CHAPTER 1. INTRODUCTION

1.1 HAIR FOLLICLE: HAIR FIBRE FUNCTION AND TYPES

Hair follicles (HF) are hair shaft-producing appendages of the skin of the
mammalian body. In humans there are an estimated 5 million HFs on the skin
covering the whole body (Szabo, 1958). The number of HFs on the scalp is
approximately 100,000 and each HF produces one hair shaft (Jarrett, 1977).
The human HF and hair shaft have multiple functions. As there are abundant
nerves around the HF one of the functions of hair is as a sensory appendage
(Gilman, 2002). Another main function of hair is for insulation; it can trap a layer
of air close to the skin and so protect the body from heat loss (Jarrett, 1977).
Another important function of hair, especially hair on the scalp, is for decoration
and social interaction (Stenn & Paus, 2001).

Much study in hair biology has been done in murine models because of their
presumed biological similarity to humans and their accessibility for research. In
this thesis, wherever possible, discussion on hair biology will focus on
observations in humans.

There are three main types of hair produced by human HFs: lanugo, vellus and
terminal hair (Garn, 1951). Lanugo hairs are soft, fine and poorly pigmented
and are produced by the HFs while the individual is still a foetus (Olsen, 2003).
They are usually shed between 32nd and 36th week of gestation. Vellus hairs
grow on the forehead, the back and arms and legs (Otberg et al., 2004), but are
also found on the scalp throughout life (Mangelsdorf et al., 2006). They are thin
and short (less than 0.03 mm in diameter and ≤ 1 cm in length) and are non-
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pigmented so not very visible to the eye (Sinclair et al., 2003). Terminal hairs
are thicker than lanugo and vellus hairs and are usually pigmented (Garn, 1951;
Sinclair et al., 2003). Compared to vellus hairs, they also grow 4 to 10 fold
faster (up to 0.4 mm/day), and grow to a much longer maximum length (up to
1.5 m) (Blume et al., 1991). While the bulbs of vellus HFs reside in the upper
reticular dermis, terminal HFs extend to the lower reticular dermis and
subcutaneous fat layer (Sinclair et al., 2003; Headington, 1984). Hairs on the
scalp are mostly terminal hairs with only 10 percent of vellus hairs (Olsen, 2003).
Many other parts of the human body also exhibit terminal hair; for example,
eyebrows and eyelashes, and hairs found after puberty in trunk and beard in
males and in genital and axillary areas for both sexes (Rook & Dawber, 1991).

1.2 ANATOMY OF THE GROWING HAIR FOLLICLE

The human HF is a structurally complex organ, and is best appreciated during
the growing (anagen) phase (Figure 1).

The shape of the hair shaft is formed and maintained by layers of organised
cells encircling the hair shaft concentrically.

Encapsulating the HF and

separating it from the rest of the dermis is the most peripheral layer called the
dermal or connective tissue sheath (CTS) (Montagna & van Scott, 1958). It is
made up of circular and longitudinal layers of collagen fibrils and some
fibroblasts, blood vessels and mast cells (Ito, 1990). The outer root sheath
(ORS) is continuous with the basal layer of the epidermis and is the outermost
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epithelial layer of the HF. This layer is only one or two cells thick at the level of
the hair bulb but becomes thicker (multilayered) and stratified in the upper HF
upwards towards the epidermis (Montagna & van Scott, 1958). The bulge is a
slight swelling from the ORS. It is located where the arrector pili muscle inserts
into the HF. Studies by Cotsarelis et al. (1990) and Lyle et al. (1998) identified
that the bulge contains epithelial stem cells important for the HF cycle in mice
(see Section 1.4). However, the true nature of HF stem cells remains a matter
of some controversy (Jaks, in press). The inner root sheath (IRS) is made up of
three/four layers. The innermost layer, cuticle, interconnects with the cuticle of
the hair shaft. Next is Huxley‟s layer and the outermost layer is named Henle‟s
layer (Montagna & van Scott, 1958). These three layers arise from the matrix
cells in the bulb and they grow upwards at the same rate and direction as the
growth of the hair shaft. Henle‟s and Huxley‟s layers acquire trichohyalin (THH)
and all three become hyalinised as they grow upwards, earliest in the Henle‟s
layer, followed by the Huxley‟s layer and then the cuticle (Montagna & van Scott,
1958), thereby giving important structural support to the growing hair shaft. All
three layers of the IRS are hyalinised by the time they reach the isthmus.
During the growth of the hair shaft, it is thought that the companion layer (CL)
allows the IRS to slide upwards with the hair shaft, while its adjacent ORS is
morphologically static (Winter et al., 1998; Gu & Coulombe, 2007). While the
function of CL is still not fully understood, a recent study in mice suggests that
the CL may be more closely associated with the IRS than is previously thought
(Gu & Coulombe, 2007).

There are structures called the “Flügelzellen”

throughout the IRS‟s entire Henle‟s layer, described as “protrusions” of the
Huxley‟s layer through the “gaps” in the Henle‟s layer to reach the CL
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(Montagna & van Scott, 1958; Langbein et al., 2003). Their function is unknown,
but is hypothesized that these provide the plasticity required in the IRS during
hair shaft formation and the diffusion of nutrients from the outside to the hair
shaft (Langbein et al., 2003).

At the base of the HF in the bulbar region is the hair growth inductive follicular
papilla (FP). It is made up principally of specialized fibroblasts (Jahoda et al.,
1984) and produces growth factors that are important for the induction and
progress of HF growth during HF morphogenesis (Olsen, 2003) and the normal
hair cycle (Lachgar et al., 1998). Above the FP is the most proliferative zone
called the matrix, consisting of matrix keratinocytes which generate the hair
shaft and IRS (Olsen, 2003), and is also the location of melanocytes, which are
responsible for the production of the pigment melanin. (See section 1.5 for
more detailed descriptions of melanocytes and their function.)

The hair shaft itself consists of 2-3 distinct components. The outmost layer is
the cuticle.

It anchors the hair shaft inside the HF by interlocking with the

cuticle of the IRS (Montagna & van Scott, 1958). The cuticle surrounds the
cortex, which is made up of terminally differentiated pre-cortical keratinocytes,
forming the main bulk of the hair shaft (Montagna & van Scott, 1958). The
medulla is made up of keratinised cells with air spaces. When present, the
medulla is located in the centre of the hair shaft and may be continuous or
fragmented. Vellus hairs do not have medulla and it is present in only some
terminal hairs (Montagna & van Scott, 1958). The hair shaft emerges to the
surface of the skin at the hair canal or infundibulum. It is just before, or at the
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level of the sebaceous gland duct, that the IRS desquamates (Tobin, 2005). At
the HF isthmus, the sebaceous gland produces sebum, which is transferred to
the hair canal via the sebaceous duct and in this way lubricates the hair shaft
surface (Olsen, 2003; Tobin, 2005).

(a)

(b)
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Figure 1. Structure of human mature HF
((a) Whiting, 2004; (b) Tobin, unpublished).
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1.3 HAIR FOLLICLE DEVELOPMENT (MORPHOGENESIS)

HFs first develop in the foetus via a process sometimes termed folliculogenesis
or HF morphogenesis. This process is thought to occur just once for the whole
lifetime of any individual (Stenn & Paus, 2001).

The description of the

morphogenesis of HFs was redefined by Paus and colleagues to consist of nine
morphologically recognisable stages (Stage 0 to 8) (Paus et al., 1999) (Figure
2). The first stage, called stage 0, is the pregerm stage and is characterised by
the crowding of nuclei in the basal layer of the epidermis and the condensation
of mesenchymal cells to the dermis below (Breathnach & Smith, 1968). The
pregerm thickens as it continues to develop with the increase of proliferative
dermal cells. By stage 3, this cluster of epidermal cells is developed into a
structure

named

the

hair

peg

with

several

layers

of

keratinocytes.

Mesenchymal cells at the proximal tip of the hair peg are now recognisable as
the FP (Paus et al., 1999). The hair peg elongates via continued epithelial cell
proliferation, downwards into the dermis (Paus et al., 1999), along with
concomitant

cell

differentiation

to

form

the

characteristic

anatomic

compartments of the HF (Figure 2). At the end of morphogenesis, the HF now
has the form of a mature growing HF. After this growing phase the HF enters,
via a first catagen, repeated growth cycles which continue throughout the life of
the individual.

The process of HF morphogenesis is controlled by myriad

signalling molecules operating in a large number of different pathways, as
reviewed by Schmidt-Ullrich and Paus (Schmidt-Ullrich & Paus, 2005).

7

Stage 0

Stage 1

Stage 2

Stage 3

follicular papilla
fibroblasts

Stage 5

Stage 6

Stage 4

follicular

Stage 7

follicular

Stage 8

follicular

follicular

follicular papilla
follicular papilla

Figure 2. HF growth during morphogenesis in stages 0-8. (Adapted from Paus et al., 1999.)
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1.4 HAIR FOLLICLE CYCLING

HF cycling involves stages of active hair growth, regression and relative rest.
The HF growth cycle has been divided into three principal stages by Dry in 1926
(Dry, 1926) named anagen, catagen and telogen.

