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ABSTRACT

Cutaneous nerves are increased in atopic dermatitis, and itch is a prominent
symptom. The functional interactions between eosinophils and nerves were studied
in human and mouse skin and in culture. Human atopic dermatitis skin has
eosinophil granule proteins present in the same region as increased nerves.
Epicutaneous sensitization of wild-type mice, but not mice deficient in eosinophils,
increased cutaneous nerves predominantly in the papillary dermis. Transgenic mice
in which interleukin-5 (IL-5) expression is driven by a keratin-14 (K14) promoter
had eosinophil proteins in the epidermis, and the number of nerves was also
significantly increased in the epidermis. Mice lacking filaggrin, which are a model for
atopic dermatitis, also had increased nerves in skin, as did keratin-5-TGFf3-1
transgenic mice, which have high IgE levels and eosinophils in the dermis. In co-
cultures, eosinophils dramatically increased branching of sensory neurons isolated
from the dorsal root ganglia (DRG) of mice. This effect did not occur in DRG neurons
co-cultured with mast cells or with dead eosinophils. Physical contact of the
eosinophils with the neurons was not required, and the effect was not blocked by an
antibody to nerve growth factor. DRG neurons recruit and bind eosinophils in vitro
and synthesize eotaxin-1 and ICAM-1 and VCAM-1. These data indicate a new
therapeutic target in atopic dermatitis and other eosinophilic skin conditions with

neuronal symptoms such as itch.
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CHAPTER ONE: INTRODUCTION

I. ATOPIC DERMATITIS
A. Clinical Presentation, Diagnosis, Epidemiology, Genetics and Costs
1. Introduction and Clinical Presentation

Atopic dermatitis is characterized by pruritus, or itch, which greatly affects
the quality of life of patients (1). Often, the itch sensation begins before any lesions
appear, and marks on the skin can be limited to excoriations, or scratches made by
the patient. The disease has a characteristic distribution, depending on the age of
the patient: face and extensor surfaces of arms and legs in infants, and flexural
surfaces (knees and elbows) in adults. Lesions are characterized as acute or chronic,
depending on their clinical appearance and duration. Acute lesions are
papulovesicular, red, weeping lesions. Chronic lesions become lichenified, thickened
skin with accentuation of the natural lines, after repeated trauma from rubbing and
scratching the skin (2).

The first use of the term “atopic dermatitis” was in 1933 by Wise and
Sulzberger. They defined it “as a fairly distinct and clear-cut entity... best called
atopic dermatitis, generally known as ...diffuse pruritus with lichenification.” They
defined nine cardinal qualities, including atopic family history and emphasized that
these cases should be “sharply isolated and distinguished from other forms of
lichenification” (3). Previous reports had not differentiated this disease from other
eczemas, which were defined histologically prior to 1912 (reference unknown, used

in Wise and Sulzberger). Unfortunately, the terms “atopic dermatitis” and “atopic



eczema” are used interchangeably throughout the literature, although the primary
term used by dermatologists, and throughout this document, is atopic dermatitis.

Atopic dermatitis is characterized as “exaggerated responses to a variety of
environmental stimuli (irritants, allergens and microbes)” (4), and it is possible that
these exaggerated responses are due to underlying defects in skin barrier, altered
sensation of itch, or hyperactive immune function. It is hypothesized that patients
become sensitized to allergens in early infancy, possibly due to a skin barrier defect.
This leads to itching, followed by scratching, which induces trauma to the skin,
allows greater entry of allergens, and results in the typical lesions and
lichenification of atopic dermatitis (5).

However, understanding the development and exacerbation of atopic
dermatitis is complicated by the heterogeneity of the disease. The natural history
and progression vary among individuals, based on the age of development and
disease severity. Allergen sensitization is heterogeneous, and other forms of atopic
disease, such as allergic rhinitis, asthma and food allergy, do not occur in all
patients. Sensitization to allergens, defined as high levels of total serum
immunoglobulin (Ig)-E and allergen-specific IgE, was once thought to precede
development of atopic dermatitis, but it is now clear that defects in the skin barrier
can allow subsequent sensitization rather than the other way around.

There is a genetic predisposition to atopic dermatitis, but the disease is also
influenced by the environment. Trauma to the skin, emotional stress, bacterial
infections, irritation, temperature changes, sweat, or light touch can all lead to

exacerbations, which prompt scratching, which produces chronic lichenified skin



(6). The disease is also characterized by increased water loss through the skin due
to a dysfunctional epidermal barrier, which results in dry skin, or xerosis (7),
discussed in detail below.

Atopic dermatitis is often a mild disease of childhood that remits during
adulthood. However, patients that develop severe atopic dermatitis early in
childhood have a more prolonged course of disease that can persist for their entire
lifetime (8). Of 1123 children enrolled in the German Multicenter Atopy Study,
21.5% developed atopic dermatitis in the first two years of life. Upon entry to the
study, the children were divided into groups based on their frequency of scratching
and severity of disease, and then followed until they were 7 years old. At the age of 7
years, 18.7% of the children with atopic dermatitis had had symptoms every year
and were categorized as having persistent atopic dermatitis, while 38% had
intermittent bouts of atopic dermatitis up to age 7. Patients with persistent disease
later in life were primarily those with more severe disease that developed before
the age of 2 years. Of those with persistent atopic dermatitis (18.7% of all patients
with atopic dermatitis), 72% reported frequent scratching with early disease,
thereby indicating severity and early age of onset as strong risk factors for
persistent disease (Figure 1.1).

In addition to severity of early disease, early sensitization, especially to food
allergens, is crucial for determining the prognosis of atopic dermatitis. It is not clear
whether atopic sensitization or atopic dermatitis occurs first. However, sensitization
clearly predicts duration of disease (8). A systematic review of 11 earlier studies

looking at the natural history of atopic dermatitis concluded that the predictive



factors for prognosis are severity of disease, age of onset, and association with
respiratory allergy or food hypersensitivity (9).
2. Diagnostic Criteria

Unlike other common dermatological diseases, atopic dermatitis cannot be
diagnosed simply by histology or clinical presentation; accurate medical and family
histories are crucial. Definitions of atopic dermatitis have been complicated by the
range of clinical manifestations as well as the uncertain linkage with atopy, or
allergy. Consensus diagnostic criteria established in 1977 helped standardize the
definition (10), and subsequent modifications in 1980 by Hanifin and Rajka
simplified the diagnosis of this disease to the criteria found in most publications
(11):

1. History of itching

2. Lichenification

3. Chronically relapsing course of disease

4. Atopic history, either personal or familial
More recently, in 1994, the U.K. Working Party validated and refined the original
Hanifin and Rajka diagnostic criteria to evidence of a pruritic skin condition plus 3
or more of the following:

1. history of flexural (skin crease) involvement

2. history of dry skin

3. onset under the age of 2 years

4. personal history of asthma or allergic rhinitis

5. visible flexural dermatitis as seen by a clinician (12).



This clinical gold standard for diagnosis was implemented in Britain after
quantifying the level of agreement among 14 physicians on patients with typical
atopic dermatitis. The physicians agreed strongly when a rash was present but
disagreed on the contribution of some minor signs, such as dry skin, infraorbital
creases, or periorbital darkness, that often accompany atopic dermatitis. Therefore,
the Working Party excluded signs on which there was poor agreement and
determined the five most useful diagnostic criteria for atopic dermatitis (13). These
were tested in an independent sample and compared to the gold standard of the
Hanifin and Rajka criteria and were found to have similar sensitivity (87.9% versus
93.1%), but increased specificity (92.8% versus 77.6%). Diagnosis in children
required modifications in the diagnostic criteria to replace personal history of atopy
with family history of atopy and removal of early onset disease, to result in 85%
sensitivity and 96% specificity (12, 14). A consensus report in 2006 agreed that the
Hanifin and Rajka criteria or U.K. Working Party criteria should be used for
diagnosis across Europe and North America (14).
3. Epidemiology

A worldwide study of 715,033 children found that atopic eczema, defined as
an “itchy rash in skin folds” affects 5-20% of children in the age ranges surveyed (6-
7 years old and 13-14 years old) (15). Developed countries have the highest
prevalence, and urban centers have higher rates of disease than rural areas. A
review of 25,000 children in five European countries indicated a prevalence of
atopic eczema up to 24% (16). Physician-diagnosed atopic dermatitis was present in

17% of 4783 Norwegian two year olds (17), between 15-24% of Japanese



schoolchildren (18), and in 20% of British children, aged 3-11 years (19). In 45% of
British children with atopic dermatitis, the disease developed during the first 6
months of life. Between 6.8 and 17.2% of Oregon schoolchildren have atopic
dermatitis, depending on the stringency of diagnostic criteria (20). 60% percent of
all people with atopic dermatitis develop the disease by their first birthday, while
85% develop it within the first five years of life[8]. A larger and more recent survey,
by self-administered questionnaires, in the United States found that 6% of 116,202
individuals reported itching/scratching in conjunction with one of the following:

1. red/inflamed rash

2. excessive dryness/scaling

3. skin fold location

4, early onset

5. symptoms lasting for 14 days or more, or

6. a physician diagnosis of asthma, allergic rhinitis or hay fever (21).
This percentage was extrapolated to 17.8 million people in the United States
meeting the criteria for atopic dermatitis. A retrospective analysis of private insurer
and Medicaid claims for atopic dermatitis found a prevalence of disease of around
2.5% of all eligible beneficiaries (22).
4. Genetics of Atopic Dermatitis

Family history and genetics are clearly important in the pathogenesis of
atopic dermatitis. Schultz-Larsen and Holm examined positive responses from
patients to a mailed atopic dermatitis questionnaire, followed by clinical

examination. They found that monozygotic twins had a pair wise concordance of



0.77 for atopic dermatitis, compared to 0.15 for same sex dizygotic twins (23),
indicating a strong genetic component. An increasing incidence of atopic dermatitis,
between twin groups born from 1960-64 and those born between 1970-74, from
0.03 to 0.10 was also noted. However, while having a parent with atopic dermatitis
is a strong predictor for atopic dermatitis in a child, allergic asthma or rhinitis in a
patient’s parent is not (24).

Genome-wide linkage and association studies have proven difficult, because
the effect of a single gene/polymorphism in a complex disease such as atopic
dermatitis is anticipated to be relatively modest. “It can be assumed that variants in
multiple genes will cooperate in an additive or synergistic manner to affect disease
risk, a phenomenon referred to as epistasis. A major difficulty in testing for epistasis
is power...” (25). Because of the heterogeneity of the disease and its complexity, few
clear genetic associations have been made in atopic dermatitis. One that has been
confirmed in more than 20 studies is filament-aggregating protein, or filaggrin,
which is discussed below. Other molecules that have been identified in 3 or more
studies are interleukin (IL)-4, IL-4RA, SPINKS5, IL-13, and RANTES (which stands for
regulated upon activation, normal T cell expressed and secreted). IL-4 is a cytokine
that is produced by T cells, eosinophils and basophils, and IL-13 is a cytokine that
uses the same receptor for signaling (26, 27). RANTES is a chemokine that signals
through the CCR3 chemokine receptor, which is present on T cells and eosinophils
(28, 29). SPINKS5 is a serine protease inhibitor that has been implicated in the
etiology of Netherton’s syndrome (30, 31). None of the genome-wide association

studies identified any candidate genes that approached significance. A model of



genes and their functions which have been identified in atopic dermatitis genetic
screens is shown in Figure 1.2.
5. Costs of Atopic Dermatitis

Because of its prevalence and interference with quality of life, atopic
dermatitis incurs high costs to the medical system and to individuals. By examining
hospital reimbursement for fees related to atopic dermatitis, Lapidus et al.
estimated that the national costs of atopic dermatitis were at least $364 million in
1990 (32). The authors believed that this was a conservative estimate, since it
excluded fall and winter, when atopic dermatitis exacerbations are at their highest
level. In 2002, using a retrospective analysis of state Medicaid and private insurer
claims, the costs to these third-party payers were estimated at $20 million for
private insurers and $111 million for Medicaid. The price per patient was $580 or
$1250, respectively, and included inpatient care, emergency department fees,
outpatient office visits, and therapeutics (22). This did not include patient co-
payments or cost of charges that were not reimbursed.

Atopic dermatitis is also costly to families. Depending on the severity of the
disease, costs in an Australian study ranged from A$480-2545 (US$307-$1628) per
year per family in 1997 (33). In a 2006 study, both direct (costs of health services
and products) and indirect (costs of time, work lost, etc) costs were determined for
atopic dermatitis in the United States. Direct costs for medical management of atopic
dermatitis were $1.01 billion, while indirect costs (largely the lost workdays of
caregivers taking children to seek medical attention) were $248.5 million. The

authors also found that atopic dermatitis is the #4 dermatologic condition in the



United States in terms of willingness to pay for symptom relief, after all hair and nail
disorders, acne, and seborrheic keratosis (benign warts)(34).

B. Anatomy and Histology of Healthy Control and Atopic Dermatitis Skin

1. Introduction and Comparison of Healthy Skin to Atopic Dermatitis Skin

Human skin can be divided descriptively into three compartments: the
epidermis, the dermis and the hypodermis. Each layer contributes to the skin’s
barrier function and its ability to eliminate microorganisms and maintain
homeostasis. However, when cells are either deficient in protective capabilities or
hyperreactive to non-noxious stimuli, the skin loses its protective function and can
severely compromise health.

Patients with atopic dermatitis have no regions of normal skin. Uninvolved
skin, called non-lesional skin through the rest of this document, appears normal
clinically, but has significant alterations compared to control skin in a healthy
person without atopic dermatitis (Figure 1.3). Eighty-eight percent of atopic
dermatitis patients show some form of dry skin, either as a clinical disorder called
ichthyosis vulgaris, or as milder overall dry skin (35). In the dermis of patients with
atopic dermatitis, there is an infiltration of immune cells, including lymphocytes,
monocytes, mast cells and rare eosinophils (36), including a perivascular
mononuclear infiltrate in non-lesional skin (37). Therefore, the changes in atopic
dermatitis skin begin before lesions appear and include changes in both the

epidermis and dermis.



