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ABSTRACT

Animal and in vitro studies suggest that resolution of inflammation is largely
dependant on the clearance of activated T cells by apoptosis (programmed
cell death). This study has sought to confirm this hypothesis in vivo in
humans. Cutaneous PPD-induced delayed type hypersensitivity (DTH)
responses were investigated in healthy volunteers, to determine features
associated with both the generation and resolution of the reaction. This
resolving immunological reaction was then compared to untreated chronic
lesional atopic eczema (AE), to investigate whether a reduction in T cell

apoptosis is involved in the generation of chronic cutaneous inflammation.

We have shown that in the DTH response, the induction phase involves not
only recruitment, but also proliferation of CD4+ CD45RO+ T cells, while
resolution occurs in part by induction of T cell apoptosis. Different waves of
expression occurred in the two recognised groups of anti-apoptotic
cytokines, at the height (IL-2R y chain family) and during the resolution
phase (IFN-B) respectively. We hypothesise that the proliferative phase and
the resolution of the response are controlled by different levels of IL-2R y
chain cytokines, the presence of which promotes proliferation, while the
absence of these mediators leads to apoptosis. Increased IFN-f production
during the resolution phase may allow the survival of a proportion of primed

T cells destined to maintain specific memory.

In chronic AE the distribution and phenotypic characteristics of infiltrating T
cells were similar to those in resolving DTH responses, but low levels of T
cell apoptosis were observed. IL-15 and IFN-f, members of both groups of
anti-apoptotic cytokines, were expressed concomitantly. This may not only
promote T cell recruitment and proliferation, but also cause excess numbers
of T cells to survive in a state in which they can subsequently be reactivated
without dying, and therefore contribute further to the cutaneous inflammatory

response.
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Although a large body of research has focused on how cutaneous
inflammatory reactions are initiated, little is known about how they resolve. T
cell mediated reactions are generally described as having a beginning:
antigenic presentation and T cell activation; a middle: clonal expansion and
differentiation into effector cells; and an end: a majority of effector cells die,
whilst a few are retained as memory cells (reviewed in 1,2). In order for this
sequence of events to occur, T cells need first to gain access to the site of
antigenic stimulation. Thereafter, growth factors and cytokines in the local
microenvironment will dictate their ability to proliferate and differentiate into
effector cells. Once the antigenic stimulus has been dealt with, a majority of
the expanded T cell population needs to be removed, and a minority of cells
retained, to maintain immune homeostasis and T cell memory respectively.
The clearance of T cells during resolution may be due both to the efflux of

cells or to the death of cells in situ.

It is now recognised that cell numbers are controlled in a variety of biological
systems by the process of cell suicide or apoptosis (3-6). This process may
occur via two distinct pathways. The first involves re-ligation of the T cell
receptor of activated, cycling T cells, through a secondary interaction of
CD95 (Fas/APO-1) with its ligand (7,8). The second occurs following
withdrawal of cytokines, such as those which signal via the y chain of the IL-2
receptor (IL-2R). This causes downregulation of anti-apoptotic Bcl-2-family
proteins relative to their pro-apoptotic counterparts and results in T cell death
(4,9). The contribution of these processes to the resolution of cutaneous
inflammation has not been studied. The primary aim of this study was
therefore to determine factors associated with the resolution of a “normal”

cutaneous immunological response in vivo.

Although clearance of the expanded T cell populations is essential, certain
mechanisms exist which prevent apoptosis in a proportion of T cells, allowing

them to be retained and form part of the memory pool. Recent studies have
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suggested that a fibroblast-derived survival factor, now thought to be IFN-
(Pilling, D., Akbar, AN., Girdlestone, J., Orteu, CH., Borthwick, JN., Scheel-
Toellner, D., Buckley, CD., & Salmon, M. manuscript submitted for
publication, see ref 10), can maintain previously activated, apoptosis-prone T
cells in a primed but resting state (11,12). In the presence of appropriate co-
stimulatory signals these cells can be re-activated without dying and may
therefore represent the population destined to become memory cells at the
end of a normal immunological response (12). Thus, under normal
conditions, fibroblast-mediated T cell survival leads to the generation of
memory cells. In contrast, in abnormal conditions, overexpression of the
fibroblast factor may contribute to the persistence of a T cell infiltrate by
preventing cell death (13). Both T cell memory and chronic T cell mediated
inflammation may therefore be generated as a consequence of different
degrees of IFN-B-mediated T cell survival. Since a number of chronic
cutaneous diseases, in particular atopic eczema, are characterised by the
persistence of a T cell infiltrate, the second aim of this study, was to compare
the features of a resolving response with those of chronic atopic eczema

which, by definition, “fails to resolve”.
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1.1 T CELL MEDIATED CUTANEOUS INFLAMMATION

1.1.1 DELAYED-TYPE HYPERSENSITIVITY

A number of studies of cutaneous T cell mediated inflammation have
focused on the mechanisms underlying delayed type hypersensitivity (DTH)
responses induced by the intradermal injection of antigens, such as
inactivated pathogens or their purified protein derivatives ( e.g. tuberculin)
(14,15). The first descriptions of DTH responses produced under controlled
conditions were those of Jenner in 1798, Koch in 1890, and Mantoux in 1910
(for historical monograph see references 15,16). The addition of adjuvants
and development of the purified protein derivative (PPD) of tuberculin
allowed the Mantoux test, as it became known, to be used not only
diagnostically, in tuberculosis and as a test of cellular immune function, but
also in research, since it is a reproducible response with well defined clinical

characteristics.

1.1.1.1 Clinical features

In previously sensitised humans, the reaction may start within a few hours of
injection as a white or rose coloured infiltration. Its intensity increases over
the first 24 hours to reach a peak at 48-72 hours (sometimes as late as 96
hours) and usually subsides by days 7-10. At the height of the reaction, an
area of erythema, induration, sometimes with associated petechial
haemorrhage, and more rarely with vesiculation or central necrosis, is
produced. The response is generally considered as positive if 4-9mm, and
strongly positive if 10mm or more in diameter at its peak (15,17). In animals,
the Mantoux reaction (MR) reaches its height earlier, at 24 hours, remains

fairly marked up to 48-72 hours and persists up to at least 96 hours (15).