A fourth separate stage

called exogen was later defined by Stenn, as the active process of HF hair
shedding (Chuong, 1998). See Figure 3 for a diagram of the human HF cycle.

Telogen is the relative resting phase of the HF growth cycle. The telogen HF is
about a third of a mature anagen HF size (Kligman, 1959) and remains in this
phase for about 3 months on the human scalp, before the HF starts a new
anagen phase (Tobin, 2005). Telogen is often described as the “quiescent”
stage, where no mitotic activity was thought to occur (Silver & Chase, 1970).
However, although this stage still shows some minimal HF activity (Stenn &
Paus, 2001).

The telogen follicle is characterised by a club hair surrounded

by partially keratinized cells and bound tightly to the base of the HF via an
epithelial sac (Rook & Dawber, 1991). The HF retains its regeneration ability in
its “permanent portion” where the bulge, a reservoir of epithelial stem cells,
appears to be located (Cotsarelis et al., 1990; Lyle et al., 1998). Melanocyte
stem cells have also been reported in the bulge in mice (Nishimura et al., 2002),
and it has also been hypothesized that mesenchymal stem cells are likely to
exist around the secondary germ (Tobin, 2003). However, compared to anagen
and catagen, we still do not know a great deal about the telogen phase of the
hair growth cycle.

9

Anagen is the growth period of the HF cycle. Precisely how the HF is induced
into this active phase of growth from telogen is still unknown, despite the
identification of various stimulants, e.g. keratinocyte growth factor and
substance P (reviewed in Stenn & Paus, 2001). Chase and colleagues divided
this period into six substages on morphologic grounds based on a study in mice
(Chase et al., 1951). More recently, a guide on HF cycling in mice published by
Müller-Röver et al (Müller-Röver et al., 2001) gave a very detailed account of
the morphological changes involved in anagen, which is also largely applicable
to human HF. Based on this guide, the key anagen stages are summarised
below.

At anagen I, keratinocyte division begins anew (Chase et al., 1951) and the HF
starts to elongate downwards towards the subcutaneous layer, into the space
that was occupied by the HF in the previous cycle and which is now occupied in
part by the collapsed CTS material (Kligman, 1959). At this stage the HF has
no IRS and the FP starts to enlarge from its condensed ball-like telogen state.
Anagen III is a relatively longer stage and can be divided further into substages,
IIIa, IIIb and IIIc, due to the occurrence of great morphological change. During
this stage, the IRS starts to form and melanogenesis begins. The hair bulb
continues to grow and reaches its maximum size by stage IIIc. The formation of
the new hair shaft also starts at anagen IIIa and by IIIc, it grows distally to just
below the sebaceous gland. At anagen IV, the IRS and the hair shaft has
grown up to the level of the bulge, reaching the hair canal, and the hair shaft
continues to extend into the hair canal by anagen V. The growth of IRS stops at
anagen V. The hair shaft grows beyond the surface of the skin during anagen
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VI and the entire anagen stage can lasts an average of 1000 days (3 years) in
human scalp (Rook & Dawber, 1991). For most of the time, the vast majority of
scalp HFs are in anagen stage of the hair growth cycle producing hair shafts
that grow at a rate of about 0.3-0.4 mm per day (Rook & Dawber, 1991).

Following the completion of anagen VI the HF enters the regression phase
called the catagen. This is a relatively short phase which lasts only two to three
weeks on the scalp (Kligman, 1959). Therefore, only less than 3 in 1000 HFs
on the scalp are at catagen phase at a time (c.f. Tobin, 2005). The purpose of
this phase was described by Stenn and Paus as “to delete the old hair shaft
factory and to bring the inductive machinery of the cell to a point where a new
follicle can form, utilizing once again, the stem cells of the bulge and the
inductive powers of the papilla” (Stenn & Paus, 2001). Although we do not
know yet what signals the natural induction of catagen, there are studies which
show that stress (Arck et al., 2003) and other environmental factors such as
chemicals (Paus et al., 1994) can precipitate the HF from anagen into catagen.
There are eight substages to catagen as devised by Straile and colleagues
(Straile et al., 1961) in their study in mice, and the first catagen substage is
morphologically indistinguishable from anagen VI (Müller-Röver et al., 2001).
The high mitotic activity in HF during anagen ceases in catagen. There is also
no melanogenesis (Kligman, 1959) and this actually stops a little while before
the hair shaft actually stops growing (Tobin et al., 1999). As a result, the most
proximal region of the hair shaft is pigment-free at the end of the hair cycle.
During the catagen stage, the HF is dramatically shortened through extensive
apoptosis, resulting in resorption of the lower transient portion of the
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HF (Lindner et al., 1997), and the FP moving upwards, keeping close to the
epithelium (Tobin, 2005). However, not all structures in the HF undergo this
process. Cells that are located in different compartments of the HF express
different molecules to signal their apoptosis or survival (c.f. Botchkareva et al.,
2006). Keratinocytes in ORS, IRS and matrix apoptose during catagen, as well
as differentiated melanocytes above the FP; while the FP fibroblasts, CTS,
keratinocyte stem cells and melanocyte stem cells are largely protected
(Botchkareva et al., 2006).

Exogen is the phase of hair shedding. Although very little of this phase of the
follicle cycle is understood, it is known that the hair is actively shed and this
occurs before the new anagen hair shaft reaches the level of the telogen club,
suggesting that exogen and anagen may influence each other (Stenn & Paus,
2001).
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Figure 3. HF cycle. FP, follicular papilla; SG, sebaceous gland; APM, arrector
pili muscle; HS, hair shaft; mel, melanin; ORS, outer root sheath; IRS, internal
root sheath. (Adapted from Stenn & Paus, 2001.)
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1.5 HAIR FOLLICLE MELANOCYTES AND PIGMENTATION

The presence of the pigment melanin in the hair shaft determines hair colour, or
in its absence, a white hair (Chase, 1954; Prota, 1980).

Melanins are

synthesized by melanosomes in melanocytes, which are also found in the
epidermis, as well as in several regions of the HF including the anagen bulb,
ORS and infundibulum.

Only those found in the bulb are responsible for

producing melanin for the hair shaft (van Neste & Tobin, 2004). The generated
melanin is transferred from melanocytes to cortical and medullary keratinocytes
to form pigmented hair shafts, although the mechanism of how this takes place
is still to be determined (discussed in Slominski et al., 2005). Melanin is formed
by the conversion of of L-phenylalanine or L-tyrosine inside the melanosomes
(Fitzpatrick et al., 1958), and is controlled by an array of enzymes and other
regulatory proteins (Slominski et al., 2005). There are different types of melanin
produced by different melanosomes in HF melanocytes – eumelanosomes
(producing the brown/black eumelanin) and pheomelanosome (producing the
red/yellow pheomelanin) (Jimbow et al., 2000). A melanocyte can have one of
these types or both types of melanosomes (Inazu & Mishima, 1993). Melanin is
actively formed during anagen and stops at late anagen VI, and does not start
again until the next anagen stage. However, how this process is controlled is
still poorly defined (Tobin et al., 1999).
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1.6 KERATINS AND TRICHOHYALIN

1.6.1 Keratins

There are a total of 54 keratin genes in the human genome (Schweizer et al.,
2006). Keratins represent one of the five types of proteins responsible for the
formation of intermediate filaments. Keratins are involved in the formation of
epidermis and epidermal appendages (Moll et al., 1982; Steinert et al., 1984;
Gipson, 1977).

They have important structural as well as physiological roles

(reviewed in Magin et al., 2007) and mutations of many of them can cause
disease (reviewed in Moll et al., 2008). Over the many years of research on
human keratins, different systems of nomenclature were used.

A new

nomenclature system was introduced recently (according to the guidelines
issued by the Human Genome Nomenclature Committees (HGNC)) as a logical
numbering system (Schweizer et al., 2006). This new consensus nomenclature
of keratins is used throughout this thesis. See Table 1 for a list of the old and
new keratin names.
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Table 1. Human keratins old and new designations. (Adapted from Schweizer et
al., 2006.)

Type II Acidic

Type I Neutral/Basic

Old

New

Old

New

K1
K2e
K3
K4
K5
K6a
K6b
K6e/h
K7
K8
K6irs1
K6irs2
K6irs3
K6irs4
K6hf
K2p
K1b
K5b
K6l
Kb20
Hb1
Hb2
Hb3
Hb4
Hb5
Hb6

K1
K2
K3
K4
K5
K6a
K6b
K6c
K7
K8
K71
K72
K73
K74
K75
K76
K77
K78
K79
K80
K81
K82
K83
K84
K85
K86

K9
K10
K12
K13
K14
K15
K16
K17
K18
K19
K20
K23
K24
K25irs1
K25irs2
K25irs3
K25irs4
Ha1
Ha2
Ha3-I
Ha3-II
Ha4
Ha5
Ha6
Ha7
Ha8
N/A
N/A

K9
K10
K12
K13
K14
K15
K16
K17
K18
K19
K20
K23
K24
K25
K26
K27
K28
K31
K32
K33a
K33b
K34
K35
K36
K37
K38
K39
K40
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Human keratins are divided into 2 types according to their isoelectric points (pI).
Type I includes all the acidic keratins (pI <5.5) and type II are neutral and basic
keratins (pI >6) (Steinert & Parry, 1985; Eichner et al., 1984). Keratins are
described as fibrous proteins whereby a single molecule of keratin forms an 
helix (Pauling et al., 1951).

