. 

 

Figure 3.29: TGFβ1, but 
not MHC class I, 
expression is down-
regulated after 72 hours 
of treatment with 
substance P or 
compound 48/80. 
The quantitative analysis of 
MHC class I IR revealed no 
change of MHC class I in 
HF bulb of treated skin 
compared to vehicle after 
72 hours of treatment (A). 
Analysis deriving from 4-
5HFs/group, ns, ±SEM, 
One-Way ANOVA followed 
by Bonferroni´s comparison 
test. Quantitative analysis 
of TGFβ1 IR revealed 
decrease TGFβ1 
expression in the HF ORS 
of treated skin compared to 
vehicle (B). Analysis 
deriving from 28-51 areas 
from 19-36 HFs/group 

divided in upper dermis, dermis and subcutis, **p≤0.01, ***p≤0.001, ±SEM, One-Way ANOVA followed by 
Bonferroni´s comparison test. Representative pictures of TGFβ1 IHC showing decreased TGFβ1 expression 
(brown colour) in the HF ORS of SP10

-10
M treated skin (D) compared to vehicle (C). Scale bars: 50µm. 

Connective tissue sheath (CTS), hair matrix (HM), outer root sheath (ORS). 
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On the basis of these preliminary results two additional full-thickness human scalp skin organ 

cultures were performed using skin fragments from two distinct individuals, and the 

concentration of compound 48/80 was increased to 50µg/µl. Unfortunately, however, these 

additional skin organ culture experiments failed to reproduce the results of the first pilot 

organ culture experiment, possibly due to large interindividual variations in the skin response 

to stimulation with SP or compound 48/80 (note that the only anonymised patient information 

we were allowed to have according to our ethics license was the age, sex, and location of 

skin specimen so that there was no chance to attribute any differences in the results to major 

variables such as concomitant diseases or medication). 

 

For example, in skin from a second individual, the number of tryptase+ cells was slightly up-

regulated around the HFs (Figure 3.30A) as in skin from the first subject (Figure 3.22A) 

after 24 hours of treatment with SP and compound 48/80, but only in PFD, together with a 

slightly increased MC degranulation (Figure 3.30B). Contrary to the skin from the first 

subject (Figure 3.23A), the number of CD8+ T-cells did not increase after the treatment with 

SP but only after the one with higher concentration of compound 48/80 (50µg/µl) (Figure 

3.30C). Overall, the number of CD8+ T-cells in this second individual (Figure 3.30C) was 

lower compared to the first treated subject (Figure 3.23A). At the same time, totally opposite 

results were found regarding the number of MC-CD8+ T-cell interactions, in fact in the skin 

from the second individual, their number increased in the CTS but not in the PDF after the 

treatment with SP and compound 48/80 (Figure 3.30D).  

 

Figure 3.30: Skin 
from a second 
subject treated for 
24 hours with 
substance P or 
compound 48/80 
revealed major 

interindividual 
results variations.  

Quantitative 
analysis of 
tryptase+ MCs 
showing that the 
number of mature 
MCs is slightly up-
regulated after SP 
and compound 
48/80 treatments 
(A). Quantitative 
analysis of the 

percentage of tryptase+ MCs showing that the percentage of degranulated MCs is slightly up-regulated after SP 
and compound 48/80 treatments (B). Quantitative analysis of CD8+ T-cell number showing that their number is 
up-regulated only after the treatment with higher dose of compound 48/80 (C). Quantitative analysis of MC-CD8+ 
T-cell interactions showing that their number are increased in the HF CTS after SP and compound 48/80 
treatments (D). Analysis deriving from 18 areas from 6-11 HFs/group divided in upper dermis, dermis and 
subcutis, ns, ±SEM, One-Way ANOVA or Kruskal-Wallis test followed respectively by Bonferroni´s or Dunn´s 
multiple comparison tests. Connective tissue sheath (CTS), perifollicular dermis (PFD). 
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Since the results between three patients were highly variable, it was not permissible or 

meaningful to pool them. Therefore, even the full-thickness scalp skin organ culture failed as 

a suitable and instructive model for functional studies (e.g. modulation of MC-CD8+ T-cells 

interactions after treatment with MC secretagogues), even though many HFs were evaluated.  

 

However, if any conclusions at all can be drawn from these preliminary experiments, one 

may speculate that, in predisposed individuals (such as the first subject), excessive release 

of SP, which could occur e.g. in connection with psychoemotional stress (Arck et al. 2005, 

Arck et al. 2006), may impair the physiological control of CD8+ T-cells by MCs. 

3.2.3 In full thickness lesional alopecia areata skin organ culture, mast cell-CD8+ T-cell 

interactions are influenced by MC secratogues and stabilizers  

For evident reasons, large AA skin biopsies needed for organ culture are essentially 

unobtainable and are ethically difficult to justify. However, unexpectedly, it became possible 

during the course of this PhD project to obtain, with written patient consent, one larger strip 

of alopecic scalp skin for full thickness skin organ culture from a female patient (age 67) with 

long-standing AA totalis (duration >10 years) who underwent cosmetic facelift surgery. Due 

to the long duration of the disease, only very few miniaturized HFs (Figure 3.31A-B), and a 

very discrete inflammatory cell infiltrate was seen, as expected from the literature (Whiting 

2003).  

 

 
Figure 3.31: Histopathology of the organ-cultured skin from a female patient with extremely chronic 
alopecia areata. 

HE staining showing miniaturized HFs in untreated skin sections of a patient characterized by long-standing AA 
totalis.The skin form this patient was used to run the full-thickness AA organ culture. Scale bars: 200µm. 
Epidermis (Epi), hair follicle (HF), sebaceous gland (SG). 

 

This unique opportunity to organ-culture chronic human AA skin was grasped and the effect 

of MC secretagogues (SP, compound 48/80) and of the MC stabilizer, cromoglycate, on 

MCs, CD8+ T-cells and MC-CD8+ T-cell interactions was investigated in AA human scalp 

skin, 4mm punches were treated with SP (10-8M and 10-10M), compound 48/80 (5µg/µl), or 
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cromoglycate (10-4M and 10-7M) for 24 hours. After the treatment, the skin punches were 

fixed in 4% formalin, embedded in paraffin, and then stained for CD8/Tryptase by which 

tryptase+ cells were detected as pink cells and CD8+ T-cells as brown cells (Figure 3.32A-

G) and Ki-67/C-Kit by which c-Kit+ MCs were labeled as pink cells, Ki-67+ cells as brown 

cells and Ki-67+/c-Kit+ MCs as pink-brown cells (Figure 3.33A-B).  

 

 
Figure 3.32: Immunohistochemical identification of tryptase+ mast cells and CD8+ T-cells around hair 
follicle of organ-cultured human alopecia areata skin fragments. 

Representative pictures showing tryptase+ MCs and CD8+ T-cells stained by Tryptase/CD8 double-IHC of HFs 
deriving from human AA scalp skin punches untreated (A) and treated with vehicle (only medium) (B), SP10

-10
M 

(C), SP10
-8

M (D), compound 48/80 (E), cromoglycate 10
-7

M (F) and 10
-4

M (G). Pink cells are tryptase+ MC and 
brown cells are CD8+ T-cells. Of note, the brown colour cells in the HF bulge are mostly cytokeratin 15+ cells, not 
CD8+ T-cells. Scale bars: 200µm.  

 

Interestingly, the treatment with SP slightly increased the number of c-Kit+ MCs (Figure 

3.33A-C) and tryptase+ MCs (Figure 3.34A) in chronic AA skin, at least in PFD, even though 

significance was not reached. Tendentially, also compound 48/80 treatment increased the 

number of c-Kit+ MCs in the PFD of lesional AA HFs (Figure 3.33C). Surprisingly, treatment 

with cromoglycate, a MC stabilizer, also slightly increased the number of c-Kit+ MCs (Figure 

3.33C) but not of tryptase+ MCs in AA samples compared to vehicle (Figure 3.34A). 
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Figure 3.33: The number of perifollicular c-Kit+ mast cells is tendentially up-regulated in alopecia areata 
skin by substance P, compound 48/80 and cromoglycate treatments. 

Representative pictures showing c-Kit+ MCs and Ki-67+ cells stained by Ki-67/C-Kit double-IHC of HFs deriving 
from human AA scalp skin punches treated with vehicle (only medium) (A) and SP10

-10
M (B). Pink cells are c-Kit+ 

MCs, brown cells are Ki-67+ cells and pink-brown cells are Ki-67+/c-Kit+ MCs. Scale bars: 200µm. Quantitative 
analysis of c-Kit+ MCs showing that the number of MCs is slightly increased in AA skin after SP, compound 48/80 
and cromoglycate treatments (C). Quantitative analysis of Ki-67+/c-Kit+ MCs showing that their number is 
extremely low in vehicle and treated groups (D). Analysis deriving from 9-22 HFs/group, ns, ±SEM, One-Way 
ANOVA or Kruskal-Wallis test followed respectively by Bonferroni´s or Dunn´s multiple comparison tests. 
Connective tissue sheath (CTS), perifollicular dermis (PFD). 
 

As previously shown in full-thickness healthy skin organ culture, the total number of 

proliferating MCs, detected by Ki-67/C-Kit double-immunostain, was very low in all groups 

(Figure 3.33D). No significant changes of MC degranulation were seen (Figure 3.34B). 

 

 
Figure 3.34: The number of tryptase+ mast cells is slightly up-regulated in alopecia areata skin after 
substance P treatment.  

Quantitative analysis of tryptase+ MCs showing that the number of mature MCs did not change after compound 
48/80 and cromoglycate treatments but is slightly up-regulated after SP treatment (A). Quantitative analysis of the 
degranulation status of tryptase+ mature MCs which is vaguely increased after SP, compound 48/80 and 
cromoglycate treatments (B). Analysis deriving from n.6-20 HFs/group, *p≤0.05, ±SEM, One-Way ANOVA 
followed by Bonferroni´s comparison test. Connective tissue sheath (CTS), perifollicular dermis (PFD). 

 

The quantification of CD8+ T-cells revealed that the infiltrate around AA HFs was further 

reduced by loss of immunocytes after 3 days of organ-culture, in fact their number decreased 

in vehicle compared to untreated HFs (Figure 3.35A-B). However, the treatment of AA skin 
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with SP tended to up-regulate perifollicular CD8+ T-cells, although not significantly (Figure 

3.35A-B). 

 

The treatment with SP showed an (again, non-significant) tendency towards increased MC 

interactions with CD8+ T-cells, while no effect were seen with compound 48/80 (Figure 

3.35A,C). Slightly decreased number of MC interactions with CD8+ T-cells was observed 

with the treatment cromoglycate, but only in PFD (Figure 3.35A,C). 

 

 
Figure 3.35: The number of CD8+ T-cells and tryptase+ mast cell-CD8+ T-cell interactions are tendentially 
increased in alopecia areata skin after substance P treatment. 

Representative picture showing tryptase+ MCs (pink cells, pink arrows) and CD8+ T-cells (brown cells, brown 
arrows) stained by Tryptase/CD8 double-IHC and in higher magnification tryptase+ MC-CD8+ T-cell interactions 
(A). Scale bar: 200µm. Quantitative analysis of CD8+ T-cells showing that their number is slightly up-regulated in 
AA skin after the treatment with SP but not with compound 48/80 or cromoglycate (B). Quantitative analysis of 
MC-CD8+ T-cell interactions showing that their number is tendentially increased in AA skin after SP and 
compound 48/80 treatments and decreased after cromoglycate treatment, at least in PFD (C). Analysis deriving 
from n.6-20 HFs/group, *p≤0.05, ** p≤0.01, ±SEM, One-Way ANOVA or Kruskal-Wallis test followed respectively 
by Bonferroni´s or Dunn´s multiple comparison test. Connective tissue sheath (CTS), perifollicular dermis (PFD). 
 

Briefly, in AA treated skin, SP treatment tendentially augments MC number, degranulation, 

CD8+ T-cells and MC-CD8+ T-cell interactions while compound 48/80 had essentially no 

effect. Considering that the chance to ever be able to repeat this experiment is dismally 

low, obtaining significant results appears impossible.  

 

However, given that this is the first time that such an organ culture experiment has ever 

been performed with human AA skin, the limited pilot observations that could be made 



                                                                                                   RESULTS 

106 

 

encourage at least this speculation: under conditions of SP-dependent neurogenic 

inflammation (e.g. in the context of stress or trauma), SP may further increase pathogenic 

MC-CD8+ T-cell interactions and consequently worsen the the course of AA.  

 

Taken together, pilot experiments that attempted to functionally probe MC-CD8+ T-cells 

interaction in organ-cultured intact human scalp HFs or skin in vitro remained inconclusive 

due to major methodological constraints that could not be overcome.  

 

3.3 Mast cell-CD8+ T-cell interactions are enhanced and abnormal also in vivo  

3.3.1 The subcutaneous injection of IFNγ does not accelerate spontaneous 

development of alopecia areata in C3H/HeJ mice  

Given the failure to establish an organ culture model in which to functionally dissect MC-

CD8+ T-cell interactions using skin organ culture, an in vivo approach had to be taken. 

 

C3H/HeJ mice are known to develop spontaneously AA lesions in older age (King et al. 

2008). In these mice AA onset can be accelerated by intravenous injection of INFγ (Gilhar et 

al. 2005). It has been hypothesized that the local up-regulation of INFγ or other pro-

inflammatory signals may be one of the reasons why AA lesions in humans and other 

mammals are appearing predominantly as focal (patchy lesions) (McElwee et al. 2013). 

Therefore, 42 C3H/HeJ mice were subcutaneously injected near the neck on the back side 

either with 10000 UI of INFγ or vehicle once a week, in order probe whether a local increase 

in INFγ accelerates AA development and to investigate how this impacts on MC-CD8+ T-cell 

interactions. 

 

This experiment showed that the subcutaneous injection of INFγ did not accelerate AA onset 

in the treated C3H/HeJ mice, because only few mice developed AA, and this independently 

of the treatment and at very different time points during or after treatment. Therefore, it was 

not possible to kill the mice all at the same day. However, in order to keep the experiment as 

standardized as possible, mice were killed when sign of AA appeared and always together 

with one non-alopecic control mouse (injected only with vehicle), as reported in Figure 

3.36A-L and 3.37A-L. 
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Figure 3.36: Photo-documentation of alopecia areata lesions in alopecia areata-affected C3H/HeJ mice 
after three weeks of vehicle or IFNγ injection. 
Representative pictures showing AA lesions in C3H/HeJ mouse affected by AA previously injected 
subcutaneously with INFγ (A-F) and healthy C3H/HeJ mouse previously injected subcutaneously with vehicle (G-
L), sacrificed after three weeks of treatment. Of note, the treatment with INFγ did not accelerate the disease onset 
in C3H/HeJ mice because only the 14% of 42 mice developed the disease and independently if injected with INFγ 

or vehicle. 

 

AA lesions in C3H/HeJ started to appear mostly in ventral/lateral skin (Figure 3.36B-F and 

Figure 3.37B-E) as well as on the snout (Figure 3.37F), and only in one case also occurred 

on the back skin near the injection site, but in a vehicle-treated mouse (Figure 3.37A). 
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Figure 3.37: Photo-documentation of AA lesions in alopecia areata-affected C3H/HeJ mice after seven 
weeks of vehicle injection. 
Representative pictures showing AA lesions in C3H/HeJ mouse affected by AA previously injected 
subcutaneously with vehicle (A-F) and healthy C3H/HeJ mouse previously injected subcutaneously with vehicle 
(G-L), sacrificed after seven weeks of treatment.  
 

Overall, 2 mice treated (week 3 and 23 of treatment) with INFγ and 4 mice injected with 

vehicle (week 7, 6, 15 and 23 of treatment) developed AA. However, 6 INFγ and 1 vehicle 

treated mice died during the course of thos long-term experiment. At week 44 of treatment, 

when 26 mice were still alive, the experiment was terminated and all mice were killed. 

Generally, about only the 14% of the mice developed AA, value even below the 20% 

threshold reported in the literature (King et al. 2008). However, to obtain nevertheless as 

much information as possible from these mice, considering that peri-lesional and lesional 

skin from each affected mouse had been harvested, CD8/C-Kit double immunostaining was 

performed in AA and non-alopecic control mice in order to assess whether MCs and CD8+ T-
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cell numbers and MC-CD8+ T-cell interactions were increased in peri-lesional AA skin in 

these C3H/HeJ mice (Figure 3.38 A-I).  

 

Figure 3.38: Immunohistology of a vehicle injected C3H/HeJ mouse affected by alopecia areata. 
Higher magnification showing CD8+ T-cells and c-Kit+ MCs stained by CD8/C-Kit double-IHC (A). Back (B) and 
ventral (C) skin from a healthy mouse with rare CD8+ T-cells and few MCs. Lesional back skin (D,E) and 
perilesional ventral skin (F,G) from an AA affected mouse revealed increased CD8+ T-cell numbers. Lesional 
ventral skin from an AA affected mouse showing increased number of CD8+ T-cells and MCs (H,I). Brown cells 
are CD8+ T-cells (brown arrows) and pink cells are c-Kit+ MCs (pink arrow). Scale bars: 50µm. 

 

As expected (Paus et al. 1998), in non-alopecic mouse skin, rare CD8+ T-cells were found in 

the HF infundibulum, and a few c-Kit+ MCs were depicted around the HFs (Figure 3.38B,C). 

Preliminary results showed higher CD8+ T-cells not only in lesional AA skin (Figure 

3.38D,E,H,I) but also in perilesional ventral skin (Figure 3.38F,G). However, MCs were 

found to be increased only in lesional ventral skin (Figure 3.38H,I), which probably reflects 

later stage of AA development (Figure 3.37B-E) compared to the back lesions (Figure 

3.37A). Moreover, few MC-CD8+ T-cell interactions were appreciated in these samples. 
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Therefore, due to the fact that only few mice developed AA at all, the classical C3H/HeJ 

model of spontaneously developing AA turned out to be unsuitable for evaluating and 

manipulating MC-CD8+ T-cell interactions in vivo.  

3.3.2 The number of mast cell-CD8+ T-cell interactions is in the grafted C3H/HeJ 

mouse model 

To increase the likelihood of success of AA development in C3H/HeJ mice to 100% and to 

speed up disease development, collaborators have established a grafted C3H/HeJ mouse 

model (Silva and Sundberg 2013, Wang et al. 2013, King et al. 2008). In this model, 

lesional AA skin from old C3H/HeJ mice is transplanted onto young mice. Presumably this 

transfers pathogenic T-cells from the AA donor skin lesions to the recipient mice, thus 

accelerating the occurrence of AA lesions dramatically. Therefore, thanks to an excellent 

collaboration with Prof. Kevin McElwee (University of British Columbia, Vancouver, 

Canada), it was possible to probe whether selected key findings on abnormal MC-CD8+ 

T-cell interactions that had been obtained in human AA skin are also present in this best-

established mouse model for AA (Wang et al. 2013, King et al. 2008).  

 

Skin samples from 4 mice/group of normal (NM), sham-grafted (mSH), failed-grafted (fAA) 

and AA mice (mAA) were received from Prof. McElwee, and double-immunohistology for 

CD8/C-Kit and mMCP6 (mouse tryptase)/CD8 was performed. Since not all the skin 

samples revealed anagen HFs, considering the hair cycle-dependent changes in MC 

numbers and function in mice (Paus et al. 1998, Paus et al. 1994c), in order to use 

exclusively anagen skin, only the skin from 2 NM and mSH mice and 3 fAA could be 

analysed nd compared with the skin samples from 4 mAA mice.  

 

As shown in Figure 3.39A-D and 3.40A-D, NM, mSH and fAA mice, i.e. the three types of 

control mice, showed relatively few perifollicular MCs (detected by c-Kit (Figure 3.39A-C) 

and mMCP6 (Figure 3.40A-C)) and extremely few CD8+ T-cells (Figure 3.39A-C and 

3.40A-C). 
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Figure 3.39: 
Immunohistochemical 

identification of c-Kit+ mast 
cells and CD8+ T-cells in the 
grafted C3H/HeJ mouse 
model of alopecia areata. 

Representative pictures of 
CD8/C-Kit double-staining in 
normal (NM) (A), sham-grafted 
(mSH) (B), failed-grafted (fAA) 
(C) and AA (mAA) (D) mice 
showing an increase of c-Kit+ 
MCs and CD8+ T-cells in AA 
mice compared to controls. 
Pink cells are c-Kit+ MCs while 
brown cells are CD8+ T-cells. 
Of note, the pink colour in the 
HM are c-Kit+ melanocytes not 
MCs. Scale bars: 50 µm. 
 
 

 
 
 
 

 

In striking contrast, compared to control mice, lesional skin of mice affected by AA (mAA) 

showed significantly more perifollicular (immature) c-Kit+ MCs (Figure 3.39D), while 

mature mMCP6+ skin MCs remained essentially unaltered (Figure 3.40D). The 

quantification of positive cells around the HFs corroborated the qualitative observations 

(Figure 3.41A and 3.42A). 

 

Figure 3.40: 
Immunohistochemical 

identification of mMCP6+ 
mast cells and CD8+ T-
cells in the grafted 
C3H/HeJ mouse model of 
alopecia areata. 
Representative pictures of 
mMCP6/CD8 double-staining 
in normal (NM) (A), sham-
grafted (mSH) (B), failed-
grafted (fAA) (C) and AA 
(mAA) (D) mice showing an 
increase of mature mMCP6+ 
MCs and CD8+ T-cells in AA 
mice compared to controls. 
Red cells are mMCP6+ MCs 
while brown cells are CD8+ 
T-cells.  Scale bars: 50µm. 
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Figure 3.41: The number 
of c-Kit+ mast cells, 
CD8+ T-cells and c-Kit+ 
mast cell-CD8+ T-cell 
interactions are 
increased in grafted 
C3H/HeJ mice affected 
by alopecia areata. 

The quantitative analysis 
revealed an increase of c-
Kit+ MCs (A), CD8+ T-
cells (B) and c-Kit+ 
MC/CD8+ T-cell 
interactions (C) in mAA 
compared to NM, mSH 
and fAA control mice. 
Analysis derived from 6 
HFs/mouse of 2-4 
mice/group, **p≤0.01, 
***p≤0.001, ±SEM, One-
Way ANOVA or Kruskal-
Wallis test followed by 
Bonferroni´s test or 
Dunn's test. 
Representative pictures of 

c-Kit+ MC-CD8+ T-cell interactions (D). Pink cells are c-Kit+ MCs while brown cells are CD8+ T-cells. Scale bars: 
10µm. AA mice (mAA), failed-grafted AA mice (fAA), normal mice (NM), sham-grafted mice (mSH).  