2. Anatomy and Histology of Healthy Skin (36)

Skin is composed of cells from all three embryonic cell layers. Ectodermal
cells form the epidermis, hair follicles and glands, including sebaceous, apocrine and
eccrine glands. The mesoderm gives rise to fibroblasts, adipocytes, blood vessels
and lymphatics, and the neural crest forms nerves and melanocytes.

a. Healthy Epidermis

The epidermis is the outer protective layer of the skin and is separated from
the dermis by the basement membrane. The epidermis is composed mainly of
keratinocytes, which produce keratins, important structural proteins in the
epidermis. Keratinocytes are ectoderm-derived cells that are organized into distinct
sublayers according to their state of differentiation. The cells begin in the deepest,
least differentiated layer and move to the most superficial, fully differentiated layer
in humans in two weeks.

The basal layer of the epidermis (stratum basale) contains slowly dividing,
self-renewing epidermal stem cells, as well as rapidly dividing transiently
amplifying keratinocytes and post-mitotic cells. As these cells differentiate, they
move upward into the spinous layer (stratum spinosum), which is the cell layer
responsible for resistance to mechanical stress and shear forces. This layer is
strengthened by intercellular adhesion through desmosomes, linked to keratin
intermediate filaments in the cytoplasm of each cell. In addition, lamellar granules,
which contain lipid precursors, are synthesized in this layer. The next outer layer is
the granular layer (stratum granulosum). The dense granules seen in this layer

contain keratohyalin granules, composed of profilaggrin, keratin, and loricin, which
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are processed and then aggregate to form macrofilaments. The granular layer is also
the site of keratinocyte apoptosis. Cells, having reached the end of their
differentiation, are genetically programmed to self-destruct, and leave behind only a
matrix of keratin and filaggrin molecules. The final, outermost layer of the skin is the
stratum corneum, or cornified envelope. This layer is composed of stacked,
anucleate cell remnants and a lipid extracellular matrix, and is the main barrier to
water loss and entry of molecules from the outer environment, as well as the major
protection against ultraviolet radiation damage to the cells below. The timing of
entry to sloughing off of a dead keratinocyte through the layers of the stratum
corneum is approximately two weeks, which gives a keratinocyte approximately one
month to leave the basal layer, move through the epidermis, die and be removed.

Other cells also reside in the epidermis in small numbers. Melanocytes
occupy a portion of the basal layer and synthesize pigment molecules. Langerhans
cells are a specialized subset of dendritic cells that process and present antigen
within epithelia and are located throughout the epidermis. Merkel cells are
mechanoreceptors that signal to nerves upon stimulation and are present in tactile-
sensitive regions of the skin. Finally, free unmyelinated sensory nerve endings
innervate all layers of the epidermis.
b. Healthy Dermis

The dermis is the thickest layer and is composed of many different cell types
and ultrastructural components, especially collagen and elastic fibers. These fibers
give the skin strength and flexibility. The non-fibrous components of the dermal

extracellular matrix include proteoglycans, glycoproteins and glycosaminoglycans,
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which bind water and growth factors and influence cellular growth and repair. In
addition, smooth muscle, such as erector pili muscles, and epidermal-derived
appendages, such as hair follicles and sweat glands, transverse the dermis.

The dermis has two sections: the upper papillary dermis, near the epidermal
boundary, and the deeper reticular dermis, near the hypodermal compartment.
Each section has distinct organization of collagen apparent on histological
examination with hematoxylin and eosin (H&E) staining. The papillary dermis has
small units of individual collagen fibers, while the deeper reticular dermis has larger
bundles surrounded by elastic fibers. The sub-papillary plexus of blood vessels is a
dividing marker between the two regions of the dermis.

The papillary dermis is named for the intersection of dermal papillae with
epidermal rete pegs and is the area immediately adjacent to the epidermis. Cells that
normally occupy the papillary dermis include macrophages, mast cells, and
fibroblasts, which synthesize collagen. Sensory nerves often end in the papillary
dermis as well. In times of infection or inflammation, neutrophils, eosinophils and T
cells enter the skin via the sub-papillary plexus of blood vessels and migrate
throughout the papillary and reticular dermis, and can also infiltrate the epidermis.
Small lymphatics are located in the papillary dermis, which drain into larger lymph
vessels near the sub-papillary blood vessels and transverse through the reticular
dermis. The reticular dermis occupies the majority of space in the dermis. Large
collagen fibers, organized into bundles and surrounded by elastic fibers, are

characteristic of this layer.
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Deep in the reticular layer of the dermis, the fibrous connective tissue
transitions into adipose connective tissue, which forms the hypodermis. The
cutaneous vascular network begins from vessels that enter the hypodermis and
course through the reticular dermis. The nerve fibers supplying the skin begin as
large networks below the hypodermis and branch into a more superficial plexus in
the sub-papillary space between the papillary and reticular dermis. Free nerve
endings supply the papillary dermis and epidermis. There is very little autonomic
innervation of the skin, relative to the overwhelming number of sensory fibers
(discussed further below).

The hypodermis is the deepest compartment of the skin and provides
insulation and a source of stored energy in the adipocytes that compose it. Lobules
of adipocytes are divided by walls of connective tissue that contain nerves, blood
vessels and lymphatics, which sub-divide into smaller branches through the dermis
and epidermis.

3. Anatomy and Histology of Atopic Dermatitis Skin
a. Atopic Dermatitis Epidermis

Histologically, atopic dermatitis is defined as one of several eczematous
diseases, after the Greek eczeo, “to boil over or effervesce.” This is due to
intercellular edema in the epidermis, called spongiosis (2). Atopic dermatitis exhibits
variable acanthosis, or thickening of the stratum spinosum of the epidermis. The
stratum corneum keratinized layer, is often lost in acute weeping eczema, while

hyperkeratosis, or thickening of the stratum corneum, occurs in chronic cases (2).
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Epidermal area is increased 3- to 4-fold in patients with atopic dermatitis,
due to hyperplasia. In non-lesional skin, the increase in area is solely due to
epidermal hyperplasia, while in lesional skin, hyperplasia and increased folding of
the dermal-epidermal junction occur, creating rete pegs into the papillary dermis
(Figure 1.3) (37). Non-lesional skin is clinically normal, but has mild eczematous
features histologically, including hyperkeratosis, parakeratosis, acanthosis, and focal
spongiosis in the epidermis (37).

i. Barrier Defects in Atopic Dermatitis Epidermis

As mentioned above, a large percentage of atopic dermatitis patients have
dry skin. These patients exhibit greater transepidermal water loss when their
disease is active. With clinical improvement, a gradual reduction in transepidermal
water loss is observed, and appearance of skin returns to normal at the same time as
transepidermal water loss is decreased to normal levels (7).

As early as 1976, a hypothesis on the etiology of atopic dermatitis was
suggested in which “a defective barrier layer, which is brought about by scratching
or inadequate keratinization secondary to increased alpha adrenergic stimulation
and depressed beta adrenergic stimulation, allows excess antigens from
environment, epidermis or bacteria to penetrate the epidermis” (38).

Recently, mutations in epidermal barrier proteins have been found in atopic
dermatitis skin, pointing to a potential mechanism for the observations of xerosis
and increased water loss in atopic dermatitis skin. The first barrier protein
mutations associated with atopic dermatitis were found in filaggrin, which helps

form the epidermal barrier, aggregates the keratin cytoskeleton, and facilitates
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terminal differentiation of keratinocytes (reviewed in (39)). Specific filaggrin
mutations predispose people toward atopic dermatitis (40, 41), and two loss-of-
function mutations in filaggrin cause ichthyosis vulgaris, or severe dry skin, in
humans (42). Atopic dermatitis has visibly less filaggrin in the stratum corneum
when compared to healthy control skin (Figure 1.4).

Studies using knockout mice lacking filaggrin (flaky tail mice) in the stratum
corneum indicate that the skin barrier is more permissive to entry of protein
antigens, and that the threshold for inflammation is lowered after application of
irritants (43, 44). These mice exhibit dry, scaly skin and hyperkeratosis (45-47).

Other genes important for the formation of the stratum corneum can also be
affected in atopic dermatitis. Using mRNA expression analysis, an overall reduction
in expression of genes associated with terminal differentiation was observed. The
largest changes were seen in loricrin, which is the main component of the cornified
envelope and corneodesmosin, which attaches the cornified layer to the granular
layer (48, 49).

b. Atopic Dermatitis Dermis

An early study using anti-T cell serum on lesional skin from atopic dermatitis
patients determined that the majority of the cells in the dermal infiltrate were T
cells (50). These skin-infiltrating lymphocytes were isolated from skin biopsies,
characterized by flow cytometry and determined to be 97% CD3+ cells, with 83%
CD4+ T cells, compared to 16% CD8+ T cells. These cells proliferated best,
measured by tritiated thymidine incorporation, when exposed to either IL-2 alone

or a combination of IL-2 and IL-4 in vitro (51-54)
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Additional studies characterizing T cells in atopic dermatitis skin also have
found that the majority were CD4+ cells and that the main cytokines they released
after isolation from biopsies were IL-4, IL-5 and IL-13, marking them as type 2
helper (Th2) cells (53, 55, 56). In addition, mRNA isolated from atopic dermatitis
skin has high levels of IL-4 in acute lesions and IL-5 and IFN-y in chronic lesions
(57). Cytokine receptor mRNA paralleled this finding, with IL-4Ra increased in
acute lesions, and IL-5Ra increased in chronic lesions (58). Non-lesional skin had
more IL-4 and IL-4Ra message than normal skin, while IL-5 and its receptor and
IFN-y did not differ between non-lesional and normal skin (57, 58). Lesional atopic
dermatitis skin lacks regulatory T cells, with no foxp3 mRNA found in skin T cells
(56), and NK cells are also absent (55).

c. Intrinsic versus Extrinsic Atopic Dermatitis

Two distinct phenotypes of atopic dermatitis were formally recognized in
1994 (59). Elevated IgE levels and sensitization with skin disease was termed
allergic, or extrinsic-type, atopic dermatitis, while skin disease in the absence of
high serum IgE or high allergen-specific IgE was called non-allergic, intrinsic-type
atopic dermatitis. Differentiation between the two forms of disease is made by
determining atopy, defined as IgE antibody reactivity to environmental or food
allergens, or skin prick test positivity (60). Importantly, Hanifin and Rajka’s criteria
modified the previous requirement of high serum IgE in diagnosing atopic

dermatitis to a personal or family history of atopy, and “exclusion of specific IgE
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measurements ... did not change the sensitivity and specificity” of those criteria
(60).

Clinical presentation of skin disease does not differ between atopic and non-
atopic patients (61). In addition, in one study, intrinsic and extrinsic atopic
dermatitis had similar cellular infiltrates into the skin, and similar ratios between
blood and skin T cells, indicating no differences in recruitment of cells to the skin
(62). However, a separate group found that there were histologic differences,
including fewer infiltrating eosinophils and eosinophil granule proteins into the skin
of non-atopic patients (63). Peripheral circulating lymphocytes in extrinsic atopic
dermatitis produced high levels of both IL-4 and IL-5, while lymphocytes from
intrinsic patients made high levels of IL-5 and no IL-4 (59).

Many studies, especially early ones, do not differentiate intrinsic from
extrinsic atopic dermatitis when looking at blood and skin findings. Concerning the
blood, both intrinsic and extrinsic atopic dermatitis patients have eosinophilia,
although the numbers of eosinophils are higher in patients with extrinsic atopic
dermatitis (62). Unless noted otherwise, the studies mentioned in this introduction
did not distinguish between samples from intrinsic or extrinsic atopic dermatitis
patients. However, in our own studies, we only accepted human subjects with a
personal and family history of atopy, in addition to their atopic dermatitis. In this
way, without serum IgE measurements, we tried to limit our study to only extrinsic
atopic dermatitis.

In an attempt to standardize definitions, “atopic dermatitis” was redefined as

“atopic eczema,” which is dominated by IgE antibody-associated reaction, based on
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IgE sensitization (64). However, “atopic dermatitis” is still used most commonly,
and can pertain to either form of the disease.
d. Summary

The histology of atopic dermatitis skin differs according to the stage of
disease, whether non-lesional, acute lesional or chronic lesional. Non-lesional skin
showed traces of hyperkeratosis and epidermal hyperplasia, intercellular edema,
slight dermal cellular infiltrate with primarily lymphocytes. In acute lesional sites,
there is intercellular edema, or spongiosis, of the epidermis, with an infiltration into
the dermis of lymphocytes and macrophages, with rare eosinophils and neutrophils.
In chronic lesional sites, histology shows epidermal hyperplasia with minimal
spongiosis and a dermal inflammatory cell infiltrate of lymphocytes and monocyte-
macrophages. Lichenified plaques demonstrate hyperkeratosis and hyperplasia of
the epidermis with focal areas of intercellular edema, while the dermis has
moderate cellular infiltrate with monocyte-macrophagess and lymphocytes (65).

In addition, in lesional skin, cutaneous nerves at all levels of the dermis
exhibit alterations, including apparent demyelination and fibrosis, and occasional
vacuolated areas within nerve fibers (65). In non-lesional skin, occasional fibrosis
and focal demyelination of cutaneous sensory nerves were also observed.

4. Treatment of Atopic Dermatitis

The pruritus found in atopic dermatitis is resistant to anti-histamines and
leukotriene antagonists. A study of children who took sedating or non-sedating
antihistamines determined that the sedation effect inhibited scratching, rather than

antihistamines decreasing the itch (66). However, a later study with a particular
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sedating antihistamine, chlorpheniramine, found that it was no more effective than
placebo for childhood atopic dermatitis with itching at night (67).