Keratins form heterodimers with two  helical

subunits, one of type I and the other of type II, coiled together forming a stable
coiled-coil structure (Crick, 1953; Steinert et al., 1984).

This gives rise to the

phenomenon of keratins co-expression observed in tissues (Sun et al., 1985).
Under physiological conditions, the heterodimers arrange themselves to form
tetramers (or called protofilaments), then protofibrils (with two tetramers) and
finally into the rope-like filaments of 10 nm in diameter (with eight tetramers)
(Herrmann & Aebi, 2004; Aebi et al., 1983; Fuchs, 1995). Their formation into
filaments is known to be self-assembled; experiments showed that the
solubilised components reassemble under physiological conditions when the
solubilizing agent is removed (Sun & Green, 1978; Starger et al., 1978; Franke
et al., 1983).

In vitro, each keratin can form heterodimers with any other keratins (Hatzfeld &
Franke, 1985). However, it is observed that in vivo, each keratin subtype only
forms a heterodimer with specific keratins of a different type (i.e. a type I keratin
always pairs with specific type II keratin(s)) (Sun et al., 1984; Tseng et al.,
1982). For example, K5 (type II) is usually found co-expressed with K14 (type I)
in the stratified squamous epithelia and K10 (type II) is usually co-expressed
with K1 and K2 (type I) (Tseng et al., 1982).
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Of the 54 human keratins, 17 of them are „hair specific‟ (also called „hard
keratins‟, Langbein et al., 1999). These are keratins K31-K40 and K81-K86
(Langbein et al., 1999; Langbein et al., 2001; Rogers et al., 2004; Rogers et al.,
2000), mainly found in the hair forming compartment of the HF (Langbein et al.,
1999; Langbein et al., 2001; Rogers et al., 2004). The other compartments of
the HF contain keratins that are found only in the HF (K71-74 and K25-28,
Langbein et al., 2006), in addition to the 17 „hair specific‟ keratins mentioned
above, and those that are also found in skin and other appendages.

For

example, the K5/K14 keratin pair as mentioned above which is found in skin, is
also present in the ORS of the HF (Stark et al., 1987). The keratins found in
different parts of human HF are shown in Figure 4.
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Figure 4. Schematic presentation of the expression patterns of epithelial/hair
keratins presently identified in the various HF compartments. Outer root sheath
(ORS, blue); companion layer (CL, red); Henle’s layer (He, green); Huxley’s
layer (Hu, orange); inner root sheath cuticle (icu, light blue); hair shaft cuticle
(cu, blue); cortex (co, pink); medulla (med, gray). (Adapted from Langbein et al.,
2006.)
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1.6.2 Trichohyalin

Trichohyalin (THH) is also an intermediate filament with important structural
roles in HF. It was first discovered in the IRS of HFs and gets its name from
this. It is the most abundant protein in the IRS and is present in all its three
layers (Birbeck & Mercer, 1957; Rogers et al., 1991; Rothnagel & Rogers, 1986)
and is also expressed in the medulla.

It can also be detected in other

specialised epithelia (Steinert et al., 2003; Manabe & O'Guin, 1994). THH is
much larger than the keratins and has a calculated molecular weight of ~220
kDa in human (Rothnagel & Rogers, 1986). It has 9 domains, with most of
them being α-helical elongated rods of repeating units (Lee et al., 1993). The
N-terminal of THH has calcium-binding domains resembling that of S100
calcium-binding proteins, and this could be associated with its peptidylarginine
deiminase conversion of arginine to citrulline (Lee et al., 1993; Kanno et al.,
2000).

The C-terminus of THH is non-α-helical and is highly conserved

between human and other mammals (Lee et al., 1993; Steinert et al., 2003).
From a study in mice, it was shown that THH serves its structural role in the IRS
by forming numerous cross-links with keratins, involucrin, small proline-rich
proteins, repetin and epiplakin (Steinert et al., 2003).

Maturation of THH was studied by O‟Guin and colleagues in 1992 using THHspecific antibodies (AE15, AE16 and AE17, O'Guin et al., 1992).

These

antibodies had specific labelling patterns: AE15 binds to all THH granules,
AE16 to THH on the surface of these granules and AE17 binds to THH when
cross-linked with other intermediate filaments. It was also observed that THH is
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first packaged in granules, and is then released into the cytoplasm before
becoming cross-linked to intermediate filaments.

The HF is not only structurally special, as a mini-organ in the skin, it is also
immunologically special and complex. The immune system plays important role
in function of the skin as well as the HF cycle and these are discussed below in
Section 1.7.

1.7 SKIN IMMUNE SYSTEM

Our bodies, surrounded by pathogens in the environment, are constantly
defending themselves from invasion. The immune system is responsible for
guarding an individual against pathogens and upon intrusion it has two types of
responses: innate immunity and adaptive immunity. The body‟s first line of
defence against invading pathogens such as microorganisms and parasites is
the skin surface. Apart from being a physical barrier to pathogens, normal skin
also has microbiocidal activity achieved by maintaining an acidic pH (for
example, by sweat and sebum secretion) and the presence of bactericidal
substances (Chikakane & Takahashi, 1995). However, this is only a small part
which our skin plays on immunity as a whole. Not only is the skin the largest of
all organs in our body (Tobin, 2006), it is structurally and molecularly complex,
and protects our body by both innate and adaptive immune mechanisms.
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The immune system involves the interaction of a wide number of cell types and
signalling proteins to attack invading pathogens, and just as important, to
regulate this system of great destructive power. In this section, the basics of
innate and adaptive immunity are outlined, and for each of them, their functions
in skin are introduced.

Topics on the consequences of defects in immune

system leading to break down in self-tolerance and how the HF experiences
“immune privilege” are also discussed.

1.7.1 Innate Immunity

Innate immunity is activated immediately upon detection of invading pathogens.
Compared to adaptive immunity, the pathogen-recognising capacity of innate
immunity is narrower and can only recognise patterns which are found
exclusively in microbial pathogens that have been conserved over the course of
evolution, called pathogen-associated molecule patterns (PAMPs) (Medzhitov &
Janeway, 1997).

Metchnikoff discovered in 1884 that pathogens that have

entered the body are engulfed and digested by what he named phagocytes in a
process called phagocytosis (Metschnikoff, 1884). Macrophages, one of the
phagocytes, are the first to act upon microbial invasion (Murphy et al., 2008).
Macrophages have different receptors which can recognise special bacterial
surface molecule (lipopolysaccharide (LPS)) and also pathogens opsonised by
complement (see Section 1.7.1.1) or immunoglobulin (see Section 1.7.2)
(Aderem & Underhill, 1999).

Upon recognition, macrophages release pro-

inflammatory cytokines, e.g. tumour necrosis factor-α (TNF-α), causing local
inflammation (Svanborg et al., 1999), fever and activation of natural killer (NK)
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cells (Biron et al., 1999).

These cytokines can also induce acute-phase

response (APS), which causes the liver to produce acute-phase proteins (APPs)
(Baumann & Gauldie, 1994) that can opsonize pathogens and activate the
complement cascade (mannan-binding lectin, see Section 1.7.1.1 ) (Murphy et
al., 2008). NK cells are cytotoxic and can produce cytokines such as interferon-γ (IFN-γ), which is antiviral and also activates macrophages (Biron et al., 1999).
Among these cytokines are chemokines which recruit neutrophils, another
phagocyte, to the site of infection (Moser et al., 1998). The mast cell is another
type of cell that can recognise PAMPs and they release TNF-α upon activation
(Okumura et al., 2003).

Mast cells also play an important role in allergic

reactions, which is discussed below in Section 1.7.2.

Another important

member of innate immunity is the complement system, as discussed below in
Section 1.7.1.1.

1.7.1.1 Complement

The complement system is described as a group of proteins which upon
activation, trigger a cascade of controlled events to defend the host against
infection through inflammation, opsonisation and cytolysis (reviewed in Morgan,
1989). More recently, it was also suggested that the complement system may
have a role in the induction of cell apoptosis, as well as protecting cells from
apoptosis.

Moreover, complement proteins are important players in the

clearance of apoptotic cells (reviewed in Fishelson et al., 2001 and Trouw et al.,
2008).