1.1.1.2 Immunohistology

Both in vitro and in vivo studies have investigated the kinetics and
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immunohistologic features of infiltrating cellss in PPD induced DTH
responses. They suggest that cellular migration is biphasic, comprising an
initial non-specific infiltration, which also occurs in non-sensitised subjects,
and a second specific peak (15,18,19). At veery early time points (6-12 hours)
the majority of infiltrating cells are neutrophiils (19). 12 hours after challenge,
T cells and dendritic cells (DC) begin to appear around dermal blood vessels
(20). In some studies, the number of epidermal Langerhans cells (LC) is also
increased at this time point (20,21). Maximal numbers of infiltrating activated
macrophages are present at 24 hours (20), but by 48 hours, a majority of the
infiltrating cells are T cells (19,20,22). CD4+ cells exceed CD8+ cells at all
time points (20,23). In contrast, few B cells lhave been documented in the
lesions (19,20,23). Although a majority of cells are concentrated
perivascularly, there is also a more diffuse infiltrate of T cells and
macrophages, interspersed between collagen bundles in the upper dermis,
and at later time points periadnexal cuffing (around hair follicles, sweat and
sebaceous glands) is also visible (19,20,23-25). The intensity of the
interstitial infiltration increases with time (up' to 96 hours), but appears to
show great inter-subject variability, irrespective of the clinical response (23).
Epidermal changes also occur, with epidernnal thickening (acanthosis)
developing over the course of the MR and dlamaged basal KC appearing as
early as 7 hours (24). By 24 and up to 96 hours, both CD4 (20) and CD8
(19,23) cells are seen infiltrating the epidermis in the vicinity of these

degenerating KC.

In summary, an early infiltration of neutrophiils, is followed by macrophages,
dendritic cells and predominantly CD4+ T cells in MR. At later time points
(studied up to 96 hours), the majority of infilttrating cells are T cells which
accumulate perivascularly, and more variablly in the epidermis and the
interstitium. The histologic features of the re:action are thus fairly well
established for the first 96 hours, and its gemeration is likely to involve co-

operation between the different types of infilitrating cells.
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1.1.2 PRIMARY AND SECONDARY CUTANEOUS IMMUNE RESPONSES

Although LC are widely regarded as the antigen presenting cells (APC) of
the skin, it is not known whether they are able to take up and process
antigen which has been injected intradermally. Their contribution to the
induction of a primary DTH response therefore remains unclear. Another
population of cutaneous DC has been described in the dermis, in both
normal and diseased skin (20,26). It is not known whether these cells
represent a population en-route to or from the epidermis, or a different
population altogether. However, they have a distinctive phenotype (26,27)
and are extremely efficient antigen presenting cells (27). Thus in primary
(and secondary) responses induced by direct intradermal injection of
antigen, it is likely that dermal DC (DDC) play a major role in processing and
transporting antigen to lymph nodes. Thereafter, primary antigen
presentation by DC in loco-regional nodes results in the activation of antigen
responsive naive T cells, which are thereby induced to proliferate and
undergo transition from the naive (CD45RA+) to memory/effector
(CD45R0O+) phenotype (28,29).

The response to recall antigen is thought to be mediated by CD45RO+ T
cells which show a much greater proliferation in this context, than the
CD45RA+ subset (2,30,31). In the very early phase of the response,
however, neutrophils and then monocytes/macrophages are the predominant
infiltrating cells (19,20,32). This early infiltration is likely to be directed by the
production of both non-specific and specific chemotactic and pro-
inflammatory factors, such as histamine, prostaglandins and chemokines.
Both RANTES (regulated on activation normal T cell expressed and
secreted) and MIF (migration inhibitory factors) are present in DTH
responses (33,34), and a number of studies have suggested that the early
production of KC derived cytokines such as IL-1 and IL-8 which are
chemotactic for neutrophils, lymphocytes and, to a lesser degree,

monocytes, is important in generating the response (21,35-38).
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Once in the skin, activated macrophages may themselves release cytokines
which amplify the response, not only by recruiting T cells but also by up- or
down-regulating the production of cytokines by T cells (such as IFN-y, IL-2
and IL-12), endothelial cells (EC) and keratinocytes (KC) (39-42). Indeed, the
crucial role of macrophages in determining the cytokine microenvironment in
which cells are activated is supported by the inability to mount DTH

responses if macrophage function is defective (43).

Another major determinant of whether CD45RO+ cells re-encounter
cutaneous antigen, and initiate a secondary response, is clearly their ability

to recirculate via the skin.

1.1.3 INDUCTION

The induction phase of a DTH response to recall antigen requires that T cells
are recruited to the site of antigenic stimulation and then proliferate and
differentiate into a population of effector cells within the specialised
microenvironment of the skin. Targeted recruitment of T cells is mediated by
a homing process which involves active lymphocyte-endothelial cell (EC)

recognition mechanisms (44).

1.1.3.1 Migratory advantage of CD45RO+ cells

The transition from naive (CD45RA+) to memory/effector (CD45RO+) cell
appears to be crucial in determining a T cells homing potential. CD45RO+ T
cells predominate in a variety of chronic inflammatory conditions and may,
per se, have an enhanced ability to bind to and migrate across vascular
endothelium at sites of inflammation (45-48). In Mantoux reactions (MR), in
vivo studies have shown that CD4+CD45R0O+ CD29+ (B1 integrin) T cells
migrate preferentially into the lesions (49,50). The degree of differentiation of
CD45RO+ cells is also important, since highly differentiated CD45RO+
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CD45RB " cells (51), which express high levels of 1 (CD29, VLA-4) and 2
(CD11/CD18, LFA-1) integrins (30,50), migrate better across cultured EC
than less differentiated CD45RA+ or CD45RO+RB" cells (52,53).

1.1.3.2 CLA | E-selectin interactions in cutaneous homing

Another receptor, the cutaneous lymphocyte-associated antigen (CLA) (54-
56), is also upregulated on T cells during the CD45RA+ to CD45R0O+
transition in skin-associated peripheral lymph nodes (29,50) and is present
on up to 70% of the predominantly CD45RO+ T cells at sites of cutaneous
inflammation (46,47,50). CLA is the major ligand for, and binds specifically
to, a vascular adhesion molecule, E-selectin (65,57) which is upregulated, in
part by TNF-a and IL-1pB, at sites of cutaneous inflammation (58,59).
Accordingly, studies employing suction blisters produced over DTH lesions
have shown that CLA+ CD45R0O+CD4+ cells migrate preferentially into the
lesions (49,50). Furthermore, plasma levels of soluble E-selectin correlate
with disease activity in atopic eczema (60), and T cells mediating cutaneous
diseases express high levels of CLA. Thus, disease-related, antigen-specific
T cell clones, from a patient with atopic eczema sensitive to the house dust
mite antigen der.p1, express very high levels of CLA and exhibit specific E-
selectin binding (61). In addition, T cell stimulation with bacterial
superantigens (both staphylococcal and streptococcal exotoxins) thought to
be involved in the pathogenesis of cutaneous diseases such as atopic
eczema and guttate psoriasis (62) produces an IL-12 dependant significant

increase in the numbers of CLA+ T cell blasts (63).