The current standard treatment for atopic dermatitis is reactive, using
topical corticosteroids combined with calcineurin inhibitors, such as tacrolimus, to
treat flares (68) (5). Maintaining skin hydration and an intact barrier with
moisturizers after bathing is also important in preventing exacerbations.
Compliance with treatment is a problem, especially among children (69) .
Experimental treatments such as type 4 phosphodiesterase inhibitors, serotonin

agonists, antibiotics and immunosuppressants are currently under study (70-74).

I1. EOSINOPHILS
A. Identification of eosinophils and general characteristics

Eosinophils were first described in 1878, in a doctoral dissertation by Paul
Ehrlich at the University of Leipzig, on the staining of tissues with dyes. The cells
were named by Ehrlich for their retention of the acidic pink dye, eosin
[http://nobelprize.org/nobel_prizes/medicine/laureates/1908/ehrlich-bio.html].
Eosinophils are immune cells, measuring approximately 8um in diameter. Mature
human eosinophils have bilobed nuclei, while nuclei in rodent eosinophils can take a
variety of forms, but are most often ring- or donut-shaped (75). Eosinophils are
classified as granulocytes, due to cytoplasmic granules apparent upon differential
staining. They develop from bone marrow precursors and act as terminal effector
cells, antigen-presenting cells, phagocytes, and mediators of cell signaling.

Eosinophils are increased in helminthic infections, in allergic disorders and in the
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hypereosinophilic syndrome, a heterogeneous collection of idiopathic disorders
defined solely by the presence of elevated numbers of eosinophils in the blood.
B. Eosinophil granules

The pink staining by eosin that gives the eosinophil its name is due to granule
proteins present in the cytoplasm of mature cells. Eosinophils have two populations
of granule proteins (76): primary granules, which make up about 5% of the total
granule population, and secondary granules, which comprise the remaining 95%
(77). Primary granules contain Charcot-Leyden crystal protein, which is also present
in basophils, and is made of the enzyme lysolecithin acylhydrolase, or
lysophospholipase (78, 79). Secondary, or specific, granules form unique structures
which are elliptical, contained by a membrane, and filled with an “amorphous
matrix,” with an embedded dense core of protein (80). Granules are formed as
vacuoles that pinch off the Golgi apparatus, which aggregate to form larger
immature granules and then condense. In secondary granules, crystals appear
shortly afterward (77).

Secondary granules have four major protein components: Major Basic
Protein (MBP), which comprises most of the crystalline core, and a matrix
surrounding the core containing Eosinophil Peroxidase (EPO), Eosinophil Cationic
Protein (ECP), and Eosinophil-derived Neurotoxin (EDN) (75, 81). The granule
proteins are exceptionally basic, which is why they bind acidic stains like eosin.

The first of the granule proteins to be identified, EPO was found in rat
eosinophils during development of a protocol to isolate granules (81). Peroxidase

was released from intact cells and granules placed in acidic solutions with pH
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between 5.5 and 2. Subsequently, rat and horse eosinophil granules were isolated
and found to have high specific activity of peroxidase, compared to the other
enzymes present (82).

MBP was identified in 1973 by freezing and thawing purified guinea pig
eosinophil granules. It constitutes about 55% of the protein in the secondary
granules in guinea pig eosinophils, or around 30% in human eosinophils (83, 84). As
its name indicates, it is extremely basic due to its arginine-rich composition, and it
has a strong tendency to form insoluble aggregates that are linked with disulfide
bonds (83). A different form of MBP, named MBP-2, was identified in 2000 and is
specifically expressed in eosinophils, while MBP-1 is expressed in eosinophils and
basophils (85, 86).

ECP was first isolated from eosinophil granules from individuals with
leukemia and subsequently was identified in humans with asthma (87). Isolated ECP
injected into the brains of guinea pigs induces inflammation, degradation of
neurons, and progressive neurologic disease, called the Gordon phenomenon (88-
90). It is cytotoxic and destructive to helminths, and it can function as a ribonuclease
(91). Moreover, it is a more specific marker for eosinophils and their precursors
than EDN (below) or MBP-1 (91).

EDN was first purified in 1981 using chromatography of circulating
eosinophils from patients with hypereosinophilic syndromes. It was named based
on its trait of inducing neurologic pathology in animals after intrathecal injection,
through degradation of myelinated neurons in the central nervous system (88, 92).

[t was identified for its neurotoxic effects before ECP, but has substantially weaker
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effects. EDN is a member of the ribonuclease family, as is ECP, has ribonuclease
activity, and is expressed in many different types of cells, including neutrophils (93).

Eosinophil granules are released from the cell in a variety of regulated ways
(reviewed in (94)).Whole cell cytolysis occurs when the eosinophil ruptures its
plasma membrane and releases all of its cytoplasmic contents, including granules, as
can be seen on the surface of invading helminthic parasites (95). This happens more
rarely with eosinophils than with basophils or mast cells (96).

Alternatively, piecemeal degranulation (97) occurs after eosinophil
stimulation and involves a change in the larger structure of secondary granules, as
well as their polarization to one end of the cell. A vesicular system is generated to
bud off granules and sequester them into subcompartments and tubules for specific
release (97). Granules released intact to the extracellular milieu are able to maintain
regulated release of proteins, including cationic proteins and cytokines, based on
the expression of activating receptors on their membrane surfaces, which must be
triggered by specific binding of their ligands (98). This is independent of RNA or
protein synthesis and requires none of the cellular organelles that the granule is
missing.

Once eosinophils have degranulated, they are difficult to identify. This leads
to confusion as to the presence of eosinophils in some diseases, including atopic
dermatitis (see below), and their role in pathogenesis. Stains for extracellular
eosinophil proteins may mark the presence of eosinophils and circumvent this

problem.
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Eosinophil granules are cytotoxic when applied at high concentrations to a
variety of cells in culture (99-101). However, co-culture of intact eosinophils with
other cell types does not result in degranulation or higher nerve cell mortality
(102), indicating that eosinophils are able to regulate release of their granules based
on signaling from the extracellular milieu, in a similar manner to other immune
cells. In fact, one paper found that distinct forms of degranulation occurred in
different eosinophilic diseases, with cytolysis occurring more often in allergen-
induced disease, and piecemeal degranulation more frequent in nasal polyps and
inflammatory bowel disease (103).

C. Development of eosinophils and role of growth factors

Eosinophils develop from hematopoietic stem cells in the bone marrow and
fetal liver (104). In mice and humans, eosinophil lineage-committed progenitors
have been identified in the bone marrow (105, 106). In mice, eosinophil progenitors
derive from the common myeloid progenitor, downstream of the
granulocyte/macrophage progenitor population (107). In healthy mice and during
helminth infection, there are no eosinophil progenitors found in the spleen or
intestine, indicating that the main location of eosinophil production is the bone
marrow (106). In humans, the eosinophil progenitor is derived directly from
hematopoietic stem cells and not a subtype of any other previously described
progenitor population (105).

The differentiation of eosinophils from progenitor cells has mostly been
investigated in vitro, with a trial and error method of testing various growth factors.

Without inclusion of growth factors into cultures, eosinophils die after 7 days, in
23



contrast with neutrophils, which can be maintained and survive in culture for
several weeks (104). The earliest successful culturing of eosinophils involved
adding antigen-stimulated supernatants from mouse splenocytes, implicatinga T
cell-derived, secreted factor as the component with “eosinophil differentiation
activity,” or “EDA” (104). Isolation, purification and sequencing of this factor
resulted in the identification of interleukin-5 (IL-5) (108-110). Until the
identification of IL-5, it was known that adding IL-3 and granulocyte macrophage
colony stimulating factor (GM-CSF) to bone marrow cultures increased the number
of eosinophil colonies, but also stimulated growth of basophil colonies and other
lineages (111). IL-5 shared some traits with GM-CSF and IL-3 but was the only
growth factor up till that point that had specific effects on the growth of eosinophils.
Due to the rapidity of identification of new immunologic growth factors at the time,
it had many names within a few years, including T cell-replacing factor, eosinophil
differentiation factor, interleukin-4, and finally IL-5 (110, 112).

i. Interleukin-5

IL-5 was first isolated from parasite antigen-reactive T cell clones from mice
infected with Mesocestoides corti. It was a selective inducer of eosinophils, but not
other blood cell types, from bone marrow (108, 109). Human IL-5 shares about
70% primary sequence homology with murine IL-5, and signals through a
heterodimeric receptor that is composed of a unique IL-5a chain and the common

beta chain shared by GM-CSF and IL-3 (113-116).
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In initial experiments, IL-5 treatment of mouse and humans bone marrow
and cord blood from humans generated more eosinophil colonies than with other
colony stimulating factors such as GM-CSF or IL-3 (108, 117, 118). Pre-treatment of
cultures with IL-3 increased the yield of eosinophils when exogenous IL-5 was
added. Murine IL-5 was able to stimulate the selective growth of eosinophils from
human bone marrow, and IL-5 in any type of bone marrow culture had no effect on
other cell lineages (117, 119).

Although IL-5 was identified as a murine eosinophil differentiation factor, it
was important to understand which eosinophil precursors the cytokine acted on, as
well as its specific functions. Because bone marrow can contain a variety of cells in
different stages of differentiation, it was unclear whether IL-5 was responsible for
the initial differentiation of the eosinophil lineage from hematopoietic stem cells or
acted on later stages of cells instead. While human cord blood and bone marrow
cultured with IL-5 selectively differentiated into eosinophils, the role of non-
hematopoietic cells in providing additional growth factors was not yet determined
(118).

Several in vitro studies were critical in discriminating the functions of IL-5 on
eosinophils. Eosinophil progenitors express the IL-5Ra subunit, but earlier
progenitors and those from other lineages do not (106). Two experiments used
ectopic expression of the IL-5Ra subunit to try to force differentiation of
progenitors toward an eosinophilic lineage. Expression of IL-5Ra in a multipotent

progenitor cell line did not increase eosinophil development in vitro, (120), and
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transduction of IL-5Ra into mouse granulocyte/macrophage progenitors did not
turn the progenitors into eosinophil progenitors or eosinophils (106). Therefore,
both sets of authors concluded that IL-5 signaling is a result of commitment to the
eosinophil lineage, rather than a requirement. This conclusion was supported by the
finding that splenocytes treated with 5-fluorouracil, which enriches for primitive
hematopoietic progenitors, did not form eosinophil colonies after treatment with IL-
5, unless additional growth factors were added (119). Subsequently, clear evidence
in single-cell cultures indicated that IL-5 signaling supports proliferation and
termainal maturation of eosinophils, but not their differentiation (106).

Finally, the creation of several strains of transgenic mice that express high
levels of IL-5 in various tissues have confirmed that this causes massive
eosinophilia, but not through regulation of the early myeloid or granulocyte
progenitors. Rather, extramedullary hematopoiesis caused increases in later stage
eosinophil-committed cell types, especially fully mature cells (121).

ii. Generation of eosinophils from bone marrow progenitors

Since the early days of differentiating bone marrow cells into various
lineages, more specific protocols for producing eosinophils have emerged. Isolated
CD34+ progenitor cells from normal human blood were differentiated into
eosinophils, using stem cell factor, IL-3, IL-6, GM-CSF, and IL-5, and the resulting
cells produced EPO, EDN and Charcot-Leyden crystals, but only few were producers
of MBP or ECP (122). More recently, fully functional eosinophils were differentiated
from mouse bone marrow and human embryonic stem cells, using cytokine

stimulation over time. For the mouse cells, stem cell factor and Flt3-ligand were
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added to cultures for the first four days, and IL-5 for at least 6 days afterward (123).
The human cells were first differentiated to hematopoietic precursors, then
expanded with GM-CSF in a co-culture with feeder cells, and finally cultured in the
presence of IL-3 and IL-5 for 12 to 14 days (124). The authors also performed the
same protocol on induced pluripotent stem cells and found similar success.

The development of eosinophils is not only controlled by the external milieu
of environmental cytokines, but also by its transcriptional program. Through
elegant forced expression studies and analysis of knockout animals, the major
eosinophil lineage transcription factors have been identified. They include GATA-1,
CCAAT enhancer-binding protein (C/EBP)-a and C/EBP-¢, as well as PU.1 (125-
128).

GATA-1 was named for its propensity to bind promoter sequences that
contain GATA palindromes, and it is a required transcription factor for the
development of eosinophils. Forced expression of GATA-1 is sufficient to induce
progenitors to commit to the eosinophil lineage (125). Conversely, deletion of
GATA-1 results in mice that completely lack eosinophils (129).

C/EBP-a knockout mice were found to lack the ability to signal downstream
of G-CSF, rendering the mice devoid of neutrophils and eosinophils, while having
large numbers of progenitor cells in the blood. Bone marrow transplantation
experiments demonstrated that mice transplanted with C/EBP-a knockout marrow
did not reconstitute with granulocytes, while wild-type mice recovered normal

numbers of all cell populations (126).
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Different isoforms of C/EBP-¢ serve as activators or repressors of
transcription, and transduction of progenitors with the 32/20 isoforms
programmed them to differentiate into eosinophils, even without exposure to IL-5.
This occurred even when other cytokines were added to the cultures to try to force
differentiation down another lineage (130). C/EBP-g and PU.1 appear to be most
important for the later stages of differentiation, especially expression of secondary
granules (128). C/EBP-¢ mice were not able to generate neutrophil or eosinophil
secondary granules, and transfection of cells with C/EBP-¢ only restored the
formation of granules present in neutrophils. However, co-transfection of PU.1 fully
restored the activity of the MBP promoter. In addition, PU.1 mutant myeloid cell
lines from PU.1 knockout mice also did not synthesize eosinophil granule proteins
until PU.1 expression was restored.