It is an important system in innate immunity as well as in adaptive

immunity.
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Complement can be activated through three different pathways, namely the
classical pathway, lectin pathway and alternative pathway. For all the three
pathways, the actions of the complement cascade begin via activation of serine
protease proenzymes, which are part of the complement system.

These

enzymes trigger the cleavage of other complement components, thereby
amplifying the immune response.

Classical Pathway

The complement component C1 is a complex of C1q, C1r and C1s.

The

classical pathway is activated when C1q binds to an antibody-antigen complex,
or in the absence of antibody, directly on the pathogen (Arlaud et al., 2002)
through recognition of PAMPs.

This leads to the activation of the C1r

proenzyme, which then cleaves C1s into active serine protease. The activated
C1s cleaves C4 into C4a and C4b (Figure 5). The smaller fragment C4a, along
with C3a and C5a which are generated later in the classical pathway, are
anaphylatoxin. (Gorski et al., 1979). C4b, which is bound to the pathogen,
binds to C2 which is then cleaved into C2a and C2b by C1s (Gigli & Tausk,
1988; Nagasawa & Stroud, 1977). There are different references to whether
the heavier cleavage product is named C2a or C2b (Bentley, 1986; Gigli &
Tausk, 1988; Degn et al., 2007); here in this report, the heavier product will be
referred to as C2b. Whichever way it is referred to, it is the heavier product
which binds to C4b, forming a C3 convertase. (Müller-Eberhard et al., 1967)
The function of the lighter product C2a has not been confirmed, though it may
involve in the production of kinin (Smith & Kerr, 1985; Kaplan, 2005). The C3
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convertase C4b2b activates C3 by cleaving it into two units C3a and C3b
(Müller-Eberhard et al., 1967).

While the anaphylatoxin C3a causes local

inflammation (Gasque, 2004), C3b opsonises the pathogen by binding to its
surface (Figure 5). C3b may also bind to the C3 convertase C4b2b, forming C5
convertase C4b2b3b (Figure 6). C5 binds to this complex and become cleaved
into C5a and C5b by the serine protease C2b in the complex (Takata et al.,
1987) (Figure 7).

Figure 5. The complement classical pathway (Murphy et al., 2008)

Lectin Pathway

The action of the lectin pathway is similar to the classical pathway, with the
formation of C3 convertase by the activation of C4 and C2. However, instead of
C1q, the pathway is activated by the binding of mannan-binding lectin (MBL) to
pathogens through recognition of PAMPs (Chen & Wallis, 2001; Matsushita et
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al., 2000).

Like C1q, MBL is associated with serine proteases – MBL-

Associated Serine Protease 1 (MASP1), MASP2 and MASP3. MASP1 and
MASP2 are highly similar to C1r and C1s (Thiel et al., 1997). Upon activation,
MASP2 cleaves C4 and C2 to form C3 convertase C4bC2b as in the classical
pathway (Vorup-Jensen et al., 2000). The function of MASP1 and MASP3 is
still unclear, but MASP1 can cleave C2 or act directly on C3 (reviewed in Degn
et al., 2007).

Another group of proteins called ficolins, described to have similar actions as
MBL and can activate the lectin pathway through association with the MASPs
(Kawasaki et al., 1989). C1q, MBL and ficolins, can all recognise PAMPs, and
are classed as defence collagens, which are important players in innate
immunity (Tenner, 1999; Holmskov et al., 2003).

Alternative Pathway

The alternative pathway is started when a thioesther bond in C3 is hydrolysed
to form C3(H2O), which has properties similar to C3b (Pangburn et al., 1981)
(Figure 6).

This hydrolysis occurs at a slow rate spontaneously and is

described as the “C3 tickover” (Pangburn et al., 1981; Lachmann & Halbwachs,
1975). This component can bind to factor B, which is then activated by factor D
by cleavage into Ba and Bb (Müller-Eberhard & Gotze, 1972; Fearon et al.,
1974). C3(H2O) binds to factor B and forms C3 convertase C3(H2O)Bb, and
this cleaves more C3 molecules and thus the formation of more C3b (Pangburn
et al., 1981), which can bind to Bb and form C3 convertase C3bBb. Although
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their preferred substrate is C3, C3 convertase from both the classical and
alternative pathways can cleave both C3 and C5, and therefore are also
referred to as C3/C5 convertases (Pangburn & Rawal, 2002) (Figure 6). An
extra unit of C3b can bind to this C3 convertase becoming C5 convertase
C3bBb3b (Kinoshita et al., 1988) (Figure 7). This changes its conformation to
have higher activity towards C5 (Pangburn & Rawal, 2002).
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Figure 7. C5 convertase (Murphy et
al., 2008)
Figure 6. Alternative pathway (Murphy
et al., 2008)
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Terminal Pathway

The formation of C5b from all three pathways leads to the formation of the
membrane attack complex (MAC). C5b, which is bound to the C5 convertase
complex on the membrane, complexes with C6 to form C5b6, and then with C7
forming C5b-7 (Discipio & Gagnon, 1982). The binding of C7 changes the
structure of this complex, exposing its hydrophobic binding sites, which enables
the molecule to bind onto the cell membrane (Müller-Eberhard, 1986). C5b-7
binds to C8, and then with C9 forming C5b-9. Once C9 is bound to the C5b-8
molecule it starts to polymerise, forming the MAC, which lyses the cell
membrane by the formation of a “hollow tube” on the membrane, with the
insertion of the hydrophobic tails of the polymerised units of C9 (Kolb et al.,
1972; Podack & Tschopp, 1982) (Figure 8).

C9

Figure 8. The membrane attack complex (taken from Walport, 2001).
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Regulation of the Complement System

The complement system is regulated by a number of factors in the blood.
Properdin, or factor P, is the only up-regulator of the complement cascade, by
binding to and stabilising the labile C3 convertase in the alternative pathway
(Fearon & Austen, 1975). However, a recent study on properdin-knockout mice
suggests that properdin may play a more important role – it may also be
involved in the initiation of the alternative pathway (Kimura et al., 2008).

Factor H (referred to as β1H in the older literature) accelerates the decay of C3
convertase C3bBb and thereby inhibits the alternative pathway. It also binds to
C3b which restricts it from complexing with Bb, and facilitates its destruction by
the protease factor I (C3bINA in the older literature) (Weiler et al., 1976;
Pangburn et al., 1977). Factor I also inhibits the classical pathway by cleaving
C4b into inactive products (Pangburn et al., 1977).

On host cell membranes, regulatory proteins protect the cell from attack by the
complement.

Decay-accelerating factor (DAF, CD55) protects by accelerating

the decay of C3 convertases from both classical and alternative pathways
(review by Nicholson-weller et al., 1982; Lublin & Atkinson, 1989). Membrane
cofactor protein (MCP, CD46) facilitates the decay of C3b and C4b by factor I
(Seya et al., 1986). Complement receptor type I (CR1, CD35) has both the
function of DAF and MCP (Klickstein et al., 1988). CD59 restricts the formation
of MAC complex on membranes by blocking C9 association with C5b-8 (Davies
et al., 1989; Rollins & Sims, 1990).
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1.7.1.2 Skin Innate Immunity

When pathogens enter through a breakage in the skin barrier, the skin can
immediately fight against these intruders with innate immunity. In the epidermis
there are phagocytic and dendritic antigen-presenting cells (APCs) called
Langerhans cells, which are capable of taking up antigens and presenting them
to naïve T cells in the context of major histocompatibility complex (MHC) class II
molecules

(reviewed

in

Loser

&

Beissert,

2007).

Human

epidermal

keratinocytes can synthesise the important complement components C3 and
factor B, mainly under the control of cytokines TNF-α and IFN-γ (Pasch et al.,
2000). They also express some of the complement regulation proteins (e.g.
CR1, MCP, DAF, CD59), which protect self-cells from auto-damage
(Dovezenski et al., 1992; Sayama et al., 1991b; Sayama et al., 1991a; Sayama
et al., 1990). To contain the infection, these keratinocytes can also produce
cytokines leading to inflammation, recruitment and activation of NK cells and
activation of T cells leading to Adaptive Immunity (Uchi et al., 2000). Moreover,
there are macrophage and dermal dendritic cells populations in the dermis
(Webermatthiesen & Sterry, 1990; Nestle et al., 1993), which are phagocytic as
well as capable of presenting antigens to T cells. Mast cells are another type of
cell found in the skin which is important for Innate Immunity. As reviewed by
Metz et al (Metz et al., 2008) mast cells protect the host against bacteria,
parasites and viruses by the secretion of cytokines, which lead to inflammation
and activation of T cells and other APCs.
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1.7.2 Adaptive Immunity

During the body‟s first encounter with a particular pathogen, the latter is dealt
with by the non-specific innate immunity system, while the more specific
adaptive immunity only becomes effective after 4-7 days (Swain et al., 1996).
Both B cells (and their secreted antibodies) and T cells are capable of binding to
large amount of antigens specifically.