 

Moreover, compared to control mice, AA mice showed a significantly increased MC 

degranulation (Figure 3.41C,D) and higher CD8+ T-cell numbers (Figure 3.40B) along 

with increased MC-CD8+ T-cell interactions, both of c-Kit+ (Figure 3.40C,D) and of 

mMCP6+ MCs (Figure 3.41C,E). 

 
Figure 3.42: The 
degranulation of 
mMCP6+ mast cells and 
mMCP6+ mast cell-
CD8+ T-cell interactions 
are increased in grafted 
C3H/HeJ mice affected 
by alopecia areata. 
The quantitative analysis 
revealed no change of 
mMCP6+ MCs (A) but 
increase % of 
degranulation (B) and 
mMCP6+ MC-CD8+ T-
cell interactions (C) in 
mAA compared to NM, 
mSH, fAA control mice. 
Analysis derived from 6 
HFs/mouse of 2-4 
mice/group, **p≤0.01, 
***p≤0.001, ±SEM, One-
Way ANOVA or Kruskal-
Wallis test followed by 
Bonferroni´s test or Dunn's test. Immunohistochemical identification of non-degranulated (black arrows) and 
degranulated (red arrow) of mMCP6+ MCs (D) and mMCP6+MC-CD8+ T-cell interaction (E). Red cells are 
mMCP6+ MCs while brown cells are CD8+ T-cells. Scale bars: 10µm. AA mice (mAA), failed-grafted AA mice 
(fAA), normal mice (NM), sham-grafted mice (mSH).  
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These in vivo data from the best-accepted mouse model of AA independently suggests 

that abnormal MC activities and MC-CD8+ T-cell interactions are a general feature of the 

AA phenotype across species barriers.  

3.3.3 Mast cell-CD8+ T-cell interactions are also increased in experimentally induced 

alopecia areata in human skin on humanized SCID mice 

During the course of these experiments, a novel humanized mouse model for AA 

research became available, which is now thought to be the AA model that resembles 

human AA most closely (Gilhar et al. 2013a,b). Therefore, the final question addressed 

was whether abnormal MC-CD8+ T-cell interactions can also be seen in experimentally 

induced AA lesions in previously healthy human scalp skin that had been engrafted onto 

SCID mice and injected with IL-2-treated PBMCs from healthy donors that were enriched 

for NKG2D+/CD56+ cells (Gilhar et al. 2013a,b). This became possible thanks to a 

recently established collaboration with Prof. Amos Gilhar (Technion-Israel Institute, Haifa, 

Israel), who hosted the PhD candidate for two weeks in his lab in Haifa. During this time, 

the candidate also had the opportunity to participate in human scalp skin transplantation 

experiments and performed exploratory CD8/C-Kit double-IF on cryosections of healthy 

human scalp skin (Figure 3.43A), lesional skin from AA patients and AA lesional human 

skin transplanted onto SCID mice (Figure 3.43B).  

 

Figure 3.43: Immunohistochemical identification of CD8+ T-cells and c-Kit+ mast cells on alopecia areata-
like human skin lesions (humanized mouse model of alopecia areata). 
Representative confocal pictures of CD8/C-Kit double-staining in human skin (A) and in AA lesion of human skin 
previous transplanted on SCID mice and injected with IL-2-treated PBMCs from healthy donors that were 
enriched for NKG2D+/CD56+ cells (B). Red cells are CD8+ T-cells while green cells are c-Kit+ cells in AA-like. Of 
note, many c-Kit+ melanocytes resided within the hair matrix of a human healthy HF and many c-Kit+ MCs 
attached to the HF bulb of AA lesion human skin previous transplanted on SCID mice. Dermal papilla (DP), hair 
bulb (HB) and hair matrix (HM).  
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In addition, Prof. Amos Gilhar provided us AA affected and healthy human skin samples 

previously transplanted on SCID mice. After receiving the samples in the lab, paraffin skin 

sections were cut and CD8/Tryptase (Figure 3.44A,B) and c-Kit immunohistochemistry were 

performed.  

 

Figure 3.44: Immunohistochemical identification of tryptase+ mast cells and CD8+ T-cells in the 
humanized mouse model of alopecia areata. 
Representative pictures of CD8/Tryptase double-staining in control (A) and AA-like (B) mice showing an increase 
of tryptase+ MCs and CD8+ T-cells. In panel B a higher magnification of tryptase+ MC-CD8+ T-cell interaction. 
Pink cells are tryptase+ MCs while brown cells are CD8+ T-cells. Of note, the brown cells in the HF bulge are 
mostly cytokeratin 15+ cells, not CD8+ T-cells. Size bars: 50µm. Hair follicle (HF).  

 

Quantitative (immuno-)histomorphometry confirmed that the experimentally induced AA-like 

lesions in transplanted human skin show significantly perifollicular CD8+ T-cells (Figure 

3.45A), confirming previous observation (Gilhar et al. 2013a) compared to human skin 

control transplants injected with PHA-treated PBMCs enriched for NKG2D+/CD56+ cells. 

 

 
Figure 3.45: The number of CD8+ T-cells and tryptase+ mast cell-CD8+ T-cell interactions in human skin 
are increased in the humanized mouse model of alopecia areata. 
Quantitative analysis of CD8+ cells (A) and tryptase+ MC-CD8+ T-cell interactions (B) in AA-like mice compared 
to control mice showing that the number of CD8+ T-cells and tryptase+ MC-CD8+ T-cell interactions are 
increased around AA-like HFs. Analysis deriving from 1-6 areas (HFs)/mouse of 3 mice/group from 2 
experiments, ±SEM, Student t-test or Mann-Whitney-U-Test (ns). 

 

Tendentially, more perifollicular mature and immature MCs (Figure 3.46A,B) were counted 

around AA-like HFs of human skin lesions on SCID mice compared to control mice (although 

significance was not reached). 
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However, MC degranulation was not increased in AA-like lesions compared to human skin 

control transplants injected with PHA-treated PBMCs enriched for NKG2D+/CD56+ cells 

(Figure 3.46C).  

 

Figure 3.46: The number of mast cells, but not their degranulation, is increased in the humanized mouse 
model of alopecia areata. 
Quantitative analysis of tryptase+ MCs (A), c-Kit+ MCs (B), % of degranulated tryptase+ MCs (C), in AA-like mice 
compared to control mice showing that the number of MCs, but not their degranulation, is increased around AA-
like HFs. Analysis deriving from 1-6 areas (HFs)/mouse of 3 mice/group from 2 experiments, ±SEM, Student t-test 
or Mann-Whitney-U-Test (ns). 

 

Most importantly, the number of MCs in physical contact with CD8+ T-cells was increased 

in AA-like human skin lesions on SCID mice compared to control mice (Figure 3.44B). 

However, since the degree of inflammation presented around the HFs differed greatly 

between the mice, statistical significance was not reached. 

 

Taken together, these in vivo experiments showed that MC and CD8+ T-cell interactions are 

also increased in AA affected C3H/HeJ mice and in experimentally induced AA lesions in 

previously healthy human skin, further suggesting that MC-CD8+ T-cell interactions are 

important for AA development.  
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4. Discussion 

The concept that MCs are somehow involved in the pathogenesis of AA dates back several 

decades (Cetin et al. 2009, D'Ovidio et al. 1988, Finzi and Landi 1964, Baccaredda-Boy and 

Giacometti 1959), but has still not been systematically followed-up. However, recent reports 

that anti-histamines may be beneficial in at least some AA patients (Ito et al. 2013b, Ohyama 

et al. 2010, Inui et al. 2007) underscore the practical clinical relevance of dissecting the 

contribution of MCs to AA pathogenesis. The results reported above essentially confirm and 

then significantly extend the previous literature (e.g. Cetin et al. 2009, D'Ovidio et al. 1988, 

Finzi and Landi 1964, Baccaredda-Boy and Giacometti 1959) by focusing on MC interactions 

with CD8+ T-cells, the key immunocytes in AA pathogenesis (Gilhar et al. 2013a, Ito et al. 

2013c, Alli et al. 2012, Petukhova et al. 2010, Cetin et al. 2009, McElwee et al. 2005, Yano et 

al. 2002, Gilhar et al. 1998, McElwee et al. 1996, Paus et al. 1993). 

 

Specifically, this thesis project has revealed by quantitative (immuno-)histomorphometry 

analyses that, in AA lesional skin, perifollicular MCs show decreased TGFβ1 and IL-10 but 

increased tryptase immunoreactivity. This suggests that MCs switch from an immuno-

inhibitory to a pro-inflammatory phenotype (Figure 4.1). This concept is supported by the 

observation that the number of IL-10+ and PD-L1+ MCs is decreased, while that of OX40L+, 

CD30L+, 4-1BBL+ and ICAM-1+ MCs is increased in AA. 

 

Figure 4.1: Schematic summary of results: mast cell phenotype switch in alopecia areata. 

In healthy skin, MCs are mostly non-degranulated and they express the SCF receptor, c-Kit, and MHCI 
molecules. Most of them express IL-10, TGFβ1 while only some express OX40L and PD-L1 and very few express 
CD30L and ICAM-1 (A). In AA, the degranulation of MCs is increased (release of tryptase, heparin and histamine) 
and the expression of tryptase is increased while the contents of TGFbeta1, IL-10 are decreased. Moreover, the 
numbers of OX40L+, CD30L+, 4-1BBL+ and ICAM-1+ MCs are up-regulated while MCs positive for IL-10 and PD-
L1 are down-regulated (B). This schematic drawing was preparing using also the Biomedical-PPT-Toolkit-Suite of 
Motifolio Inc., USA. 
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Lesional AA-HFs also display significantly more perifollicular CD8+ T-cells as well as more 

physical MC-CD8+ T-cell contacts than healthy or non-lesional human control skin. During 

their interaction with CD8+ T-cells, MCs prominently express MHC class I and OX40L, and 

sometimes 4-1BBL or ICAM-1, in AA skin. This observation is in line with (though it evidently 

does not prove yet) the concept that MC may present autoantigens and/or important co-

stimulatory signals to CD8+ T-cells.  

In the following, selected elements of MC pathobiology and of MC-CD8+ T cell interactions in 

AA are being discussed individually. Namely, we briefly discuss the pro-inflammatory MC 

mediators and co-stimulatory molecules examined in situ in AA lesional skin in regard to 

CD8+ T-cells and their potential role in AA pathogenesis. 

 

First of all, the fact that in human skin and most precisely in the HF CTS and PFD, MCs are 

strongly expressing TGFβ1 (Figure 3.1A,B) IL-10 (Figure 3.15A,C,D) and PD-L1 (Figure 

3.17A-C) (Figure 4.1), further supports the hypothesized role of MCs in HF-IP and peripheral 

tolerance maintenance (Waldmann 2006). This is further supported by the demonstrated 

declined expression of TGFβ1 (Figure 3.1A-D) and IL-10 (Figure 3.15A,B) and number of 

MCs positive for IL-10 (Figure 3.15B,D) and PD-L1 (Figure 3.17A-D) in AA lesional skin 

where the HF-IP is collapsed. Obviously, it remains to dissect whether these phenomena are 

critically involved in the primary pathogenesis of AA, or represents mere epiphenomena. 

Moreover, definitive proof for the validity of the concept that perifollicular MCs loose their HF-

IP-promoting properties can only arise from functional studies, e.g. in the in vivo AA models 

that were employed also in the current thesis project (Wang et al. 2013, Gilhar et al. 2013a,b, 

Kang et al. 2008).  

 

Also, the above results do not clarify the mechanism that regulates the MC 

expression/secretion of TGFβ1, IL-10 or PD-L1. However, from other systems, it is known 

that IL-10 expression in immuno cells is positively regulated by multiple transcription factors 

e.g. STAT3, C/EBPβ, IFN regulatory factor-1, NF-B-related proteins (Lutay et al. 2014, Shoji 

et al. 2014, Mosser and Zhang 2008). Similar pathways are involved in the modulation of PD-

L1 expression (Song et al. 2014, Huang et al. 2013). While integrins or proteases are 

responsible for the transformation of pro-TGFβ1 to active protein and its release from 

immuno cells (Worthington et al. 2012). Similar regulatory mechanisms may be in place in 

human skin MCs, and may be constitutively defective in AA patients, which could make such 

individuals more prone to suffering from HF-IP collapse.  
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In addition, it remains unclear how IL-10+ or PD-L1+ MCs are acting, namely with which 

other cells they are mainly interacting. The results reported above suggest that CD8+ T-cells 

are not the main interaction partners of IL-10+ or PD-L1+ MCs, since the few MCs that were 

seen to be interacting with CD8+ T-cells are rarely expressing IL-10 (Figure 3.16A-E) and 

never PD-L1 (Figure 3.17A-D). Therefore, it is possible that, in human skin, IL-10 and PD-

L1+ MCs interact with other cells population, among which regulatory T-cells are likely 

candidates since it was shown that e.g. IL-10+ MCs promote Tregs suppression of T-cells in 

vitro and thus, via the same mechanism contribute to peripheral tolerance and diminishing 

glomerulonephritis in autoimmune vascolitis in vivo (Gan et al. 2013, Frossi et al. 2010).  

 

To clarify this further, the current results should be followed-up by triple immunostaining 

experiments for IL-10/C-Kit/FoxP3 and by functionally demonstrating that MCs play indeed a 

role in HF-IP. This may be achieved by using siRNA-based gene silencing techniques that 

have previously been used successfully in order to knock-down defined genes in the human 

HF (Vidali et al. 2014, Samuelov et al. 2012, Sugawara et al. 2012). After silencing IL-10 

gene expression in organ-cultured human HFs, one could then search for evidence of a HF-

IP collapse (e.g. ectopic up-regulation of MHC class I and II) after low-level stimulation with 

IFNγ (Ito et al. 2004) or substance P (Peters et al. 2007). 

 

Secondly, the current data suggest that MCs in AA are skewed from a protective immuno-

inhibitory to a pro-inflammatory phenotype (Figure 4.1 and Table 4.1): the number of IL-10+ 

(Figure 3.15A-E) and PD-1L+ (Figure 3.17A-C) MCs are decreased as well as the content 

of immunosuppressive mediators such TGFβ1 (Figure 3.1A-E) and IL-10 (Figure 3.15A-D). 

Meanwhile, potent pro-inflammatory mediators such as tryptase (Figure 3.2A-E) are up-

regulated and the number of OX40L+ (Figure 3.8A-D), CD30L+ (Figure 3.11A-C), 4-1BBL+ 

(Figure 3.13A-E), ICAM-1+ (Figure 3.14A-C) MCs are increased. 
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Table 4.1: Mast cell phenotype in alopecia areata lesional skin, also during mast cell-CD8+ T-cell 
interactions. 

Pro-inflammatory and immuno-inhibitory molecules which are considered to be involved in the cross-talk between 
MCs and CD8+ T-cells were analysed within MCs (IR inside MC). Moreover, positive MCs for these markers were 
counted around HFs (n. of + MCs) as well as their percentage among all MCs (% of + MCs). Finally, we 
investigated if MCs were positive for these markers during their interactions with CD8+ T-cells (n. of + MCs during 
CD8+ T-cells interactions) in AA patients. Arrows indicate increase (↑) or decrease (↓) expression and stars 
indicate significance (***p≤0.001, **p≤0,01, *p≤0.05), n.q. not quantified. 

 

Interestingly, such a MC switch to a pro-inflammatory phenotype has already been reported 

in the experimental literature. For example, in a murine skin allograft model, MCs have been 

reported to induce regulatory T-cell-dependent peripheral tolerance (Lu et al. 2006); in 

contrast, if MCs are over stimulated (by inducing systemic MC degranulation) this tolerance 

can be reversed (de Vries et al. 2009b). This pleiotropic ability of MCs to modify their anti- 

versus pro-inflammatory activities depending on the predominant local signals they receive 

from their immediate signalling milieu (Kritas et al. 2014a, Fernando et al. 2013, Balato et al. 

2012, Harvima and Nilsson 2011), may not only be important for for the immediate MC 

responses against pathogens (St. John and Abraham 2013, Frenzel and Hermine 2013, Galli 

et al. 2011), but also for the MC’s complex contributions to maintaining tissue homeostasis, 

peripheral tolerance and defined IP environments (Chan et al. 2013, Voehringer 2013, Gan 

et al. 2012, Kalesnikoff and Galli 2011, Tsai et al. 2011, Frossi et al. 2010, de Vries et al. 

2009a, Sayed et al. 2008, Lu et al. 2006, Waldmann 2006).  

 

It is not clear yet which are the key stimuli that promote this major functional change in MC 

activities; but this switch is likely to be important in several autoimmune diseases (Frenzel 

and Hermine 2013, Brown and Hatfield 2012, Harvima and Nilsson 2011, Gilfillan and 

Beaven 2011, Fischer et al. 2006). The current results raise the possibility that AA ranks 
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among the autoimmune disorders in which an abnormal switch in the MC phenotype at least 

contributes to the pathogenesis. Such a MC phenotype switch might be triggered for 

example, by exposition of high concentration of MC secretagogues (deVries et al. 2009b) or 

the absence in the pathological environment of MC-relevant immunosuppressant cytokines 

(e.g. IL-9, TGF1β) (Fernando et al. 2013, Eller et al. 2011, Harvima and Nilsson 2011, Lu et 

al. 2006). The activation of vitamin D receptor on MC surface might also be involved in this 

phenotype modulation, since it was shown that the stimulation of vitamin D receptor on MC 

promotes immuno-inhibitory functions (Biggs et al. 2010). Since this important gap is not 

closed yet, it would be interesting to investigate the MC phenotype before and after the 

treatment with immuno-suppressive or pro-inflammatory cytokines/substances on 

microdissected HFs in culture. However, for autoimmune diseases it is also proposed that 

MC pro-inflammatory activities might be encouraged directly by exposure to the antigens 

(Christy et al. 2013).  

 

Third, physical MC-CD8+ T-cell interactions, a fundamental prerequisite for CD8+ T-cell 

activation by MCs (Stelekati et al. 2009, Nakae et al. 2006), are enhanced in the perifollicular 

mesenchyme of lesional AA skin not only in AA patients (Figure 3.4 A-D) and in AA mice 

(Figures 3.41C,D and 3.42C,D), but also in previously healthy human skin experimentally 

transformed into lesional AA skin (Figure 3.45C) (Gilhar et al. 2013a,b). The fact that 

enhanced MC-CD8+ T-cell interactions occur in both spontaneous and induced disease and 

across different mammalian species, suggests that this is not an epiphenomenon, but central 

to primary AA pathogenesis. Considering that MCs interacting with CD8+ T-cells in AA are 

strongly pro-inflammatory, they may promote pathogenic CD8+ T-cell responses against HFs 

which culminates in an enhanced IFNγ cell secretion from CD8+ T-cells (Stelekati et al. 

2009), the recognized key cytokine in AA pathogenesis (Figure 4.2) (McElwee et al. 2013, 

Gilhar et al. 2012, Freyschmidt-Paul et al. 2006, Ito et al. 2004).  

 

IFNγ is expected to then trigger two key events in AA pathogenesis (McElwee et al. 2013, 

Gilhar et al. 2012): 1. the stimulation of premature HF regression (catagen) (Ito et al. 2005b), 

and 2. the induction of HF-IP collapse in human and mice (Ito et al. 2004, Ruckert et al. 

1998). In addition, IFNγ may be directly cytotoxic to epithelial and/or mesenchymal HF cells. 

Figure 4.2 summarizes a plausible hypothetical how abnormal MC-CD8+ T-cell interactions 

may substantially promote AA pathogenesis. 
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Figure 4.2: Schematic summary of results: mast cell-CD8+ T-cell interactions in healthy human skin 
compared to lesional human alopecia areata skin. 

In healthy skin, rare MCs are found in close contact with CD8+ T-cells and most of them are expressing OX40L. 
Therefore, we hypothesised that OX40/OX40L might mediate this interaction. Rarely, we could find IL-10+ MCs 
interacting with CD8+ T-cells (A). In AA, many MCs were interacting with CD8+ T-cells. During this cross-talk, 
most MCs express OX40L but instead, in some rare cases, 4-1BBL and ICAM-1 were expressed. These ligands 
might stimulate the activation and proliferation of CD8+ T-cells. Since MCs during this interaction, are also 
degranulating we hypothesize an activation of PAR-2 (tryptase receptor) on CD8+ T-cells. Finally, we suggest that 
MCs may operate as autoantigen-presenting cells (B). This schematic drawing was preparing using also the 
Biomedical-PPT-Toolkit-Suite of Motifolio Inc., USA. 

 

During MC-CD8+ T-cells interactions, in fact, half of MCs are degranulated (Figure 3.2A-E) 

therefore, the massive release of pre-formed MC granules containing e.g. neutral proteases 

(tryptase, chymase), histamine, proteoglycans (heparin and chondroitin sulphate E) and 

cytokines like TNF-alpha (Christy et al. 2013, Frenzel and Hermine 2013, St John and 

Abraham 2013, Gri et al. 2012, Harvima and Nilsson 2011, de Vries et al. 2009b, Pejler et al. 

2010, Lu et al. 2009, Shin et al. 2009, Kashiwakura et al. 2004, Krejci-Papa et al. 1998, 

Maurer et al. 1997), together with the substantial increase in the total number of MCs in 

lesional AA skin (Bertolini et al. 2014), is expected to create a strongly pro-inflammatory 

perifollicular environment. This may promote the pathogenesis cascade leading to the AA 

phenotype (McElwee et al. 2013) and CD8+ T-cell activation and stimulation (Stelekati et al. 

2009, Nakae et al. 2006).  

 

Namely, among the investigated mediators, MC-derived tryptase can stimulate CD8+ T-cells 

(Harvima and Nilsson 2011, Li and He 2006). Moreover, tryptase play a key role in MC-

directed collagenolysis (Magarinos et al. 2013, Sayed et al. 2008, Krejci-Papa et al. 1998). 
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Together, excessive tryptase release lead to a disruption of the HF’s collagen-rich basement 

membrane, which could facilitate immigration of immunocytes into the – normally relatively 

shielded – HF epithelium, and could activate CD8+ T-cells in the course of AA pathogenesis. 