D. Mature Eosinophils: Effects of IL-5 and Role of Eotaxins

Mature eosinophils occupy about 3% of healthy human bone marrow (131).
There are very few eosinophils in the blood of healthy humans or mice, and the
range encompassing normal is 0-8% of white blood cells (132). The half-life of
eosinophils in the blood of healthy individuals is estimated to be about 18 hours,
although that can extend in eosinophilic states, depending on exposure to growth
and survival factors. They are estimated to remain in tissues for up to two weeks
(133). Relevant to this report, IL-5 and eotaxins have effects on mature eosinophils

that alter their activation and survival.
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i. IL-5 and mature eosinophils

IL-5 has effects on mature eosinophils, besides facilitating terminal
differentiation and maturation. It can prolong the survival of eosinophils isolated
from human blood or mouse peritoneal cavities in culture (119, 134, 135). It also
activates eosinophils, indicated by ruffling of the eosinophil membrane, polarization
of granules, increased superoxide production, and better killing and phagocytosis of
antibody-coated organisms (108, 109, 135). Further, IL-5 acts as both a
chemokinetic and chemotactic factor for eosinophils, inducing their migration using
a positive gradient of cytokine (134). IL-5 inhibits apoptosis in mature eosinophils
isolated from healthy humans (136). Finally, recruitment of eosinophils from the
bone marrow into the blood is a key function of IL-5. The presence of eosinophils in
the blood allows them to respond to other chemotactic factors to enter tissue,
including eotaxins (below) (137).

ii. Eotaxins and their receptor, CCR3

The eotaxin chemokine receptor, CCR3, is a potent regulator of eosinophil
chemotaxis and is therefore important for eosinophil infiltration into tissues. To
identify CCR3, human genomic libraries were screened with cDNA of homologous
chemokine receptors, or total human eosinophil RNA was reverse-transcribed and
amplified with oligonucleotides specific for other chemokine receptors (138, 139).
Human CCR3 has high sequence homology to CCR1 and CCR2 (63% and 51%,
respectively) (138, 139) and mRNA for the receptor has been detected in
eosinophils and at very low levels in neutrophils and monocytes, but not

lymphocytes, monocytes, or neutrophils (138, 140).
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CCR3 has several ligands, including members of the eotaxin family and
RANTES, each of which triggers release of intracellular calcium stores, although
eotaxin-1 acts through CCR3 at lower concentrations than RANTES (29, 138, 139,
141). When injected into the skin of a rhesus macaque, eotaxin specifically recruited
human eosinophils, and not neutrophils or monocytes, while RANTES was more
promiscuous and also recruited monocytes around vessels (29). In addition,
eotaxin-1 had no effect on intracellular calcium stores in human neutrophils or
monocytes (141).

Eotaxin-1 (CCL11) was the first member of the eotaxin family discovered,
and was originally isolated from HPLC-fractionated bronchoalveolar lavage fluid of
sensitized guinea pigs (142, 143). When the fraction containing eotaxin-1 was
injected into the skin of new guinea pigs, eosinophils were found at high numbers,
identifying it as a new molecule responsible for eosinophil trafficking (143). Human
eotaxin-1 is 62% homologous to mouse and guinea pig eotaxin-1 and is expressed at
high levels in the heart, small intestine and colon, as well as in many tissues in nasal
polyps from allergic subjects, especially epithelium (29, 141). Eotaxin-2 (CCL24)
and eotaxin-3 (CCL26) were identified by homology to eotaxin-1, using the
published human genome. Both contain the first two cysteine-cysteine (CC) residues
that characterize CC chemokines, and both recruit eosinophils through chemotactic
gradients (144-147).

Eotaxins regulate polymerization of the actin cytoskeleton to induce
chemotaxis in cells that express CCR3 (148, 149). However, they also activate

eosinophils in other ways, including stimulating release of intracellular calcium
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stores, production of reactive oxygen species, and upregulation of surface activation
markers, such as CD69 (148-150). In addition, CCR3 has a role in eosinophil
differentiation from progenitor cells, as it is upregulated on the surface of CD34+
hematopoietic precursors upon stimulation with Th2 cytokines (and repressed with
IL-12 and IFN-y) (151). Addition of eotaxin with IL-5 to undifferentiated cultures
increases eosinophil lineage production, and progenitors can also be activated,
indicated by intracellular calcium release, by exposure to eotaxin-1 (151). Finally,
stimulation through CCR3 also increases surface expression of CD11b integrin
(149).

iii. ICAM-1, VCAM-1 and eosinophils

Cell adhesion molecules (CAMs) are cell surface molecules that promote
binding of cells to each other or the extracellular matrix (152). Intercellular
adhesion molecule (ICAM)-1, or CD54, was discovered using a monoclonal antibody
that prevented white blood cell clumping, and it is expressed ubiquitously on
endothelial, epithelial and fibroblast cells, as well as on tissue macrophages and
other leukocytes (153, 154). Vascular cell adhesion molecule (VCAM)-1 is expressed
by endothelial cells, and can be induced on their surfaces by treatment with
inflammatory cytokines, such as IL-1 or TNF-a (153).

Migration into tissues from the blood by blood cells is a multistep process.
Selectins must be expressed by endothelial cells, followed by an initial weak binding
of leukocytes, which correlates with their activation and slower movement.

Expression of integrins by the blood cells leads to interactions with cell-adhesion
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molecules, such as VCAM-1, that are expressed on the vessel wall. These interactions
lead to firm adhesion, and the blood cell flattens, creates a pseudopod and migrates
through the endothelial cell lining of the vessel (152, 155, 156).

Human eosinophils can express cognate receptor integrins for cell adhesion
molecules, which are lymphocyte function associated antigen (LFA)-1 for ICAM-1
and very late antigen (VLA)-4 for VCAM-1 (157-160). VLA-4 is expressed without
exogenous stimulation (159). ICAM-1 and VCAM-1 are required for eotaxin-
mediated migration of eosinophils, as there are no eosinophils present in the
peritonea of cell adhesion molecule knockout mice injected with eotaxin (161). In
addition, cells that express ICAM-1 and VCAM-1 can activate eosinophils and cause
degranulation (162, 163). Eosinophils can bind to a neuron cell line via ICAM-1 and
VCAM-1-mediated adhesion (164).

Eosinophils present in allergic airways and nasal polyps of human atopic
patients are “hyperadhesive,” compared to eosinophils isolated from the blood
(165). Interestingly, treatment of blood eosinophils with IL-5 induced increased
adhesion on in vitro assays. Therefore, ICAM-1 and VCAM-1 are important
mediators of eosinophil trafficking and migration.

E. Functions of Eosinophils

Development of eosinophils, their maturation and correct trafficking, as
detailed above, are crucial for eosinophil-mediated immune functions. Eosinophils
can act as antigen-presenting cells, with HLA-DR (MHC II in mice) appearing on
their surfaces during differentiation and after cytokine or growth factor stimulation

(166-168). If stimulated and then incubated with peptide, eosinophils induce T cell
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proliferation in vitro (167). If Staphylococcal enterotoxin B (SEB) is added to
eosinophil and T cell cultures, T cell production of both Th1 and Th2 cytokines is
increased, including IFNy, IL-5 and IL-13 (102).

In addition to co-stimulatory functions to adaptive immune cells, eosinophils
have many direct immune functions on their own. The first immune function
identified for eosinophils was phagocytosis by Mesnil in 1895. Horse eosinophils
easily phagocytosed zymosan, or yeast cell wall components, and red blood cells in
the presence of immune serum (82). Human eosinophils were shown to be able to
phagocytose polystyrene spheres, Gram-positive and Gram-negative bacteria,
antibody-coated red blood cells, and Candida albicans, both alive and dead (169).
Eosinophils were not as efficient as neutrophils at phagocytosis, but it was clearly
one of their specified immune functions. In fact, after attachment and degranulation
of eosinophils onto helminths, new eosinophils perform phagocytosis of the
membrane particles left behind (95).

Rats, mice and humans with parasitic infections have higher circulating
levels of eosinophils, and more bone marrow production of eosinophils than healthy
controls (109, 170). Eosinophils can mediate antibody-dependent damage to
helminths, such as Schistosoma mansoni, Trichinella spiralis, and Nippostrongyloides
brasiliensis (95, 171, 172). Specifically, eosinophils surround parasites and attach to
them, crowding out other cells, such as neutrophils (Figure 1.5). A condensed
excerpt from Densen et al, 1978 is included below to describe the interaction of

eosinophils with helminthic parasites:
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“Within minutes, eosinophils and neutrophils were attracted to and made
contact with the schistosomules (S. mansoni). Despite close contact of some
neutrophils with schistosomules, eosinophils were observed to “push” their way in and
establish contact by displacing neutrophils already at the surface. After eosinophil had
established contact, degranulation was observed in the presence of inmune sera (but
not normal sera) within the first hour of observation. Granules appeared to pop or
explode when viewed at normal speed. Degranulation occurred only at the interface of
the eosinophil and schistosomula. No neutrophil degranulation was observed...

In experiments in which the schistosomula were allowed to move freely,
increasing numbers of granulocytes became adherent over several hours in the
presence of either immune or normal serum. Despite active and vigorous movement of
the schistosomules, the granulocytes remained firmly attached. Wright-stained
preparations showed that both eosinophils and neutrophils were attached to the
schistosomula (171).

Detailed studies using phase-contrast and electron microscopy determined
that the eosinophils not only attached to the parasites, but polarized their granule
proteins to the apposed, or basal, membrane and released the granules from
aggregated vacuoles directly onto the surface of the parasites (Figure 1.6). The
eosinophil subsequently degenerated, and the surface of the parasite disintegrated,
with the tegument shedding in large sheets, resulting over time in the eventual loss
of shape of the helminth (95, 173). This process was found to be dependent on
peroxidase (174) and mediated also by Major Basic Protein, albeit with lower

effectiveness than the total granule composition (175).
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Eosinophils also constitutively express many types of cytokines with
extremely regulated secretion (176). Human eosinophils contain intracellular stores
of preformed cytokines, with IL-13 the most abundant, followed by IFNy, TNFq, IL-
12p70, IL-10, IL-6 and IL-4 (176). These cytokines are all located in the secondary
granules, and release of cytokines is strictly dependent on the type (Th1, Th2,
inflammatory or regulatory) of signals that the cells are exposed to in vitro.
Interestingly, cells stimulated with IFNy or TNFa primarily released IL-4. In
addition, exposure to Th1 or Th2 cytokines or TNFa resulted in release of IFNy,
whereas IL-12p70 was only released in response to IL-10. Eosinophils had no
change in their release of [L-4, IL-6 or IL-13 when cells were pretreated with IL-10,
indicating a predisposition to release these cytokines, even in anti-inflammatory
environments. Finally, when cells were simultaneously stimulated with two
cytokines and assayed for their secretion, the cumulative effect was as if each trigger
had occurred separately, indicating that eosinophils might respond to several
cytokines, possibly with conflicting messages, simultaneously (176).

F. Eosinophilia

Eosinophilia, or high levels of eosinophils in the blood, is caused by several
distinct pathologies. It occurs during helminth-induced eosinophilia and immunity
(177) and results in higher numbers of circulating eosinophils to battle parasites in
all regions of the body. In addition, bone marrow production of IL-5 is modulated by

inflammatory stimuli (178).
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Allergen sensitization and challenge rapidly increases the number of
eosinophils in blood and bone marrow, as well as concentrations of serum IL-5
(179). Expression of the IL-5Ra chain is also upregulated on the surface of
asthmatic human bone marrow CD34+ cells after allergen challenge, indicating an
increased responsiveness to the cytokine among bone marrow precursor cells
(180). Atopic patients, including those with atopic dermatitis, generally have higher
numbers of blood eosinophils (see below). Patients with the hypereosinophilic
syndrome also have high levels of circulating eosinophils, although there is no
known cause except for the myeloid proliferative version (reviewed in (181)).

Finally, eosinophilia is the hallmark characteristic of transgenic mice that
over express IL-5 (121, 182-184). Mice overexpressing IL-5 on a T cell-specific CD35
promoter have enormously enlarged spleens and livers, due to eosinophil
production, and the bone marrow composition changes from 3% eosinophils in
wild-type mice to 70% in transgenic mice. These mice develop skin lesions, alopecia
and rectal prolapse in an age-dependent manner, although these phenotypes are not
100% penetrant (121). The authors specifically note that it is not possible to
determine whether the formation of skin lesions is a direct response to IL-5 or an
indirect response instead to pruritus induced at affected sites. However, it is clear in
this model, and in the keratin-14-IL-5 transgenic mice also used in the present
study, that recruitment of eosinophils to the skin can cause dermatitis as a primary

outcome of IL-5 expression.
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G. Eosinophils in atopic dermatitis

Eosinophils have been linked to atopic dermatitis for at least forty years, due
to high numbers circulating in the blood of atopic dermatitis patients (185, 186). In
addition, programmed cell death of eosinophils is significantly delayed in in vitro
assays, compared to healthy eosinophils from non-atopic subjects, even above other
atopic diseases (187). Serum concentrations of eosinophil granule proteins,
including ECP and EDN, correlate with the severity of atopic dermatitis, as do the
number of circulating eosinophils (188, 189). Serum levels of IL-5 are well above
control levels, and recede during successful treatment (190). Peripheral blood
eosinophils also have altered phenotypes, with more neurotrophin receptors and
more functional activity in response to neurotrophins than eosinophils from healthy
controls (191).

Intact eosinophils are not found in high numbers in atopic dermatitis
biopsies, leading some to question whether these cells have a role in the
pathogenesis of this disease. However, several studies have found evidence of
eosinophil granules in lesional atopic dermatitis skin biopsies (192-195). One study,
using electron microscopy, even specifically determined that the release of
eosinophil granules was due to cytolysis and degeneration, rather than piecemeal
degranulation (194) (Table 1). While the authors found no normal eosinophils in
atopic dermatitis skin, many samples had eosinophils with abnormal granules,
uropods, a significant loss in membrane, and regions of free eosinophil granules.
This indicates that eosinophils are present in skin and have been activated to induce

release of granules and cytokines from their intracellular stores, leaving no
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recognizable eosinophils behind. However, not all atopic dermatitis patients have
eosinophil granule proteins deposited in their lesions. This is likely due to the
difference between intrinsic and extrinsic disease, the limits of detection of
eosinophil granule proteins in the skin, and other unknown factors (196-198).