1.1.3.3 Molecular interactions in extravasation

The specificity of the homing process is determined by multistep sequential
engagement of adhesion and signalling receptors on lymphocytes and
vascular endothelial cells (reviewed in 44,64,65). Recruitment involves four
separate steps: 1) transient and reversible primary adhesion, 2) rapid

lymphocyte “activation”, 3) stable but potentially reversible “activation”
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dependent “arrest” and 4) diapedesis (44,66).

The first step is mediated by selectins such as CLA and E-selectin, and
appears to be the most important in determining which tissue (e.g. lung vs.
skin) lymphocytes home to (67). In step 2, rolling cells are “activated” by
chemokines, leading to alterations in integrin function (68). Activated
integrins then bind to their EC counter-receptors and mediate step 3 (67,69).
The reversibility of each of these steps is crucial, such that in the absence of
appropriate signalling for the subsequent step, cells can be released. If on
the other hand, appropriate signals are present, stable arrest is followed by
extravésation. The lymphocyte homing receptors and EC ligands involved in

T cell extravasation in the skin are summarised in Table 1.1.

1.1.3.4 Differential recirculation of naive and memory cells

The process of extravasation is therefore, a critical regulatory point, and is
responsible, at least in part, for the different recirculation pathways exhibited
by naive and memory/effector cells. Thus, under normal conditions, naive T
cells recirculate predominantly through secondary lymphoid tissues ( e.g.
lymph nodes, tonsil and spleen) where they are exposed to antigen collected
from epithelial surfaces, somatic tissues and blood within the context of the
local microenvironment (30,70). This allows antigen-induced activation and
differentiation, as well as removal of auto-reactive cells to occur. In contrast,
memory and effector cells, which also traffic through secondary lymphoid
tissues, are in addition able to access and recirculate through extralymphoid
effector sites such as inflamed skin and joints (30,70-72). This allows them to
return to sites of original antigenic stimulation where they are best adapted to

function.
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Table 1.1 LYMPHOCYTE-ENDOTHELIAL CELL INTERACTIONS
INVOLVED IN MEMORY T CELL EXTRAVASATION IN THE SKIN'

Activation

Contact > Rolling ——m Stable Arrest> Diapedesis

4= CLA -E selectin >

a2

VLA-4 (04B1) -VCAM-1—>

< LFA-1 -ICAM-1

' CLA cutaneous lymphocyte-associated antigen; VCAM vascular cell
adhesion molecule; VLA very late antigen; LFA lymphocyte function
associated antigen
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1.1.3.5 Antigen specificity

Although it is now known that skin homing CD4+ CD45RO+ CLA+ T cells
accumulate in PPD induced DTH responses (46,47,50), it is not clear what
proportion of antigen specific cells are recruited. Studies employing limited
dilution analysis (LDA) have suggested that they account for 1% or less of
infiltrating T cells in DTH responses (73,74). This would imply that most of
the CD45RO+, HLA-DR+ T cells are not antigen specific, but rather reflect
preferential homing of activated bystander cells to sites of inflammation.
However, a recent observation in mice suggests that although antigen
specificity does not influence migration into inflamed tissue, only antigen
specific cells are retained (75). Thus, although non-specific activated cells
may traffic through the lesions and serve to amplify the response, antigen-
specific cells may be the predominant effector cells. This suggestion is
further supported by a more recent study employing tetramers of MHC class
| molecules containing viral peptides, in LCMV (lymphocytic choriomeningitis
virus) infected mice (76). This showed that 50-70% of the expanded CD8+ T
cell population detected at the peak of the responses to primary and
secondary infection were LCMV-specific, and that previously employed LDA
methodology underestimates the frequency of antigen specific T cells by 20-
100 fold (76). The issue of antigen specificity in DTH responses has not yet
been resolved, however, with the development of multivalent MHC class I
peptide complexes (77,78) it may soon be possible to determine the

proportions of antigen-specific T cells infiltrating the skin more accurately.

1.1.3.6 Cytokine dependent induction of proliferation

Once recruited antigen-specific T cells need to be induced to proliferate and
differentiate into effector cells, in order for the efficient removal of antigen to
occur. After antigenic activation, cytokines are required to drive cells into

cycle. The cytokine that is best characterised for progression of activated T
cells into cycle is IL-2 (79). More recently, it has been shown that IL-15 (80-

83) and IL-7 (84) can also trigger proliferation of activated T cells, and that in
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mice, IL-7 is required for normal clonal expansion of mature peripheral T
cells both to antigen-specific and -independent stimuli (85,86). Both IL-2 and
IL-15 exert their proliferative effects via the B chain of the IL-2 receptor
complex, whereas IL-7 induced proliferation is mediated via the IL-7 receptor
(IL-7R) o chain (83,85). These cytokines are produced by different cell types.
IL-7 is stromal cell-derived and in the skin it is expressed by epidermal
keratinocytes (87). IL-15 is predominantly synthesised in macrophages
(81,83) but has also been detected in dendritic cells, including LC (88,89),
and epidermal KC (89). In contrast, T cells are the major source of IL-2 (79).
The co-ordinated expression of cytokines by these different cell types may
therefore be involved in the induction of T cell proliferation in DTH

responses.

In addition, cytokines such as type | interferons (90) and combinations of IL-2
+TNF-a +IL-6 (91) have been shown both in vitro and in vivo to cause
bystander (non antigen-specific) T cell proliferation, activation and
differentiation into effector cells. It is also possible therefore, that the DTH
response is amplified as a result of cytokines produced by specific T cells
and macrophages causing activation, proliferation and cytokine production
within bystander resting cutaneous CD45R0O+T cell populations. Although
previous studies have shown that a majority of cells accumulating in DTH
lesions have undergone recent proliferation (74), there is little information

regarding whether cells proliferate in these lesions in situ.
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1.2 THE ROLE OF APOPTOSIS IN IMMUNE RESOLUTION

Once the antigenic stimulus has been cleared, resolution may occur either
as a result of T cell efflux from the lesions, or as a result of in situ cell death.
Although the clinical response usually resolves within 7-10 days, the time-
course of histologic resolution in MR is largely unknown. Whereas some
studies have suggested that the overall number of infiltrating cells begins to
fall by 96 hours (20,22), others have noted a progressive increase in
perivascular cell numbers and density up to this time (23). Few studies have
followed the response beyond 96 hours. Those that have suggest that after
14 days, collections of epithelioid cells, giant cells and lymphocytes,
resembling tuberculoid granulomata, are present in the lowermost part of the
dermis (14). The processes by which activated T cells are removed and
inflammation is resolved have not been fully characterised. Although a
proportion of T cells may emigrate from the lesions at the end of a DTH
response (74), it is likely, that the control of cell numbers predominantly

reflects a balance between cell proliferation and cell death.