Such diversity comes from genes

inherited as sets of gene segments, via their rearrangement and somatic
hypermutation during development (Tonegawa, 1983; Davis & Bjorkman, 1988).
Adaptive immunity is initiated by the phagocyte dendritic cells, which along with
other phagocytes, are recruited during events in Innate Immunity. They engulf
pathogens, become activated into APCs and start migrating to the secondary
lymphoid tissue (Leon & Ardavin, 2008). They increase their major MHC class I
and II expression, and present fragments of the pathogen (antigens) as a
peptide-MHC complex on their surface (Villadangos & Schnorrer, 2007). Upon
arrival at the lymphoid tissue, the peptide-MHC complexes are recognised by
naïve T cells. There are two major classes of T cells with different clusters of
differentiation (CD) markers on their surface. The two major types of T cells are
CD8+ and CD4+ T cells and they recognise peptide-MHC class I (Harty et al.,
2000) and peptide-MHC class II respectively, via their T cell receptor (TCR) and
its associated signalling CD3 complex (Call et al., 2002). To activate the T cells
into a mature form, they also need a co-stimulatory signal, e.g. by the binding of
CD28 receptors on T cells to B7 molecules expressed by professional APCs
(reviewed in Peggs & Allison, 2005).
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CD8+ T cells differentiate into cytotoxic T cells and can expand their population
clonally. They can attack pathogen-infected cells directly (Harty et al., 2000).
They are, however, short-lived and die by apoptosis; once the infection is
cleared their population declines and is maintained at a low level in the form of
memory T cells. In this way, they are able to launch an instant response to
future repeated infection by the same pathogen (Harty et al., 2000).

CD4+ T cells can also clonally expand and differentiate into effector and
regulatory T cells (Kapsenberg, 2003) (Figure 9). The first type of effector cells
are TH1 cells. They are also called inflammatory T cells as they produce IFN-γ
which activates macrophages to attack intracellular pathogens, leading to
inflammation (Stout & Bottomly, 1989). TH1 cells also produce interleukin-2 (IL2), which has important roles in both the promotion and regulation of immune
response (reviewed in Sakaguchi et al., 2008). The second type of effector T
cells is the TH2 cell. They are also called helper T cells and produce IL-4, IL-5
and IL-13, which can stimulate the activation of B cells and are important for
inducing the secretion of antibodies in B cells (Parker, 1993; Punnonen & de
Vries, 1994). TH2 produce the anti-inflammatory interleukin IL-10 which can
regulate TH1 cells (O'Garra et al., 2008). Recently, naive CD4+ cells have been
observed to develop into a third type of effector cells called TH17. These cells
produce IL-17 (hence their name) which is pro-inflammatory, and plays a role in
inflammatory and autoimmune diseases (Dong, 2008). Naive CD4+ cells can
also differentiate into regulatory T cells (Treg), which are responsible for
controlling the adaptive immune response by inhibiting the proliferation, function
and/or cytokine production of T cell, B cells and other APCs (c.f. Sakaguchi et
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al., 2008). This type of Treg is called iTreg (induced Treg), while another type
of Treg arise from CD4+ cells naturally in the thymus are called nTreg, and is an
important cell type for the prevention of autoimmunity (c.f. Sakaguchi et al.,
2008). Both of the Tregs express the unique marker Foxp3, which is important
for their function and development (Fontenot & Rudensky, 2005).

Apart from in CD4+ and CD8+ cells, the TCR and CD3 complex are found in
another type of cell - natural killer T (NKT) cells (Berzofsky & Terabe, 2008).
They can be activated directly by pathogens or indirectly by cytokines
synthesized by phagocytic cells (Tupin et al., 2007).

They also produce

cytokines that are produced by TH1 and TH2 cells and in this way can bridge
innate and adaptive immunity (Berzofsky & Terabe, 2008).
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Figure 9. Types of mature CD4+ T cells (Sakaguchi et al., 2008).

B cells have surface antigen receptors called B cell receptors (BCRs) containing
immunoglobulin (Ig). There are five subclasses - IgM, IgD, IgG, IgA and IgE. B
cells are capable of internalising antigens by binding to antigens through the
BCRs, and then present them in association with MHC class II molecules to T
cells (Lanzavecchia, 1985). Upon activation by TH2 cells and presentation of
antigens by APCs (Harwood & Batista, 2008), B cells proliferate and
differentiate; the Ig on B cells surface now become antibodies which are
secreted (antibodies) by the B cells (Parker, 1993). All the 5 subclasses of Ig
consist of one or more Y-shaped unit structures with C (constant) and V
(variable) regions, as shown in Figure 10. This Y-shape is made up of 2 heavy

35

and 2 light chains, linked together by disulfide bonds. Under reducing condition,
these bonds could be broken and thus the 4 chains separate, which is
especially useful in laboratory studies (Edelman, 1973).

N terminus
Variable region

Disulphide
bonds
Constant
region

C terminus

Figure 10. Structure of immunoglobulin. (Adapted from Murphy et al., 2008.)

The five classes of Ig are distinguished by their C regions (Edelman, 1973) but
it is their V regions that give them specificity and diversity of antigen binding
(Davies, 1993).

Initially, IgM and IgD are expressed on all mature B cells.

Some of them produce the secreted form of IgM upon antigen stimulation and
therefore the first antibody produced in an immune response is always IgM.
They also secrete IgD, although at very low amount and its function is still
unknown (Murphy et al., 2008). Others undergo isotype switching by changing
only the heavy chains, to give IgA, IgE and IgG (Kraal et al., 1982; Murphy et al.,
2008). IgM exists as a polymer – predominantly as pentamers and also as
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hexamers (Brewer & Corley, 1997). IgM is very potent in the activation of the
Classical Pathway of the complement system because of its multivalency. It
forms an antibody:antigen complex with the pathogen, which can then bind to
the C1q complement molecule (Miletic & Frank, 1995), activating a cascade of
events which leads to inflammation and cytolysis. IgA is the main type of Ig in
mucosal secretions. In mucosal secretions it is secreted as a dimer, but as a
monomer in serum (Woof & Kerr, 2006). While its role in serum is not apparent,
secretory IgA protects mucosal epithelia and it is present in human milk at very
high concentration (Woof & Kerr, 2006). It forms 25% of the milk proteins,
providing important anti-microbial protection for the infant, while their own
immune system is not yet fully developed (Telemo & Hanson, 1996). Only low
levels of IgE are present in the plasma. It binds to allergens and onto mast cells,
which then release chemical mediators e.g. histamine and IFNs. These lead to
allergic inflammation as well as T cell modulations (Bischoff & Kramer, 2007).
IgG is the most abundant class of Ig in serum. It has 4 subtypes – which in
humans are IgG1, IgG2, IgG3 and IgG4, each with slightly different structure
giving them somewhat different functions (Frangion et al., 1969). They are
present in serum at different concentration, different half-lives, with different
ability at opsonising pathogens and with different ability at activation of
complement (Table 2) (Murphy et al., 2008; Steward, 1984).
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Table 2. Immunoglobulin functions and concentrations in human serum. Major
effector (+++), lesser function (++), minor function (+). *IgG2 can act as an
opsonin in the presence of an Fc receptor of the appropriate allotype. (Adapted
from Murphy et al., 2008 and Steward, 1984.)
Normal Serum
Concentration (mg/mL)

Half-Live
(days)

Antigen
Opsonisation

Complement System
Activation

IgG1

9

21

+++

++

IgG2

3

20

*

+

IgG3

1

7

++

+++

IgG4

0.5

21

+

-

IgM

1.5

5

+

+++

-5

IgE

3 x 10

3

-

-

IgA

2.1

6

+

+

IgD

0.04

3

-

-

1.7.2.1 Skin Adaptive Immunity

There are some T cells in the epidermis but the majority of skin T cells are in
the dermis. They become activated and differentiate upon activation by APCs
(Loser & Beissert, 2007) with both effector and regulatory roles. APCs can also
migrate and activate T cells in secondary lymphoid tissue (Loser & Beissert,
2007).

Apart from the cells mentioned in Section 1.7.2, microvascular

endothelial cells are also capable of activation and recruitment of T cells and
can act as APCs, by responding to cytokines produced by other immunoactive
cells with the production of cytokines as a result (reviewed in Pober et al., 2001).