However, correlations between atopic dermatitis and eosinophils and their
products in the skin and blood of patients do not identify the role of eosinophils in
the disease. Atopic dermatitis is considered a hyperactivation of the immune system
in response to innocuous stimuli (4), and it is possible that eosinophils are
important mediators of this overreaction. The fact that they are activated and
degranulated in tissues indicates an active participation in the process, although this
does not indicate whether they are primary effector cells or recruited later to
participate in tissue remodeling.

Eosinophils are not present in normal uninflamed human skin. Therefore, the
presence of eosinophils in atopic dermatitis skin signifies recruitment to the skin. In
atopic dermatitis, eotaxin-1 expression in the skin is increased, compared to healthy
skin, with concomitant increases in CCR3+ cells (Figure 1.7). The main cells making
eotaxin in lesional skin in this study were mononuclear cells, fibroblasts and
eosinophils themselves (199). A subsequent study identified increases in eotaxin-1
in the epidermis of atopic dermatitis lesions, as well as in infiltrating inflammatory
cells (200). Human keratinocytes can make eotaxins-1, -2 and -3, and this
production is enhanced by IL-4 and IL-13, two Th2 cytokines that are elevated in
atopic dermatitis and can be made by eosinophils (176, 201-204). Eosinophils

produce IL-4 rapidly upon stimulation, indicating a potential feed forward
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mechanism for further recruitment of eosinophils and other CCR3-expressing cells,
such as mast cells and T cells (176). Endothelial cells can also produce eotaxins
(205) and might increase eosinophil infiltration into the skin if upregulated in atopic
dermatitis.

The known functions of eosinophils include antigen presentation,
phagocytosis, and rapid release of cytokines, chemokines and granule proteins.
Barrier defects in the skin allow deeper penetration of antigen, so it is possible that
eosinophils act as phagocytes and antigen-presenting cells in atopic dermatitis by
taking up foreign and endogenous particles and degrading or processing them.

Eosinophils can participate in tissue remodeling, mainly through their
production of TGF-p (206, 207). Eosinophils can induce fibroblasts to increase
production of a-smooth muscle actin and tenascin-C, which are important
extracellular matrix proteins, and this activity is blocked with a TGF-f3 blocking
antibody (206). Reduction of eosinophils in humans with asthma, using anti-IL-5
monoclonal antibodies, results in less airway remodeling and extracellular matrix
deposition (208). IL-5 knockout mice, and mice treated with antibodies to IL-5,
develop significantly less fibrosis and airway remodeling after antigen sensitization
and challenge than wild-type or untreated mice (209).

Importantly, the most effective treatment for atopic dermatitis, topical
tacrolimus, has effects on eosinophils and related molecules (190). In a time course
biopsy study of patients using tacrolimus for 8 weeks, as disease was alleviated,

serum levels of IL-5 were significantly decreased. In addition, expression of CCR3
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and RANTES in the skin was also significantly lower, by immunohistochemistry,
compared to the initial levels in each patient. Finally, intact eosinophils were
decreased in tissue, although there was no significant decrease in blood eosinophils.
These data indicate that eosinophils are important for the pathogenesis of atopic

dermatitis, although their specific contributions are not yet fully understood.

III. SENSORY INNERVATION OF THE SKIN
A. Identification and general characteristics

Spinal sensory nerves that innervate the skin have cell bodies that reside in
the dorsal root ganglia (DRG) or, for those that innervate the face, in the trigeminal
ganglia. These ganglia lie in a chain on either side of the spinal cord, are 20-100um
in diameter, and are derived from the neural crest, which migrates to the sites of
final differentiation. Dorsal root ganglia nerves are pseudounipolar afferents, with
one axon emerging from the cell body and dividing into one process that is directed
centrally and a second process that is directed peripherally. The central process
synapses on interneurons in the spinal cord that are located in lamina organized
roughly according to their functions. The peripheral process extends directly to the
region of skin to be innervated and arborizes across the dermis and epidermis. One
peripheral process that innervates one region of skin can have many terminal
branchpoints, and these terminals transduce sensory stimuli into electrical action
potentials that travel to the central nervous system (CNS). Skin innervation begins
during embryogenesis and is ongoing in adult skin. Regeneration of injured nerves

occurs in skin, with characteristic expression of molecules that signify plasticity.
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B. Development of DRG sensory neurons

Dorsal root ganglion neurons develop from the migrating neural crest, which
separates from the neural tube during embryogenesis. The formation of spinal DRG
is dependent on signals from the somites, which are masses of mesoderm alongside
the neural tube, and the neural tube, as total removal or blockade of signals from
either results in a complete absence of DRGs (210, 211). Tracking the progenitors by
using tritiated thymidine indicates that the DRG cells, Schwann cells and the
primary sympathetic chain complex all arise from this population of migrating crest
cells (212). Differentiation occurs based on the distance each progenitor population
migrates from the neural tube, and the local environmental signals (212).

Each DRG derives from neural crest cells from two successive levels of
somites, the posterior of the one above and the anterior of the one below. (213).Ina
matter of hours after neural crest migration begins, aggregations of cells at distinct
segmental locations began to appear and divide, forming each intact ganglion of cell
bodies in a segmental manner between somites. These are located outside the spinal
cord (Figures 1.8, 1.9).

C. Development of skin innervation during embryogenesis

The first nerve fibers arrive in the skin between the second and third
trimester in humans as bundles of coarse fibers in deep layers of developing skin,
then single fibers extend toward the epidermis, hair follicles, sweat glands and
blood vessels (reviewed in (214)). Sensory neurons arrive first, then autonomic and
motor neurons, and these can be differentiated by their individual cell markers.

Autonomic nerves have many functions, including vasoconstriction, regulation of
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sweat glands, and stimulation of arrector pili muscles to form “goose bumps,” based
on emotional and thermoregulatory activators (reviewed in (215)).

The segmental development of the somites and spinal nerves leads to
segmental innervation by sensory neurons. In humans, there are a total of 30 spinal
nerves, 8 cervical, 12 thoracic, 5 lumbar and 5 sacral. Mice have 31, not including the
tail. The region of skin specifically innervated by a single spinal nerve, which is a
group of axons with cell bodies all located in a single DRG, is called a dermatome.
The creation of human dermatome maps has been based mostly on observations of
denervation after surgical removal of ganglia, outbreaks of shingles (which occur
along one or two spinal sensory nerves), or other clinical cases of intact patients.
Considering the paucity of actual physiologic data, the maps have been extremely
variable. A recent attempt to formulate a dermatome map based on existing strong
evidence is shown in Figure 1.10 (216).

Studies of skin innervation during development have determined that
peripheral axons from skin sensory neurons in each DRG grow directly to their
target skin, make a single invasion, and then arborize and add fine peripheral
branches (217). The central process of each sensory neuron arrives at the
substantia gelatinosa (sensory region) in the spinal cord before the peripheral
process reaches the skin, at embryonic days 14-15 in humans and embryonic day 16
in the rat (218). Outgrowth of axons to the skin is not random. When neurons are
relocalized to different parts of the trunk (for example, cervical to thoracic), correct

innervation of the distal target limb by the peripheral neurite occurs, as if the DRG
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had always been located in the thorax, and the central process of the DRG also
innervates the correct level of spinal cord (219).
D. Skin innervation in the mature animal

Pre-natal sensory innervation of the skin is completed in the first week of life
in rats, and the last weeks of gestation in humans (218). In a study of common
laboratory animals, it was found that the pattern of innervation in the skin was
similar in all animals studied, including mouse, rat, rabbit, guinea pig and hamster
(220). A nerve plexus located under the skeletal muscle in the deep reticular dermis
sends branches externally to supply the hair follicles, dermis and epidermis (220).
Nerves can be detected using immunocytochemistry targeting a ubiquitin carboxy-
terminal hydrolase, protein gene product 9.5 (PGP 9.5), which is specifically located
in the cytoplasm of all neurons (221).

The epidermis is innervated by free unmyelinated nerve endings. One
description of reconstructed thick-section biopsies by confocal microscopy with PGP
9.5 began, “The superficial layers of skin contain an interlacing horizontal network
of nerve bundles that give off a series of diagonal branches that are clearly
demonstrated...,” and this is illustrated in Figure 1.11, taken from this paper (222).
All layers of the epidermis are innervated, generally by small diameter fibers.

Interestingly, the extent of epidermal innervation in humans varies according
to a rostral-caudal gradient, with decreasing nerve density in more distal regions of
the leg (223). This also occurs in mice, based on my own observations of different

nerve densities between dorsal cervical and lumbar skin. Density can be measured
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as number of nerve terminals per high-powered field, or can be expressed as a ratio
to the epidermal basement membrane zone length (223).

The dermis is innervated by a variety of sensory neuron subtypes that detect
heat and cold, mechanical stimulation, pain and itch. In addition to afferent
activities, neurons innervating the skin can also act as efferents, releasing molecules
that cause vasodilation, inflammation and recruitment of immune cells.

E. Types of Sensory Neurons

Subtypes of sensory neurons can be identified in a variety of ways: through
their morphology, functions or expression of receptors, transcription factors and
signaling molecules. These different specifications delineate overlapping
subpopulations of neurons, and no single set of descriptors is sufficient to fully
describe a single neuron.

i. Classification by morphology

The earliest delineation of sensory neurons was by cell morphology in the
DRG. This technique separated cells into large and small cell bodies (224). While this
separation is not completely accurate, because each population has a normal
distribution of cell body sizes and the two distributions overlap, it gives a rough
approximation of the two main sensory neuron populations known today by
morphology. These are the neurons with A fibers (generally larger cell bodies) and
those with C fibers (generally smaller cell bodies).

Neurons with C fibers make up approximately 60% of DRG neurons. These
neurons have unmyelinated small diameter nerve fibers (~1um or less) and

relatively slow conduction velocities of around 1 m/s (224, 225). Neurons with A
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fibers can be subdivided into those with AP fibers, which are myelinated, have thick
diameters and conduct action potentials around 100 m/s, and those that have
intermediate Ad fibers, which are thinly myelinated and have intermediate
conduction velocities.

ii. Classification by function

Nerve terminals in the skin are triggered to fire by a variety of different
stimuli, and this serves as a separate method of classification. Neurons are classified
as mechanoreceptors, thermoreceptors, chemoreceptors, or nociceptors, based on
the type of stimulus that induces action potentials within them. Mechanoreceptors
transduce contact that deforms the skin, thermoreceptors detect heat and cold,
chemoreceptors fire when exposed to products of injury and inflammation, and
nociceptors fire only when the intensity of a stimulus approaches levels at which
damage to the tissue could occur. Because of this, many nociceptors, or pain sensors,
are polymodal and can transduce several different types of stimuli (reviewed in
(225)). Nociceptors include neurons with C and A$ fibers.

iii. Classification by expression of transcription factors, surface molecules and
neurotransmitters.

More recently, with modern molecular identification techniques, subtypes of
neurons have been classified by their expression of certain functional molecules,
transcription factors and neurotransmitters. Expression of different transcription
factors determines sensory sublineages. This occurs during development, long

before innervation of the peripheral or central targets occurs (reviewed in (226)).
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Because this classification is ongoing, and not immediately pertinent to the body of
work presented here, it will not be discussed in detail. Some mention of different
nerve types will be detailed below, especially relating to future directions.

F. Itch sensation

Until recently, it was not clear that there was a dedicated neural pathway for
itch (a “labeled line”) that was separate from pain sensation (controversy reviewed
in (227)). However, it is now known that itch sensation is transduced from the skin
via primary afferents with cell bodies in the DRG, which then synapse on neurons in
the outer lamina of the dorsal horn (228-233). Itch is transmitted by C fibers, and
there are distinct populations for histamine-induced itch and histamine-
independent itch. Histamine-induced itch activates nociceptors that are not
responsive to mechanical or heat stimuli, and these fibers have no role in
transducing pain (233). Activation of these neurons can be visualized by the rapid
production of Fos protein, which occurs in lamina II of the dorsal horn after
intradermal injection of histamine (230).

A different population of afferent C fibers is stimulated by itch induced by
cowhage spicules. These histamine-independent neurons have a different time
response to itch, with a faster dissipation of the itch sensation than injection with
histamine (234). In addition, these fibers are mechano- and heat-sensitive,
otherwise known as polymodal nociceptors (235, 236). The itch-inducing factor in
cowhage is a cysteine protease called mucunain that triggers proteinase-activated

receptor-2 (PAR-2, also known as protease-activated receptor-2). Histamine and
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cowhage never activate the same neuron, even though they are located near each
other in the spinothalamic tract of the spinal cord (231).

Besides histamine receptors and protease-activated receptors, a third
receptor for itch is Mas-related GPR, or Mrgpr. Expression of this family of G-protein
couple receptors only occurs in a subset of small-diameter neurons in the DRG and
trigeminal ganglia (237). One activator of these receptors is chloroquine, which is
known for producing itch as a major side effect of malaria prophylaxis (228).
Targeted deletion of the Mrgpr family locus in mice reduced chloroquine-induced
scratching, while retaining normal responses to a variety of painful stimuli.

The three itch receptors discussed above were identified on primary afferent
neurons that supply the skin. In addition, recent discoveries have occurred related
to the second-order neurons in the spinal cord, which are important for receiving
the primary itch signals and passing them on. Both genetic mutation and targeted
destruction of gastrin-releasing peptide receptor (GRPR)-expressing neurons in the
dorsal horn completely prevented scratching by mice after exposure to a variety of
pruritogens (232, 238). However, the mice did not lose motor capabilities or their
ability to sense pain. Interestingly, both histamine-dependent and -independent
itch was inhibited by deletion of GRPR+ neurons, indicating a single common
pathway for transducing different kinds of itch sensations from the periphery. These
recent reports have given the first direct evidence for a labeled-line neural circuit
specifically for itch and have given patients suffering from chronic itch hope for

respite.
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G. Itch and atopic dermatitis

Unlike pain, which provokes a motor reflex of withdrawal, itch sensation
provokes reflex and conscious mechanical movement toward the stimulus, even in
sleep. Speculation about the role of pain (after scratching) in inhibiting the itch
sensation has been confirmed by recent data in primates. After intradermal
injection of histamine, spinothalamic tract neurons are activated for many minutes.
However, scratching in the cutaneous field that had been treated inhibited
responses to histamine in the spinothalamic tract. This only provided relief if the
skin was scratched after histamine was applied. There was no change in
responsiveness to painful stimuli with scratching (229).