It is now recognised that cell numbers can be controlled by the process of
cell suicide or apoptosis (3-6). This type of cell death occurs following re-
ligation of the T cell receptor of activated, cycling T cells through a
secondary interaction of CD95 (Fas/APO-1) with its ligand (activation
induced cell death) (7,8), or via TNF-a /TNFR1 (type 1 tumour necrosis
factor receptor) interactions (92,93). Apoptosis may also be induced by the
withdrawal of cytokines which signal via the common y chain of the IL-2R,
including IL-2, IL-15,and IL-7 (4,9). This is of particular relevance, since
these cytokines are also involved in induction. Thus, both induction and
resolution may be driven by different waves of production of the same group

of cytokines.
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1.2.1 MORPHOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF
APOPTOSIS

The term apoptosis is derived from classical Greek and means “falling away”.
Cells dying by apoptosis have characteristic morphological and biochemical
features which are highly conserved throughout ontogeny. The
morphological features include plasma membrane blebbing, volume
contraction, nuclear and cytoplasmic condensation, and fragmentation of
chromosomal DNA into 180 base-pair nucleosomal units as a result of
endonuclease activation (94-97). Biochemical features may be subdivided
into mitchondrial manifestations, namely dissipation of the mitochondrial
transmembrane potential (A'¥'m) and oxidation of the inner membrane; and
“post-mitochondrial” changes which include exposure of phosphatidylserine
residues on the plasma membrane, vacuolisation of the cytoplasm with
extrusion/oxidation of reduced glutathione, increase in cytosolic Ca2+, and

nuclear DNA fragmentation (reviewed in 98,99).

The process of apoptosis can be subdivided into three functionally distinct
phases: initiation, effector and degradation. The first phase is dependant on
the nature of the initial apoptotic stimulus (e.g. cytokine deprivation,
CD95/CD95-ligand interactions, TNF/TNF-R interactions, sub-necrotic
damage by toxins or irradiation) . The effector and degradation phases are
common to all apoptotic processes, although only the degradation phase is

beyond regulation.

The most important determinant of the effector phase is a disruption of
mitochondrial membrane function which occurs as a result of the dissipation
of the mitochondrial A¥Ym, causing opening of pores in the mitochondrial
membrane and the release of apoptogenic proteins such as Cytochrome ¢
and apoptosis inducing factor (AlF). This is a common manifestation of the

apoptotic process, irrespective of cell type and induction stimulus, and marks
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the point of no return at which cells are committed to die. Thus, agents which
stabilise the mitochondrial A¥Ym can prevent apoptosis, whereas factors

which disrupt it, can induce apoptosis (reviewed in 98-101).

1.2.2 ANTIGEN-DRIVEN CELL DEATH

Removal of cells by apoptosis may therefore occur “passively” as a result of
a lack of stimulation by antigen or cytokines, or “actively” via receptor/ligand
interactions. This second mechanism operates in situations of antigen
excess, and is predominantly mediated by the interactions of CD95 and type
1 tumour necrosis factor-receptor (TNF-R1) with their ligands. In this context,
T cell apoptosis may serve to prevent excessive immune stimulation and

damage to the host. (reviewed in 7,102,103).

1.2.2.1 CDS5

CD95 was initially described by two independent groups in 1989, as a cell
surface molecule that could transduce an apoptotic signal in various human
cell lines (104,1095). It is a 45kDa transmembrane protein belonging to the
TNF and nerve growth factor (NGF) receptor superfamily, which are
characterised by cysteine-rich extracellular domains (7 and summarised in
Table 1.2). It is expressed on multiple cell types including fibroblasts (106),
keratinocytes (107), monocytes and mature activated human T and B cells
(108,109). CD95 shares part of its cytoplasmic death domain (ie a domain
which is necessary and sufficient for transduction of the apoptotic signal)
with TNF-R1 (7,110).The apoptotic signal transduced by activation of CD95
first requires the binding of its cytoplasmic death domain, to cytoplasmic
death-domain containing proteins such as the Fas-associated death domain
protein (FADD), to form a death-inducing signalling complex (DISC)
(103,111). FLICE [(FADD)-like interleukin-1p-converting enzyme-like
protease], also known as caspase-8, is the first in a cascade of interleukin-
1B-converting enzyme (ICE)-like proteases which execute the death signal

(112, and Fig 1.1)). The ability of the DISC to recruit and process FLICE to
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its active form, determines whether the above cascade is triggered and, by
implication, the cells’ susceptibility to CD95-mediated death (113). A second,
similar pathway also exists, and involves binding of receptor interacting
protein (RIP) and RAIDD (RIP-associated Ich-1/CED-3 homologous protein

with a death domain), and activation of caspase-2 (103,111).

1.2.2.2 CD95-L

CD95 ligand (CD95-L/Fas-L), a 40 kDa protein which exists in membrane
bound and soluble forms, was first identified in 1993, in a T cell hybridoma
with strong cytotoxic activity against CD95 expressing cells (114,115).
Although initially found on activated T cells (115,116), it is now known to be
expressed on a variety of other cell types, including activated macrophages
(117), dendritic cells (118), B cells (119), epithelial cells (107,120) and in
immune-privileged sites such as the eye and the testis (reviewed in 121). It
shares significant homology with the ligands of other members of the TNF-R
family (Table 1.2), and like TNF, membrane bound CD95-L (mCD95-L) is
cleaved by metalloproteinases at the cell surface to yield the soluble form
(sCD95-L) (122). sCD95-L circulates as a homotrimer composed of 27kDa
monomers and its functional significance in humans is controversial (111).
Although initially thought to be fully functional (123), recent work has
suggested that sCD95-L not only induces apoptosis less potently, but can
also antagonise the effects of mMCD95-L (111,124). It seems that CD95-
sCD95-L complexes are rapidly internalised which may not allow enough
time for the efficient recruitment and activation of caspase 8 via the DISC.
Instead , signalling may occur through a slower, less efficient, and as yet
poorly defined Daxx-Jun kinase apoptotic pathway (Fig 1.1), or through the
nuclear transcription factor NF-xB, causing inflammation rather than
apoptosis (111,124). The regulated expression of soluble and membranous
forms of CD95-L may therefore be used by different cell types, at different

stages of differentiation to alter their sensitivity to CD95-mediated death.