Moreover, tryptase can promote the release of immuno-mediators from keratinocytes 

(Harvima and Nilsson 2011, Steinhoff et al. 1999, Lohi et al. 1992) and T-cells (Harvima and 

Nilsson 2011, Spinnler et al. 2010, Li and He 2006), enhance MC activation (Hernandez-

Hernandez et al. 2012, Harvima and Nilsson 2011, Moormann et al. 2006) via activation of 

PAR-2 receptor (Kempkes et al. 2014). Moreover, this receptor is expressed on sensory 

nerve fiber (Kempkes et al. 2014, Steinhoff et al. 2003, 2000), thus tryptase could contribute 

to the neurogenic inflammation in AA. 

 

A key role for MC-dependent neurogenic inflammation is now well-appreciated in psoriasis 

(Hunter et al. 2013, Balato et al. 2012, Hernandez-Hernandez et al. 2012) and may also 

apply to AA, especially in AA patients that credibly report a triggering or exacerbating 

influence of psychoemotional stress on the appearance of AA lesions (Paus and Arck 2009). 

It is tempting to speculate that excessive release of tryptase from perifollicular MCs plays a 

cardinal role in this context, not the least since MC have already been documented to be 

indispensable for the perifollicular inflammatory infiltrates, neurogenic inflammation and 

subsequent hair growth inhibition/catagen induction that can be induced by perceived stress 

in mice (Paus and Arck 2009, Arck et al. 2005) 

 

This thesis project has shown that MCs can express OX40L in both human healthy and AA 

skin in situ (Figure 3.7A-F). This is the first evidence that confirm in vivo the physiological 

relevance of previous corresponding in vitro-results that had been obtained with cultured 

human and mouse MCs (Zeng et al. 2013, Sibilano et al. 2012, Nakano et al. 2009, Gri et al. 

2008, Fujita et al. 2006, Kashiwakura et al. 2004) and in chronic GVHD (Kotani et al. 2007).  

 

While OX40L can be found in the nucleus, cytoplasm or cell membrane of human skin MCs, 

eventually, OX40L becomes preferentially localized at one side of the cells, thus facilitating 

juxtacrine signalling (Biggs et al. 2011, Tsuboi et al. 1999), As shown in Figure 3.7A-F, this 

phenomenon is also seen in human skin MCs. OX40L expression on the surface of MCs, 

may therefore facilitate MC-CD8+ T-cell interactions in both healthy human skin and AA skin 

lesions, since OX40L appeared to be the most prominently expressed co-stimulatory 

molecule on MCs that are in physical contact with CD8+ T-cells (Figure 3.9A-C).  

 

However the activation of CD8+ T-cells through OX40 in AA might be not only facilitated only 

via the cross-talk of OX40L+ MCs with OX40+ CD8+ T-cells (Ilves and Harvima 2013, Zhang 
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et al. 2013a, Weinberg et al. 2011, Croft 2010, Frossi et al. 2010, Ishii et al. 2010, Kober et 

al. 2008, Nakae et al. 2006, Kashiwakura et al. 2004) but also by other OX40L+ immuno 

cells, e.g. through CD4+ T-cells, although it is still unclear how this last phenomenon is 

regulated (Croft 2010, Humphreys et al. 2007). This last observation may be relevant to AA 

considering on the one hand that the pathogenesis of AA involves an antigen-specific, CD8+ 

T-cell immune response for which help from CD4+ T-cells is important, though not a conditio 

sine qua non (McElwee et al. 2013, Gilhar et al. 2012, Gilhar et al. 1998). This indirect 

scenario is suggested by the current finding that also MCs not interacting with CD8+ T-cells 

express OX40L.  

 

In any case, OX40L+ MCs can enhance T-cell activation, proliferation, survival and cytokine 

production in vitro and regulates the accumulation of T-cells in primary and secondary 

responses (Zeng et al. 2013, Frossi et al. 2010, Gri et al. 2012, Kashiwakura et al. 2004, 

Tsuboi et al. 1999, Croft 2010, Sibilano et al. 2012). Therefore, in AA OX40L-OX40 

interactions may be important in modulating pro-inflammatory MC-CD8+ T-cell contacts. 

However, as mentioned before, during the rare MC-CD8+T-cell interactions in healthy skin 

MCs are also expressing OX40L. Considering the well known OX40/OX40L cross-talk 

between Tregs and MCs necessary to preserve peripheral tolerance (Frossi et al. 2011, 

Frossi et al. 2010), most likely the CD8+ T-cells interacting with OX40L+ MCs in healthy skin 

may well be regulatory T-cells. Therefore, it would be interesting to stain normal healthy 

human skin for OX40L/Tryptase/FoxP3 in order to support this hypothesis. 

 

The up-regulation of the number of CD30L+ MC found here in AA skin (Figure 3.11A-C) has 

already been reported in several pathological conditions, such as Hodgkin lymphoma (Molin 

et al. 2001), cancer (Diaconu et al. 2007), atopic dermatitis and psoriasis (Fischer et al. 

2006). The latter observation is interesting since psoriasis shares some features with AA, 

e.g. both represent Th1-mediated inflammatory processes, and not only psoriasis (Ariza et 

al. 2013, Girolomoni et al. 2012) but also AA may exhibit a Th17 phenotype (Adami et al. 

2014, Malakouti et al. 2014, Ito et al. 2013c, Tanemura et al. 2013, Tojo et al. 2013, Lew et 

al. 2012, Gilhar et al. 2003, Ranki et al. 1984). Although CD30-CD30L interactions provide a 

co-stimulatory signal for T-cells and stimulate T-cell proliferation and cytokine production 

(Croft et al. 2014, Cabrera et al. 2013, Weinberg et al. 2011, Ishii et al. 2010, Molin et al. 

2001, Gruss et al. 1996), CD30L+ MCs were almost never found in close contact with CD8+ 

T-cells in AA skin (Figure 3.12A-D).  

 

While previous observations suggested a preferential enrolment of CD30 in Th2-mediated 

immunity of both CD4+ and CD8+ T-cells (Horie and Watanabe 1998, Del Prete et al. 1995), 
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more recently, CD30 has been shown to mediate the activation of T-cells prone to a Th1-type 

response (Cabrera et al. 2013, Fischer et al. 2006, Hamann et al. 1996). This suggests that 

CD30L+ MCs in AA skin may interact with other immune cells (e.g. CD4+ T-cells) or may 

signal via the release of sCD30 (Velasquez et al. 2013), which is produced by the cleavage 

of membrane-bound CD30 by metalloproteinase (Hansen et al. 1995). 

 

4-1BBL enhances survival, proliferation, memory and cytolytic activities of T-cells and 

augments Th1-immune responses (Croft et al. 2014, Chacon et al. 2013, Vinay and Kwon 

2012, Wang et al. 2009, Watts 2005, Sayama et al. 2002) and co-stimulated MC antigen 

presentation to CD8+ T-cells, at least in mice (Stelekati et al. 2009). Therefore, despite the 

relative paucity of 4-1BBL+ MCs interacting with CD8+ T-cells (Figure 3.13A-E), these rare 

events could be very important for AA pathogenesis, if one takes into account that 4-1BBL+ 

MCs are predominantly found in close contact with CD8+ T-cells at the proximal part of the 

HF around which the typical, dense inflammatory cell infiltrate is localized in AA, namely the 

anagen hair bulb (McElwee et al. 2013, Gilhar et al. 2012, Cetin et al. 2009, Whiting 2003).  

 

In addition, the expression of 4-1BB is induced only after TCR activation, thus maintaining 

primed CD8+ T-cells after the inciting antigen is no longer available (Vinay and Kwon 2012). 

Therefore, our limited protein expression in situ data are well in line with the concept that the 

4-1BB/4-1BBL pathway may be important regulating MC and CD8+ T-cell interactions in AA 

in pathogenesis. Evidently, this and the above hypotheses all await exploration and 

confirmation in subsequent functional in vivo studies, using the AA models employed here. 

 

Only relatively few data are available regarding the interaction between ICAM-1+ MCs and 

LFA-1+ T-cells (Gri et al. 2012, Nagai et al. 2009, Galli et al. 2005, Brill et al. 2004, Skokos et 

al. 2001, Inamura et al. 1998), and most of these studies have only considered the effect of 

activated LFA-1+ T-cells on ICAM-1+ MCs (Nagai et al. 2009, Brill et al. 2004, Inamura et al. 

1998), rather than vice versa. Therefore, the results of the current thesis project, namely that 

ICAM-1+ MCs are interacting with CD8+ T-cells (Figure 3.14A-E) contribute to close an 

important gap in immunobiology research and encourage one to further investigate in follow-

up studies the functional importance of ICAM-1/LFA-1 signalling pathways in the priming of 

CD8+ T-cells by MCs, namely in human skin and during AA pathogenesis. Ideally, one could 

up-regulate the expression of ICAM-1 on MCs in vitro (e.g. stimulating them with kinins 

(Figueroa et al. 2014)) and co-culture them with CD8+ T-cells. This would allow one to 

investigate at least which cytokines or pro-inflammatory receptors are expressed by CD8+ T-

cells, once activated by MCs. 
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Methodologically, the major shortcoming of the current study is its purely phenomenological 

nature, despite its rigorous quantitative (immune-)histomorphometry approach as well as the 

use of complex triple-immunostaining techniques and mutually complementary AA in vivo-

systems. However, although several potential fuctional in vitro studies were attempted in the 

current thesis project in order to further investigate and functional dissect the role of MCs and 

CD8+ T-cell interactions, none of them were successful due to methodological constraints. 

 

Specifically, the HF organ culture was first engaged as a possible model in which 

functionally dissect the roles of MCs and CD8+ T-cell interactions. To overcome the problem 

that the number of CD8+ T-cells around the anagen HF bulb is very low (Christoph et al. 

2000), we employed SP as a treatment which not only stimulates MCs (Sugawara et al. 

2012, Peters et al. 2007) but also CD8+ T-cells (Siebenhaar et al. 2007). According to our 

findings, indeed SP up-regulates the number of MCs, as already shown (Sugawara et al. 

2012, Kumamoto et al. 2003) (Figure 3.19A-D), but it does not amplify the number of CD8+ 

T-cells (Figure 3.19A-D). This experiment was strongly supported by the fact that had the 

number of MCs and CD8+ T-cells been enough, and MC-CD8+ T-cell interactions had been 

found around microdissected HFs, it would have been possible to obtain immediate results 

about the role of MC-CD8+ T-cells in HF-IP maintenance. Moreover, having the compound 

48/80 as control substance which seemed to activate only MCs, would have helped to 

discern if the MC-CD8+ T-cell interactions were promoted by MCs activation or CD8+ T-cells 

stimulation. 

 

Since the treatment with SP and compound 48/80 of healthy human skin was well 

established to investigate MC activities (Sugawara et al. 2012), the second attempt made 

here to establish a model for investigating and manipulating MC-CD8+ T-cells in human skin 

was the organ culture of full-thickness healthy human skin (Langan et al 2012, Sugawara et 

al. 2012, Lu et al. 2007).  

 

However, the effect of SP and compound 48/80 treatments on MC degranulation reveals 

inter-individual differences. In fact, in some of the examined individuals the treatment failed 

to increase MC degranulation (Figure 3.22C and 3.26C). At the same time, in those 

examined individuals that indeed respond to SP and compound 48/80, MC degranulation is 

only slightly promoted (Figure 3.30B). This is in contrast to previous findings from our lab 

(e.g. Sugawara et al. 2012, Peters et al. 2007, Maurer et al. 1997, Paus et al. 1994b,c) and 

that of others labs in human or murine skin treated with SP or compound 48/80 (Chatterjea et 

al. 2013, Liu et al. 2013, Siebenhaar et al. 2007). 
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This discrepancy was further investigated during the write-up phase of the current thesis by 

analyzing the number of degranulated MCs in different cutaneous reference areas (i.e. upper 

dermis, dermis and subcutis). This pilot experiment suggested that MC degranulation in the 

skin treatment with SP is promoted mostly in the dermal part of human skin (data not shown), 

thus confirming previously observation (Sugawara et al. 2012). Therefore, considering that 

functionally and phenotypically distinct MC sub-populations populations exist in human skin 

(Sugawara et al. 2012, Buckley et al. 1999, Algermissen et al. 1994), as yet ill-defined sub-

populations of dermal MCs may be more sensitive to stimulation by neuropeptides such as 

SP than other MC populations in human skin. 

 

Same interindividual differences were seen also regarding the activation of CD8+ T-cells with 

SP and compound 48/80. In fact, while CD8+ T-cells are strongly activated by SP in the skin 

organ cultures from both examined patients (Figure 3.23A and 3.23C), compound 48/80 

increased CD8+ T-cell number only in one patient (Figure 3.23C). This last observation 

further suggests that compound 48/80 is not specific for MCs activation and can also 

stimulate CD8+ T-cells. The mechanisms by which compound 48/80 might stimulate CD8+ 

T-cells could well be the depletion of intracellular calcium (WoldeMussie and Moran 1984), 

as in the case of MC activation.  

 

In addition, after 3 days of culture the number of CD8+ T-cells declines (Figure 3.23A and 

3.28A). Therefore, it would be interesting to establish and performed a double-staining 

TUNEL/CD8 in order to investigate if this decrease of CD8+ T-cells number is due to an 

apoptosis-mediated phenomenon.  

 

The analysis of MC-CD8+ T-cell interactions number in SP or compound 48/80 treated 

healthy skin in CTS and PFD is also characterized by inter-individual differences and may 

reflect also the different activation of MCs and CD8+ T-cells in each examined individual 

(Figures 3.23B, 3.28B and 3.30D). In skin treated from the first investigated individual, MC-

CD8+ T-cell interactions are decreased in the CTS after secretagogue treatment, but are 

increased in the PFD (Figure 3.23B and 3.28B). This is quite interesting, as it invites one to 

speculate that perifollicular MCs in the CTS of healthy HFs may play a particularly prominent 

role in HF-IP preventing the activation of CD8+ T-cells. Therefore, MCs in PFD could belong 

to a different subpopulation compared to the one of CTS. PFD-MCs, for example, may favor 

the activation of intracutaneous CD8+ T-cells which is necessary during anti-microbial 

defences against pathogen invasion of the skin (Frenzel and Hermine 2013, St. John and 

Abraham 2013, Galli et al. 2011). However, this could be just a mere speculation since this 

result could not be replicated in treated skin form other individuals.  
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However, especially regarding MC-CD8+ T-cell interactions, the data have to be interpreted 

with caution due to the fact that only rare MC-CD8+ T-cell interactions events are found in 

vehicle and treated healthy skin. Therefore, a single event could dramatically change the 

variation of the results in each group. As well, the CTS area is always much smaller 

compared to the one of PFD, reason why the standard deviation is higher in analyses 

performed in CTS compared the ones done in PFD. 

 

The final intriguing point that deserves discussion here is the observed up-regulation of MHC 

class I IR after 24 hours (Figure 3.25C), while a decrease in TGFβ1 IR occurs only after 72 

hours (Figure 3.29B) of MC secretagogues treatment. First of all, this confirms that SP 

promotes HF-IP collapse, as previously reported (Peters et al. 2007), and suggests that the 

skin organ culture experiment was performed appropriately despite of the odd results of MC 

degranulation. It is of note that the expression of TGFβ1 is down-regulated long after the up-

regulation of MHC class I, suggesting that the IP collapse is composed by a sequence of 

events which chronology is still unknown. Therefore, it would give a great contribution to the 

IP field to understand this deeply, maybe via stimulating the HF-IP collapse either with IFNγ 

(Ito et al. 2004) or SP (Peters et al. 2007) and analysing classical IP markers (MHC class I, 

class II, TGFβ1,…) (Meyer et al. 2008, Paus et al. 2005) at specific time points (e.g. 1, 3, 6, 

10, 15, 20 and 24 hours after the treatment). 

 

Taken together, the very limited currently available pilot data from human skin organ culture 

suggest that this experimental system, in principle, permits one to test concrete hypotheses 

on physiological MC-CD8+ T-cell interactions in full-thickness human skin organ culture as 

long as one can overcome problems encountered in the current pilot studies, such as the 

large interindividual differences and the very low numbers of relevant cells found after 

extended skin organ culture. However, these technical challenges should be manageable, 

eventually. 

 

However, the treatment of the single available sample human AA skin with SP, compound 

48/80 or cromoglycate in an additional functional pilot assay further support the concept that 

abnormal MC-CD8+ T-cell interactions play a role in HF-IP collapse and AA pathogenesis. In 

fact, in organ-cultured AA skin where the environment is strongly pro-inflammatory and HF-

IP has already collapsed, SP appears to up-regulate the number of MC-CD8+ T-cell 

interactions in the CTS (Figure 3.35B). Also in the organ culture of AA lesional skin as for 

the organ culture of healthy skin, the number of CD8+ T-cells is tremendously reduced during 

the culture (Figure 3.35A), further suggesting that CD8+ T-cells might die for apoptosis.  
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Unexpectedly, the treatment with cromoglycate in this experiment seems not to inhibit MCs 

(Figure 3.33A and 3.34A). There might be two possible explanations for this outcome. 

Firstly, this data might be a result of the fact that cromoglycate has little or no effect on 

human connective tissue MCs compared to mucosal MCs (Bradding and Saito 2014). In fact, 

since few years, the efficacy and selectivity of cromoglycate to inhibit not only human but 

also mouse MCs is questioned (Oka et al. 2012, Weng et al. 2012). Unfortunately, the 

experiments were performed before that this important debate started. Weng and colleagues 

support quercetin instead of cromoglycate, because it is more efficient in inhibiting cytokine 

release from MCs and can even inhibit contact dermatitis and photosensitivity in human 

(Weng et al. 2012). So, for future experiments which aim to block MCs, one should consider 

to use quercitin instead of cromoglycate. The second possible explanation why cromoglycate 

does not reduce MC number in AA skin culture is that it may act on MCs, not by decreasing 

their number but by changing their phenotype so that anti-inflammatory MCs are up-

regulated after the treatment. If this is true, cromoglycate treatment in AA skin may up-

regulate protective- MC-CD8+ T-cell interactions (Figure 3.35B). Unfortunately, no data in 

literature support this last hypothesis because in most of the case the effect of cromolyn on 

MCs is investigated at the level of pro-inflammatory cytokines and not anti-inflammatory 

cytokines (Weng et al. 2012). So, to confirm this hypothesis, one could study the phenotype 

of MCs on AA skin treated with cromoglycate. 

 

However, organ culture of human AA skin is a highly unpragmatic experimental tool for 

probing pathological MC-CD8+ T-cells interaction, as (for evident reasons) human AA skin is 

almost never available in sufficient quantity for satisfactory experimental analyses. 

 

To overcome these organ culture limitations in the human system, the research direction was 

moved towards an in vivo model. However, contrary to what had been hypothesized, the 

subcutaneous injection of INFγ did not accelerate AA development in aging C3H/HeJ mice 

in our hands (Figure 3.36A-L and 3.37A-L). This may have been due to the INFγ relatively 

low dose and subcutaneous administrations schedule employed here, since previous studies 

demonstrated disease induction by injection of 2x10000U intravenously (Gilhar et al. 2005). 

 

Overall, the experiment also failed since only very few aging C3H/HeJ mice spontaneously 

developed AA at all over several months, which made it impossible to investigate MC-CD8+ 

T-cell interactions in lesional AA skin in this model. Moreover, in the few animals that did 

develop AA lesions, the number of MCs does not increase during the early stage of AA 

development, contrary to the human condition (Bertolini et al. 2014, Bertolini et al. 2010a,b, 
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Cetin et al. 2009), and MC-CD8+ T-cell interactions are only rarely up-regulated in 

spontaneous developed AA lesions (Figure 3.38A-I).  

 

In addition, the immunophenotype and location of the perifollicular infiltrate of human AA are 

not reproduced in C3H/HeJ mice (Figure 3.38A-I) (King et al. 2008, McElwee et al. 1998a) 

and they are really difficult to be cross-bred with other immunologically interesting mouse 

mutants (Reber et al. 2012). This constitutes a major handicap in applying the full spectrum 

of mouse genomics to further dissect the molecular mechanisms that underlie development 

of the AA phenotype (Gilhar et al. 2013a). Moreover, these mice carry an important 

abnormality in toll like receptor 4, which is never seen in AA patients (cf. Gilhar et al. 2012). 

Taken together, this strongly questions how good this much-investigated mouse strain really 

is as a model for studying human AA (Table 1.7) (Gilhar et al. 2013a).  

 

However, in the grafted C3H/HeJ mouse model of AA, were AA lesions occur much more 

rapidly and predictably (Silva and Soundberg 2013, Wang et al. 2013, King et al. 2008), the 

current thesis project could show that AA mice do exhibit an up-regulation of MC-CD8+ T-cell 

interactions (Figure 3.41A-D and 3.42A-D). This suggests that establishing an experimental 

design which standardizes the AA development is very useful, if not mandatory, provided that 

one wishes to adhere to the suboptimal C3H/HeJ mouse model of AA. 

 

In the face of these considerations, the humanized mouse-model of AA (Figure 3.44A,B, 

3.5A,B and 3.46A-C) is definitely a better model in which to study AA pathogenesis, because 

it clearly mimics the AA human condition. Moreover, in sharp contrast to the C3H/HeJ model, 

in this model it is human immunocytes that attack human HFs that are growing perfectly well 

within their natural tissue habitat in vivo (human scalp skin transplanted onto SCID mice) 

(Gilhar et al. 2013a,b). Moreover, SCID mice can be cross-bred with other immunologically 

interesting mouse mutants, allowing application of the full spectrum of mouse genomics to 

further dissect the molecular mechanisms that underlie development of the AA phenotype 

(Table 1.7).  

 

In order rigorously probe the hypothesis put forward in this thesis project, one needs to 

selectively deplete or modulate MCs activities in order to dissect the role of MC-CD8+ T-cells 

in AA pathogenesis. However, unfortunately, satisfactory functional experiments to definitely 

confirm or refute the basic hypothesis proposed here (Figure 4.2) can currently not be 

performed for the following compelling reasons:  
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1) None of the routinely used MC-deficient or MC-overexpressing mouse models develop 

classical AA lesions.  