Atopic dermatitis patients suffer from chronic itch, and scratching yields
immediate relief. Unfortunately, scratching also damages the epidermal barrier,
allows penetration of surface microbes into deeper layers, and aggravates the
disease. People with atopic dermatitis have abnormal sensation in their skin and
feel itch instead of pain when given mechanical, chemical, electrical and heat
stimulation (239, 240). A similar phenomenon occurs in healthy subjects after pre-
treatment with histamine. However, histamine is not responsible for the itch in
atopic dermatitis, as evidenced by the lack of efficacy of non-sedating anti-
histamines against scratching (241). Currently, it is not known what causes the
increased sensation of itch in atopic dermatitis skin. One possible mechanism is
central sensitization to itch, or modification of the threshold for second-order itch

neurons. Other hypotheses include increased expression of PAR-2 receptors in the
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skin, increased itch-inducing interleukins, activation of keratinocytes by infiltrating
antigens, or an increase in the number of nerve terminals that transduce itch (242).
H. Quantification of nerves in skin

The quantification of nerves in skin by immunohistochemical staining has
been used in the diagnosis of peripheral neuropathy, and published guidelines were
created by the European Federation of Neurological Societies (243). These
guidelines specifically focused on intraepidermal nerve fibers (IENF), but the
methods for determining density, usually by anti-PGP 9.5 immunostaining, are
applicable for full biopsy thickness, including dermal nerves (244, 245). PGP 9.5 also
labels some neuroendocrine cells, which are found in the lungs and elsewhere
(246).

Interestingly, the relationship between density of IENF and neuropathic pain
is not completely clear. In some diseases, such as HIV or diabetic neuropathies, a
lower density of nerves correlated with more pain. In other situations, including
recovery after steroid treatment, having more nerves correlated with more pain
(reviewed in (244)). It is not known what causes the chronic pain of peripheral
neuropathy, but in general, denervation of cutaneous structures such as sweat
glands, hair follicles and epidermis is a characteristic hallmark of severe sensory
neuron deficit.

In contrast to peripheral neuropathy, there are other diseases that are linked
to increases in nerve density in the skin, including prurigo nodularis, notalgia
paresthetica and, most importantly for this report, atopic dermatitis. Prurigo

nodularis is a disease solely characterized by itch, in which patients scratch their
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skin surfaces until lesions form. There is a massive expansion of nerves in the
dermis of lesional skin biopsies from these patients compared to healthy control
skin (247). Later examinations found that there were increased numbers of PGP 9.5-
immunoreactive fibers throughout the dermis and epidermis (247). Interestingly, a
subsequent study of lesional prurigo nodularis skin found large depositions of
eosinophil granule proteins (248).

Notalgia paresthetica is a form of sensory neuropathy which is often
characterized by itch, burning pain or tenderness between the scapulae on the back.
When examined for PGP 9.5 immunoreactivity, there were more positive fibers,
particularly in the epidermis and the upper papillary dermis near the basement
membrane, in affected skin than in unaffected areas from the same patients, or
compared to healthy control skin (249). Because these two diseases, as well as
atopic dermatitis, are mainly characterized by itch and have more nerve terminals
in the skin, it is possible that nerve density and itch are not only correlated, but
possibly have a causal interaction.

L Nerves in atopic dermatitis

1. Increase in number of nerves in atopic dermatitis

Atopic dermatitis also has an increase in the number of nerves in lesional skin
compared to healthy control skin, as well as compared to uninvolved, non-lesional
skin (250-254). In a study of 64 patients with atopic dermatitis, defined by the
Hanifin and Rajka criteria, Sugiura et al found increases in PGP 9.5-immunoreactive
nerves in atopic lesional skin compared to healthy control skin and non-lesional

skin from the same atopic dermatitis patients (Figure 1.12). There was a significant
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increase in nerve density in the papillary and upper dermis, and near the dermal-
epidermal junction in all but the earliest lesional skin (Figure 1.13). These authors
reported hypertrophy of nerve bundles in the subepidermal area. Another study
with 16 atopic dermatitis patients found increases in PGP 9.5 staining in the
papillary dermis and dermal-epidermal junction of atopic dermatitis lesional skin
(252).

Using electron microscopy, it has become clear that the nerves in lesional
atopic dermatitis skin also have altered ultrastructural appearance. The axons of
nerve fibers are often bulging, are swollen and vacuolized, and/or are undergoing
demyelination and fibrosis (65, 251). The distribution density and diameter of nerve
fibers is also significantly higher in lichenified atopic skin compared to normal
controls, upon electron microscopic evaluation (252).

2. Types of nerves increased in atopic dermatitis

The subtypes of neurons that are increased in atopic dermatitis have been
characterized by their location, morphology, and expression of characteristic
molecules in several studies. Because the major regions of difference in PGP 9.5
staining were in the papillary and upper dermis, and occasionally the epidermis,
several groups argued that sensory neurons were specifically increased, because the
main nerves populating those regions are sensory nerves (251, 253).

Nearly all of the nerves in atopic dermatitis papillary dermis and epidermis
are unmyelinated (252). This morphology is most characteristic of C fibers, but it is

possible that A fiber myelin sheaths have been degraded by the disease process.
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Several other studies investigated particular subtypes of nerves, using specific
markers and found varying results, depending on the marker (252, 253, 255). In
general, markers for sensory neurons, such as neurofilament-200kD, were increased
in atopic dermatitis skin. Results with Substance P (SP), a C-fiber product released
upon activation, were equivocal due to differing results in different studies (252,
253, 256). One C fiber marker that was consistently increased was calcitonin gene-
related peptide (250, 252, 253). Autonomic nerve fiber markers did not change in
the papillary or upper dermis (252). Therefore, the small amount of existing
evidence currently implicates unmyelinated sensory fibers that express molecules
characteristic of C fibers as the source of the increased nerve growth in atopic
dermatitis.

Finally, growth factors for nerves, known as neurotrophins, are increased in
atopic dermatitis patients. Elevated levels of nerve growth factor (NGF) have been
found in the skin lesions and plasma of patients with atopic dermatitis (257, 258).
Importantly, plasma levels of NGF and SP correlated with disease activity assessed
using two scales: the objective Severity Scoring of AD (SCORAD), and the Eczema
Area and Severity Index (EASI) (258). More severe clinical disease correlated with

higher levels of NGF and SP.

IV. EOSINOPHILS AND NERVES
Eosinophils were initially described as neurotoxic, based on experiments

injecting isolated granules into the brains of laboratory animals. However,
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interactions between eosinophils and nerves in vitro and in vivo appear to be more
subtle, and can contribute to pathogenesis of allergic diseases, such as asthma.
A. Cytotoxicity of isolated eosinophil granule proteins

Eosinophil granules are cytotoxic when applied at high concentrations to a
variety of cells in culture (99-101) and when injected intracerebrally into live
animals (90, 259). In addition, isolated granule proteins have been instilled
intratracheally into animals, which induced tachypnea and decreases in tidal
volume. These effects were inhibited by treatment with capsaicin, which triggers
sensory nerves to release neurotransmitters (260).

However, the release of granule proteins, preformed cytokines and other
regulatory molecules from eosinophils is tightly controlled and can occur through
regulated vesicle secretion, called piecemeal degranulation, or whole cell
degradation, called cytolysis (94). After release from the cell, eosinophil granules
continue to be regulated by receptor-ligand interactions and can activate signal
transduction to secrete cytokines or any of the granule proteins (98).

In all of the experiments which found eosinophil cytotoxicity, the granule
proteins were isolated by sonication, low pH, freezing and thawing, or otherwise
complete disruption of the cell, which resembles neither cytolysis nor piecemeal
degranulation. In addition, the concentrations of granules used were
supraphysiological, from enormous numbers of eosinophils, which would increase
the probability of seeing an effect. In the papers describing eosinophil effects on
sensory neurons in the lung, there were no dose-response curves demonstrated, so

it was difficult to determine how the appropriate dose of protein was determined.
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Therefore, the experiments describing neurotoxicity of eosinophil granules after
sonication and collection of total granule protein are unlikely to be modeling true
cell-cell interactions.

B. Intact eosinophils have beneficial effects on nerves in vitro.

In contrast to the reports of cytotoxicity, co-culture experiments with nerves
indicate a pro-survival function for eosinophils. Eosinophils isolated from various
compartments constitutively synthesize specific neurotrophins, including nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3
(NT-3), and they can be triggered to release these factors upon stimulation (191,
261). In co-cultures with a cholinergic nerve cell line, eosinophils adhere to the
nerves, and activate release of acetylcholine, upregulation of muscarinic receptors
on the surface, and surface adhesion molecule expression (262, 263). Furthermore,
when nerves were cultured in serum-deprived medium or exposed to cytokines to
trigger apoptosis, adding live eosinophils prevented programmed cell death (264).
Later characterization showed that MBP-1, but not EDN, dose-dependently inhibited
apoptosis of neurons, through phosphorylation of ERK 1/2 and expression of the
anti-apoptotic gene Bfl-1.

C. Interactions between eosinophils and nerves in vivo

Eosinophils and nerves also interact in vivo, and this interaction is responsive
to changes in the health and inflammatory state of the animal or human. The
gastrointestinal tract is a rich source of eosinophils under normal conditions, and
eosinophil-nerve interactions are increased in response to parasite infection in the

gut-associated lymphoid tissue (GALT) (265, 266). In rats infected with Fasciola
54



hepatica, the numbers of eosinophils and mast cells significantly increase in the
colon, probably due to increased expression levels of IL-5 and eotaxin-1. Eosinophils
contact nerves significantly more often in infected colon, compared to the predicted
amount of random association, based on the numbers of cells present. Importantly,
in gut parasitic infections, when eosinophils are recruited into the GALT and contact
nerves, the number of nerve fibers per millimeter is significantly increased
compared to control. In addition, in certain regions, the overall volume occupied by
these nerves is also significantly increased. The nerves in the lamina propria of
colons from infected rats express neuronal growth and plasticity markers, GAP-43
and NCAM, signifying their state of activation and growth (265).

Eosinophils also interact with nerves in the airways of patients with asthma,
in animal models of asthma, and in culture. Eosinophils are found adjacent to nerves
in airway biopsies of humans who died from asthma attacks, a histological finding
that is recapitulated in antigen-challenged guinea pigs and rats (267). Airway nerves
in asthmatic human tissue express eotaxin-1, which could be a mechanism to recruit
the eosinophils that surround them (268). The association of eosinophils with
airway nerves is important in the pathophysiological changes that lead to airway
hyperreactivity (267, 269), as the airways with the most eosinophils around nerves
had the most extreme muscarinic receptor dysfunction in antigen-challenged guinea
pigs.

D. Sensory neurons and eosinophils
However, with all of these descriptive and physiological data, it is not known

which subtype(s) of airway nerves attract eosinophils, since nerve bundles include
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both sensory and autonomic fibers, nor which nerves in the GALT are in contact
with eosinophils. Primary cultures of parasympathetic neurons from guinea pig and
human airways express eotaxin-1, as well as ICAM-1 and VCAM-1, and these
participate in binding of eosinophils to neurons in co-cultures (164, 268).

In clinical case reports describing interactions of eosinophils with nerves in
human patients, sensory neuropathy is the most common symptom. In patients with
hypereosinophilic syndrome, symptoms can include multifocal neuropathy, diffuse
and chronic itching, rash, and peripheral and central nervous system dysfunctions
(270-273). These data indicate that eosinophils have effects on sensory neurons in
vivo, and that normal interactions between these two cell types that might be helpful
for disease prevention or immunity could be disrupted in disease states.

Evidence for this hypothesis comes from a single paper (274). A patient with
idiopathic hypereosinophilic syndrome (HES) who was exhibiting substantial
peripheral neuropathy was examined and electromyogram (stimulation of the
muscle with an electrode to detect nerve activity) studies indicated both
denervation and reinnervation occurring in the anterior leg. Eosinophils were
isolated from the HES patient and three healthy subjects to culture with chick
sensory neurons. After 3-4 days of culture, there was a major decrease in survival of
neurons cultured with HES eosinophils, compared to healthy eosinophils. This was
demonstrated very clearly with different titrations of eosinophils to nerve cells. A
sural nerve biopsy did not show infiltration with intact eosinophils, but the authors

suggested that eosinophil products could have been present without detection.
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V. HYPOTHESIS AND RESEARCH QUESTIONS

From this background, we know that eosinophil granules are present in the
skin in atopic dermatitis lesions, and that nerve density is also increased in these
lesions. We know that eosinophils have dramatic effects on the function of nerves in
the airways in allergic airway disease. Therefore, we wanted to determine whether
eosinophils could exert direct effects on sensory neurons in ways that would be
relevant to atopic dermatitis, by increasing the density of their nerve terminals,
altering their sensitivity to firing upon stimulation, or changing the release of
neurotransmitters or other mediators.

To determine this linkage, we hypothesized that the eosinophil granules in
the skin of atopic dermatitis would be located in the papillary dermis, where
neurons were increased in number, and that eosinophils would directly affect
sensory neurons in culture and in mouse models. More specifically, we hypothesized
that neuron morphology, function or neurotransmitter release would be altered by
eosinophils.

Therefore, we asked the following research questions in pursuit of this
hypothesis:

1. Are nerves and eosinophils or their granules located in proximity in human atopic
dermatitis skin?

2. Are eosinophils required for increased nerve growth in mouse models of atopic
dermatitis or models of recruitment of eosinophils to the skin?