TABLE 1.2 Members of the TNF receptor superfamily and their ligands

Receptor Soluble form Ligand Soluble form Function inhibitor
identified identified
CD95/ Fas/ APO-1 yes CD95-L trimer apoptosis, but also proliferation of recently ?sCD95-L
activated T cells (see text) FLIP
TNFR1/ p55 yes TNF-a trimer apoptosis, monocyte/macrophage &T cell sTNFR-1
activation (see text)
TNF-p/ LT-a | trimer-no uncertain
membranous
form
TNFR2/ p75/ CD120b yes TNF-o & unclear may interact with membranous TNF-
TNF-p a->apoptosis. TNF-B/TNFR2 complex is non-
signalling
LT-BR no LT-p no uncertain. forms trimeric complexes with
TNF-B on T cell surface. Activates NFxB, and
genes for IL-8 and RANTES. Can also
induce apoptosis
DR4 & TRICK-2 no TRAIL trimer apoptosis (see text) LIT
CD30 yes CD30-L yes proliferation and apoptosis
CD40 no CD40-L trimer upregulation of CD95 causing apoptosis, but
also NFkB. Promotes B cell differentiation
into memory cells
CcD27 yes CD27-L no promotes cytolytic activity in gd T cells & B
cell antibody production. Can transduce an
apoptotic signal
LNGFR yes NGF dimer apoptosis, interacts with TrkA
CD134/ OX 40 no CD134L/ trimer T cell activation and survival
OX40L
CD137/ 4-1BB/ ILA yes CD137L/4- [ no inhibits AICD
1BBL
DR3 potential splice unknown analogous to TNFR1 can induce both NFxB
variants identified and apoptosis

Receptors are all type | transmembrane proteins with 1-6 extracellular ligand binding cysteine rich motifs. Usually form tri- or multimeric complexes. Ligands are all type |l
transmembrane proteins except NGF and TNF-B. Most form trimeric structures suggesting clustering of ligands and their receptors is required for signal transduction

NGF: nerve growth factor, LNGFR: low affinity NGF receptor, TrkA: high affinity NGF receptor, TNF tumour necrosis factor, LT: lymphotoxin, TRAIL: TNF-related apoptosis-
inducing ligand
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Figure 1.1 Schematic representation of the CD95 death

pathway
Following activation of CD95 by membrane bound CD95-L (mCD95-L), the

DISC is formed by binding of the cytoplasmic death domain of CD95 to
cytoplasmic proteins such as FADD. The DISC can then recruit and activate
caspase 8 (FLICE). If the soluble form of CD95-L (sCD95-L) interacts with
CD95, the complexes are rapidly internalised and signalling may occur

through a slower Daxx-Jun kinase pathway.
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1.2.2.3 CD95/ CD95-L interactions

CD95 is highly expressed on resting CD45RO+, but not CD45RA+ T cells,
whereas neither subset constitutively express CD95-L (8,108). Following
activation, CD95 and CD95-L expression are rapidly induced (8,108,116).
Interestingly, however, in the early stages of activation in vitro, human T cells
are resistant to CD95-mediated, activation induced cell death (AICD), despite
high levels of expression of both proteins (113,125 and reviewed in 8). This
transient resistance correlates with the expression of FLIP (FLICE inhibitory
protein). FLIP binds to the death domain of FADD and interferes with FADD-
FLICE interactions, preventing recruitment and activation of FLICE (caspase
8), and thereby inhibiting transduction of the apoptotic signal (125 and Fig
1.1). In contrast, in chronically activated T cells (by day 4 of culture with PHA
or anti-CD3 plus IL-2), FLIP expression is reduced and ligation of the CD3-
TCR complex of activated cycling T cells leads to AICD (7,8,116). The
susceptibility of T cells to AICD may also depend on cell-cycle progression
caused by IL-2 or other growth factors and is escalated with increasing
quantities of antigen (126,127). Thus, early in an immune response CD95
signalling may facilitate clonal expansion. Later, at the height of the response
and during the early part of the resolution phase, cells become sensitive to
AICD which contributes to a reduction in cell numbers, and the prevention of
excessive immune activation which might damage the host (7,8). T cell
CD95-L expression is tightly regulated and requires continued stimulation
(8,108,116). As antigenic targets are eliminated at the end of the response,
less stimulus for CD95-L expression is present, which leads to a decrease in

CD95-mediated death. However, low ambient levels of IL-2R-y chain
cytokines (and therefore Bcl-2 and Bcl-x-{ ) would ensure that cells continue

to be cleared by apoptosis in the late resolution phase (see below).

1.2.2.4 Other functions of the CD95 pathway

In addition to its role in lymphocyte homeostasis, the CD95 pathway has

been implicated in mediating cytotoxicity, both in cytotoxic CD8 and in IFN-y
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producing, cytotoxic CD4 cells (114,128-130). Thus, activation by antigen
induces CD95-L expression on cytotoxic T cells, which can then kill CD95-
expressing target cells. Interestingly, differential susceptibility of CD4 cells to
CD95-mediated death has been reported according to their dominant
cytokine production profile. Activated IFN-y producing CD4 cells which
express CD95 and its ligand are more sensitive than IL-4 producing cells
which predominantly only express CD95 (131). This may be of relevance in
conditions such as atopic eczema, where T cells with an IL-4 producing

phenotype are thought to predominate.

The importance of CD95 and CD95-L in the maintenance of self-tolerance
and regulation of immune responses is further supported by studies in /pr
and g/d mice which have spontaneous loss of function mutations in CD95
and CD95-L respectively. These studies suggest that thymic selection
operates relatively normally, but that peripheral clonal deletion of auto-
reactive cells (peripheral tolerance) and elimination of activated T cells
responding to foreign antigen are impaired as a result of defective
CD95/CD95-L interactions (reviewed in 7,8,102).