2) It is not yet possible to selectively eliminate or exclusively modulate only MCs in vivo 

(mice) or in transplanted or organ-cultured human skin without also eliminating or damaging 

other cutaneous cell populations (e.g. c-Kit+ melanocytes and hair matrix keratinocytes, or 

FceR+ Langerhans cells).  

3) Frequently employed inhibitors of MC degranulation such as cromolyn or luteolyn are not 

effective for all MC subsets and or not MC-specific, as other cell populations, incl. CD8+ T-

cells and sensory neurons and their axons, are affected, as well (Finn and Walsh 2013, 

Vieira Dos Santos et al. 2010, Karra et al. 2009, Theoharides et al. 2007).  

Therefore, the concept that abnormal MC-CD8+ T-cell interactions play a functionally 

important role in AA pathogenesis remains hypothetical at this time, and the underlying 

mechanisms of action can only be speculated upon on the basis of our phenomenological 

evidence – until the methodological handicaps sketched above have been overcome. 

 

However, since the management of AA in clinical medicine remains overall quite 

unsatisfactory (Gilhar et al. 2012, Harries et al. 2010) and in view of the psychoemotional 

stress this disease imposes on affected patients (Matzer et al. 2011, Paus and Arck 2009, 

Gupta et al. 1997), it is a matter of urgency to develop more effective AA management 

strategies. Therefore, the phenomenological evidence presented here and the plausible 

pathogenesis scenario deduced from it (Figure 4.1 and 4.2) are translationally important, 

since they help to identify novel candidate targets for future therapeutic intervention in AA 

management.  

 

Namely, our findings predict that treatment regimen which promote an immuno-inhibitory 

phenotype and/or suppress the switch towards a pro-inflammatory MC phenotype, should 

down-regulate undesired CD8+ T-cell responses against human HFs. This novel treatment 

strategy should inhibit AA progression and may facilitate hair regrowth in established AA 

lesions by assisting in the restoration of HF IP.  

 

Specifically, our data invite one to test the effects of blocking OX40L/OX40, e.g using 

oxelumab, which was first developed for the treatment of allergic asthma (Catley et al. 2011, 

Weinberg et al. 2011). Alternatively or in addition, 4-1BB/4-1BBL interactions could be 

blocked (Gizinski et al. 2010, Wang et al. 2009) with a blocking or antagonist antibody (Le et 

al. 2013, Tu et al. 2012) or the PAR-2 activation by tryptase could be antagonized (Crilly et 

al. 2012, Michael et al. 2013). These novel approaches in AA therapy could be explored in 

the two distinct AA mouse models employed here.  
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However, these signalling molecules are broadly expressed on immunocytes; therefore, 

more specific therapies need to be contemplated, including the use of bi-specific antibodies 

for selectively blocking MCs (Harvima et al. 2014, Karra et al. 2009). On the other hand, one 

need to keep in mind that MCs are important for maintaining tissue homeostasis and 

peripheral tolerance (Chan et al. 2013, Voehringer 2013, Gan et al. 2012, Kalesnikoff and 

Galli 2011, Tsai et al. 2011, Frossi et al. 2010, de Vries et al. 2009a, Sayed et al. 2008, Lu et 

al. 2006, Waldmann 2006) so instead of blocking MCs activities, the best would be to 

promote their immuno-inhibitory phenotype (e.g. using vitamin D (Biggs et al. 2010)). 

Alternatively, antagonists/blockers that modulate undesired MC-CD8 T-cell interactions 

should be applied only externally to the skin, using HF targeting vehicles such as 

nanoparticles and liposomes that are capable of enriching these agents after topical 

application inside the pilosebaceous unit (Knorr et al. 2014, Patzelt et al. 2013, Mak et al. 

2012, Liu et al. 2011). With these recent methodological advances in dermatopharmacology 

in mind, the current study underscores that the therapeutic modulation of perifollicular MCs 

human skin deserves to be systematically explored as a novel therapeutic strategy in the 

future management of AA. 

 



                                                                                           REFERENCES 

132 

 

5. References 

Aceves SS, Chen D, Newbury RO, Dohil R, Bastian JF, Broide DH. Mast cells infiltrate the esophageal 

smooth muscle in patients with eosinophilic esophagitis, express TGF-beta1, and increase 

esophageal smooth muscle contraction. J Allergy Clin Immunol. 2010;126:1198-1204 e1194. 

Adami S, Cavani A, Rossi F, Girolomoni G. The Role of Interleukin-17A in Psoriatic Disease. 

BioDrugs. 2014 Jun 3. [Epub ahead of print]. 

Alexis AF, Dudda-Subramanya R, Sinha AA. Alopecia areata: autoimmune basis of hair loss. Eur J 

Dermatol. 2004;14:364-370. 

Algermissen B, Bauer F, Schadendorf D, Kropp JD, Czarnetzki BM. Analysis of mast cell 

subpopulations (MCT, MCTC) in cutaneous inflammation using novel enzyme-histochemical staining 

techniques. Exp Dermatol. 1994;3:290-297. 

Alkhalifah A. Alopecia areata update. Dermatol Clin. 2013 Jan;31:93-108. 

Alkhalifah A, Alsantali A, Wang E, McElwee KJ, Shapiro J. Alopecia areata update: part I. Clinical 

picture, histopathology, and pathogenesis. J Am Acad Dermatol. 2010a;62:177-188. 

Alkhalifah A, Alsantali A, Wang E, McElwee KJ, Shapiro J. Alopecia areata update: part II. Treatment. 

J Am Acad Dermatol. 2010b;62:191-202, quiz 203-194. 

Alli R, Nguyen P, Boyd K, Sundberg JP, Geiger TL. A mouse model of clonal CD8+ T lymphocyte-

mediated alopecia areata progressing to alopecia universalis. J Immunol. 2012;188:477-486. 

Al-Nuaimi Y, Goodfellow M, Paus R, Baier G. A prototypic mathematical model of the human hair 

cycle. J Theor Biol. 2012 Oct 7;310:143-59. 

Al-Nuaimi Y, Hardman JA, Bíró T, Haslam IS, Philpott MP, Tóth BI, Farjo N, Farjo B, Baier G, Watson 

RE, Grimaldi B, Kloepper JE, Paus R. A Meeting of Two Chronobiological Systems: Circadian 

Proteins Period1 and BMAL1 Modulate the Human Hair Cycle Clock. J Invest Dermatol. 2013 Sep 4. 

[Epub ahead of print].  

Alzabin S, Williams RO. Effector T cells in rheumatoid arthritis: lessons from animal models. FEBS 

Lett. 2011;585:3649-59. 

Anand P, Singh B, Jaggi AS, Singh N. Mast cells: an expanding pathophysiological role from allergy to 

other disorders. Naunyn Schmiedebergs Arch Pharmacol. 2012;385:657-70.  

Arck PC, Handjiski B, Kuhlmei A, Peters EM, Knackstedt M, Peter A, Hunt SP, Klapp BF, Paus R. 

Mast cell deficient and neurokinin-1 receptor knockout mice are protected from stress-induced hair 

growth inhibition. J Mol Med (Berl). 2005;83:386-96.  

Arck PC, Slominski A, Theoharides TC, Peters EM, Paus R. Neuroimmunology of stress: skin takes 

center stage. J Invest Dermatol. 2006;126:1697-1704. 

Ariza ME, Williams MV, Wong HK. Targeting IL-17 in psoriasis: from cutaneous immunobiology to 

clinical application. Clin Immunol. 2013;146:131-139. 



                                                                                           REFERENCES 

133 

 

Ayuso VK, Pott JW, de Boer JH. Intermediate uveitis and alopecia areata: is there a relationship? 

Report of 3 pediatric cases. Pediatrics. 2011;128:e1013-8. 

Baccaredda-Boy A, Giacometti A. Clinical observations and experimental research on thyrotropin in 

pretibial limited myxodermia. Panminerva Med. 1959;1:198-201. 

Bachelet I, Munitz A, Moretta A, Moretta L, Levi-Schaffer F. The inhibitory receptor IRp60 (CD300a) is 

expressed and functional on human mast cells. J Immunol. 2005;175:7989-95. 

Balato A, Lembo S, Mattii M, Schiattarella M, Marino R, De Paulis A, Balato N, Ayala F. IL-33 is 

secreted by psoriatic keratinocytes and induces pro-inflammatory cytokines via keratinocyte and mast 

cell activation. Exp Dermatol. 2012;21:892-894. 

Bancroft JD, Gamble M. Theory and Practice of Histological techniques. Churchill Livingston Elsevier, 

2008. 6
th
 Edition. 

Beaven MA. Our perception of the mast cell from Paul Ehrlich to now. Eur J Immunol. 2009;39:11-25. 

Becker JC, Varki N, Bröcker EB, Reisfeld RA. Lymphocyte-mediated alopecia in C57BL/6 mice 

following successful immunotherapy for melanoma. J Invest Dermatol. 1996;107:627-32. 

Bertolini M, Gilhar A, Paus R. Meeting Report: Alopecia areata as a model for T cell-dependent 

autoimmune diseases. Exp Dermatol. 2012;21:477-9. 

Bertolini M, Kleditzsch P, Emelinov VE, Sugawara K, Meyer KC, Paus R. Comparative analysis of  

perifollicular mast cells in alopecia areata and normal human scalp skin. Exp Dermatol. 2010a;18:166-

232.  

Bertolini M, Kleditzsch P, Emelianov VE, Sugawara K, Meyer KC, Paus R. New pointers towards a 

role of perifollicular mast cells in alopecia areata J Invest Dermatol. 2010b;130:S1-S175.  

Bertolini M, Meyer KC, Slominski R, Kobayashi K, Ludwig RJ, Paus R. The immune system of mouse 

vibrissae follicles: cellular composition and indications of immune privilege. Exp Dermatol. 

2013;22:593-598. 

Bertolini M, Zilio F, Rossi A, Kleditzsch P, Emelianov VE, Gilhar A, Keren A, Meyer KC, Wang E, Funk 

W, McElwee K, Paus R. Abnormal Interactions between Perifollicular Mast Cells and CD8+ T-Cells 

May Contribute to the Pathogenesis of Alopecia Areata. PLoS One. 2014;9:e94260. 

Biggs MJ, Milone MC, Santos LC, Gondarenko A, Wind SJ. High-resolution imaging of the 

immunological synapse and T-cell receptor microclustering through microfabricated substrates. J R 

Soc Interface. 2011;8:1462-71.  

Biggs L, Yu C, Fedoric B, Lopez AF, Galli SJ, Grimbaldeston MA. Evidence that vitamin D(3) 

promotes mast cell-dependent reduction of chronic UVB-induced skin pathology in mice. J Exp Med. 

2010;207:455-63.  

Billingham RE, Silvers WK. A biologist's reflections on dermatology. J Invest Dermatol. 1971a;57:227-

240. 

Billingham RE, Silvers W. The immunology of transplantation. Prentice-Hall, 1971b.  



                                                                                           REFERENCES 

134 

 

Bischoff SC. Role of mast cells in allergic and non-allergic immune responses: comparison of human 

and murine data. Nat Rev Immunol. 2007;7:93-104. 

Blaumeiser B, van der Goot I, Fimmers R, Hanneken S, Ritzmann S, Seymons K, Betz RC, Ruzicka T, 

Wienker TF, De Weert J, Lambert J, Kruse R, Nöthen MM. Familial aggregation of alopecia areata. J 

Am Acad Dermatol. 2006;54:627. 

Bluestone JA, Herold K, Eisenbarth G. Genetics, pathogenesis and clinical interventions in type 1 

diabetes. Nature. 2010;464:1293-300. 

Bobrow MN, Harris TD, Shaughnessy KJ, Litt GJ. Catalyzed reporter deposition, a novel method of 

signal amplification. Application to immunoassays. J Immunol Methods. 1989;125:279-85. 

Bodemer C, Peuchmaur M, Fraitaig S, Chatenoud L, Brousse N, De Prost Y. Role of cytotoxic T cells 

in chronic alopecia areata. J Invest Dermatol. 2000;114:112-116. 

Botchkarev VA, Botchkareva NV, Peters EM, Paus R. Epithelial growth control by neurotrophins: leads 

and lessons from the hair follicle. Prog Brain Res. 2004;146:493-513. 

Botchkarev VA, Eichmüller S, Peters EM, Pietsch P, Johansson O, Maurer M, Paus R. A simple 

immunofluorescence technique for simultaneous visualization of mast cells and nerve fibers reveals 

selectivity and hair cycle--dependent changes in mast cell--nerve fiber contacts in murine skin. Arch 

Dermatol Res. 1997;289:292-302. 

Botchkarev VA, Paus R, Czarnetzki BM, Kupriyanov VS, Gordon DS, Johansson O. Hair cycle-

dependent changes in mast cell histochemistry in murine skin. Arch Dermatol Res. 1995;287:683-686. 

Bradding P, Saito H. Biology of mast cell and their mediators. In: Adkinson NF, Bochner BS, Burks 

AW, Busse WW, Holgate ST, Lemanske RF, O’Hehir RE, Editors. Middleton’s Allergy: Principles and 

Practice. Elsevier, 2014. 8
th
 edition.Chapter:14.  

Breitkopf T, Lo BK, Leung G, Wang E, Yu M, Carr N, Zloty D, Cowan B, Shapiro J, McElwee KJ. 

Somatostatin expression in human hair follicles and its potential role in immune privilege. J Invest 

Dermatol. 2013;133:1722-30. 

Bremer M, Doerge RW: Statistics at the Bench. Cold Spring Harbor Laboratory Press, 2010. 

Brill A, Baram D, Sela U, Salamon P, Mekori YA, Hershkoviz R. Induction of mast cell interactions with 

blood vessel wall components by direct contact with intact T cells or T cell membranes in vitro. Clin 

Exp Allergy. 2004;34:1725-1731. 

Bröcker EB, Echternacht-Happle K, Hamm H, Happle R. Abnormal expression of class I and class II 

major histocompatibility antigens in alopecia areata: modulation by topical immunotherapy. J Invest 

Dermatol. 1987;88:564-8. 

Brown MA, Hatfield JK. Mast Cells are Important Modifiers of Autoimmune Disease: With so Much 

Evidence, Why is There Still Controversy? Front Immunol. 2012;3:147. 

Buchwalow B, Böcker W. Immunohistochemistry: Basics and Methods. Springer, 2010. 1
st
 edition. 

Buckley MG, McEuen AR, Walls AF. The detection of mast cell subpopulations in formalin-fixed 

human tissues using a new monoclonal antibody specific for chymase. J Pathol. 1999;189:138-143. 



                                                                                           REFERENCES 

135 

 

Cabrera CM, Urra JM, Carreno A, Zamorano J. Differential expression of CD30 on CD3 T lymphocytes 

in patients with systemic lupus erythematosus. Scand J Immunol. 2013;78:306-12. 

Carroll AM, Hardy RR, Petrini J, Bosma MJ. T cell leakiness in scid mice. Curr Top Microbiol Immunol. 

1989;152:117-23. 

Carroll-Portillo A, Surviladze Z, Cambi A, Lidke DS, Wilson BS. Mast cell synapses and exosomes: 

membrane contacts for information exchange. Front Immunol. 2012;3:46. 

Carvalheiro H, da Silva JA, Souto-Carneiro MM Potential roles for CD8(+) T cells in rheumatoid 

arthritis. Autoimmun Rev. 2013;12:401-9. 

Catley MC, Coote J, Bari M, Tomlinson KL. Monoclonal antibodies for the treatment of asthma. 

Pharmacol Ther. 2011;132:333-351. 

Cetin ED, Savk E, Uslu M, Eskin M, Karul A. Investigation of the inflammatory mechanisms in alopecia 

areata. Am J Dermatopathol. 2009;31:53-60. 

Chacon JA, Wu RC, Sukhumalchandra P, Molldrem JJ, Sarnaik A, Pilon-Thomas S, Weber J, Hwu P, 

Radvanyi L. Co-stimulation through 4-1BB/CD137 improves the expansion and function of CD8(+) 

melanoma tumor-infiltrating lymphocytes for adoptive T-cell therapy. PLoS One. 2013;8:e60031. 

Chacon-Salinas R, Limon-Flores AY, Chavez-Blanco AD, Gonzalez-Estrada A, Ullrich SE. Mast cell-

derived IL-10 suppresses germinal center formation by affecting T follicular helper cell function. J 

Immunol. 2011;186:25-31. 

Chan CY, St John AL, Abraham SN. Mast cell interleukin-10 drives localized tolerance in chronic 

bladder infection. Immunity. 2013;38:349-359. 

Chatterjee V, Gashev AA. Mast cell-directed recruitment of MHC class II positive cells and eosinophils 

towards mesenteric lymphatic vessels in adulthood and elderly. Lymphat Res Biol. 2014;12:37-47. 

Chatterjea D, Paredes L, Martinov T, Balsells E, Allen J, Sykes A, Ashbaugh A. TNF-alpha 

neutralizing antibody blocks thermal sensitivity induced by compound 48/80-provoked mast cell 

degranulation. Version 2. F1000Res. 2013;2:178.  

Cherwinski HM, Murphy CA, Joyce BL, Bigler ME, Song YS, Zurawski SM, Moshrefi MM, Gorman DM, 

Miller KL, Zhang S, Sedgwick JD, Phillips JH. The CD200 receptor is a novel and potent regulator of 

murine and human mast cell function. J Immunol. 2005;174:1348-1356. 

Christoph T, Müller-Röver S, Audring H, Tobin DJ, Hermes B, Cotsarelis G, Rückert R, Paus R. The 

human hair follicle immune system: cellular composition and immune privilege. Br J Dermatol. 

2000;142:862-873. 

Christy AL, Brown MA. The multitasking mast cell: positive and negative roles in the progression of  

autoimmunity. J Immunol. 2007;179:2673-9. 

Christy AL, Walker ME, Hessner MJ, Brown MA. Mast cell activation and neutrophil recruitment 

promotes early and robust inflammation in the meninges in EAE. J Autoimmun. 2013;42:50-61. 

Coppieters KT, Amirian N, Pagni PP, Baca Jones C, Wiberg A, Lasch S, Hintermann E, Christen U, 

von Herrath MG. Functional redundancy of CXCR3/CXCL10 signaling in the recruitment of 



                                                                                           REFERENCES 

136 

 

diabetogenic cytotoxic T lymphocytes to pancreatic islets in a virally induced autoimmune diabetes 

model. Diabetes. 2013;62:2492-9. 

Cotsarelis G. Epithelial stem cells: a folliculocentric view. J Invest Dermatol. 2006;126:1459-68. 

Crilly A, Burns E, Nickdel MB, Lockhart JC, Perry ME, Ferrell PW, Baxter D, Dale J, Dunning L, Wilson 

H, Nijjar JS, Gracie JA, Ferrell WR, McInnes IB. PAR(2) expression in peripheral blood monocytes of 

patients with rheumatoid arthritis. Ann Rheum Dis. 2012;71:1049-1054. 

Croft M. The TNF family in T cell differentiation and function - Unanswered questions and future 

directions. Semin Immunol. 2014 Mar 5. [Epub ahead of print]. 

Croft M. Control of immunity by the TNFR-related molecule OX40 (CD134). Annu Rev Immunol 

2010;28:57-78. 

Dahlin JS, Hallgren J. Mast cell progenitors: Origin, development and migration to tissues. Mol 

Immunol. 2014 Mar 2. [Epub ahead of print]. 

Delfortrie S, Pinte S, Mattot V, Samson C, Villain G, Caetano B, Lauridant-Philippin G, Baranzelli MC, 

Bonneterre J, Trottein F, Faveeuw C, Soncin F. Egfl7 promotes tumor escape from immunity by 

repressing endothelial cell activation. Cancer Res. 2011;71:7176-7186. 

Del Prete G, De Carli M, D'Elios MM, Daniel KC, Almerigogna F, Alderson M, Smith CA, Thomas E, 

Romagnani S. CD30-mediated signaling promotes the development of human T helper type 2-like T 

cells. J Exp Med. 1995;182:1655-61. 

Della Rovere F, Granata A, Monaco M, Basile G. Phagocytosis of cancer cells by mast cells in breast 

cancer. Anticancer Res. 2009;29:3157-61. 

de Vries VC, Pino-Lagos K, Elgueta R, Noelle RJ. The enigmatic role of mast cells in dominant 

tolerance. Curr Opin Organ Transplant. 2009a;14:332-337. 

de Vries VC, Wasiuk A, Bennett KA, Benson MJ, Elgueta R, Waldschmidt TJ, Noelle RJ. Mast cell 

degranulation breaks peripheral tolerance. Am J Transplant. 2009b;9:2270-2280. 

Diaconu NC, Kaminska R, Naukkarinen A, Harvima RJ, Nilsson G, Harvima IT. Increase in CD30 

ligand/CD153 and TNF-alpha expressing mast cells in basal cell carcinoma. Cancer Immunol 

Immunother. 2007;56:1407-1415. 

DiPreta EA, Smith KJ, Williams J, Skelton AH. Histopathologic findings in the alopecia associated with 

Vogt-Koyanagi-Harada disease. J Cutan Med Surg. 2000;4:156-60. 

Di Meglio P, Perera GK, Nestle FO. The multitasking organ: recent insights into skin immune function. 

Immunity. 2011;35:857-69. 

D'Ovidio R. Alopecia Areata: news on diagnosis, pathogenesis and treatment. G Ital Dermatol 

Venereol. 2014;149:25-45.  

D'Ovidio R, Vena GA, Angelini G. [Possible immunopathogenetic role of mastocytes in alopecia 

areata]. G Ital Dermatol Venereol. 1988;123:569-570. 

Dvorak AM. Ultrastructure of human mast cells. Int Arch Allergy Immunol. 2002;127:100-105. 



                                                                                           REFERENCES 

137 

 

Douaiher J, Succar J, Lancerotto L, Gurish MF, Orgill DP, Hamilton MJ, Krilis SA, Stevens RL. 

Development of mast cells and importance of their tryptase and chymase serine proteases in 

inflammation and wound healing. Adv Immunol. 2014;122:211-52. 

Dyduch G, Kaczmarczyk K, Okoń K. Mast cells and cancer: enemies or allies? Pol J Pathol. 

2012;63:1-7.  