The immune system is tightly regulated to prevent self-reactivities. However, It
is possible that for this regulation to break down, leading to autoimmunity.
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1.7.3 Autoimmunity

Autoimmunity occurs when the immune system recognises self-antigens as
foreign and responds to them in a similar way as they would against infectious
agents. The body regulates the immune system to prevent this, however, when
it does break down, it can lead to serious autoimmune diseases. Figure 11
summarises how the strongly self-antigen reactive T and B cells are deleted
before they leave the thymus or the bone marrow, and how other less strongly
self-antigen reactive T and B cells are prevented from attacking host cells by
deletion, receptor editing, anergy, development arrest and suppression by
regulatory factors (Goodnow et al., 2005).
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Figure 11. The range of different BCRs or TCRs, with varying degrees of avidity for self
antigens, are denoted by different colours as marked in the key. Specific cellular
mechanisms are shown by red numbers. BCR tolerance mechanisms in central lymphoid
organs: (1) Arrest of immature B-cell maturation; (2) BCR light chain editing; (3) Death
and deletion of immature B cells. TCR tolerance mechanisms in central lymphoid organs:
(4) TCR editing; (5) Death and deletion of semi-mature T cells. Intrinsic regulation of selfreactive receptors by anergy and biochemical tuning: (6) BCR tuning/anergy; (7) TCR
tuning/anergy. Extrinsic regulation of self-reactive receptors by competitive mechanisms:
(8) Follicular exclusion of B cells; (9) B-cell competition for BAFF (B cell activating factor);
(10) T cell competition for IL-7 (a T cell survival signal). Extrinsic regulation of selfreactive receptors by limiting immunogenic co-stimuli: (11) Controls on availability of
extrafollicular T cell help; (12) Control of TLR ligands and signalling; (13) B-cell death by
apoptosis; (14) BCR inhibition of plasma-cell differentiation; (15) Control of B7 ligands
and other costimulatory molecules; (16) T cell death by apoptosis; (17) T cell
suppression by TR cells. Regulation of self-reactive receptors in follicles: (18) Control of
ICOS (inducible T cell co-stimulator) and follicular T helper cell differentiation; (19) BCRinduced death of germinal-centre B cells; (20) Germinal-centre B-cell death from
competition for follicular T helper cells. Tolerance of self-reactive receptors at the final
effector phase: (21) Control of autoantibody accumulation and inflammation in tissues.
(Diagram and annotation adapted from Goodnow et al., 2005.)

40

If the process of negative selection is defective, there will be an increased
amount of autoreactive lymphocytes in the repertoire, which may then lead to
autoimmunity, for example, in autoimmune polyendocrine syndrome 1 (APS1).
APS1 is a rare autoimmune disorder with major and minor clinical diseases
including, for example, mucocutaneous candidiasis, chronic hypoparathyroidism,
Addison‟s disease and alopecia areata (AA) (Betterle et al., 1998). APS1 is
caused by mutations in the autoimmune regulator (Aire) gene. Inactivation of
this gene leads to a failure in the deletion of self-antigen reactive CD4+ T cells
(Nagamine et al., 1997).

It has been described in a recent review (Goodnow, 2007) that more than one
defect in the immune system is needed for the development of autoimmunity.
These are described as “checkpoints” in the immune system. For example, the
mutation of the AIRE gene, which leads to the changes in the expression of the
immune regulating Aire protein, alone is not enough for an individual to develop
APS1.

It needs other immune defects, which could have been developed

during the “latent period”, before disease onset (Goodnow, 2007).

There are many possible defects in the immune systems that could lead to
autoimmunity as described by Atassi et al (Atassi & Casali, 2008). For many
autoimmune diseases susceptibility is associated with particular MHC
genotypes [in humans MHC molecules are known as human leukocyte antigens
(HLA)], especially with MHC class II alleles (Bach, 1991); e.g. in Multiple
Sclerosis (Svejgaard, 2008).

Other possible defects include, for instance,
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mutation of immune regulation protein or changes in their expression level and
the existence of highly specific autoantibodies (Atassi & Casali, 2008).

It appears that all tissue of the body are not similarly exposed to the immune
system, and this may have implications for their vulnerability to inappropriate
immune attack.

1.7.4 Hair Follicle Immune Privilege

A number of sites in the human body are described to be immunologically
“privileged”, and the HF is thought to be one of them (Barker & Billingham, 1977;
Paus et al., 2005). In immunologically-privileged sites, antigens are present but
“tolerated”, they do not interact with the T cells present (Murphy et al., 2008). It
is only during anagen that the HF appears to be immunologically-privileged
(Paus et al., 2005). In the anagen HF, there are both CD4+ and CD8+ cells but
they are mainly in the distal part of the HF in the ORS, and the number of CD8 +
cells is actually very small with virtually none in the proximal region of the HF
(Christoph et al., 2000). MHC I reactivity was detected in the epidermis and the
distal HF but not in the proximal HF. So far, three immunosuppressing factors -melanocyte-stimulating hormone (-MSH), transforming growth factor-1
(TGF-1) and insulin-like growth factor-I (IGF-I) - are found to be produced by
anagen HFs, which suppress MHC I expression and downregulates IFN- (Paus
et al., 2003). MHC II positive APCs are found in ORS of distal HF but very few
in proximal HF and no mast cells are detected. Also, there are very few B cells
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or NK cells detected in the anagen HF. There is, however, high density of
APCs, CD8+ and mast cells in the CTS (Christoph et al., 2000).
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1.8 ALOPECIA AREATA

1.8.1 Epidemiology

A study of AA incidence over 15 years in a community in Minnesota by Safavi et
al. estimated incidence at 0.1% of the general population at any one time, with
lifetime risk of approximately 1.7% (Safavi et al., 1995). It appears to affect
both sexes equally (Safavi et al., 1995) but the correlation of onset of AA with
age has not confirmed (c.f. McDonagh & Tazi-Ahnini, 2002). Around 9 to 22%
of AA patients have a positive family history (c.f. McDonagh & Tazi-Ahnini, 2002)
and it was found by Colombe and colleagues that a positive family history is
more common for patients who develop their first bald patch by 30 years old
(37%), and is less common (7.1%) for those who develop their first patch after
30 (Colombe et al., 1995).

Jackow et al conducted a study of AA among

identical and fraternal twins and they found the concordance rate of AA among
identical twins is 55% but 0% for fraternal twins (Jackow et al., 1998). However,
the sample size was small (only 11 pairs of identical and 3 pairs of fraternal
twins) and so cannot be taken as conclusive. AA has been reported to be
associated with several conditions, including atopy (c.f. Tobin & Bystryn, 2000),
Down‟s syndrome and thyroid disease. Carter and Jegasothy examined 214
individuals with Down‟s syndrome and found that 8.9% of them also developed
AA (Carter & Jegasothy, 1976). Other suggested associations include vitiligo,
although the evidence for this is rather weak. Actually only about 3-5% of AA
patients have another autoimmune or endocrine disease (c.f. Tobin & Bystryn,
2000; King Jr. et al., 2008).
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1.8.2 Clinical Picture

Alopecia Areata (AA) is a disease which involves a non-scarring, inflammatory
reversible hair loss.

About 10 to 66% of AA patients also have nail

abnormalities (c.f. Shapiro & Madani, 1999).

AA is an unpredictable and

heterogeneous disorder and can present in patients in different patchy forms as
described by Shapiro and Madani (Shapiro & Madani, 1999) including patchy
AA, reticular patterned AA, diffuse AA, ophiasis and ophiasis inversus (Figure
12). The bald patches are usually pale peach in colour, smooth and of oval
shapes. A characteristic feature of active AA is the presence of exclamation
mark hairs, found in the periphery of the bald patches. As described by their
name, these hairs resemble an exclamation mark in shape and are tapered
towards the scalp (Eckert et al., 1968). The tips of these hairs are fractured,
brush-like and lack cuticle when compared to normal hair fibres (Tobin et al.,
1990a). They can be pulled easily from the scalp (Eckert et al., 1968), which is
one of the diagnostic features for AA (the hair pull test).
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(a) Patchy AA (with sparing
of white hair in this case)

(c) Diffuse AA
(b) Reticular AA

(d) Ophiasis
(e) Ophiasis Inversus

Figure 12. Clinical photos of different forms of patchy AA (Madani & Shapiro,
2000; Shapiro & Madani, 1999).
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A scalp biopsy may be needed in some cases to distinguish AA from
androgenetic alopecia (AGA), trichotillomania and telogen effluvium (Madani &
Shapiro, 2000). The severity of AA can be assessed using guidelines published
by Olsen and colleagues (Olsen et al., 1999; Olsen et al., 2004).

These

guidelines take into account the duration of hair loss, the percentage extent of
hair loss on the scalp, the pattern of hair loss, and whether AA also involves
body hair loss and nail involvement. The loss of 100% scalp hair with none or
only partial loss of body hair is termed alopecia totalis (AT), while 100% loss of
scalp and body hair is termed alopecia universalis (AU). Although most patients
experience spontaneous regrowth of hair, it is not possible currently to predict
the extent of regrowth or which patient will experience regrowth. However, it is
observed that patients who experience disease onset at a younger age (i.e.
before 10 years) usually have a poorer prognosis than patients first affected
later in life (Shapiro & Madani, 1999). Although AA is not life-threatening, the
resulting dramatic changes in the patient‟s appearance can bring great
psychological distress and a decreased quality of life (c.f. Tobin & Bystryn,
2000).