1.2.2.5 CD95 and human disease

In man the CD95 system has been implicated in disease progression in HIV
(8,117,132), in evasion of immune surveillance both in immune privileged
sites (121,133) and malignancies (134,135), and in auto-immune diseases
such Hashimoto's thyroiditis, in which thyrocyte apoptosis is thought to
contribute to the eventual development of hypothyroidism (120) (summarised
in Table 1.3).
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Table 1.3 THE CD95 PATHWAY IN HUMAN DISEASE

MECHANISM REFERENCE

Human chronically activated CD4 cells more (8)

Immunodeficiency susceptible to AICD

Virus infection
AICD mediated via cross-linking of CD4  (8)
by gp120/anti-gp120 immune complexes
CD95-L expressing HIV infected (117)
macrophages kill CD95 expressing
cytotoxic T cells (immune evasion)

Lack of inflammation

in immune privileged

sites- Inmune

evasion:

Anterior chamber of constitutive expression of CD95-L (121,133)

the eye results in death of infiltrating CD95

Testicular Sertoli cells  expressing T cells

Evasion of host

tumour-specific

immune responses

Colonic carcinoma cell Tumour cells express CD95-L but are (134)

lines resistant to their own CD95

Melanoma CD95, but not CD95-L expression is (136)
downregulated early in tumour
progression
FLIP is expressed in metastatic tumour (125)
cells but not normal melanocytes

Basal cell carcinoma Tumour cells express CD95-L but not (137,138)
CD95

Chemotherapeutic Up-regulate CD95-L expression in, and (1395)

agents e.g. cause CD95-mediated death of

Doxorubicin, leukaemia cells

Methotrexate

Tissue destruction in

auto-immune disease

Hashimoto’s IL-1-B mediated induction of CD95 on (120)

Thyroiditis thyrocytes, which constitutively express

CD95-L results in their apoptotic suicide
&/or fratricide
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In the skin the available data suggest that the CD95 system may mediate
keratinocyte apoptosis in a variety of conditions, from sunburn to erythema
multiforme (107,138,139). It is even possible, since both CD95 and its ligand
are constitutively expressed in keratinocytes (KC), that it may play a role in
the normal terminal differentiation of KC, which has long been thought to be
apoptotic in nature (140). There is very little data, however, investigating the
role of CD95/CD95-L expressing infiltrating T cells in inflammatory skin
disease. Its exact role in the skin, under normal physiological and disease

conditions, is, therefore, far from being fully elucidated.

In summary, several roles for the CD95/CD95-L system have been
proposed. T-to-T cell apoptosis (both “suicide” and “fratricide”) involved in
maintenance of peripheral tolerance and removal of cells both at the height
and during early resolution of an immune response; T-to-target apoptosis
involved in T cell mediated cytolysis of non-lymphoid cells; and target-to-
target apoptosis whereby target cells expressing both CD95 and CD95-L

may induce apoptosis in themselves.

1.2.2.6 Other death receptors

Signalling via TNF-R1 (p55), which is expressed on numerous cell types,
including monocytes, neutrophils and endothelial cells, has long been known
to transmit an apoptotic signal (92,93). However, as with CD95, TNF-R1
signalling can not only promote apoptosis, but also activate other signalling
pathways, including NF-xB, and promote survival (103). Its major ligand,
TNF-a is synthesised by macrophages and T cells (141), dendritic cells
(142), keratinocytes (143) and a wide range of epithelial, glandular and
neural tissues. It was the first of the TNF superfamily to be identified, and like
CD95-L exists in membrane bound and soluble forms, however, in this
instance the soluble form appears to be more potent (144,145). In humans,
soluble TNF-a has been shown to cause widespread tissue damage and

function as a cachectin in cancer patients (144). It has also been implicated
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in the pathophysiology of endotoxic shock and graft versus host disease
(GVHD) (144). In the skin, KC constitutively express both TNFR1 and TNF,
and stimulation by UV irradiation causes up-regulation of both with resultant
apoptosis (146,147).

TRAIL (TNF-related apoptosis-inducing ligand) is another, more recently
identified, widely expressed “death factor” to which T cells become sensitive
after activation with IL-2 (148,149). Like TNF-a and CD95-L it occurs in
membrane bound and soluble forms and binding to its two receptors, DR4
(Death Receptor-4) and TRICK-2 (TNF-related apoptosis-inducing ligand
receptor inducer of cell killing-2) can be competitively inhibited by LIT
(lymphocyte inhibitor of TRAIL), which lacks a death domain (150-152). Like
FLIP, LIT is down-regulated following lymphocyte activation increasing T cell
susceptibility to TRAIL-mediated death (152).

Active antigen-driven celi death may thus be induced by the interactions of
CD95, TNF-R1 or TRICK-2/DR4 with their ligands. However, surface
receptors are not the only means of regulating T cell apoptosis, other

intracellular and exogenous factors are also involved.

1.2.3 APOPTOSIS REGULATORY PROTEINS: THE Bcl-2 GENE FAMILY

The Bcl-2 gene was originally identified in 1984, at the chromosomal
breakpoint of the t(14;18)-bearing follicular B cell lymphomas. This
translocation brings the protein encoding part of the Bcl-2 gene, on
chromosome 18, into juxtaposition with the immunoglobulin heavy chain
gene locus on chromosome 14. The result was that cells producing
immunoglobulin heavy chains also over-expressed a 26 kDa protein, Bcl-2,
giving them a survival advantage and oncogenic potential (153). Subsequent
studies in transgenic mice over-expressing Bcl-2 revealed that they had

prolonged antibody responses and an expanded population of T cells
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displaying intermediate levels of TCR. They developed autoimmunity and a
variety of malignancies. These findings suggested that Bcl-2 plays an

important role in the regulation of both B and T cell survival (5).

Bcl-2 is now known to be part of a large family of apoptosis regulatory
proteins which may either antagonise or promote cell death (154-157 and
reviewed in 98,158,159).

In man, the best characterised members of this family are Bcl-2, Bel-x and
Bax, and a variety of transgenic studies have investigated their effects on the
promotion or inhibition of cell death. Bax, a 21kDa protein was the first with
Bcl-2 homology to be isolated and shown to counteract Bcl-2 activity (160).

Bcl-x also shares significant homology with Bcl-2, but has two splice variants,

a longer variant Bcl-x-_ which is a potent inhibitor of cell death, and a shorter
Bcl-x-g variant which inhibits the anti-apoptotic effects of both Bcl-2 and Bcl-
x-, (161). These proteins differ in their tissue and activation dependent
expression patterns, but are all thought to act by stabilising (Bcl-2, Bcl-x- ) or

disrupting (Bax, Bcl-x-g) mitochondrial membrane function (98,162,163).