Dyer P, McGilvray R, Robertson V, Turner D.Status report from 'double agent HLA': health and 

disease. Mol Immunol. 2013;55:2-7.  

Dytham C. Choosing and Using Statistics: A Biologist's Guide. Wiley-Blackwell, 2011. 3
rd

 edition. 

Ebert S, Becker M, Lemmermann NA, Büttner JK, Michel A, Taube C, Podlech J, Böhm V, Freitag K, 

Thomas D, Holtappels R, Reddehase MJ, Stassen M. Mast cells expedite control of pulmonary murine 

cytomegalovirus infection by enhancing the recruitment of protective CD8 T cells to the lungs. PLoS 

Pathog. 2014;10:e1004100. 

Eichmüller S, van der Veen C, Moll I, Hermes B, Hofmann U, Müller-Röver S, Paus R. Clusters of 

perifollicular macrophages in normal murine skin: physiological degeneration of selected hair follicles 

by programmed organ deletion. J Histochem Cytochem. 1998;46:361-70. 

Eller K, Wolf D, Huber JM, Metz M, Mayer G, McKenzie AN, Maurer M, Rosenkranz AR, Wolf AM. IL-9 

production by regulatory T cells recruits mast cells that are essential for regulatory T cell-induced 

immune suppression. J Immunol. 2011;186:83-91.  

Ernst N, Yay A, Bíró T, Tiede S, Humphries M, Paus R, Kloepper JE. β1 integrin signaling maintains 

human epithelial progenitor cell survival in situ and controls proliferation, apoptosis and migration of 

their progeny. PLoS One. 2013;8:e84356. 

Fernando J, Faber TW, Pullen NA, Falanga YT, Kolawole EM, Oskeritzian CA, Barnstein BO, Bandara 

G, Li G, Schwartz LB, Spiegel S, Straus DB, Conrad DH, Bunting KD, Ryan JJ. Genotype-dependent 

effects of TGF-β1 on mast cell function: targeting the Stat5 pathway. J Immunol. 2013;191:4505-13.  

Figueroa CD, Matus CE, Pavicic F, Sarmiento J, Hidalgo MA, Burgos RA, Gonzalez CB, Bhoola KD, 

Ehrenfeld P. Kinin B1 receptor regulates interactions between neutrophils and endothelial cells by 

modulating the levels of Mac-1, LFA-1 and intercellular adhesion molecule-1. Innate Immun. 2014 Apr 

11. [Epub ahead of print]. 

Finn DF, Walsh JJ. Twenty-first century mast cell stabilizers. Br J Pharmacol. 2013;170:23-37. 

Finzi AF, Landi G. [Action of the Mast Cell Depletor 48/80 on Skin Temperature in Alopecia Areata]. 

Minerva Dermatol. 1964;39:99-102. 

Fischer M, Harvima IT, Carvalho RF, Möller C, Naukkarinen A, Enblad G, Nilsson G.Mast cell CD30 

ligand is upregulated in cutaneous inflammation and mediates degranulation-independent chemokine 

secretion. J Clin Invest. 2006;116:2748-2756. 

Foitzik K, Lindner G, Mueller-Roever S, Maurer M, Botchkareva N, Botchkarev V, Handjiski B, Metz M, 

Hibino T, Soma T, Dotto GP, Paus R. Control of murine hair follicle regression (catagen) by TGF-

beta1 in vivo. FASEB J. 2000 Apr;14:752-60. 

Frenzel L, Hermine O. Mast cells and inflammation. Joint Bone Spine. 2013;80:141-145. 



                                                                                           REFERENCES 

138 

 

Freyschmidt-Paul P, McElwee KJ, Hoffmann R, Sundberg JP, Vitacolonna M, Kissling S, Zöller M. 

Interferon-gamma-deficient mice are resistant to the development of alopecia areata. Br J Dermatol. 

2006;155:515-521. 

Friese MA, Fugger L. Pathogenic CD8(+) T cells in multiple sclerosis. Ann Neurol. 2009;66:132-41. 

Frossi B, D'Incà F, Crivellato E, Sibilano R, Gri G, Mongillo M, Danelli L, Maggi L, Pucillo CE. Single-

cell dynamics of mast cell-CD4+ CD25+ regulatory T cell interactions. Eur J Immunol. 2011;41:1872-

82.  

Frossi B, Gri G, Tripodo C, Pucillo C. Exploring a regulatory role for mast cells: 'MCregs'? Trends 

Immunol. 2010;31:97-102. 

Fujita T, Kambe N, Uchiyama T, Hori T. Type I interferons attenuate T cell activating functions of 

human mast cells by decreasing TNF-alpha production and OX40 ligand expression while increasing 

IL-10 production. J Clin Immunol. 2006;26:512-518. 

Galli SJ, Borregaard N, Wynn TA: Phenotypic and functional plasticity of cells of innate immunity: 

macrophages, mast cells and neutrophils. Nat Immunol. 2011;12: 1035-44. 

Galli SJ, Grimbaldeston M, Tsai M. Immunomodulatory mast cells: negative, as well as positive, 

regulators of immunity. Nat Rev Immunol. 2008;8:478-486. 

Galli SJ, Nakae S, Tsai M. Mast cells in the development of adaptive immune responses. Nat 

Immunol. 2005;6:135-142. 

Gan PY, Summers SA, Ooi JD, O'Sullivan KM, Tan DS, Muljadi RC, Odobasic D, Kitching AR, 

Holdsworth SR. Mast cells contribute to peripheral tolerance and attenuate autoimmune vasculitis. J 

Am Soc Nephrol. 2012;23:1955-1966. 

Garza LA, Yang CC, Zhao T, Blatt HB, Lee M, He H, Stanton DC, Carrasco L, Spiegel JH, Tobias JW, 

Cotsarelis G.Bald scalp in men with androgenetic alopecia retains hair follicle stem cells but lacks 

CD200-rich and CD34-positive hair follicle progenitor cells. J Clin Invest. 2011;121:613-622. 

Geoffrey R, Jia S, Kwitek AE, Woodliff J, Ghosh S, Lernmark A, Wang X, Hessner MJ. Evidence of a 

functional role for mast cells in the development of type 1 diabetes mellitus in the BioBreeding rat. J 

Immunol. 2006;177:7275-86. 

Geyfman M, Gordon W, Paus R, Andersen B. Identification of telogen markers underscores that 

telogen is far from a quiescent hair cycle phase. J Invest Dermatol. 2012;132:721-4. 

Ghersetich I, Campanile G, Lotti T. Alopecia areata: immunohistochemistry and ultrastructure of 

infiltrate and identification of adhesion molecule receptors. Int J Dermatol. 1996;35:28-33. 

Gilfillan AM, Beaven MA. Regulation of mast cell responses in health and disease. Crit Rev Immunol. 

2011;31:475-529. 

Gilhar A. Collapse of immune privilege in alopecia areata: coincidental or substantial? J Invest 

Dermatol. 2010;130:2535-2537. 

Gilhar A, Etzioni A, Paus R. Alopecia areata. N Engl J Med. 2012;366:1515-25.  



                                                                                           REFERENCES 

139 

 

Gilhar A, Kam Y, Assy B, Kalish RS. Alopecia areata induced in C3H/HeJ mice by interferon-gamma: 

evidence for loss of immune privilege. J Invest Dermatol. 2005;124:288-9. 

Gilhar A, Keren A, Shemer A, d'Ovidio R, Ullmann Y, Paus R. Autoimmune disease induction in a 

healthy human organ: a humanized mouse model of alopecia areata. J Invest Dermatol. 

2013a;133:844-847. 

Gilhar A, Keren A, Shemer A, Ullmann Y, Paus R. Blocking potassium channels (Kv1.3): a new 

treatment option for alopecia areata? J Invest Dermatol. 2013b;133:2088-2091. 

Gilhar A, Landau M, Assy B, Ullmann Y, Shalaginov R, Serafimovich S, Kalish RS. Transfer of 

alopecia areata in the human scalp graft/Prkdc(scid) (SCID) mouse system is characterized by a TH1 

response. Clin Immunol. 2003;106:181-187. 

Gilhar A, Landau M, Assy B, Shalaginov R, Serafimovich S, Kalish RS. Mediation of alopecia areata 

by cooperation between CD4+ and CD8+ T lymphocytes: transfer to human scalp explants on 

Prkdc(scid) mice. Arch Dermatol. 2002;138:916-922. 

Gilhar A, Landau M, Assy B, Shalaginov R, Serafimovich S, Kalish RS. Melanocyte-associated T cell 

epitopes can function as autoantigens for transfer of alopecia areata to human scalp explants on 

Prkdc(scid) mice. J Invest Dermatol. 2001;117:1357-1362. 

Gilhar A, Ullmann Y, Berkutzki T, Assy B, Kalish RS. Autoimmune hair loss (alopecia areata) 

transferred by T lymphocytes to human scalp explants on SCID mice. J Clin Invest. 1998;101. 

Girolomoni G, Mrowietz U, Paul C. Psoriasis: rationale for targeting interleukin-17. Br J Dermatol. 

2012;167:717-24.  

Gizinski AM, Fox DA, Sarkar S. Pharmacotherapy: concepts of pathogenesis and emerging 

treatments. Co-stimulation and T cells as therapeutic targets. Best Pract Res Clin Rheumatol. 

2010;24:463-477. 

Gordon KA, Tosti A. Alopecia: evaluation and treatment. Clin Cosmet Investig Dermatol. 2011;4:101-

6. 

Gordon JR, Galli SJ. Promotion of mouse fibroblast collagen gene expression by mast cells stimulated 

via the Fc epsilon RI. Role for mast cell-derived transforming growth factor beta and tumor necrosis 

factor alpha. J Exp Med. 1994;180:2027-2037. 

Goval JJ, Greimers R, Boniver J, de Leval L. Germinal center dendritic cells express more ICAM-1 

than extrafollicular dendritic cells and ICAM-1/LFA-1 interactions are involved in the capacity of 

dendritic cells to induce PBMCs proliferation. J Histochem Cytochem. 2006;54:75-84. 

Gregory GD, Robbie-Ryan M, Secor VH, Sabatino JJ Jr, Brown MA. Mast cells are required for 

optimal autoreactive T cell responses in a murine model of multiple sclerosis. Eur J Immunol. 

2005;35:3478-86. 

Gri G, Frossi B, D'Inca F, Danelli L, Betto E, Mion F, Sibilano R, Pucillo C. Mast cell: an emerging 

partner in immune interaction. Front Immunol. 2012;3:120. 

Grice EA, Segre JA. The skin microbiome. Nat Rev Microbiol. 2011;9:244-53. 



                                                                                           REFERENCES 

140 

 

Groux H, Bigler M, de Vries JE, Roncarolo MG. Inhibitory and stimulatory effects of IL-10 on human 

CD8+ T cells. J Immunol. 1998;160:3188-3193. 

Gruss HJ, Pinto A, Gloghini A, Wehnes E, Wright B, Boiani N, Aldinucci D, Gattei V, Zagonel V, Smith 

CA, Kadin ME, von Schilling C, Goodwin RG, Herrmann F,Carbone A.CD30 ligand expression in 

nonmalignant and Hodgkin's disease-involved lymphoid tissues. Am J Pathol. 1996;149:469-481. 

Gupta MA, Gupta AK, Watteel GN. Stress and alopecia areata: a psychodermatologic study. Acta 

Derm Venereol. 1997;77:296-298. 

Gurish MF, Austen KF: Developmental origin and functional specialization of mast cell subsets. 

Immunity. 2012;37: 25-33. 

Gurish MF, Boyce JA. Mast cells: ontogeny, homing, and recruitment of a unique innate effector cell. J 

Allergy Clin Immunol. 2006;117:1285-1291. 

Gutierrez DA, Fu W, Schonefeldt S, Feyerabend TB, Ortiz-Lopez A, Lampi Y, Liston A, Mathis D, 

Rodewald HR. Type 1 Diabetes in NOD Mice Unaffected by Mast Cell Deficiency. Diabetes. 2014 Jun 

10. [Epub ahead of print]. 

Haliasos EC, Kerner M, Jaimes-Lopez N, Rudnicka L, Zalaudek I, Malvehy J, Hofmann-Wellenhof R, 

Braun RP, Marghoob AA. Dermoscopy for the pediatric dermatologist part I: dermoscopy of pediatric 

infectious and inflammatory skin lesions and hair disorders. Pediatr Dermatol. 2013;30:163-71.  

Hallgren J, Gurish MF. Granule maturation in mast cells: histamine in control. Eur J Immunol. 

2014;44:33-6.  

Hamann D, Hilkens CM, Grogan JL, Lens SM, Kapsenberg ML, Yazdanbakhsh M, van Lier RA. CD30 

expression does not discriminate between human Th1- and Th2-type T cells. J Immunol. 

1996;156:1387-91. 

Hammel I, Lagunoff D, Galli SJ. Regulation of secretory granule size by the precise generation and 

fusion of unit granules. J Cell Mol Med. 2010;14:1904-1916. 

Hansen HP, Kisseleva T, Kobarg J, Horn-Lohrens O, Havsteen B, Lemke H. A zinc metalloproteinase 

is responsible for the release of CD30 on human tumor cell lines. Int J Cancer. 1995;63:750-6. 

Hanzlikova J, Sedlacek D, Liska M, Gorcikova J, Vlas T, Amiramini S, Panzner P, Maly M. Histamine 

increases the level of IFNγ produced by HIV-1 specific CTLs and this production depends on total IgE 

level. J Immunol Methods. 2012;375:1-6.  

Harries MJ, Meyer K, Chaudhry I, E Kloepper J, Poblet E, Griffiths CE, Paus R. Lichen planopilaris is 

characterized by immune privilege collapse of the hair follicle's epithelial stem cell niche. J Pathol. 

2013;231:236-247. 

Harries MJ, Paus R. The pathogenesis of primary cicatricial alopecias. Am J Pathol. 2010a;177:2152-

62. 

Harries MJ, Sun J, Paus R, King LE, Jr. Management of alopecia areata. BMJ. 2010b;341:c3671. 

Harvima IT, Nilsson G. Mast cells as regulators of skin inflammation and immunity. Acta Derm 

Venereol. 2011;91:644-650. 



                                                                                           REFERENCES 

141 

 

Harvima IT, Levi-Schaffer F, Draber P, Friedman S, Polakovicova I, Gibbs BF, Blank U, Nilsson G, 

Maurer M. Molecular targets on mast cells and basophils for novel therapies. J Allergy Clin Immunol. 

2014 Apr 23 [Epub ahead of print]. 

Harvima IT, Nilsson G, Suttle MM, Naukkarinen A. Is there a role for mast cells in psoriasis? Arch 

Dermatol Res. 2008;300:461-78. 

Heath WR, Carbone FR. The skin-resident and migratory immune system in steady state and 

memory: innate lymphocytes, dendritic cells and T cells. Nat Immunol. 2013;14:978-85. 

Hernández-Hernández L, Sanz C, García-Solaesa V, Padrón J, García-Sánchez A, Dávila I, Isidoro-

García M, Lorente F. Tryptase: genetic and functional considerations. Allergol Immunopathol (Madr). 

2012;40:385-389. 

Humphreys IR, Loewendorf A, de Trez C, Schneider K, Benedict CA, Munks MW, Ware CF, Croft M. 

OX40 costimulation promotes persistence of cytomegalovirus-specific CD8 T Cells: A CD4-dependent 

mechanism. J Immunol. 2007;179:2195-202. 

Hivroz C, Chemin K, Tourret M, Bohineust A. Crosstalk between T lymphocytes and dendritic cells. 

Crit Rev Immunol. 2012;32:139-55. 

Hofmann SR, Rösen-Wolff A, Tsokos GC, Hedrich CM. Biological properties and regulation of IL-10 

related cytokines and their contribution to autoimmune disease and tissue injury. Clin Immunol. 

2012;143:116-27. 

Horai R, Silver PB, Chen J, Agarwal RK, Chong WP, Jittayasothorn Y, Mattapallil MJ, Nguyen S, 

Natarajan K, Villasmil R, Wang P, Karabekian Z, Lytton SD, Chan CC, Caspi RR. Breakdown of 

immune privilege and spontaneous autoimmunity in mice expressing a transgenic T cell receptor 

specific for a retinal autoantigen. J Autoimmun. 2013;44:21-33.  

Hordinsky MK. Treatment of alopecia areata: "What is new on the horizon?" Dermatol Ther. 

2011;24:364-8. 

Horenstein MG, Simon J. Investigation of the hair follicle inner root sheath in scarring and non-scarring 

alopecia. J Cutan Pathol. 2007;34:762-768. 

Horie R, Watanabe T. CD30: expression and function in health and disease. Semin Immunol. 

1998;10:457-470. 

Hsu SM, Raine L, Fanger H. Use of avidin-biotin-peroxidase complex (ABC) in immunoperoxidase 

techniques: a comparison between ABC and unlabeled antibody (PAP) procedures. J Histochem 

Cytochem. 1981;29:577-80. 

Huang G, Wen Q, Zhao Y, Gao Q, Bai Y. NF-κB plays a key role in inducing CD274 expression in 

human monocytes after lipopolysaccharide treatment. PLoS One. 2013;8:e61602.  

Hugle T, Hogan V, White KE, van Laar JM. Mast cells are a source of transforming growth factor beta 

in systemic sclerosis. Arthritis Rheum. 2011;63:795-799. 

Hunter HJ, Griffiths CE, Kleyn CE. Does psychosocial stress play a role in the exacerbation of 

psoriasis? Br J Dermatol. 2013;169:965-974. 



                                                                                           REFERENCES 

142 

 

Ichiryu N, Fairchild PJ. Immune privilege of stem cells. Methods Mol Biol. 2013;1029:1-16.  

Ilves T, Harvima IT. OX40 ligand and OX40 are increased in atopic dermatitis lesions but do not 

correlate with clinical severity. J Eur Acad Dermatol Venereol. 2013;27:e197-205. 

Inamura N, Mekori YA, Bhattacharyya SP, Bianchine PJ, Metcalfe DD. Induction and enhancement of 

Fc(epsilon)RI-dependent mast cell degranulation following coculture with activated T cells: 

dependency on ICAM-1- and leukocyte function-associated antigen (LFA)-1-mediated heterotypic 

aggregation. J Immunol. 1998;160:4026-4033. 

Inui S, Nakajima T, Itami S. Two cases of alopecia areata responsive to fexofenadine. J Dermatol. 

2007;34:852-854. 

Ishak RS, Piliang MP. Association between alopecia areata, psoriasis vulgaris, thyroid disease, and 

metabolic syndrome. J Investig Dermatol Symp Proc. 2013;16:S56-7. 

Ishii N, Takahashi T, Soroosh P, Sugamura K. OX40-OX40 ligand interaction in T-cell-mediated 

immunity and immunopathology. Adv Immunol. 2010;105:63-98. 

Ito N, Ito T, Kromminga A, Bettermann A, Takigawa M, Kees F, Straub RH, Paus R. Human hair 

follicles display a functional equivalent of the hypothalamic-pituitary-adrenal axis and synthesize 

cortisol. FASEB J. 2005a;19:1332-1334. 

Ito N, Sugawara K, Bodó E, Takigawa M, van Beek N, Ito T, Paus R. Corticotropin-releasing hormone 

stimulates the in situ generation of mast cells from precursors in the human hair follicle mesenchyme. 

J Invest Dermatol. 2010;130:995-1004. 

Ito T. Advances in the management of alopecia areata. J Dermatol. 2012;39:11-7. 

Ito T, Bertolini M, Funakoshi A, Ito N, Takayama T, Biro T, Paus R, Tokura Y. Birth, life, and death of 

the MAGE3 hypothesis of alopecia areata pathobiology. J Dermatol Sci. 2013a;72:327-30. 

Ito T, Ito N, Saatoff M, Hashizume H, Fukamizu H, Nickoloff BJ, Takigawa M, Paus R. Maintenance of 

hair follicle immune privilege is linked to prevention of NK cell attack. J Invest Dermatol. 

2008a;128:1196-1206. 

Ito T, Fujiyama T, Hashizume H, Tokura Y. Antihistaminic drug olopatadine downmodulates T cell 

chemotaxis toward CXCL10 by reducing CXCR3 expression, F-actin polymerization and calcium influx 

in patients with alopecia areata. J Dermatol Sci. 2013b;72:68-71. 

Ito T, Hashizume H, Shimauchi T, Funakoshi A, Ito N, Fukamizu H, Takigawa M, Tokura Y. CXCL10 

produced from hair follicles induces Th1 and Tc1 cell infiltration in the acute phase of alopecia areata 

followed by sustained Tc1 accumulation in the chronic phase. J Dermatol Sci. 2013c;69:140-7. 

Ito T, Ito N, Bettermann A, Tokura Y, Takigawa M, Paus R. Collapse and restoration of MHC class-I-

dependent immune privilege: exploiting the human hair follicle as a model. Am J Pathol. 

2004;164:623-634. 

Ito T, Ito N, Saathoff M, Bettermann A, Takigawa M, Paus R. Interferon-gamma is a potent inducer of 

catagen-like changes in cultured human anagen hair follicles. Br J Dermatol. 2005b;152:623-631.  



                                                                                           REFERENCES 

143 

 

Ito T, Ito N, Saathoff M, Stampachiacchiere B, Bettermann A, Bulfone-Paus S, Takigawa M, Nickoloff 

BJ, Paus R. Immunology of the human nail apparatus: the nail matrix is a site of relative immune 

privilege. J Invest Dermatol. 2005c;125:1139-1148. 

Ito T, Meyer KC, Ito N, Paus R. Immune privilege and the skin. Curr Dir Autoimmun. 2008b;10:27-52.  

Jabbari A, Petukhova L, Cabral RM, Clynes R, Christiano AM. Genetic basis of alopecia areata: a 

roadmap for translational research. Dermatol Clin. 2013;31:109-17. 

Jing J, Wu XJ, Li YL, Cai SQ, Zheng M, Lu ZF. Expression of Decorin throughout the Murine Hair 

Follicle Cycle: Hair Cycle-Dependence and Anagen Phase Prolongation. Exp Dermatol. 2014 May 11. 

[Epub ahead of print]. 

Joachim RA, Handjiski B, Blois SM, Hagen E, Paus R, Arck PC. Stress-induced neurogenic 

inflammation in murine skin skews dendritic cells towards maturation and migration: key role of 

intercellular adhesion molecule-1/leukocyte function-associated antigen interactions. Am J Pathol. 