1.8.3 Course of AA

AA can be divided into four distinct stages in terms of disease course. They are
acute hair loss, persistent (chronic) baldness, partial telogen to anagen
conversion and normal spontaneous recovery (Headington, 1991). While AA
can be recurring, complete remission is still possible for most if not all patient
types (Price, 1991), and this is especially so for those patients affected by the
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patchy form. It has long been known that the disease targets anagen HFs
(Messenger et al., 1986) and that these HFs are precipitated into catagen
prematurely and thus have a shortened cycle length (Eckert et al., 1968; van
Scott, 1958). Anagen HF growth is commonly truncated at anagen III, at a time
when the trichohyalin-rich IRS starts to form, and before the hair cortex starts to
keratinise. The affected HFs may survive for some time under a distressed
state to produce dystrophic exclamation-mark hair, before precipitating into
catagen (Messenger et al., 1986; Jackson et al., 1971). Some authors have
suggested that pigmented hairs are preferentially targeted leaving the
unpigmented hairs behind (Khoury et al., 1988) (Figure 12), and this appears to
underlie the clinical phenomenon of „going white overnight‟. They have further
suggested that this failure to pigment continues during spontaneous hair
regrowth as the initial hair regrowth is usually unpigmented. But this regrowth
usually darkens with time indicating a recovery of the HF pigmentary unit (Price,
1991).

These observations, combined with histological studies (see section

1.8.2.2), lead to the suggestion that melanin generation machineries in the HF
could be one of the targets of AA (Tobin & Bystryn, 2000).

Apart from affecting humans, AA is also observed in other mammals, for
example, mice, rats, dogs, horses, cows and primates (Sundberg et al., 1994;
Michie et al., 1991; Tobin & Olivry, 2004; Bruet et al., 2008; Paradis et al., 1988;
Beardi et al., 2007). A large number of AA studies have been conducted using
inbred rodent models, especially the C3H/HeJ mice breed and the Dundee
experimental bald rat (DEBR) (see below), because of their relative ease of
handling and their spontaneous hair loss closely resembles to AA in humans.
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1.8.4 Etiology

The cause of AA and the factors that drive disease progression and regrowth
are still unknown.
candidate.

Infection is a possible cause and remains a possible

However, so far no infectious agents have been confirmed as

etiologic factors in AA. While Skinner and colleagues reported a link between
AA and cytomegalovirus (Skinner et al., 1995a; Skinner et al., 1995b), later
studies using similar and different experimental methods were unable to confirm
these results (Garcia-Hernandez et al., 1998; Tosti et al., 1996; Jackow et al.,
1998). A study using the C3H/HeJ mouse model of AA also could not find any
association (McElwee et al., 1998).

Another proposed cause of AA was abnormality in the nervous system. AA
patients may be affected by psychological disorders (Ruiz-Doblado et al., 2003;
Colon et al., 1991). However, evidence has not been forthcoming to determine
whether this is a driver of the disease or rather is secondary to the condition.
Recent molecular studies on interactions between neuropeptides and HF may
support a role for psychological stress playing a part in the pathogenesis of AA
(Siebenhaar et al., 2007; Arck et al., 2003; Peters et al., 2005). Despite these
possibilities, AA is widely regarded as an autoimmune disease (Hordinsky &
Ericson, 2004; Gilhar & Kalish, 2006; King Jr. et al., 2008). The evidence that
supports this hypothesis is discussed in more detail in Sections 1.8.2.1 to
1.8.2.2.
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1.8.4.1 Genetics and Environment

Some AA patients have a positive family history of the disease and there is a
reasonable concordance rate of AA among identical twins (i.e. 55%), both
features suggest that genetic factors could be at play.

Currently there is a

major push to elucidate the genetics of AA (National Alopecia Areata Registry,
National Institutes of Health). Although this feature of the disorder remains
confusing, there is increasing evidence to suggest that AA has strong genetic
associations. One particularly interesting observation is AA‟s association with
chromosome 21 abnormalities.

Not only is AA associated with Down‟s

syndrome, which has an extra copy of chromosome 21 (Lejeune & Turpin,
1961), it was also shown that 29-37% of APS1 patients also develop AA
(Betterle et al., 1998) (see Section 1.7.3). APS1 is an autoimmune disorder
with an abnormal autosomal-recessive variant of the Aire gene on chromosome
21 (Nagamine et al., 1997). There were observations suggested that patients
with the more severe form of AA have a higher probability of having APS1
(Hedstrand et al., 1999). The link of AA to defects in the AIRE gene is further
supported by the strong association of two AIRE gene single nucleotide
polymorphism haplotypes in AA patients who had never been diagnosed with
APS1 (Wengraf et al., 2008).

As mentioned above, many autoimmune diseases exhibit a susceptibility that is
linked to HLA class II antigen. AA patients with different disease severities,
different family histories and different age of onset tend to have different HLA
class II associations, and these may also differ between patients of different
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ethnicities (Colombe et al., 1995; Morling et al., 1991; Kavak et al., 2000; Welsh
et al., 1994; Xiao et al., 2007).

Together these findings suggest that the

severity of AA could be dependent on genetic factors and supports the
hypothesis that AA may be an autoimmune disease. HLA class I antigens are
also associated with autoimmune diseases. An association of AA with these
antigens has also been found and like HLA class II antigens, these associations
also differ depending on the severity of the disease (Barahmani et al., 2006).
Another reported severity-based association with AU is polymorphism in the
Notch4 gene. The latter is located in the HLA class III region (Tazi-Ahnini et al.,
2003).

An initial study using the C3H/HeJ model did not find Notch4

dysregulation (McPhee et al., 2008).

Recently, another AA association with autoimmunity-associated genes reported
the involvement of a variant (R620W) of protein tyrosine phosphatase
nonreceptor 22 (PTPN22) gene.
susceptiblity to AA.

This was associated with increased

This was also more strongly associated with the more

severe forms of AA, AA with a positive family history, and with early AA disease
onset (Kemp et al., 2006; Betz et al., 2008).

Recent study also reported

dysregulation of PTPN22 in the C3H/HeJ model (McPhee et al., 2008). Another
genetic association with AA disease severity is polymorphism in the cytokine
interleukin-1 receptor antagonist gene, which also associates with other
inflammatory diseases (Tarlow et al., 1994; Tazi-Ahnini et al., 2002).

A

genome-wide scan was performed for AA patients from 20 families from the
United States and Israel where the authors found susceptibility loci in
chromosomes 6, 10, 16 and 18 (Martinez-Mir et al., 2007). Their results also
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found linkage with HLA genes, but interestingly did not find associations with
the AIRE and PTPN22 gene. In summary, greater clarity is needed to help to
contextualize all these findings and this may require similar but larger studies to
attempt to replicate these results in independent populations.

1.8.4.2 Pathogenesis – Immune Mediators and Autoimmunity

AA and T Cells

A study by Gilhar and Krueger in 1987 confirmed the long-held view that the
pathogenesis of AA is immunologically mediated, by their demonstration of an
abnormal immune response to the normal HF (Gilhar & Krueger, 1987).
Infiltration of lymphocytes and inflammatory cells into or around the hair bulb
had previously been well documented (Perret et al., 1984; Ranki et al., 1984;
van Scott, 1958). However, Gilhar and colleagues suggested that AA is
mediated by T cells which respond to HF autoantigen(s). This was supported
by the successful activation of AA after grafting human AA-affected scalp skin
onto severe combined immunodeficient (SCID) mice and then injecting the mice
with autologous T cells activated by HF homogenate with accompanying APCs
(Gilhar et al., 1998). Importantly, T cells failed to become activated if incubated
with non-follicular homogenate or when incubated in the absence of HF
homogenate, and none of these was effective at inducing AA in this model
system (Gilhar et al., 1998; Gilhar et al., 1999).
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Later on, Gilhar and colleagues showed that melanocytes may indeed be a
target of activated T cells in AA, by demonstrating that hair growth was inhibited
successfully with T cells activated with melanoma antigens rather than requiring
the whole HF homogenate (Gilhar et al., 2001). This study supports the earlier
findings by Tobin and colleagues that HF melanocytes were selectively attacked
and their melanosome biogenesis disrupted in acute AA (Tobin et al., 1990b).
These findings concur with the clinical observation that pigmented hair is
preferentially targeted in AA. The role of T cell involvement in AA is further
supported by several other lines of evidence: hair regrowth in C3H/HeJ mice
and DEBR model after depletion of CD4+ and/or CD8+ T cells (Carroll et al.,
2002; McElwee et al., 1996; McElwee et al., 1999); the finding that AA resistant
C3H/HeJ mice show less CD4+ and CD8+ T cells than AA susceptible mice
(McElwee et al., 2002); the regulation and thus inhibition of hair loss in C3H/HeJ
mice by the injection of CD4+/CD25+ lymphocytes and promotion of AA by
injection of CD4+/CD25- cells (CD25 is IL-2 receptor, important for T cell
regulation) (McElwee et al., 2005); the synergistic activity of CD4+ and CD8+ T
cells (Gilhar et al., 2002); the effective treatment of AA by cyclosporine which
inhibits activation of helper T cells (Gilhar & Krueger, 1987; Gupta et al., 1990),
and the development of AA after receiving bone marrow transplant from an AA
affected HLA-matched sibling (Barahmani et al., 2003).