3. Do eosinophils have a direct effect on neuron morphology, function, or

neurotransmitter release in vitro?
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VI. TABLES.

Table 1.1. Selected epidemiologic studies of atopic dermatitis prevalence.

Location of study Age of subjects

Prevalence of AD Reference, Year

United Kingdom 3-11 years 20% Kay, 1994
Worldwide 6-7,13-14 years 5-20% Williams, 1999
Oregon, United 5-9 years 6.8-17.2% Laughter, 2000
States

Japan 7-12 years 15-24% Yura, 2001
United States All ages 2.4 -2.6% Ellis, 2002
United States All ages 6% Hanifin, 2007
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Table 1.2. Histologic characterization of different stages of atopic dermatitis

by epidermal and dermal findings. Adapted from (65).

Type of lesion

Epidermal findings

Dermal findings

Acute lesional

spongiosis

lymphocytes, macrophages, rare

eosinophils and neutrophils

Chronic lesional

hyperplasia, minimal

spongiosis

lymphocytes, monocyte-

macrophages, increased mast cells

Lichenified plaque

hyperkeratosis,
hyperplasia, focal

spongiosis

moderate infiltrate of lymphocytes

and monocyte-macrophages

Non-lesional

hyperkeratosis,

hyperplasia, spongiosis

slight infiltrate of lymphocytes
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Table 1.3. Electron microscopic observation of eosinophils in atopic

dermatitis skin. From (194).

684 Cheng et al. 1 ALLERGY CLIN IMMUNOL
MAY 1997

TABLE . Eosinophils in atopic dermatitis

Electron microscopy

Serum
MEP Eosinophils  Loss of
Serum (ng/mi} with cytoplasmic
IgE (normal, Body Tissue Eosinophils abnormal  andfor  Regions
{Ufmml) 97-287) surface MEP with granules nuclear of free Total
Patient Age [Normal, (mean = 185, involvement extracellular* Mormal  abnormal and membrane eosinophil identifiable
Ne, (yr) Gender < 367) SD = 46) %) (normal, 0) eosinophils granules  uropods [>75%}  granules eosinophilst
1 3% M 23,738 1,264 70 +3 0 10 10 30 10 50
2 11 F 76 202 50 0 0 0 0 0 0 0
3 52 M 8,250 TR 80 2 ] 2 6 4 2 12
4 0 F 1,917 2430 20 +3 1] 0 0 0 4 0
5 1 F 459 398 75 +2 0 1 1 1 1] 3
68 31 F 27002 334 45 +2 0 2 6 2 3 10
i 9 M 1,257 339 30 +1 0 0 0 0 1] 0
B 50 M 8,557 300 45 +1 0 1 0 1 i} 2
9 41 M 101,281 385 70 +1 [t} 3 1 2 U 6
0t 39 M 8,400 337 60 +1 0 0 0 ] 0 0
Total 0 19 24 40 19 83

8D, Standard deviation

“Extracellular protein deposition based on intensity and extent of fluorescence in tissue.

#5um of nermal eosinophils, intact eosinophils with granule abnormalities, intact medusa cells, and cells with loss of cytoplasmic and/or nuclear
membranes; note that regions of free granules are not included in the total.

fPatients 2, 3, 6, 7, 8, and 10 in this study were patients 6, 16, 12, 4, 7, and 11 in the study by Ott et al.?
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VIIL. FIGURES

Age % AD Course of AD

1-2yrs 100% | sammmnmn EnEmEEEnEEann = sessmmsnsnnsnnsannnns |
3yrs 37% | EREmEEEREE fer— wnn weannene]
4 yrs 34% (LITT] (ITTT] — e —— —|
Syrs  31% |sessssssssssssssssssns ™ amm  mmmm |
Byrs  36% | wesssEEEEEEEEsEEEEEEE EEE o oEoE mE = mEmmEm |
7yrs  37% [wessssssssssssssses ssesss oas " oEoE o mEE wem |

~
Pattern of AD: Persistent Intermittent Complete remission

Figure 1.1. Natural course of atopic dermatitis up to 7 years of age in children

with early manifestation of disease (<2 years). Each symbol represents 1% of

children with early atopic dermatitis, and natural course of disease can be traced

vertically. Of those with persistent disease, all developed it in the first two years of

life and most began with severe disease. Used with permission, RightsLink license

#2371580086428, (8).
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. Stratum corneum
EOC genes: FLG; LOR, LCES. 81008, SPRRS ™"
Protesses: SCTE (KLKS), SCCE (KLKT) -

Adaptive Innate
Th2 Cytokines J
4,013 ' my
Eos attracting Chemokines TLRs, CO14, NOD1, NODZ.

Figure 1.2. Model of genetic associations in atopic dermatitis. Each gene listed
has been identified in genetic testing in atopic dermatitis. Note the “eosinophil-

attracting chemokines:” RANTES and eotaxin. Used with permission from (25).
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Non-lesional Lesional
Atopic Dermatitis Atopic Dermatitis

Normal Human Skin

paired samples from same patient

Figure 1.3. H&E stained sections of skin. Normal human skin (left) has a thin
epidermis with little dermal infiltrate. Histologic changes are apparent in clinical
normal-appearing non-lesional atopic dermatitis (middle), with the beginnings of
rete pegs from the epidermis and infiltration of cells into the dermis. Lesional atopic
dermatitis from the same individual (right) has much thicker epidermis, with focal

areas of spongiosis and many more immune cells invading the dermis.
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Figure 1.4. Expression of filaggrin is decreased in atopic dermatitis lesions.
Paraffin-embedded skin biopsy sections were stained using anti-filaggrin antibody
(dark black). The stratum corneum of healthy skin (A) has plentiful filaggrin

staining, while atopic dermatitis skin (B) does not. From (275), with permission.
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Fi16. 2. Scanning electron micrograph (SEM) showing eosinophils adhering to the surface of
schistcsomulum of S. mansomt after 1'5 hr in culture. (Magnification x 157C.,

Figure 1.5. Eosinophils attached to surface of a schistosomulum. From (95).
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FiG. 9. TEM of an
a schi lum. (Magnification X 16,250.)

eosinophil with a large cytoplasmic vacuole. Tae cell is adhering to the surface of

Figure 1.6. Eosinophils release granule proteins onto helminths. Eosinophil
granules polarized toward helminth surface, then fusing with internal vacuole in

preparation for release. From (95).
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Figure 1.7 Eotaxin expression is increased in atopic dermatitis skin. Normal
healthy skin does not express much eotaxin-1 (a) or CCR3 (b), while atopic
dermatitis lesional skin has higher expression of both (c, eotaxin-1; d, CCR3). From

(199), with permission.
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Figure 1.8 Representation of the spinal cord. This illustrates the location of the
dorsal root ganglia, outside the spinal cord, in the intraforaminal space. Unknown

artist’s rendition.
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Figure 1.9. Ex vivo image of intact spinal cord with attached dorsal root
ganglion. Photograph used with permission of David Fankhauser, PhD, University

of Cincinnati Clermont College.
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(A)

Figure 1.10. Dermatomes of the human body. (A) Traditional dermatome map of
the body with spinal nerves. Each region of skin is supplied by a single afferent
spinal nerve, color-coded with the skin. C = cervical ganglion, T = thoracic, L =
lumbar, S = sacral. Drawing by Frank Netter.

(B) “Evidence-based” dermatome map, based on data from all previous studies.
Blank areas are regions of considerable variability or overlap. Used with permission

of Mark Stringer, University of Otago, New Zealand.
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Fig. 1. Confocal micrograph of normal human skin (over biceps) cut vertical to the skin surface and immuno-stained for PGP 9.5 with Cy-3
fluorophore. The dense horizontal nerve network has multiple branches toward the epidermis, Bar = 50 um.

Figure 1.11. Confocal micrograph of a thick section (50um) of paraffin-
embedded normal human skin stained for PGP 9.5, using
immunofluorescence. Note the thicker nerve bundles in the papillary dermis,

which branch to send thin tributaries into the epidermis. From (222).
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Figure 1.12. PGP-immunoreactive neurons stained in skin (next page). Paraffin
sections of skin were stained for PGP 9.5 (brown). (A) Healthy control skin from a
non-atopic individual; (B) non-lesional atopic dermatitis skin; (C) atopic dermatitis
lichenified skin; (D) atopic dermatitis prurigo skin. Both (C) and (D) are

classifications of chronic atopic dermatitis lesions. From (251), with permission.
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Figure 1.13. Quantification of PGP 9.5-immunoreactive nerve density in

healthy and atopic dermatitis skin. Nerves were quantified in paraffin sections

stained for PGP 9.5, in the papillary dermal area and upper dermis. Normal

appearing skin of control individuals is on the top, and the severity of atopic

dermatitis skin increases with lower positions on the Y axis. The categories of atopic

dermatitis skin are, in increasing order of severity: uninvolved skin of AD patients,

early lesions, subacute lesions, lichenified lesions, and prurigo lesions. A = 0.24

mm?. Subacute, lichenified and prurigo lesions had significantly more PGP 9.5-

positive nerves than normal skin or uninvolved (non-lesional) atopic dermatitis

skin. From (251), with permission.
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CHAPTER TWO: METHODS

I. IN VIVO METHODS
A. Human Skin Biopsies

Human studies were approved by the Institutional Review Board of Oregon
Health & Science University, and all subjects gave informed consent. Subjects were
paid for their participation. Atopic dermatitis patients were interviewed for their
personal and family history of atopy and atopic dermatitis and then examined by a
dermatologist to determine extent of disease and chronic versus acute state. A self-
reported history of atopy was required for inclusion as an atopic dermatitis patient,
and all patients had a previous diagnosis of atopic dermatitis by dermatologists at
OHSU. A sample subject intake form is included in the Appendix. Four millimeter
punch biopsies of atopic human skin were removed from areas of normal-appearing
(non-lesional) or active (lesional) disease respectively. In addition, biopsies of
normal skin from healthy patients were taken from the inner arm or behind the
knee. All biopsies were fixed in 10% neutral buffered formalin and embedded in
paraffin.
B. Animals

Female wild-type C57BL/6 mice, 6-8 weeks of age, were purchased from
Jackson Laboratories. Male or female CD33-IL-5 (N].1638) and PHIL mice were
generous gifts from the James and Nancy Lee Laboratory, Mayo Clinic, Scottsdale,

Arizona, and from the Jeffrey Gold Laboratory, OHSU.

75



The NJ.1638 IL-5 transgenic mouse was created using a construct that
contained the full murine IL-5 sequence, with all the introns and 1.2kb of 3’-flanking
sequences, but missing all of the upstream known regulatory elements (121). The
construct is expressed in a manner regulated by the promoter and tissue-specific
enhancer for CD39, ensuring that IL-5 is made by all subclasses of thymocytes and
peripheral T cells (276). N]J.1638 mice have similar numbers of live births, weaned
animals and similar sex ratios to wild-type mice (121). IL-5 transcripts were found
at elevated levels in all tissues with high numbers of T cells, including thymus, bone
marrow, spleen, peritoneal cavity, lung and blood, and high intracellular IL-5 was
only found in CD3¢-positive cells. IL-5 protein levels in the serum of these mice
persist around 400 pg/ml through the life of the animals, which is equivalent to
serum IL-5 levels in wild-type mice that have a helminth infection.

The PHIL transgenic mouse was created using a construct that contained the
diphtheria toxin A (DTA) chain open reading frame sequence. This was expressed
under control of the eosinophil peroxidase (EPO) promoter, after finding that the
upstream EPO sequences regulated a reporter protein’s expression at high levels
only in eosinophil lineage-committed cells. Therefore, in cells where the EPO
promoter is active, i.e., eosinophils and their precursors, DTA is expressed, which
results in the degradation of elongation factor-2, halting protein synthesis and
death. PHIL mice did not have any eosinophils in peripheral blood and had wild-
type numbers of B cells, T cells, mast cells and basophils. There were also no

eosinophils in tissues that have resident populations in wild-type mice, including
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bone marrow, uterus, small intestine and thymus. In addition, after allergen
sensitization and aerosol challenge, the lungs of these mice had no eosinophils,
unlike wild-type mice, who had significant infiltration of eosinophils (277).

K5.hTGF-B1 transgenic mice were a kind gift from Xiao-Jing Wang, University
of Colorado (278). To ensure the proper genetic identification of mice, DNA was
isolated from tails of mice at 3 weeks of age using a DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA), according to the manufacturer’s instructions. PuReTaq
Ready-To-Go PCR beads (GE Healthcare, Piscataway, NJ) were used for DNA
amplification, following the manufacturer’s instructions. Primer sequences and
product size were as follows:

K5.hTGF-B1 forward, 5 GCGTCTGCTGAGGCTCAAGTT-3’ and reverse 5'-
ACCTCGGCGGCCGGTAG-3’, 271 bp. The annealing temperature for K5.hTGFb1
primers was 54°C.

All animals were housed in plastic cages with filtered cage tops in groups of
five, except for epicutaneously sensitized mice, who were housed singly to prevent
cooperative removal of patches. Personal protective equipment, including gloves,
mask, gowns, shoe and hair covers, was worn at all times when interacting with the
animals. All experiments were approved by the Institutional Animal Care and Use
Committee of Oregon Health & Science University or the Portland Veterans Affairs

Medical Center Institutional Animal Care and Use Committee.
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C. Epicutaneous sensitization to ovalbumin

Wild-type or PHIL mice were sensitized to ovalbumin, according to a
protocol established by Spergel et al (279), with modifications. Mice were
anesthetized with i.p. ketamine (100 mg/kg) and xylazine (5 mg/kg). A small area
between the shoulder blades was shaved, and the skin was gently abraded by tape
stripping with Tegaderm six times. A gauze pad (1X1 square centimeters) saturated
with 100ul of normal saline or 100ug/ul Grade V ovalbumin was applied to the
shaved area and secured with Tegaderm occlusive dressing. Patches were replaced
every other day for one week and then removed. The mice were rested for two
weeks. The sensitization protocol was repeated, for a total of three weeks of
sensitization and four weeks of rest. At the end of the experiment, mice were killed
with an overdose of pentobarbital (300 mg/kg), and lesional and non-lesional skin

were removed and fixed in 4% paraformaldehyde.

shave, tape- shave, tape- shave, tape- Day 47:
strip, apply strip, apply strip, apply take lesional and
patch patch patch non-lesional skin
F g 3 aa REST 5 5 g REST S
[ 1T [
Day 0 2 4 67 Day 2122 242627 Day 4142 44 46
re-apply re-apply re-apply
patch patch

patch

Figure 2.1. Timeline for epicutaneous sensitization of mouse skin.