2008;173:1379-88. 

Kalesnikoff J, Galli SJ. Antiinflammatory and immunosuppressive functions of mast cells. Methods Mol 

Biol. 2011;677:207-220;  

Kalish RS, Johnson KL, Hordinsky MK. Alopecia areata. Autoreactive T cells are variably enriched in 

scalp lesions relative to peripheral blood. Arch Dermatol. 1992;128:1072-7. 

Kambe N, Kambe M, Kochan JP, Schwartz LB. Human skin-derived mast cells can proliferate while 

retaining their characteristic functional and protease phenotypes. Blood. 2001;97:2045-52. 

Kang H, Wu WY, Lo BK, Yu M, Leung G, Shapiro J, McElwee KJ.. Hair follicles from alopecia areata 

patients exhibit alterations in immune privilege-associated gene expression in advance of hair loss. J 

Invest Dermatol. 2010;130:2677-2680. 

Karashima T, Tsuruta D, Hamada T, Ishii N, Ono F, Ueda A, Abe T, Nakama T, Dainichi T, Hashimoto 

T. Morphological changes of the hair roots in alopecia areata: A scanning electron microscopic study. 

J Dermatol. 2013;40:1045-8. 

Karra L, Berent-Maoz B, Ben-Zimra M, Levi-Schaffer F. Are we ready to downregulate mast cells? 

Curr Opin Immunol. 2009;21:708-714. 

Kashiwakura J, Yokoi H, Saito H, Okayama Y. T cell proliferation by direct cross-talk between OX40 

ligand on human mast cells and OX40 on human T cells: comparison of gene expression profiles 

between human tonsillar and lung-cultured mast cells. J Immunol. 2004;173:5247-5257. 

Katz HR, Austen KF. Mast cell deficiency, a game of kit and mouse. Immunity. 2011;35:668-70.  

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance and immunity. Annu  

Rev Immunol. 2008;26:677-704. 

Kempkes C, Buddenkotte J, Cevikbas F, Buhl T, Steinhoff M. Role of PAR-2 in Neuroimmune 

Communication and Itch. In: Carstens E, Akiyama T, editors. Itch: Mechanisms and Treatment. Boca 

Raton (FL): CRC Press; 2014. Chapter 11. 



                                                                                           REFERENCES 

144 

 

Kim BS, Miyagawa F, Cho YH, Bennett CL, Clausen BE, Katz SI Keratinocytes function as accessory 

cells for presentation of endogenous antigen expressed in the epidermis. J Invest Dermatol. 

2009;129:2805-2817. 

Kim S, Han S, Withers DR, Gaspal F, Bae J, Baik S, Shin HC, Kim KS, Bekiaris V, Anderson G, Lane 

P, Kim MY. CD117⁺ CD3⁻ CD56⁻ OX40Lhigh cells express IL-22 and display an LTi phenotype in 

human secondary lymphoid tissues. Eur J Immunol. 2011;41:1563-72.  

Kindt TJ, Goldsny RA, Osborne BA. Kuby immunology. W.H.Freeman and Company. 2007, 6
th
 edition. 

King LE, Jr., McElwee KJ, Sundberg JP. Alopecia areata. Curr Dir Autoimmun. 2008;10:280-312. 

Kinori M, Bertolini M, Funk W, Samuelov L, Meyer KC, Emelianov VU, Hasse S, Paus R. Calcitonin 

gene-related peptide (CGRP) may award relative protection from interferon-γ-induced collapse of 

human hair follicle immune privilege. Exp Dermatol. 2012;21:223-6. 

Kinori M, Kloepper JE, Paus R. Can the hair follicle become a model for studying selected aspects of 

human ocular immune privilege? Invest Ophthalmol Vis Sci. 2011;52:4447-4458. 

Kloepper JE, Ernst N, Krieger K, Bodó E, Bíró T, Haslam IS, Schmidt-Ullrich R, Paus R. NF-κB Activity 

Is Required for Anagen Maintenance in Human Hair Follicles In Vitro. J Invest Dermatol. 

2014;134:2036-8. 

Kloepper JE, Kawai K, Bertolini M, Kanekura T, Paus R. Loss of gammadelta T Cells Results in Hair 

Cycling Defects. J Invest Dermatol. 2013;133:1666-1669. 

Kloepper JE, Sugawara K, Al-Nuaimi Y, Gáspár E, van Beek N, Paus R. Methods in hair research: 

how to objectively distinguish between anagen and catagen in human hair follicle organ culture. Exp 

Dermatol. 2010;19:305-12. 

Kloepper JE, Tiede S, Brinckmann J, Reinhardt DP, Meyer W, Faessler R, Paus R. 

Immunophenotyping of the human bulge region: the quest to define useful in situ markers for human 

epithelial hair follicle stem cells and their niche. Exp Dermatol. 2008; 17:592-609. 

Knorr F, Patzelt A, Richter H, Schanzer S, Sterry W, Lademann J. Approach towards developing a 

novel procedure to selectively quantify topically applied substances in the hair follicles of the model 

tissue porcine ear skin. Exp Dermatol. 2013;22:417-8. 

Kober J, Leitner J, Klauser C, Woitek R, Majdic O, Stöckl J, Herndler-Brandstetter D, Grubeck-

Loebenstein B, Reipert BM, Pickl WF, Pfistershammer K,Steinberger P. The capacity of the TNF 

family members 4-1BBL, OX40L, CD70, GITRL, CD30L and LIGHT to costimulate human T cells. Eur 

J Immunol. 2008;38:2678-2688. 

Kossard S. Lymphocytic mediated alopecia: histological classification by pattern analysis. Clin 

Dermatol. 2001;19:201-210. 

Kotani A, Hori T, Fujita T, Kambe N, Matsumura Y, Ishikawa T, Miyachi Y, Nagai K, Tanaka Y, 

Uchiyama T. Involvement of OX40 ligand+ mast cells in chronic GVHD after allogeneic hematopoietic 

stem cell transplantation. Bone Marrow Transplant. 2007;39:373-375. 

Krejci-Papa NC, Paus R. A novel in-situ-zymography technique localizes gelatinolytic activity in human 

skin to mast cells. Exp Dermatol. 1998;7:321-326. 



                                                                                           REFERENCES 

145 

 

Kritas SK, Caraffa A, Antinolfi P, Saggini A, Pantalone A, Rosati M, Tei M, Speziali A, Saggini R, 

Pandolfi F, Cerulli G, Conti P. Nerve growth factor interactions with mast cells. Int J Immunopathol 

Pharmacol. 2014a;27:15-9. 

Kritas SK, Saggini A, Cerulli G, Caraffa A, Antinolfi P, Pantalone A, Saggini R, Frydas S, Rosati M, Tei 

M, Speziali A, Pandolfi F, Conti P. Interrelationship between IL-3 and mast cells. J Biol Regul Homeost 

Agents. 2014b;28:17-21. 

Kritas SK, Saggini A, Varvara G, Murmura G, Caraffa A, Antinolfi P, Toniato E, Pantalone A, Neri G, 

Frydas S, Rosati M, Tei M, Speziali A, Saggini R, Pandolfi F, Theoharides TC, Conti P. Mast cell 

involvement in rheumatoid arthritis. J Biol Regul Homeost Agents. 2013;27:655-60. 

Krzysiek R, de Goër de Herve MG, Yang H, Taoufik Y. Tissue Competence Imprinting and Tissue 

Residency of CD8 T Cells. Front Immunol. 2013;4:283. 

Kshirsagar SK, Alam SM, Jasti S, Hodes H, Nauser T, Gilliam M, Billstrand C, Hunt JS, Petroff 

MG.Immunomodulatory molecules are released from the first trimester and term placenta via 

exosomes. Placenta. 2012;33:982-990. 

Kumamoto T, Shalhevet D, Matsue H, Mummert ME, Ward BR, Jester JV, Takashima A. Hair follicles 

serve as local reservoirs of skin mast cell precursors. Blood. 2003;102:1654-1660.  

Kurashima Y, Amiya T, Fujisawa K, Shibata N, Suzuki Y, Kogure Y, Hashimoto E, Otsuka A, 

Kabashima K, Sato S, Sato T, Kubo M, Akira S, Miyake K, Kunisawa J, Kiyono H. The enzyme 

Cyp26b1 mediates inhibition of mast cell activation by fibroblasts to maintain skin-barrier homeostasis. 

Immunity. 2014;40:530-41. 

Lai J, Cai Q, Biel MA, Wang C, Hu X, Wang S, Lin J. Id1 and NF-κB promote the generation of 

CD133+ and BMI-1+ keratinocytes and the growth of xenograft tumors in mice. Int J Oncol. 2014 

44:1481-9.  

Langan EA, Vidali S, Pigat N, Funk W, Lisztes E, Bíró T, Goffin V, Griffiths CE, Paus R. Tumour 

necrosis factor alpha, interferon gamma and substance P are novel modulators of extrapituitary 

prolactin expression in human skin. PLoS One. 2013;8:e60819. 

Langbein L, Schweizer J. Keratins of the human hair follicle. Int Rev Cytol. 2005;243:1-78. 

Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I, Iwai Y, Long AJ, Brown JA, 

Nunes R, Greenfield EA, Bourque K, Boussiotis VA, Carter LL, Carreno BM, Malenkovich N, 

Nishimura H, Okazaki T, Honjo T, Sharpe AH, Freeman GJ. PD-L2 is a second ligand for PD-1 and 

inhibits T cell activation. Nat Immunol. 2001;2:261-8. 

Le NH, Kim CS, Tu TH, Choi HS, Kim BS, Kawada T, Goto T, Park T, Park JH, Yu R. Blockade of 4-

1BB and 4-1BBL interaction reduces obesity-induced skeletal muscle inflammation. Mediators 

Inflamm. 2013;2013:865159. 

Lecardonnel J, Deshayes N, Genty G, Parent N, Bernard BA, Rathman-Josserand M, Paris M. Ageing 

and colony-forming efficiency of human hair follicle keratinocytes.Exp Dermatol. 2013;22:604-6.  



                                                                                           REFERENCES 

146 

 

Lee HM, Kim KS, Kim J. A comparative study of the effects of inhibitory cytokines on human natural 

killer cells and the mechanistic features of transforming growth factor-beta. Cell Immunol. 

2014;290:52-61.  

Lee EJ, Xu L, Kim GH, Kang SK, Lee SW, Park SH, Kim S, Choi TH, Kim HS. Regeneration of 

peripheral nerves by transplanted sphere of human mesenchymal stem cells derived from embryonic 

stem cells. Biomaterials. 2012;33:7039-7046. 

Leishman E, Howard JM, Garcia GE, Miao Q, Ku AT, Dekker JD, Tucker H, Nguyen H. Foxp1 

maintains hair follicle stem cell quiescence through regulation of Fgf18. Development. 2013;140:3809-

18. 

Leone P, Shin EC, Perosa F, Vacca A, Dammacco F, Racanelli V. MHC class I antigen processing 

and presenting machinery: organization, function, and defects in tumor cells. J Natl Cancer Inst. 

2013;105:1172-87. 

Leung KB, Flint KC, Brostoff J, Hudspith BN, Johnson NM, Lau HY, Liu WL, Pearce FL. Effects of 

sodium cromoglycate and nedocromil sodium on histamine secretion from human lung mast cells. 

Thorax. 1988;43:756-61. 

Lew BL, Cho HR, Haw S, Kim HJ, Chung JH, Sim WY. Association between IL17A/IL17RA Gene 

Polymorphisms and Susceptibility to Alopecia Areata in the Korean Population. Ann Dermatol. 

2012;24:61-65. 

Li T, He S. Induction of IL-6 release from human T cells by PAR-1 and PAR-2 agonists. Immunol Cell 

Biol. 2006;84:461-466 

Li Q, Jie Y, Wang C, Zhang Y, Guo H, Pan Z. Tryptase compromises corneal epithelial barrier 

function. Cell Biochem Funct. 2013. 

Li XL, Teng MK, Reinherz EL, Wang JH. Strict Major Histocompatibility Complex Molecule Class-

Specific Binding by Co-Receptors Enforces MHC-Restricted αβ TCR Recognition during T Lineage 

Subset Commitment. Front Immunol. 2013;4:383. 

Lien WH, Polak L, Lin M, Lay K, Zheng D, Fuchs E. In vivo transcriptional governance of hair follicle 

stem cells by canonical Wnt regulators. Nat Cell Biol. 2014;16:179-90. 

Limat A, Wyss-Coray T, Hunziker T, Braathen LR. Comparative analysis of surface antigens in 

cultured human outer root sheath cells and epidermal keratinocytes: persistence of low expression of 

class I MHC antigens in outer root sheath cells in vitro. Br J Dermatol. 1994;131:184-90 

Lindner G, Botchkarev VA, Botchkareva NV, Ling G, van der Veen C, Paus R. Analysis of apoptosis 

during hair follicle regression (catagen). Am J Pathol. 1997;151:1601-17. 

Liu N, Wang LH, Guo LL, Wang GQ, Zhou XP, Jiang Y, Shang J, Murao K, Chen JW, Fu WQ, Zhang 

GX. Chronic restraint stress inhibits hair growth via substance P mediated by reactive oxygen species 

in mice. PLoS One. 2013;8:e61574. 

Liu X, Grice JE, Lademann J, Otberg N, Trauer S, Patzelt A, Roberts MS. Hair follicles contribute 

significantly to penetration through human skin only at times soon after application as a solvent 

deposited solid in man. Br J Clin Pharmacol. 2011;72:768-74. 



                                                                                           REFERENCES 

147 

 

Lohi J, Harvima I, Keski-Oja J. Pericellular substrates of human mast cell tryptase: 72,000 dalton 

gelatinase and fibronectin. J Cell Biochem. 1992;50:337-349. 

Louvet C, Szot GL, Lang J, Lee MR, Martinier N, Bollag G, Zhu S, Weiss A, Bluestone JA. Tyrosine 

kinase inhibitors reverse type 1 diabetes in nonobese diabetic mice. Proc Natl Acad Sci U S A. 

2008;105:18895-900.  

Lu LF, Lind EF, Gondek DC, Bennett KA, Gleeson MW, Pino-Lagos K, Scott ZA, Coyle AJ, Reed JL, 

Van Snick J, Strom TB, Zheng XX, Noelle RJ. Mast cells are essential intermediaries in regulatory T-

cell tolerance. Nature. 2006;442:997-1002. 

Lu Z, Hasse S, Bodo E, Rose C, Funk W, Paus R. Towards the development of a simplified long-term 

organ culture method for human scalp skin and its appendages under serum-free conditions. Exp 

Dermatol. 2007;16:37-44. 

Luo Q, Sun Y, Gong FY, Liu W, Zheng W, Shen Y, Hua ZC, Xu Q. Blocking initial infiltration of pioneer 

CD8(+) T-cells into the CNS via inhibition of SHP-2 ameliorates experimental autoimmune 

encephalomyelitis in mice. Br J Pharmacol. 2014;171:1706-21.  

Lutay N, Håkansson G, Alaridah N, Hallgren O, Westergren-Thorsson G, Godaly G. Mycobacteria 

bypass mucosal NF-kB signalling to induce an epithelial anti-inflammatory IL-22 and IL-10 response. 

PLoS One. 2014; 28;9:e86466.  

Magarinos NJ, Bryant KJ, Fosang AJ, Adachi R, Stevens RL, McNeil HP. Mast cell-restricted, 

tetramer-forming tryptases induce aggrecanolysis in articular cartilage by activating matrix 

metalloproteinase-3 and -13 zymogens. J Immunol. 2013;191:1404-1412. 

Mak WC, Patzelt A, Richter H, Renneberg R, Lai KK, Rühl E, Sterry W, Lademann J. Triggering of 

drug release of particles in hair follicles. J Control Release. 2012;160:509-14. 

Malakouti M, Brown GE, Wang E, Koo J, Levin EC. The role of IL-17 in psoriasis. J Dermatolog Treat. 

2014 Feb 20. [Epub ahead of print] 

Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of neutrophil influx and bacterial 

clearance at sites of infection through TNF-alpha. Nature. 1996;381:77-80. 

Manikandan J, Kothandaraman N, Hande MP, Pushparaj PN. Deciphering the structure and function 

of FcεRI/mast cell axis in the regulation of allergy and anaphylaxis: a functional genomics paradigm. 

Cell Mol Life Sci. 2012;69:1917-29.  

Martinez-Mir A, Zlotogorski A, Gordon D, Petukhova L, Mo J, Gilliam TC, Londono D, Haynes C, Ott J, 

Hordinsky M, Nanova K, Norris D, Price V, Duvic M, Christiano AM. Genomewide scan for linkage 

reveals evidence of several susceptibility loci for alopecia areata. Am J Hum Genet. 2007;80:316-28. 

Masopust D, Schenkel JM. The integration of T cell migration, differentiation and function. Nat Rev 

Immunol. 2013;13:309-20 

Matsue H, Kambe N, Shimada S. Murine fetal skin-derived cultured mast cells: a useful tool for 

discovering functions of skin mast cells. J Invest Dermatol. 2009;129:1120-1125. 

Maurer M, Fischer E, Handjiski B, von Stebut E, Algermissen B, Bavandi A, Paus R. Activated skin 

mast cells are involved in murine hair follicle regression (catagen). Lab Invest. 1997;77:319-332. 



                                                                                           REFERENCES 

148 

 

Maurer M, Paus R, Czarnetzki BM. Mast cells as modulators of hair follicle cycling. Exp Dermatol. 

1995;4:266-271. 

Maurer M, Theoharides T, Granstein RD, Bischoff SC, Bienenstock J, Henz B, Kovanen P, Piliponsky 

AM, Kambe N, Vliagoftis H, Levi-Schaffer F, Metz M, Miyachi Y, Befus D, Forsythe P, Kitamura Y, 

Galli S.. What is the physiological function of mast cells? Exp Dermatol. 2003;12:886-910. 

Matzer F, Egger JW, Kopera D. Psychosocial stress and coping in alopecia areata: a questionnaire 

survey and qualitative study among 45 patients. Acta Derm Venereol. 2011;91:318-327. 

Mcdonagh AJ, Snowden JA, Stierle C, Elliott K, Messenger AG. HLA and ICAM-1 expression in 

alopecia areata in vivo and in vitro: the role of cytokines. Br J Dermatol. 1993;129:250-6. 

McElwee K, Zoller M, Freyschmidt-Paul P, Hoffmann R. Regulatory T cells in autoimmune diseases 

and their potential. J Investig Dermatol Symp Proc. 2005;10:280-281. 

McElwee KJ, Boggess D, King LE Jr, Sundberg JP. Experimental induction of alopecia areata-like hair 

loss in C3H/HeJ mice using full-thickness skin grafts. J Invest Dermatol. 1998a;111:797-803. 

McElwee KJ, Boggess D, Olivry T, Oliver RF, Whiting D, Tobin DJ, Bystryn JC, King LE Jr, Sundberg 

JP. Comparison of alopecia areata in human and nonhuman mammalian species. Pathobiology. 

1998b;66:90-107. 

McElwee KJ, Gilhar A, Tobin DJ, Ramot Y, Sundberg JP, Nakamura M, Bertolini M, Inui S, Tokura Y, 

King LE Jr, Duque-Estrada B, Tosti A, Keren A, Itami S, Shoenfeld Y, Zlotogorski A, Paus R. What 

causes alopecia areata?. Exp Dermatol. 2013; 22:609-26.  

McElwee KJ, Hoffmann R. Alopecia areata - animal models. Clin Exp Dermatol. 2002;27:410-7. 

McElwee KJ, Spiers EM, Oliver RF. In vivo depletion of CD8+ T cells restores hair growth in the DEBR 

model for alopecia areata. Br J Dermatol. 1996;135:211-217. 

Mcdonagh AJ, Snowden JA, Stierle C, Elliott K, Messenger AG. HLA and ICAM-1 expression in 

alopecia areata in vivo and in vitro: the role of cytokines. Br J Dermatol. 1993;129:250-6. 

Mellor AL, Munn DH. Physiologic control of the functional status of Foxp3+ regulatory T cells. J 

Immunol. 2011;186:4535-40 

Melo FR, Vita F, Berent-Maoz B, Levi-Schaffer F, Zabucchi G, Pejler G. Proteolytic histone 

modification by mast cell tryptase, a serglycin proteoglycan-dependent secretory granule protease. J 

Biol Chem. 2014;289:7682-90.  

Merluzzi S, Betto E, Ceccaroni AA, Magris R, Giunta M, Mion F. Mast cells, basophils and B cell 

connection network. Mol Immunol. 2014 Mar 23. [Epub ahead of print]. 

Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev. 1997;77:1033-1079. 

Messenger AG, McKillop J, Farrant P, McDonagh AJ, Sladden M. British Association of 

Dermatologists' guidelines for the management of alopecia areata 2012. Br J Dermatol. 2012;166:916-

26. 

Messenger AG, Slater DN, Bleehen SS. Alopecia areata: alterations in the hair growth cycle and 

correlation with the follicular pathology. Br J Dermatol. 1986;114:337-347. 



                                                                                           REFERENCES 

149 

 

Metz M, Maurer M. Innate immunity and allergy in the skin. Curr Opin Immunol. 2009;21:687-93.  

Metz M, Maurer M. Mast cells--key effector cells in immune responses. Trends Immunol. 2007;28:234-

41.  

Meyer KC, Bodó E, Brzoska T, Abels C, Paus R. Immunomodulatory effects of the alpha-melanocyte-

stimulating hormone-related tripeptide K(D)PT on human scalp hair follicles under proinflammatory 

conditions. Br J Dermatol. 2009;161:1400-3. 

Meyer KC, Klatte JE, Dinh HV, Harries MJ, Reithmayer K, Meyer W, Sinclair R, Paus R. Evidence that 

the bulge region is a site of relative immune privilege in human hair follicles. Br J Dermatol. 

2008;159:1077-85. 

Michael ES, Kuliopulos A, Covic L, Steer ML, Perides G. Pharmacological inhibition of PAR2 with the 

pepducin P2pal-18S protects mice against acute experimental biliary pancreatitis. Am J Physiol 

Gastrointest Liver Physiol. 2013;304:G516-526. 

Migalovich-Sheikhet H, Friedman S, Mankuta D, Levi-Schaffer Novel identified receptors on mast 

cells. Front Immunol. 2012;3:238.  