During lymphoid development, downregulation of Bcl-2 is a common feature
of lymphoid populations undergoing selection and death, whereas up-
regulation of Bcl-2 is part of the positive selection mechanism (164). Bcl-2
deficient mice initially generate lymphocytes, but subsequently develop
thymic hypoplasia. They become lymphopenic over time as a result of
increased cell death, which is dependent on the presence of Bax (165). in
contrast, overexpressed Bcl-2 can prevent cell death induced either by DNA
damage, growth factor withdrawal, glucocorticoids, chemotherapeutic
agents, Ca2+ mobilising drugs or ceramide (162,166,167) and Bcl-x-_is at

least as effective.as Bcl-2 at preventing cytokine withdrawal mediated death
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(161). Its splice variant Bcl-x-g, and Bax can counter the death repressor
activity of Bcl-2. However, neither Bax nor Bcl-x-g alter viability in

themselves, rather they render cells more susceptible to death following an
apoptotic signal (160,161).Interestingly, the increased rate of cell death
parallels the ratio of Bax to Bcl-2 within cells (160,166).

Accordingly, a number of studies have shown that a dynamic equilibrium
exists whereby the ratio of pro- to anti-apoptotic proteins determines whether
a cell will respond to an apoptotic signal. Bcl-2 related proteins selectively
and competitively dimerize with each other both in vitro and in vivo, thereby
altering their pro-or anti-apoptotic effects (154,156,160,161, and reviewed in
98). Thus, in situations where Bcl-2 expression is low, Bax homodimerizes,
favouring apoptosis, whereas in situations of Bcl-2 excess, Bcl-2 competes
with Bax to form heterodimers (160,165).This is complicated, however, by
the results of studies on gain- and loss-of-function models of Bcl-2 and Bax
in transgenic mice which show that each is also capable of regulating cell
death independently of the other (165).

In summary, Bcl-2 family proteins appear to exert their effects by altering
mitochondrial function, producing either a stabilisation or disruption of the
mitochondrial membrane A¥Ym. Apoptosis appears to be exquisitely tuned by
the balanced expression of these proteins at the cellular level. The biological
response can be altered by imbalanced or ectopic expression which modify
dimerization, post-translational modifications of the proteins, or alterations in
their subcellular localisation (98,168). In physiological terms, one of the
crucial features of cells over-expressing Bcl-2 and Bcl-x-_is their resistance
to a number of apoptotic stimuli (3,6,9). Similarly, recently activated T cells
express high levels of Bcl-2, and are relatively resistant to apoptosis
(167,169). However, such cells need to be cleared at the end of the immune
response, suggesting that mechanisms exist which can alter their balanced

expression of Bcl-2 and related proteins and consequently render them more
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susceptible to apoptosis at that time.

1.2.4 THE ROLE OF IL-2R y-CHAIN SIGNALLING CYTOKINES

In in vitro studies using IL-2 dependant activated T cell lines, apoptotic cells
are observed as early as 8 hours after withdrawal of IL-2. By 48 hours, the
majority (80-95%) of the cultured cells are apoptotic (9,170). Whereas >95%
of such cells co-express Bcl-2 and Bax prior to IL-2 withdrawal, the increased
proportion of apoptotic cells observed at 48 hours correlates with a marked
reduction in T cell Bcl-2 and Bcl-x-| expression, whilst Bax levels remain
unchanged (9,166,171). Whereas withdrawal of IL-2 induces T cell
apoptosis, subsequent re-addition of IL-2 to these IL-2-deprived T cells not
only induces proliferation, but independently up-regulates Bcl-2 and Bcl-x-_
relative to Bax and rescues them from apoptosis (9,167,171-173). Thus, cell
death can be prevented by cytokines which induce genes such as Bcl-2 and
Bcl-x-, which retard apoptosis, relative to those such as Bax and Bcl-x-g
which promote it (6,9,170,171,174). Other IL-2Ry chain signalling cytokines
such as IL-4, IL-7 and IL-15, as well as IL-10, which signals via a different
receptor complex, have subsequently been found to rescue IL-2 deprived T
cell lines from apoptosis in a similar manner (9,175). However, a large panel
of other cytokines, including IL-1, IL-6, IL-8, TNF-a, TGF-B, IFNy, and
chemokines such as MIP-1, MCP-1 and RANTES do not (9,171).

1.2.5 T CELL DIFFERENTIATION AND SUSCEPTIBILITY TO
APOPTOSIS

The degree of T cell differentiation also appears to alter apoptotic potential.
Following in vitro stimulation with PHA or anti-CD3, naive T cells move
progressively from a CD45RA+RB"RO- phenotype, through a CD45RA-
RB"RO+ to a CD45RA-RB°RO+ phenotype which parallels successive
cycles of division and reflects increasing differentiation (61). This progressive

differentiation of CD45RA+ to CD45R0O+RB"° T cells is associated with a



39

reduction in Bcl-2 and an increase in CD95 (Fas/APO-1) expression (51).
Such cells predominate in the in vivo activated T cell populations of patients
with Human Immunodeficiency Virus (HIV) and acute EBV and Varicella-
Zoster Virus (VZV) infections, and after 48 hours of culture, a majority of
these T cells exhibit characteristic apoptotic features (169,172,173).
Interestingly, it is the CD45R0O+ population, and not the CD45RA+
population which is apoptotic (169,172). The apoptosis-prone T cell
phenotype thus arises from progressive differentiation (9,51,169,172,174),
presumably to allow efficient removal after antigenic clearance. This is
pertinent since T cells which preferentially enter sites of cutaneous
inflammation also belong to the CD45RO+ subset (176).

Thus, apoptotic potential may be determined both by the degree of T cell
differentiation and the cytokine milieu in inflammatory lesions. In particular,
the presence or absence of IL-2Ry chain signalling cytokines may contribute
not only to T cell infiltration and proliferation, but also to the resolution of

inflammation by promoting cell death.
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1.3 FIBROBLASTS, T CELL MEMORY AND CHRONIC
INFLAMMATION