The adhesion molecule CD44 found on lymphocytes was found to be important
for the migration of T cells during AA initiation (Zoller et al., 2002).

CD44

variants are involved in autoimmune diseases, and were also detected in the
initial period of AA (Zoller et al., 2002).
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Indeed, injection of anti-CD44v10

antibody inhibited hair loss in C3H/HeJ AA mice (Freyschmidt-Paul et al., 2000).
Moreover, an up-regulation of TNF- (which is produced by both macrophages
and T cells), IFN- and IL-6 (produced by TH17 cells) was observed in mice who
developed AA after injection with CD4+/CD25- cells (McElwee et al., 2005).

Alopecia Areata and Apoptosis

Apoptosis drives the catagen phase of the HF growth cycle (Lindner et al.,
1997). It has been suggested that AA may involve an inappropriate immune
response to self antigens produced at this stage of the growth cycle (Norris,
2003), e.g. released from apoptosing melanocytes (Tobin et al., 1990b) in a
similar way to many other autoimmune diseases (Rosen & Casciola-Rosen,
2001). Such an anti-melanocyte reactivity would be in place for attacking the
regrowing HF during anagen III/IV when the HF pigmentary unit is being reconstructed. Moreover, as mentioned before the lower HF and bulb is reported
to be an immunologically privileged site, and the onset of AA has been
suggested to be caused by the collapse of this privilege (Paus et al., 2003).
Both class I and II MHC is normally absent from proximal anagen HF, but when
its immune privilege collapses their expression is upregulated and autoantigens
can now be presented to the immune system which may participate in the
pathogenesis of AA (Paus et al., 2003; Hamm et al., 1988). The importance of
apoptosis and immune privilege collapse in the pathogenesis of AA are further
supported by studies where AA-affected skin was engrafted onto Fas-deficient
or Fas-ligand deficient C3H/HeJ mice, and control C3H/HeJ mice (FreyschmidtPaul et al., 2001). While AA development was observed in the control C3H/HeJ
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mice within 10 weeks of grafting, the Fas-deficient and Fas-ligand deficient
C3H/HeJ mice did not develop AA within the period of the 20 weeks long study.

Alopecia Areata and Humoral Immunity

Aside from cellular immunity, several studies have also reported the
involvement of humoral immunity in AA. Abnormal deposits of complement C3
and immunoglobulin have long been reported in AA patients (Bystryn et al.,
1979) and antibodies against anagen HFs in serum of AA patients were first
identified by Tobin and colleagues (Tobin et al., 1994b). In addition, these
authors found that antibodies to HFs are present also in serum of normal
individuals, but only in much lower levels (Tobin et al., 1994a). In the same
study they showed that AA-targeted antigens were expressed by HFs but not
present in adjacent epidermis or dermis, despite all three skin regions sharing
cells of the same histological types (i.e. keratinocytes, fibroblasts and
melanocytes) (Tobin et al., 1994a). However, the higher titre HF antibodies in
AA sera suggests that AA patients have abnormally increased production of
antibodies to normal antigens in anagen HFs (Tobin et al., 1994b).

The

antibodies in serum of AA patients were mainly IgG, while in normal individuals
the level of IgM and IgG antibodies were similar.

These authors have

suggested that isotype switching may occur during the onset of AA. Although,
the anti-HF antibody reaction patterns and intensities differ between different
AA patients, antibodies most commonly reacted to antigens of molecular weight
(Mwt) between 44 and 57 kDa (Tobin et al., 1994b) but other antigens with Mwt
62 (Tobin et al., 1997a), 115, 155, 185, 200 and 220 kDa (Tobin et al., 1994a)
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were also detected. This shows that the antibodies are directed to multiple HF
antigens (Tobin et al., 1994b) and to multiple structures of the HFs, but
principally ORS and IRS, hair bulb matrix and hair shaft (Tobin et al., 1997a).

As mentioned above, many HF compartments are rich in keratins. Type I HFspecific keratins with Mwt 44 and 46 kDa have been reported to be targeted by
the anti-HF antibodies in AA and the same is true in C3H/HeJ mice (Tobin &
Bystryn, 1996; Tobin et al., 1997b; Lynch et al., 1986). Also, only sera of AA
patients immunoprecipitated a 44 kDa HF-specific keratin but not normal sera
and therefore this HF-specific keratin could be one of the autoantigens targeted
in AA (Tobin & Bystryn, 1996).

AA studies in horses and dogs have also showed reactivities very similar to
those in human and mice with AA, and included peri- and intrafollicular T cell
infiltration (Tobin et al., 2003), AA serum antibodies in these mammals reacted
to HF antigens of Mwt 40-60 kDa (Tobin et al., 2003; Tobin et al., 1998a). In
addition, reaction with HF antigen(s) of Mwt 200-220 kDa was observed in both
canine and equine AA and this was subsequently identified as THH (Tobin et al.,
1998b; Tobin et al., 1998a). Furthermore, serum from AA affected dogs and
horses injected into naïve mice were reported to disturb hair regrowth in mice,
suggesting that the anti-HF antibodies in AA may be pathogenic (Tobin et al.,
2003; Tobin et al., 1998a). However, these were preliminary studies, which
need to be expanded before firm conclusions can be drawn.
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1.8.5 Treatment

The majority of AA patients, with less than 40% scalp hair loss, experience full
hair regrowth within 1 year even without treatment (Madani & Shapiro, 2000;
Bolduc & Shapiro, 2001). However, patients with more extensive hair loss (i.e.
AT, AU, ophiasis), other immune diseases, a family history, atopy, early first
disease onset have poorer prognosis (Shapiro & Madani, 1999; Bolduc &
Shapiro, 2001). About 1 to 2% of AA patients progress from patchy AA to AT
and AU within a few weeks and around 20% of patients have persisting AA
without regrowth of hair for 10 to 15 years after developing the first patch (Price
& Khoury, 1991).

Several treatments exist for AA, but none is satisfactory nor particularly
pleasant. There is no cure for this disorder and continuous treatment may be
needed (Madani & Shapiro, 2000).

Treatment options are discussed with

patients and some AA patients may not want any treatment (Bolduc & Shapiro,
2001). The choice of treatment depends on the extent of the disease as well as
the age of the patient, and their personal preference (Madani & Shapiro, 2000;
Bolduc & Shapiro, 2001). A treatment plan designed by University of British
Colombia and University of San Francisco (Madani & Shapiro, 2000) is shown
(Figure 13). The first line of treatment for patients with loss of less than 50% of
scalp

hair

is

intralesional

corticosteroid

injections,

which

works

by

immunosuppression. However, this is not usually used for children under 10
years of age because of the common side effect of pain. Alternatively, these
patients can be treated with topical corticosteroids (Madani & Shapiro, 2000).
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The reported effectiveness of intralesional corticosteroids in a study with
relatively large group of patients is 92% for patients with patchy AA and 61% for
those with AT (Bolduc & Shapiro, 2001). Minoxidil and anthralin are also used
for patients with less extensive AA. Minoxidil in solution form seems to be more
effective than the oral form but its effectiveness in AA is still debated, and does
not appear to improve AT and AU forms of the disease. The effectiveness of
anthralin is again not well established and the side effect of an irritant contact
dermatitis is observed in most patients (Bolduc & Shapiro, 2001). For patients
with more extensive patchy AA, AT and AU, treatment with topical
immunotherapy may result in better responses (Madani & Shapiro, 2000).
Three contact sensitizers - dinitrochlorobenzene (DNCB), squaric acid
dibutylester (SADBE) and diphenylcyclopropenone (DPCP) – have been used
for treatment of AA, but DNCB was later found to be mutagenic (Rokhsar et al.,
1998). However, both SADBE and DPCP have not yet been approved by the
US Food and Drug Administration (Bolduc & Shapiro, 2001). These agents are
very strong sensitizers so very careful administration is needed and side effects
have been observed, including allergic contact dermatitis, eczema and
hyper/hypopigmentation (Bolduc & Shapiro, 2001). Other treatments are also
used, but their efficacies are low, with a large number of patients on trial
showing relapse or high incidence of side effects (Bolduc & Shapiro, 2001).
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Figure 13. Treatment plan for AA designed by University of British Colombia and University of San Francisco (Madani & Shapiro,
2000).
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1.9 AIMS OF PROJECT

Despite much evidence supporting the autoimmune hypothesis of AA, a
crucially important piece of data remains to be found – that is the identity of
pathogenic autoantigen(s).

In this project, various methods for isolating AA reactive HF-specific antigens
from normal scalp anagen HF extracts were studied.

The isolated HF

antigens are then investigated using gel electrophoresis, Western blotting,
various staining methods and proteomics. Antigens identified were then tested
for their functionality by HF organ culture and immunofluorescence studies.
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