Miteva M, Tosti A. Treatment options for alopecia: an update, looking to the future. Expert Opin 

Pharmacother. 2012;13:1271-81. 

Molin D, Fischer M, Xiang Z, Larsson U, Harvima I, Venge P, Nilsson K, Sundström C, Enblad G, 

Nilsson G. Mast cells express functional CD30 ligand and are the predominant CD30L-positive cells in 

Hodgkin's disease. Br J Haematol. 2001;114:616-623. 

Moll R, Divo M, Langbein L. The human keratins: biology and pathology. Histochem Cell Biol. 

2008;129:705-33. 

Moormann C, Artuc M, Pohl E, Varga G, Buddenkotte J, Vergnolle N, Brehler R, Henz BM, Schneider 

SW, Luger TA, Steinhoff M. Functional characterization and expression analysis of the proteinase-

activated receptor-2 in human cutaneous mast cells. J Invest Dermatol. 2006;126:746-755. 

Moretti G, Cipriani C, Rebora A, Rampini E, Crovato F. Correlation of tissue mucopolysaccharides 

with the hair cycle. J Invest Dermatol. 1967;48:498-503. 

Mosier DE, Stell  KL, Gulizia  RJ, Torbett BE, Gilmore GL. Homozygous scid/scid; beige/beige mice 

have low levels of spontaneous or neonatal T cell-induced B cell generation. J Exp Med. 1993;177: 

191-4. 

Mosser DM, Zhang X. Interleukin-10: new perspectives on an old cytokine. Immunol Rev. 

2008;226:205-218. 

Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T cell subsets, migration patterns, and 

tissue residence. Annu Rev Immunol. 2013;31:137-61. 

Muldoon LL, Alvarez JI, Begley DJ, Boado RJ, Del Zoppo GJ, Doolittle ND, Engelhardt B, Hallenbeck 

JM, Lonser RR, Ohlfest JR, Prat A, Scarpa M, Smeyne RJ, Drewes LR, Neuwelt EA. Immunologic 

privilege in the central nervous system and the blood-brain barrier. J Cereb Blood Flow Metab. 

2013;33:13-21 



                                                                                           REFERENCES 

150 

 

Müller-Röver S, Bulfone-Paus S, Handjiski B, Welker P, Sundberg JP, McKay IA, Botchkarev VA, 

Paus R. Intercellular adhesion molecule-1 and hair follicle regression. J Histochem Cytochem. 

2000;48:557-68. 

Murphy K. Janewey´s immunobiology. Garland Scince, 2012. 8
th
 edition.  

Muto M, Deguchi H, Tanaka A, Inoue T, Ichimiya M. Association between T-lymphocyte regulatory 

gene CTLA4 single nucleotide polymorphism at position 49 in exon 1 and HLA-DRB1*08 in Japanese 

patients with psoriasis vulgaris. J Dermatol Sci. 2011;62:70-1. 

Myung P, Ito M. Dissecting the bulge in hair regeneration. J Clin Invest. 2012;122:448-54. 

Nagai H, Oniki S, Oka M, Horikawa T, Nishigori C. Induction of cellular immunity against hair follicle 

melanocyte causes alopecia. Arch Dermatol Res. 2006;298:131-134 

Nagai K, Takahashi Y, Mikami I, Fukusima T, Oike H, Kobori M. The hydroxyflavone, fisetin, 

suppresses mast cell activation induced by interaction with activated T cell membranes. Br J 

Pharmacol. 2009;158:907-919. 

Nakae S, Suto H, Iikura M, Kakurai M, Sedgwick JD, Tsai M, Galli SJ. Mast cells enhance T cell 

activation: importance of mast cell costimulatory molecules and secreted TNF. J Immunol. 

2006;176:2238-2248. 

Nakamura M, Jo J, Tabata Y, Ishikawa O. Controlled delivery of T-box21 small 15 interfering RNA 

ameliorates autoimmune alopecia (Alopecia Areata) in a C3H/HeJ mouse model. Am J Pathol. 

2008;172:650-8. 

Nakano N, Nishiyama C, Yagita H, Koyanagi A, Akiba H, Chiba S, Ogawa H, Okumura K. Notch 

signaling confers antigen-presenting cell functions on mast cells. J Allergy Clin Immunol. 2009;123:74-

81 e71. 

Nancey S, Boschetti G, Hacini F, Sardi F, Durand PY, Le Borgne M, Furhmann L, Flourie B, Kaiserlian 

D. Blockade of LTB(4) /BLT(1) pathway improves CD8(+) T-cell-mediated colitis. Inflamm Bowel Dis. 

2011;17:279-88. 

Nelissen S, Lemmens E, Geurts N, Kramer P, Maurer M, Hendriks J, Hendrix S. The role of mast cells 

in neuroinflammation. Acta Neuropathol. 2013;125:637-50.  

Niederkorn JY. Corneal transplantation and immune privilege. Int Rev Immunol. 2013;32:57-67. 

Oh SA, Li MO. TGF-β: guardian of T cell function. J Immunol. 2013;191:3973-9. 

Ohyama M, Shimizu A, Tanaka K, Amagai M. Experimental evaluation of ebastine, a second-

generation anti-histamine, as a supportive medication for alopecia areata. J Dermatol Sci. 

2010;58:154-157. 

Oka T, Kalesnikoff J, Starkl P, Tsai M, Galli SJ. Evidence questioning cromolyn's effectiveness and 

selectivity as a 'mast cell stabilizer' in mice. Lab Invest. 2012;92:1472-82.  

Ott VL, Cambier JC, Kappler J, Marrack P, Swanson BJ. Mast cell-dependent migration of effector 

CD8+ T cells through production of leukotriene B4. Nat Immunol. 2003;4:974-81. 



                                                                                           REFERENCES 

151 

 

Padgett LE, Broniowska KA, Hansen PA, Corbett JA, Tse HM. The role of reactive oxygen species 

and proinflammatory cytokines in type 1 diabetes pathogenesis. Ann N Y Acad Sci. 2013;1281:16-35.  

Panteleyev AA, Jahoda CA, Christiano AM. Hair follicle predetermination. J Cell Sci. 2001;114:3419-

31. 

Pandhi D, Singal A, Gupta R, Das G. Ocular alterations in patients of alopecia areata. J Dermatol. 

2009;36:262-8. 

Patzelt A, Lademann J. Drug delivery to hair follicles. Expert Opin Drug Deliv. 2013;10:787-97.  

Paus R. A neuroendocrinological perspective on human hair follicle pigmentation. Pigment Cell 

Melanoma Res. 2011;24:89-106. 

Paus R. Frontiers in the (neuro-)endocrine controls of hair growth. J Investig Dermatol Symp Proc.  

2007;12:20-2. 

Paus R, Arck P. Neuroendocrine perspectives in alopecia areata: does stress play a role? J Invest 

Dermatol. 2009;129:1324-1326. 

Paus R, Arck P, Tiede S. (Neuro-)endocrinology of epithelial hair follicle stem cells. Mol Cell 

Endocrinol. 2008;288:38-51. 

Paus R, Bertolini M. The role of hair follicle immune privilege collapse in alopecia areata: status and 

perspectives. J Investig Dermatol Symp Proc. 2013;16:S25-7.  

Paus R, Cotsarelis G. The biology of hair follicles. N Engl J Med. 1999;341:491-7. 

Paus R, Eichmuller S, Hofmann U, Czarnetzki BM, Robinson P. Expression of classical and non-

classical MHC class I antigens in murine hair follicles. Br J Dermatol. 1994a;131:177-183. 

Paus R, Foitzik K. In search of the "hair cycle clock": a guided tour. Differentiation. 2004;72:489-511.  

Paus R, Heinzelmann T, Schultz KD, Furkert J, Fechner K, Czarnetzki BM. Hair growth induction by 

substance P. Lab Invest. 1994b;71:134-40. 

Paus R, Maurer M, Slominski A, Czarnetzki BM. Mast cell involvement in murine hair growth. Dev Biol. 

1994c;163:230-240. 

Paus R, Müller-Röver S, Van Der Veen C, Maurer M, Eichmüller S, Ling G, Hofmann U, Foitzik K, 

Mecklenburg L, Handjiski B. A comprehensive guide for the recognition and classification of distinct 

stages of hair follicle morphogenesis. J Invest Dermatol. 1999;113:523-532. 

Paus R, Nickoloff BJ, Ito T. A 'hairy' privilege. Trends Immunol. 2005;26:32-40. 

Paus R, Peker S. Biology of hair and nail. In: Bolognia JL, Jorizzo JL, Rapini RP,editors. Dermatology. 

Mosby, 2003. Chapter 67.  

Paus R, Peters EM, Eichmüller S, Botchkarev VA. Neural mechanisms of hair growth control. J 

Investig Dermatol Symp Proc. 1997;2:61-8. 

Paus R, Slominski A, Czarnetzki BM. Is alopecia areata an autoimmune- response against 

melanogenesis-related proteins, exposed by abnormal MHC class I expression in the anagen hair 

bulb? Yale J Biol Med. 1993;66:541-554. 



                                                                                           REFERENCES 

152 

 

Paus R, Theoharides TC, Arck PC. Neuroimmunoendocrine circuitry of the 'brain-skin connection'. 

Trends Immunol. 2006;27:32-39. 

Paus R, van der Veen C, Eichmüller S, Kopp T, Hagen E, Müller-Röver S, Hofmann U.Generation and 

cyclic remodeling of the hair follicle immune system in mice. J Invest Dermatol 1998;111:7-18. 

Perret C, Wiesner-Menzel L, Happle R. Immunohistochemical analysis of T-cell subsets in the 

peribulbar and intrabulbar infiltrates of alopecia areata. Acta Derm Venereol. 1984; 64:26-30. 

Pejler G, Ronnberg E, Waern I, Wernersson S. Mast cell proteases: multifaceted regulators of 

inflammatory disease. Blood. 2010;115:4981-4990. 

Peters EM, Liotiri S, Bodó E, Hagen E, Bíró T, Arck PC, Paus R. Probing the effects of stress 

mediators on the human hair follicle: substance P holds central position. Am J Pathol. 2007;171:1872-

1886. 

Petukhova L, Cabral RM, Mackay-Wiggan J, Clynes R, Christiano AM. The genetics of alopecia 

areata: What's new and how will it help our patients? Dermatol Ther. 2011;24:326-36.  

Petukhova L, Duvic M, Hordinsky M, Norris D, Price V, Shimomura Y, Kim H, Singh P, Lee A, Chen 

WV, Meyer KC, Paus R, Jahoda CA, Amos CI, Gregersen PK,Christiano AM.Genome-wide 

association study in alopecia areata implicates both innate and adaptive immunity. Nature. 

2010;466:113-117. 

Phillips TA, Ni J, Hunt JS. Cell-specific expression of B lymphocyte (APRIL, BLyS)- and Th2 

(CD30L/CD153)-promoting tumor necrosis factor superfamily ligands in human placentas. J Leukoc 

Biol. 2003;74:81-87. 

Pittoni P, Piconese S, Tripodo C, Colombo MP. Tumor-intrinsic and -extrinsic roles of c-Kit: mast cells 

as the primary off-target of tyrosine kinase inhibitors. Oncogene. 2011;30:757-69. 

Playfair JHL, Chain BM. Immunology at a glance. Wiley-Blackwell 2009. 9
th
 edition. 

Plikus MV, Gay DL, Treffeisen E, Wang A, Supapannachart RJ, Cotsarelis G. Epithelial stem cells and 

implications for wound repair. Semin Cell Dev Biol. 2012;23:946-53. 

Poindexter NJ, Sahin A, Hunt KK, Grimm EA. Analysis of dendritic cells in tumor-free and tumor-

containing sentinel lymph nodes from patients with breast cancer. Breast Cancer Res. 2004;6:R408-

415. 

Podojil JR, Miller SD. Targeting the B7 family of co-stimulatory molecules: successes and challenges. 

BioDrugs. 2013;27:1-13. 

Price VH. A single question can make the diagnosis. J Investig Dermatol Symp Proc. 2013;16:S65-6. 

Purba TS, Haslam IS, Poblet E, Jiménez F, Gandarillas A, Izeta A, Paus R. Human epithelial hair 

follicle stem cells and their progeny: current state of knowledge, the widening gap in translational 

research and future challenges. Bioessays. 2014;36:513-25. 

Qi X, Hong J, Chaves L, Zhuang Y, Chen Y, Wang D, Chabon J, Graham B, Ohmori K, Li Y, Huang H. 

Antagonistic regulation by the transcription factors C/EBPα and MITF specifies basophil and mast cell 

fates. Immunity. 2013;39:97-110.  



                                                                                           REFERENCES 

153 

 

Ramot Y, Sugawara K, Zákány N, Tóth BI, Bíró T, Paus R. A novel control of human keratin 

expression: cannabinoid receptor 1-mediated signaling down-regulates the expression of keratins K6 

and K16 in human keratinocytes in vitro and in situ. PeerJ. 2013;1:e40. 

Ranki A, Kianto U, Kanerva L, Tolvanen E, Johansson E. Immunohistochemical and electron 

microscopic characterization of the cellular infiltrate in alopecia (areata, totalis, and universalis). J 

Invest Dermatol. 1984;83:7-11. 

Reber LL, Marichal T, Galli SJ. New models for analyzing mast cell functions in vivo. Trends Immunol. 

2012;33:613-625. 

Rosenblum MD, Yancey KB, Olasz EB, Truitt RL. CD200, a "no danger" signal for hair follicles. J 

Dermatol Sci. 2006;41:165-174. 

Rossi A, Calvieri S. Treatment for alopecia. G Ital Dermatol Venereol. 2014 Feb;149:103-6.  

Rowbottom AW, Lepper MA, Garland RJ, Cox CV, Corley EG. Interleukin-10-induced CD8 cell 

proliferation. Immunology. 1999;98:80-9. 

Ruckert R, Hofmann U, van der Veen C, Bulfone-Paus S, Paus R. MHC class I expression in murine 

skin: developmentally controlled and strikingly restricted intraepithelial expression during hair follicle 

morphogenesis and cycling, and response to cytokine treatment in vivo. J Invest Dermatol. 

1998;111:25-30. 

Rygiel TP, Meyaard L. CD200R signaling in tumor tolerance and inflammation: A tricky balance. Curr 

Opin Immunol. 2012;24:233-238. 

Sayama K, Diehn M, Matsuda K, Lunderius C, Tsai M, Tam SY, Botstein D, Brown PO, Galli 

SJ.Transcriptional response of human mast cells stimulated via the Fc(epsilon)RI and identification of 

mast cells as a source of IL-11. BMC Immunol. 2002;3:5. 

Sayed BA, Brown MA. Mast cells as modulators of T-cell responses. Immunol Rev. 2007;217:53-64. 

Sayed BA, Christy A, Quirion MR, Brown MA. The master switch: the role of mast cells in 

autoimmunity and tolerance. Annu Rev Immunol. 2008;26:705-739. 

Sayed BA, Christy AL, Walker ME, Brown MA. Meningeal mast cells affect early T cell central nervous 

system infiltration and blood-brain barrier integrity through TNF: a role for neutrophil recruitment? J 

Immunol. 2010;184:6891-900.  

Sayed BA, Walker ME, Brown MA. Cutting edge: mast cells regulate disease severity in a relapsing-

remitting model of multiple sclerosis. J Immunol. 2011;186:3294-8.  

Samuelov L, Kinori M, Bertolini M, Paus R. Neural controls of human hair growth: calcitonin gene-

related peptide (CGRP) induces catagen. J Dermatol Sci. 2012;67:153-5. 

Sandoval-Cruz M, García-Carrasco M, Sánchez-Porras R, Mendoza-Pinto C, Jiménez-Hernández M, 

Munguía-Realpozo P, Ruiz-Argüelles A. Immunopathogenesis of vitiligo. Autoimmun Rev. 

2011;10:762-5.  

Saresella M, Rainone V, Al-Daghri NM, Clerici M, Trabattoni D. The PD-1/PD-L1 pathway in human 

pathology. Curr Mol Med. 2012;12:259-267. 



                                                                                           REFERENCES 

154 

 

Scerri L, Pace JL. Identical twins with identical alopecia areata. J Am Acad Dermatol. 1992;27:766. 

Schmidt-Ullrich R, Paus R. Molecular principles of hair follicle induction and morphogenesis. 

Bioessays. 2005;27:247-61. 

Schneider MR. The first description of the hair follicle bulge by Franz von Leydig. Dermatology. 

2011;223:29-31. 

Schneider MR, Schmidt-Ullrich R, Paus R. The hair follicle as a dynamic miniorgan. Curr Biol. 

2009;19:R132-42. 

Shao Z, Schwarz H. CD137 ligand, a member of the tumor necrosis factor family, regulates immune 

responses via reverse signal transduction. J Leukoc Biol. 2011;89:21-29. 

Shapiro J, Sundberg JP, Bissonnette R, McElwee KJ, McLean DI, Carroll JM, Oliver RF, Tang L, Lui 

H. Alopecia areata-like hair loss inC3H/HeJ mice and DEBR rats can be reversed using topical 

diphencyprone. J Investig Dermatol Symp Proc. 1999;4:239. 

Sharma RK, Chheda Z, Jala VR, Haribabu B. Expression of leukotriene B₄ receptor-1 on CD8⁺ T cells 

is required for their migration into tumors to elicit effective antitumor immunity. J Immunol. 

2013;191:3462-70. 

Shi F, Shi M, Zeng Z, Qi RZ, Liu ZW, Zhang JY, Yang YP, Tien P, Wang FS.PD-1 and PD-L1 

upregulation promotes CD8(+) T-cell apoptosis and postoperative recurrence in hepatocellular 

carcinoma patients. Int J Cancer. 2011;128:887-896. 

Shi MA, Shi GP. Different roles of mast cells in obesity and diabetes: lessons from experimental 

animals and humans. Front Immunol. 2012;3:7.  

Shikotra A, Choy DF, Ohri CM, Doran E, Butler C, Hargadon B, Shelley M, Abbas AR, Austin CD, 

Jackman J, Wu LC, Heaney LG, Arron JR, Bradding P. Increased expression of immunoreactive 

thymic stromal lymphopoietin in patients with severe asthma. J Allergy Clin Immunol. 2012;129:104-

111 e101-109. 

Shimomura Y, Christiano AM. Biology and genetics of hair. Annu Rev Genomics Hum Genet. 

2010;11:109-32. 

Shin K, Nigrovic PA, Crish J, Boilard E, McNeil HP, Larabee KS, Adachi R, Gurish MF, Gobezie R, 

Stevens RL, Lee DM. Mast cells contribute to autoimmune inflammatory arthritis via their 

tryptase/heparin complexes. J Immunol. 2009;182:647-656. 

Shin K, Watts GF, Oettgen HC, Friend DS, Pemberton AD, Gurish MF, Lee DM.Mouse mast cell 

tryptase mMCP-6 is a critical link between adaptive and innate immunity in the chronic phase of 

Trichinella spiralis infection. J Immunol. 2008;180:4885-489. 

Shoji T, Higuchi H, Nishijima KI, Iijima S. Effects of Siglec on the expression of IL-10 in the 

macrophage cell line RAW264. Cytotechnology. 2014 Apr 9. [Epub ahead of print]. 

Shultz LD1, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Tennent B, McKenna S, 

Mobraaten L, Rajan TV, Greiner DL, et al. Multiple defects in innate and adaptive immunologic 

function in NOD/LtSz-scid mice. J Immunol. 1995;154:180-91. 



                                                                                           REFERENCES 

155 

 

Sibilano R, Frossi B, Suzuki R, D'Incà F, Gri G, Piconese S, Colombo MP, Rivera J, Pucillo CE.. 

Modulation of FcepsilonRI-dependent mast cell response by OX40L via Fyn, PI3K, and RhoA. J 

Allergy Clin Immunol. 2012;130:751-760 e752. 

Siebenhaar F, Sharov AA, Peters EM, Sharova TY, Syska W, Mardaryev AN, Freyschmidt-Paul P, 

Sundberg JP, Maurer M, Botchkarev VA. Substance P as an immunomodulatory neuropeptide in a 

mouse model for autoimmune hair loss (alopecia areata). J Invest Dermatol. 2007;127:1489-97. 

Silva KA, Sundberg JP. Surgical methods for full-thickness skin grafts to induce alopecia areata in 

C3H/HeJ mice. Comp Med. 2013;63:392-7. 

Skokos D, Le Panse S, Villa I, Rousselle JC, Peronet R, David B, Namane A, Mécheri S. Mast cell-

dependent B and T lymphocyte activation is mediated by the secretion of immunologically active 

exosomes. J Immunol. 2001;166:868-876. 

Slominski A, Costantino R, Wortsman J, Paus R, Ling N. Melanotropic activity of gamma MSH 

peptides in melanoma cells. Life Sci. 1992;50:1103-8. 

Slominski A, Wortsman J, Plonka PM, Schallreuter KU, Paus R, Tobin DJ. Hair follicle pigmentation. J 

Invest Dermatol. 2005;124:13-21. 

Slominski AT, Zmijewski MA, Zbytek B, Tobin DJ, Theoharides TC, Rivier J. Key Role of CRF in the 

Skin Stress Response System. Endocr Rev. 2013;34:827-84.  

Song S, Yuan P, Wu H, Chen J, Fu J, Li P, Lu J, Wei W. Dendritic cells with an increased PD-L1 by 

TGF-β induce T cell anergy for the cytotoxicity of hepatocellular carcinoma cells. Int 

Immunopharmacol. 2014;20:117-123.  

Soyer OU, Akdis M, Ring J, Behrendt H, Crameri R, Lauener R, Akdis CA. Mechanisms of peripheral 

tolerance to allergens. Allergy. 2013;68:161-170. 

Spath U, Steigleder GK. [Number of mast cells (MC) in Alopecia areata]. Z Haut Geschlechtskr. 

1970;45:435-436. 

Spinnler K, Frohlich T, Arnold GJ, Kunz L, Mayerhofer A. Human tryptase cleaves pro-nerve growth 

factor (pro-NGF): hints of local, mast cell-dependent regulation of NGF/pro-NGF action. J Biol Chem. 

2011;286:31707-31713. 

Springer TA, Dustin ML.Integrin inside-out signaling and the immunological synapse. Curr Opin Cell 

Biol. 2012;24:107-15.  