The above data all suggest that apoptosis is the mechanism whereby the
extent and resolution of T cell mediated immune responses are controlled.
However, if clonal deletion rather than “down-sizing” were to occur at the end
of such a response, we would have no immunological memory, since all the
antigen-reactive cells would be eliminated. A mechanism must therefore
exist whereby some of the antigen-specific cells are not only rescued from
immediate death, but also maintained in a state in which they will survive and
be able to respond to recall antigen in the future. The first clues as to how
this might occur came from the observation that co-culturing in vivo
activated, apoptosis-prone T cells with fibroblast monolayers could rescue
them from apoptotic death (11). Under these conditions the T cells survive in
a primed but resting (non-cycling) state. They do not proliferate and their Bcl-
2 levels are low (12,169). However, they maintain high levels of Bcl-x-_
expression (12). If removed from co-culture a majority of these cells die by
apoptosis unless they are given IL-2 or re-activated by anti-CD3 antibody in
the presence of CD28 co-stimulation (12,13). Both these stimuli result in
proliferation and upregulation of Bcl-2 and Bcl-x-.. A fibroblast factor has

been identified which is responsible for promoting survival in this population
of T cells which would otherwise die by apoptosis (11-13) and recent data
from our laboratory suggest that this fibroblast derived survival factor is
Interferon-p (10 submitted ). Thus two groups of anti-apoptotic cytokines
have now been identified. Firstly those of the IL-2R y chain family and IL-10
which induce the proliferation of activated T cells (9,169), and secondly type
| interferons (o and 3) which enable retention of the cells in a quiescent state
(12,13 and 10 submitted). This second mechanism for rescue from apoptosis
also maintains T cells in a state in which they may subsequently be
reactivated without dying and could therefore be a mechanism whereby

memory T cells are retained at the end of an immune response (12).
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Furthermore, an excess of Interferon-p (IFN-B) production might provi.de a
microenvironment in which T cells fail to die appropriately, therefore
promoting chronicity of inflammation. The degree of expression of cytokines
which prevent apoptosis may therefore be pivotal in determining the

difference between the generation of immune memory and inflammation.

In vivo evidence to support this model comes from patients with rheumatoid
arthritis, whose inflamed joints contain large numbers of almost exclusively
CD45RO+ RB'® CD4 cells (49,177). It is thought that these are preferentially
recruited into the joint, by virtue of their phenotypic characteristics
(45,49,52), in a non-specific manner, as a result of successive systemic
infections (178). This subset of cells should be highly sensitive to apoptosis
due to their high CD95 and low Bcl-2 expression(169), however, despite the
presence of numerous apoptotic neutrophils, there is no evidence of T cell
apoptosis within rheumatoid joints (13). As in the in vitro experiments
(described above) the cells have low levels of Bcl-2 but maintain Bel-x-_
expression and if they are removed from the environment of the joint and

cultured in vitro (alone) they die rapidly (13).

The relevance of increased fibroblast numbers and proliferation in RA joints
was confirmed by comparing these results to those obtained in T cells from
the joints of patients with acute uric acid-induced crystal arthritis (gout) in
which negligible increase in fibroblast numbers or proliferation occurs. These
T cells express low levels of both Bcl-2 and Bcl-x-_ and exhibit high levels of

apoptosis in vivo (13).

Collectively, these observations suggest that fibroblasts may have an
important physiological role in the maintenance of T cell memory, but that if
excessive fibroblast numbers are present, they may contribute, via their

synthesis and release of IFN-$, to chronicity of inflammation. The
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accumulation of T cells in rheumatoid joints may therefore not only be due to
increased recruitment and/or proliferation in situ, but also to a failure of cell
death occurring as a result of excess production of  interferon by
fibroblasts. The relevance of this model to other chronic inflammatory

conditions remains to be evaluated.
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1.4 CHRONIC ATOPIC ECZEMA-AN EXAMPLE OF
PERSISTENT CUTANEOUS INFLAMMATION

One inflammatory condition, in which the persistence of an infiltrate
composed of CD4+CD45R0O+ cells also occurs, is atopic eczema (AE) (176).
Although it is rarely fatal, this disease has a considerable impact on quality of
life (179) and accounts for significant morbidity and cost, both in terms of
health service expenditure and days off school or work (180). Its incidence
has risen steadily in the UK over the last 30 years (181), and it currently
affects 8-14% of children under 12, and 0.2% of adults over 40 (182-185).

The possibility that a dysregulation of normal T cell apoptosis, as a result of
the cytokine microenvironment generated by infiltrating T cells, macrophages
and/or fibroblasts, may contribute to the pathogenesis and chronicity of AE
has not been studied, but is clearly of relevance to the development of

successful therapies.

Atopy is defined as a genetic predisposition to develop allergic diseases
such as AE, asthma, allergic rhinitis and conjunctivitis, associated with raised
serum IgE levels and exaggerated production of IgE antibodies to a wide
range of common environmental allergens (186-189). Eczema is derived
from the Greek term “eczeo”, which means “a boiling over”. This is an apt
description for a chronic, relapsing and remitting disease, characterised by
dry skin, intense pruritus (itching), and an erythematous, papulo-vesicular
eruption, which may progress to become scaly or lichenified (190). Although
patterns vary, in adults lesions are most commonly found in the limb flexures,

and not infrequently on the face.

The cause of AE is likely to be multifactorial, with genetic, environmental and

immunological components.
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1.4.1 GENETIC, ENVIRONMENTAL AND TRIGGERING FACTORS

A genetic basis for this condition is supported by the fact that 50-70% of
affected children (and a majority of adults) have a positive family history of
atopy; by twin studies showing concordance rates of 77% and 15%, in mono-
and dizygotic twins respectively; and by a number of family studies
suggesting an autosomal dominant pattern of inheritance and linkage to
chromosome 11q13 (184,185 and reviewed in 191). The genetics of AE have
been investigated using IgE hyper-responsiveness as a marker, and several
candidate genes have been identified. These include the gene encoding
FceRI-B, the B subunit of the high affinity IgE receptor on 11q13; a gene
involved in the control of total, but not specific, serum IgE situated near the
IL-4 locus on chromosome 5q31; and a gene in the TCR-a region on

chromosome 14, found to modify specific IgE responses (reviewed in 191).

AE therefore appears to results from multifactorial inheritance, but the
expression of disease is due to interactions between genetic and
environmental factors. Indeed, high birth order and gestational age,
prolonged breast feeding, reduced incidence of childhood infections, early
exposure to animals and lower social class have variably been reported to
increase the risk of developing AE (185,192,193).

A number of triggers have been identified in patients susceptible to
developing AE. These include contact with irritants (such as wool and

soaps), stress, infection, certain foods and climatic change (reviewed in 194).

1.4.1.1 Pathogenicity of Staphylococcus aureus

Several lines of evidence suggest a pathogenic role for Staphylococcus
aureus, known to colonise both normal and lesional skin in over 90% of
patients (195,196). Initial clues came from the clinical observation that

eczema severity could be reduced by treatment with anti-staphylococcal


































































































































































































































































































































































































































































































































































































































