Steinhoff M, Corvera CU, Thoma MS, Kong W, McAlpine BE, Caughey GH, Ansel JC, Bunnett NW. 

Proteinase-activated receptor-2 in human skin: tissue distribution and activation of keratinocytes by 

mast cell tryptase. Exp Dermatol. 1999;8:282-94. 

Steinhoff M, Neisius U, Ikoma A, Fartasch M, Heyer G, Skov PS, Luger TA, Schmelz M. Proteinase-

activated receptor-2 mediates itch: a novel pathway for pruritus in human skin. J Neurosci. 

2003;23:6176-6180. 

Steinhoff M, Vergnolle N, Young SH, Tognetto M, Amadesi S, Ennes HS, Trevisani M, Hollenberg MD, 

Wallace JL, Caughey GH, Mitchell SE, Williams LM, Geppetti P, Mayer EA, Bunnett NW. Agonists of 



                                                                                           REFERENCES 

156 

 

proteinase-activated receptor 2 induce inflammation by a neurogenic mechanism. Nat Med. 

2000;62:151–8.  

Stein-Streilein J. Mechanisms of immune privilege in the posterior eye. Int Rev Immunol. 2013;32:42-

56. 

Stein-Streilein J, Caspi RR. Immune privilege and the philosophy of immunology. Front Immunol. 

2014;5:110.  

Stelekati E, Bahri R, D'Orlando O, Orinska Z, Mittrücker HW, Langenhaun R, Glatzel M, Bollinger A, 

Paus R, Bulfone-Paus S. Mast cell-mediated antigen presentation regulates CD8+ T cell effector 

functions. Immunity. 2009;31:665-676. 

Stenn KS, Paus R. Controls of hair follicle cycling. Physiol Rev. 2001;81:449-494.  

Sterry W, Paus R, Burgdorf WHC. Dermatology.Thieme, Stuttgart/New York, 2006. 1-15.  

St John AL, Abraham SN. Innate immunity and its regulation by mast cells. J Immunol. 

2013;190:4458-4463. 

Sugawara K, Bíró T, Tsuruta D, Tóth BI, Kromminga A, Zákány N, Zimmer A, Funk W, Gibbs BF, 

Zimmer A, Paus R. Endocannabinoids limit excessive mast cell maturation and activation in human 

skin. J Allergy Clin Immunol. 2012;129:726-738 e728. 

Sugawara K, Zákány N, Hundt T, Emelianov V, Tsuruta D, Schäfer C, Kloepper JE, Bíró T, Paus R. 

Cannabinoid receptor 1 controls human mucosal-type mast cell degranulation and maturation in situ. J 

Allergy Clin Immunol. 2013;132:182-193. 

Taheri R, Behnam B, Tousi JA, Azizzade M, Sheikhvatan MR. Triggering role of stressful life events in 

patients with alopecia areata. Acta Dermatovenerol Croat. 2012;20:246-50. 

Takahashi M, Izawa K, Kashiwakura J, Yamanishi Y, Enomoto Y, Kaitani A, Maehara A, Isobe M, Ito 

S, Matsukawa T, Nakahara F, Oki T, Kajikawa M, Ra C, Okayama Y, Kitamura T, Kitaura J. Human 

CD300C delivers an Fc receptor-γ-dependent activating signal in mast cells and monocytes and 

differs from CD300A in ligand recognition. J Biol Chem. 2013;288:7662-75. 

Taketomi Y, Ueno N, Kojima T, Sato H, Murase R, Yamamoto K, Tanaka S, Sakanaka M, Nakamura 

M, Nishito Y, Kawana M, Kambe N, Ikeda K, Taguchi R,Nakamizo S, Kabashima K, Gelb MH, Arita M, 

Yokomizo T, Nakamura M, Watanabe K, Hirai H, Nakamura M, Okayama Y, Ra C, Aritake K, Urade Y, 

Morimoto K,Sugimoto Y, Shimizu T, Narumiya S, Hara S, Murakami M. Mast cell maturation is driven 

via a group III phospholipase A2-prostaglandin D2- DP1 receptor paracrine axis. Nat Immunol. 

2013;14:554-563. 

Tanemura A, Oiso N, Nakano M, Itoi S, Kawada A, Katayama I. Alopecia areata: infiltration of Th17 

cells in the dermis, particularly around hair follicles. Dermatology. 2013;226:333-6.  

Tete S, Tripodi D, Rosati M, Conti F, Maccauro G, Saggini A, Salini V, Cianchetti E, Caraffa A, 

Antinolfi P, Toniato E, Castellani ML, Pandolfi F, Frydas S, Conti P,Theoharides TC. Role of mast cells 

in innate and adaptive immunity. J Biol Regul Homeost Agents. 2012;26:193-201. 

Theoharides TC, Kempuraj D, Iliopoulou BP. Mast cells, T cells, and inhibition by luteolin: implications 

for the pathogenesis and treatment of multiple sclerosis. Adv Exp Med Biol. 2007;601:423-430. 



                                                                                           REFERENCES 

157 

 

Tiede S, Kloepper JE, Bodò E, Tiwari S, Kruse C, Paus R.Hair follicle stem cells: walking the maze. 

Eur J Cell Biol. 2007;86:355-76.  

Tobin DJ. Alopecia Areata And Vitiligo - Partners In Crime Or A Case Of False Alibis. Exp Dermatol. 

Exp Dermatol. 2014;23:153-4.  

Tobin DJ. The cell biology of human hair follicle pigmentation. Pigment Cell Melanoma Res. 

2011;24:75-88. 

Tojo G, Fujimura T, Kawano M, Ogasawara K, Kambayashi Y, Furudate S, Mizuashi M, Aiba 

S.Comparison of interleukin-17- producing cells in different clinical types of alopecia areata. 

Dermatology. 2013;227:78-82. 

Toyoda M, Makino T, Kagoura M, Morohashi M. Expression of neuropeptide-degrading enzymes in 

alopecia areata: an immunohistochemical study. Br J Dermatol. 2001;144:46-54. 

Tsai M, Grimbaldeston M, Galli SJ. Mast cells and immunoregulation/immunomodulation. Adv Exp 

Med Biol. 2011;716:186-211. 

Tsuboi H, Tanei R, Fujimura T, Ohta Y, Katsuoka K. Characterization of infiltrating T cells in human 

scalp explants from alopecia areata to SCID nude mice: possible role of the disappearance of CD8+ T 

lymphocytes in the process of hair regrowth. J Dermatol. 1999;26:797-802. 

Tu TH, Kim CS, Goto T, Kawada T, Kim BS, Yu R. 4-1BB/4-1BBL interaction promotes obesity-

induced adipose inflammation by triggering bidirectional inflammatory signaling in 

adipocytes/macrophages. Mediators Inflamm. 2012;2012:972629. 

van Belle TL, Coppieters KT, von Herrath MG. Type 1 diabetes: etiology, immunology, and therapeutic 

strategies. Physiol Rev. 2011;91:79-118. 

van Gijlswijk RP, Zijlmans HJ, Wiegant J, Bobrow MN, Erickson TJ, Adler KE, Tanke HJ, Raap AK. 

Fluorochrome-labeled tyramides: use in immunocytochemistry and fluorescence in situ hybridization. J 

Histochem Cytochem. 1997;45:375-82. 

Velásquez SY, García LF, Opelz G, Alvarez CM, Süsal C. Release of soluble CD30 after allogeneic 

stimulation is mediated by memory T cells and regulated by IFN-γ and IL-2. Transplantation. 

2013;96:154-61.  

Vidali S, Knuever J, Lerchner J, Giesen M, Bíró T, Klinger M, Kofler B, Funk W, Poeggeler B, Paus R. 

Hypothalamic-Pituitary-Thyroid Axis Hormones Stimulate Mitochondrial Function and Biogenesis in 

Human Hair Follicles. J Invest Dermatol. 2014;134:33-42. 

Vieira Dos Santos R, Magerl M, Martus P, Zuberbier T, Church MK, Escribano L, Maurer M. Topical 

sodium cromoglicate relieves allergen- and histamine-induced dermal pruritus. Br J Dermatol. 

2010;162:674-676. 

Vinay DS, Kwon BS. Immunotherapy of cancer with 4-1BB. Mol Cancer Ther. 2012;11:1062-1070. 

Voehringer D. Protective and pathological roles of mast cells and basophils. Nat Rev Immunol. 

2013;13:362-375. 



                                                                                           REFERENCES 

158 

 

von Herrath M, Homann D. Islet regeneration needed for overcoming autoimmune destruction - 

considerations on the pathogenesis of type 1 diabetes. Pediatr Diabetes. 2004;5 Suppl 2:23-8.  

Wang C, Lin GH, McPherson AJ, Watts TH. Immune regulation by 4-1BB and 4-1BBL: complexities 

and challenges. Immunol Rev. 2009;229:192-215. 

Wahl SM, Wen J, Moutsopoulos N. TGF-beta: a mobile purveyor of immune privilege. Immunol Rev. 

2006;213:213-227. 

Wang E, Chong K, Yu M, Akhoundsadegh N, Granville DJ, Shapiro J, McElwee KJ.Development of 

autoimmune hair loss disease alopecia areata is associated with cardiac dysfunction in C3H/HeJ 

mice. PLoS One. 2013;8:e62935. 

Wang X, Marr AK, Breitkopf T, Leung G, Hao J, Wang E, Kwong N, Akhoundsadegh N, Chen L, Mui 

A, Carr N, Warnock GL, Shapiro J, McElwee KJ. Hair Follicle Mesenchyme-Associated PD-L1 

Regulates T-Cell Activation Induced Apoptosis: A Potential Mechanism of Immune Privilege. J Invest 

Dermatol. 2014;134:736-45. 

Waldmann H. Immunology: protection and privilege. Nature. 2006;442:987-988. 

Walker ME, Hatfield JK, Brown MA. New insights into the role of mast cells in autoimmunity: evidence 

for a common mechanism of action? Biochim Biophys Acta. 2012;1822:57-65. 

Watts TH. TNF/TNFR family members in costimulation of T cell responses. Annu Rev Immunol. 

2005;23:23-68. 

Weinberg AD, Morris NP, Kovacsovics-Bankowski M, Urba WJ, Curti BD. Science gone translational: 

the OX40 agonist story. Immunol Rev. 2011;244:218-231. 

Weng Z, Zhang B, Asadi S, Sismanopoulos N, Butcher A, Fu X, Katsarou-Katsari A, Antoniou C, 

Theoharides TC. Quercetin is more effective than cromolyn in blocking human mast cell cytokine 

release and inhibits contact dermatitis and photosensitivity in humans. PLoS One. 2012;7:e33805.  

Wengraf DA, McDonagh AJ, Lovewell TR, Vasilopoulos Y, Macdonald-Hull SP, Cork MJ, Messenger 

AG, Tazi-Ahnini R. Genetic analysis of autoimmune regulator haplotypes in alopecia areata. Tissue 

Antigens. 2008;71:206-12. 

Wernersson S, Pejler G. Mast cell secretory granules: armed for battle. Nat Rev Immunol. 2014 Jun 6. 

[Epub ahead of print]. 

Whiting DA Histopathologic features of alopecia areata: a new look. Arch Dermatol. 2003;139:1555-

1559. 

Willing A, Friese MA. CD8-mediated inflammatory central nervous system disorders. Curr Opin Neurol. 

2012;25:316-21.  

WoldeMussie E, Moran NC. Histamine release by compound 48/80: evidence for the depletion and 

repletion of calcium using chlortetracycline and 45calcium. Agents Actions. 1984;15:267-72. 

Worthington JJ, Fenton TM, Czajkowska BI, Klementowicz JE, Travis MA. Regulation of TGFβ in the 

immune system: an emerging role for integrins and dendritic cells. Immunobiology. 2012;217:1259-65.  



                                                                                           REFERENCES 

159 

 

Wu C, Guo H, Wang Y, Gao Y, Zhu Z, Du Z. Extracellular domain of human 4-1BBL enhanced the 

function of cytotoxic T-lymphocyte induced by dendritic cell. Cell Immunol. 2011;271:118-123. 

Wu YL, Liang J, Zhang W, Tanaka Y, Sugiyama H. Immunotherapies: the blockade of inhibitory 

signals. Int J Biol Sci. 2012;8:1420-1430. 

Yano S, Nakamura K, Okochi H, Tamaki K. Analysis of the expression of cutaneous lymphocyte-

associated antigen on the peripheral blood and cutaneous lymphocytes of alopecia areata patients. 

Acta Derm Venereol. 2002;82:82-85. 

Yazdabadi A, Whiting D, Rufaut N, Sinclair R. Miniaturized Hairs Maintain Contact with the Arrector 

Pili Muscle in Alopecia Areata but not in Androgenetic Alopecia: A Model for Reversible Miniaturization 

and Potential for Hair Regrowth. Int J Trichology. 2012;4:154-7. 

Yong LC. The mast cell: origin, morphology, distribution, and function. Exp Toxicol Pathol. 

1997;49:409-424 

Zeng X, Zhang S, Xu L, Yang H, He S. Activation of protease-activated receptor 2-mediated signaling 

by mast cell tryptase modulates cytokine production in primary cultured astrocytes. Mediators Inflamm. 

2013;2013:140812. 

Zhang JG, Oliver RF. Immunohistological study of the development of the cellular infiltrate in the 

pelage follicles of the DEBR model for alopecia areata. Br J Dermatol. 1994;130:405-14. 

Zhang X, Claerhout S, Prat A, Dobrolecki LE, Petrovic I, Lai Q, Landis MD, Wiechmann L, Schiff R, 

Giuliano M, Wong H, Fuqua SW, Contreras A, Gutierrez C, Huang J, Mao S, Pavlick AC, Froehlich 

AM, Wu MF, Tsimelzon A, Hilsenbeck SG, Chen ES, Zuloaga P, Shaw CA, Rimawi MF, Perou CM, 

Mills GB, Chang JC, Lewis MT. A renewable tissue resource of phenotypically stable, biologically and 

ethnically diverse, patient-derived human breast cancer xenograft models. Cancer Res. 2013;73:4885-

97.  

Zhang Z, Sferra TJ, Eroglu Y. T cell co-stimulatory molecules: a co-conspirator in the pathogenesis of 

eosinophilic esophagitis? Dig Dis Sci. 2013a;58:1497-506. 

Zhang B, Zhao Y, Cai Z, Caulloo S, McElwee KJ, Li Y, Chen X, Yu M, Yang J, Chen W, Tang X, 

Zhang X. Early stage alopecia areata is associated with inflammation in the upper dermis and damage 

to the hair follicle infundibulum. Australas J Dermatol. 2013b;54:184-91. 

Zhao S, Zhang H, Xing Y, Natkunam Y. CD137 ligand is expressed in primary and secondary 

lymphoid follicles and in B-cell lymphomas: diagnostic and therapeutic implications. Am J Surg Pathol. 

2013;37:250-258. 

Zoete V, Irving M, Ferber M, Cuendet MA, Michielin O. Structure-Based, Rational Design of T Cell 

Receptors. Front Immunol. 2013;4:268. 



                                                                                                 ABSTRACT 

160 

 

6. Abstract  

Alopecia areata (AA) is a CD8+ T-cell dependent autoimmune disease of the hair follicle (HF) in which 

the collapse of HF-immune privilege (IP) plays a key role. Mast cells (MCs) are crucial 

immunomodulatory cells implicated in the regulation of T-cell-dependent immunity, IP, and hair growth 

which number and activities are increased in AA. Given that CD8+ T-cells are considered to be the 

key effector cells in AA pathogenesis, the current thesis project aim is to dissect the role of MC 

interactions with CD8+ T-cells in both human and mouse skin with AA lesions. 

Quantitative (immuno-)histomorphometry revealed that in AA lesional skin, perifollicular MCs showed 

decreased TGFβ1 and IL-10 but increased tryptase immunoreactivity, suggesting that MCs switch 

from an immuno-inhibitory to a pro-inflammatory phenotype. This concept was supported by a 

decreased number of IL-10+ and PD-L1+ MCs, while OX40L+, CD30L+, 4-1BBL+ and ICAM-1+ MCs 

were increased in AA. 

Lesional AA-HFs also displayed significantly more perifollicular CD8+ T-cells as well as more physical 

MC/CD8+ T-cell contacts than healthy or non-lesional human control skin. During the interaction with 

CD8+ T-cells, AA MCs prominently expressed MHC class I and OX40L, and sometimes 4-1BBL or 

ICAM-1, suggesting that MC may present autoantigens to CD8+ T-cells and/or co-stimulatory signals.  

Preliminary experiments towards the establishment of a model where to functionally modulate MCs, 

revealed that the treatment of microdissected HFs with endogenous (substance P) and exogenous 

(compound 48/80) MC secretagogues is not suitable for this purpose. An improvement was obtained 

with the full-thickness healthy scalp skin organ-cultures in which 4mm punches from healthy skin were 

treated with MC secretagogues. These experiments suggested that in predispose individuals, the 

excessive release of substance P may impair the physiological control of CD8+ T-cells by MCs. 

Following an unique opportunity to test MC secretagogues and stabilizer (cromoglycate) in a full-

thickness AA scalp skin organ-culture, it was observed that MC-CD8+ T-cells are increased in AA 

lesional skin after the treatment with substance P while almost no effect was visible with compound 

48/80 and a slight decreased was detected with cromoglycate.  

Nevertheless, abnormal MC numbers, activities, and interactions with CD8+ T-cells were also seen in 

AA lesions of spontaneously developed in C3H/HeJ mice, of grafted C3H/HeJ mouse model and in a 

new humanized mouse model for AA. 

These phenomenological in vivo data suggest the novel AA pathobiology concept that perifollicular 

MCs are skewed towards pro-inflammatory activities that facilitate cross-talk with CD8+ T-cells in this 

disease, thus contributing to triggering HF-IP collapse in AA. If confirmed, MCs and their interactions 

with CD8+ T-cells could become a promising new therapeutic target in the future management of AA.
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7. Zusammenfassung  

Alopecia areata (AA) ist eine CD8+ T-Zell-abhängige Autoimmunerkrankung des Haarfollikels (HF), 

bei welcher der Zusammenbruch des Immunprivilegs eine Schlüsselrolle spielt. Mastzellen (MC) sind 

wichtige immunmodulatorische Zellen, die für die Regulation der T-Zell-abhängigen Immunität, für das 

Immunprivileg und für das Haarwachstum eine zentrale Rolle spielen. Die Anzahl und die Aktivität der 

MC sind in der AA erhöht. Aufgrund der Annahme, dass CD8+ T-Zellen eine Schlüsselrolle als 

Effektorzelle in der Pathogenese der AA spielen, ist das Ziel der vorliegenden Arbeit, die Rolle der MC 

Interaktion mit den CD8+ T-Zellen sowohl in menschlicher als auch in Maushaut zu untersuchen. 

Quantitative (Immun-)Histomorphometrie legte dar, dass in läsionaler Haut von AA die perifollikulären 

MC eine reduzierte Immunreaktivität für TGFβ1 und IL-10 aufwiesen, diese jedoch für Tryptase erhöht 

war. Dies deutet darauf hin, dass MC von einem immuninhibitorischen zu einem pro-

inflammatorischen Phänotyp wechseln. Die Annahme wurde weiterhin durch eine verminderte Anzahl 

an IL-10+ und PD-L1+ MC unterstützt, wohingegen OX40L+, CD30L+, 4-1BBL+ und ICAM-1+ MC in 

AA erhöht waren. 

Im Vergleich zu gesunder und nicht-läsionaler humaner Kontrollhaut wiesen läsionale AA HF sowohl 

signifikant mehr perifollikuläre CD8+ T-Zellen auf als auch mehr MC/CD8+ T-Zell-Kontakte. Während 

der Interaktion mit CD8+ T-Zellen exprimierten AA MC bedeutend mehr MHC Klasse I und OX40L und 

manchmal auch mehr 4-1BBL und ICAM-1. Dies legt nahe, dass MC Autoantigene gegenüber CD8+ 

T-Zellen präsentieren und/oder ko-stimulatorische Signale. 

Erste Vorläufer-Experimente zur Etablierung eines Modells, um funktionell MC zu modulieren, zeigten, 

dass die Behandlung von mikrodissezierten HF mit endogenen (Substanz P) und exogenen 

(Compound 48/80) MC Sekretagoga nicht geeignet sind für dieses Vorhaben. Eine Verbesserung 

dieses Vorhabens konnte erreicht werden, indem Vollhaut von gesunder Skalphaut in Organkultur 

genommen wurde. Hierbei wurden 4 mm Stanzen von gesunder Haut mit MC Sekretagoga behandelt. 

Diese Experimente wiesen darauf hin, dass in prädispositionierten Individuen die exzessive 

Freisetzung von Substanz P die physiologische Kontrolle von CD8+ T-Zellen durch MC beeinträchtigt. 

Es bot sich zudem die einzigartige Möglichkeit MC Sekretagoga und Stabilisatoren (Cromoglycate) an 

einer Vollhaut-Organkultur von Skalphaut eines AA Patienten zu testen. Es konnte dabei beobachtet 

werden, dass MC-CD8+ T-Zellen in läsionaler AA Haut nach Behandlung mit Substanz P erhöht 

waren, wohingegen fast kein Effekt mit Compound 48/80 zu sehen war und nur eine kleine 

Verringerung der Anzahl mit Cromoglycate erreicht werden konnte. 

Gleichwohl konnten abnorme MC Zahlen, Aktivitäten und Interaktionen mit CD8+ T-Zellen in AA 

Läsionen beobachtet werden, die spontan in C3H/HeJ Mäusen, einem C3H/HeJ-Transplantat-

Mausmodell und auch in einem humanisierten Mausmodell für AA auftraten. 

Diese neuen in vivo gewonnenen Daten legen ein neues pathobiologisches Konzept nahe, nämlich 

dass perifollikuläre MC in Richtung pro-inflammatorische Aktivitäten bei dieser Krankheit agieren und 

eine Interaktion mit CD8+ T-Zellen fördern und somit daran beteiligt sind, ein Kollabieren des HF IP in 
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AA auszulösen. Wenn es bestätigt werden kann, MC und ihre Interaktion mit CD8+ T-Zellen, könnte 

dies eine neue erfolgversprechende Therapieoption in der Therapie der AA dar stellen. 
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