78



IL. IN VITRO METHODS
A. Isolation of Dorsal Root Ganglia (DRG)

Dorsal root ganglia were isolated according to modifications of previous
protocols (280-283) Wild-type C57BL/6 mice were euthanized with an overdose of
pentobarbital (300 mg/kg) and cervical dislocation. The spines were extracted,
rinsed under running deionized water, and all cervical, thoracic and lumbar DRG
were dissected and placed into Dulbecco’s Modified Eagle Medium (DMEM) that
contained 10% fetal bovine serum (FBS). Ganglia were centrifuged at 300Xg for 10
minutes at room temperature, and the pellet was resuspended in 0.05% collagenase
in Hank’s Buffered Salt Solution (HBSS) that contained calcium and magnesium and
100uU/mL penicillin and 100 png/mL streptomycin. Ganglia were incubated in a
shaking 37°C water bath for four hours, centrifuged at 300Xg for 10 minutes at
room temperature, resuspended in 3 ml 1.25% Trypsin-EDTA, and incubated for 15
minutes at 37°C. Cells were centrifuged again and resuspended in DMEM, 10% FBS,
penicillin-streptomycin, and pre-plated overnight on 100 mm Petri plates at 35.5°C
with 5% COZ2, to remove adherent cells, primarily fibroblasts. The next day, the
supernatant was centrifuged at 300Xg for 10 minutes, and cells were resuspended
in C2 nerve growth medium that contained penicillin-streptomycin at a range of
3X105 cells/ml to 1X10° cells/ml. C2 medium is defined in the Appendix, Medium
Recipes section. Nerves were plated on chamber slides or 24 well Transwell plates
that were previously coated with Matrigel and were incubated at 35.5°C with 5%

COZ2 for the duration of each experiment. In some cases, 2uM cytosine arabinoside

79



was added to each well to kill dividing cells, in order to enhance the purity of the
nerve cellpopulation. After use in experiments, as described below, cells were fixed
in 4% paraformaldehyde for 5 minutes, rinsed with HBSS, and stored in phosphate

buffered saline (PBS) until analyzed.

Figure 2.2. Unstained dorsal root ganglion neurons in culture, with no

stimulation, after 24 hours.
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B. Isolation of murine blood eosinophils

Male or female NJ.1638 (IL-5 transgenic) mice were killed with a lethal dose
of pentobarbital (300mg/kg i.p.). The cervical area was cleaned with 70% ethanol,
the skin was removed and muscle and fascia dissected to reveal the jugular vein.
The jugular vein was severed, and blood was collected into a 1 mL syringe, then
delivered to a 1 mL tube that contained 100 pL of 2% ethylenediaminetetraacetic
acid (EDTA) to prevent clotting. The blood was subsequently diluted to 35 mL with
2% FBS in PBS, vortexed, and layered over 15 mL sterile Percoll (density 1.084
g/mL). The sample was centrifuged at 2000Xg for 45 minutes at 4°C, with no brake.
The white layer at the interface, which contained the granulocytes, was collected,
washed and centrifuged at 300Xg for 15 minutes at 4°C. The pellet was resuspended
in 5 mL red blood cell (RBC) lysis buffer (NH4Cl, KHCO3, EDTA and RNase-free
water), incubated at RT for 5 minutes, and then diluted with 2% FBS in PBS. Cells
were centrifuged at 300Xg for 10 minutes at 4°C, washed once more with 2% FBS in
PBS, and spun at 300Xg for 10 minutes. The pellet was resuspended in 1 mL 10%
FBS in PBS for cell count, trypan blue exclusion assay for viability, and fluorescence-
activated cell sorting (FACS) of eosinophils by size and granularity. After FACS
sorting, cells were centrifuged at 300Xg for 10 minutes at 4°C, resuspended and
counted, using trypan blue to determine viability. Percent purity was determined by
Hemacolor assay on cytospin slides. Cells were resuspended in C2 nerve medium at
the indicated concentrations and added to cultures of DRG neurons.

C. Fluorescence-activated cell sorting (FACS)
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As previously described, whole blood was isolated from NJ.1638 transgenic
mice and separated by density centrifugation, and RBCs were lysed. Cells were
resuspended in 1ml 10% FBS in PBS and taken in ice to be sorted [Becton Dickinson
FACSVantage SE]. Eosinophils are exceptionally autofluorescent when excited with
blue or green light, and this is due to their intracellular granules (284, 285). This
trait allows unstained cells to be sorted on the basis of size and granularity,
corresponding to forward scatter (x axis) or side scatter (y axis) (286). Eosinophils
have dense granular cores and high granularity, therefore, they scatter light at high
levels and “are found above the neutrophil cluster in plots of forward versus side
scatter” (287). The laser used to excite fluorescence was 488nm. A sample FACS plot
for eosinophil isolation is shown below from one experiment of 17. After the Percoll
and lysis steps, the mean percent of all non-RBC blood cells that were eosinophils
was 39.4%, with a range from 22.5% to 74%. Percent purity of eosinophils after
FACS sorting was determined by Hemacolor staining and differential cell counts
under the 10X objective of a bright-field microscope. The average purity of
eosinophils after sorting was 91%, with a range from 75% to 99%. Out of six
experiments applying eosinophils to DRG neurons, five had eosinophil purities of

99%.
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Figure 2.3. Sample flow cytometry plot of mouse blood, after red blood cell

lysis, from a single transgenic NJ.1638 mouse. Eosinophils are green, and labeled

as the P2 category, indicating 30.2% of the cells in this sample were eosinophils. The

red population are likely neutrophils.
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Figure 2.4. N]J.1638 blood cells stained with Hemacolor before FACS sorting.
Arrows indicate cells that are not eosinophils. This blood contained 74%

eosinophils before FACS sorting.
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D. Isolation of murine peritoneal mast cells

Peritoneal mast cells were isolated according to the method of Jensen et al.
(288). Mice were euthanized with a subcutaneous injection of pentobarbital (300
mg/kg), and cervical dislocation was performed. The ventral abdomen was cleaned
with 70% ethanol, and abdominal skin was removed, leaving the peritoneal cavity
intact. 10 mL of 1X calcium- and magnesium-free HBSS was injected into the
peritoneal cavity, using a 10 mL syringe and 23 gauge needle. The abdominal area
was shaken for 60 seconds with fluid inside, and the fluid was then recovered into
the original 10 mL syringe. The lavage was repeated with a second 10mL syringe
filled with HBSS. Peritoneal cell suspensions were pooled under sterile conditions
and centrifuged at 400Xg for 5 minutes at room temperature. The pellet was
resuspended in 5 mL lysis buffer (NH4°Cl, KHCO3, EDTA and RNase-free water) for
three minutes to lyse red blood cells, then 5 mL 1X HBSS was added. Cells were
centrifuged at 400Xg for 5 minutes, washed with HBSS and centrifuged again. The
pellet was resuspended in 70% isotonic Percoll solution, and cells were layered over
filter-sterilized peritoneal mast cell (PMC) medium and centrifuged at 580Xg for 15
minutes at room temperature. PMC medium and 70% Percoll are defined in the
Appendix Medium Recipe section. The top layer of monocytes and macrophages and
the middle Percoll layer were discarded, and the mast cell pellet was resuspended in
PMC medium. Aliquots of cells were counted and stained by trypan blue to
determine viability or toluidine blue to determine purity of mast cells, whose
granules stain positively with toluidine blue. Finally, cells were adjusted to indicated

concentrations, added to slides or wells and incubated at 35.5°C with 5% CO2.
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Figure 2.5. Mast cell, stained with toluidine blue, after isolation by peritoneal

lavage of a single wild-type mouse.
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III. IN SITU METHODS
A. Human Skin Immunocytochemistry

S5um sections were cut onto slides, and these were rehydrated through
xylenes and sequential ethanol dilutions. Antigen unmasking solution was used,
according to the protocol, [Vector], and 3% hydrogen peroxide in methanol was
applied for ten minutes, to quench endogenous peroxidase activity. Sections were
blocked with 10% normal goat serum, and mouse anti-human protein gene product
9.5 (PGP9.5) [Serotec] was applied overnight at 4°C. Slides were rinsed in PBS and
biotinylated goat anti-mouse IgG was applied for 30 minutes at room temperature.
The Vectastain ABC kit and chromogenic substrates were used to visualize positive
antibody staining. Slides were rinsed in tap water, then dehydrated through ethanol
dilutions and xylenes. Slides were mounted using Cytoseal CrystalMount and dried
overnight. Likewise, human skin biopsies stained for eosinophil peroxidase (EPO)
were blocked and incubated with antibody at 4°C overnight.
B. Hematoxylin and Eosin Staining and Analysis of Human and Mouse Skin

Slides were deparaffinized and rehydrated as above and then stained using
hematoxylin and eosin and mounted.
C. Semi-quantitative Analysis of Immunostaining of Human Skin

40X or 60X photomicrographs of each entire skin biopsy were taken.
Measurements were taken of papillary dermis, reticular dermis, hypodermis, and
epidermal-dermal zone; however, only measurements of papillary dermis and
epidermis/basement membrane are reported. Nerve length was calculated by

calibrating each photograph to the objective with which it was taken and then
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drawing a straight line between the two furthest points of a PGP 9.5-positive nerve,
using Metamorph software. Nerve number was counted manually. Data were
reported as average number of nerves per photo, and average length of nerve per
photo.
D. Murine Skin Immunocytochemistry- epicutaneously sensitized mice

Skin sections from untreated, PBS- and OVA-treated mice were fixed in 4%
formaldehyde and embedded in paraffin. Skin sections from mouse were
immunostained in the same manner as human skin, using rabbit anti-mammal
PGP9.5 and biotinylated goat anti-rabbit IgG. Duplicate samples were double-
stained with PGP9.5 and MBP antibodies. MBP was applied overnight at 4°C, and
secondary antibody, conjugated to the fluorophore Alexa Fluor-555, was applied for
2 hours at 37°C. Slides were rinsed in PBS, and mounted using Vectastain with DAPI,
to stain cell nuclei.
E. Murine Skin Inmunocytochemistry- K14-1L-5, K5-hTGF-f31, flaky tail mice

Slides of paraffin-embedded sections were sent from the Nancy and James ]J.
Lee Laboratory, Mayo Clinic, Scottsdale Arizona. This mouse has high levels of [L-5
expressed under a basal keratinocyte promoter, keratin-14 (K14) and therefore,
high numbers of eosinophils are recruited into the skin (unpublished data).

Slides of paraffin-embedded sections from K5-hTGF-f1 mouse skin and wild-
type littermate controls were generously shared by Andrew Blauvelt at the Portland
VA Hospital and OHSU Department of Dermatology (289). Slides of the flaky tail

mouse skin and wild-type controls were sent by Padraic Fallon at Trinity College,
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Dublin, Ireland (290). These skin sections were rehydrated and stained for PGP9.5
and/or MBP as detailed above.
F. Semi-quantitative analysis of immunostaining of mouse skin

60X photographs of entire mouse skin biopsies were taken. Slides were de-
identified using an algorithm assigning random numbers to each photograph
(courtesy of Gregory Scott), and measurements were taken of PGP-positive spots in
the papillary dermis, reticular dermis, and epidermal-dermal zone of each blinded
photograph. Nerves associated with hair follicles were not counted, because of the
variability in number of hair follicles in each section. Nerve length was calculated by
calibrating each photograph to the 60X objective and then drawing a straight line
between the two furthest points of a PGP 9.5-positive nerve, using Metamorph
software. Nerve number was counted manually. Data from each photograph were
averaged to determine the mean number of nerves per photo, sum of nerve lengths
per photo, and average length of nerve per photo. Random numbers were matched
to each mouse sample after all measurements and calculations were completed. In
sections that were double-stained for nerves and eosinophils, distance between
nerves and eosinophil products was measured, using Metamorph software. If the
distance was less than 8um (the diameter of an eosinophil), then they were counted
as associated.
G. Dorsal Root Ganglion Immunocytochemistry

Slides were fixed in 4% paraformaldehyde for 5 minutes, rinsed with HBSS
with calcium and magnesium, and stored in PBS until stained. Slides were blocked

with 10% serum and stained with antibodies to PGP 9.5, ICAM-1 (courtesy of the
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David Parker laboratory at OHSU), VCAM-1, eotaxin-1, or peripherin overnight at
4°C. After rinsing in PBS, a secondary antibody conjugated to Alexa Fluor-555, or
biotin, was applied. Slides were rinsed and either mounted in Vector Mounting
Medium with DAP], to stain cell nuclei, or completed, using Vector Vectastain
Avidin-Biotin Complex immunohistochemistry Kit.
H. Dorsal Root Ganglion Imaging and Quantification

Thirty 40X photographs were taken of DRG cultures with various treatments,
stained with anti-PGP 9.5 antibody. Photographs were always taken beginning in the
center of each well of a 4-well chamber slide, and then every subsequent field of
view was photographed, in a defined pattern for all slides. Using Metamorph or
Image], numbers of cell bodies, neurites, and branchpoints per cell body were
counted manually. Each cell body in each photograph was quantified. In addition,
neurite length was measured with the segmented line function, which allowed the
nerve to be traced from end to end and measured according to the pixel per micron
ratio for the 40X objective. The mean of each measurement (number of cell bodies,
neurites, branchpoints and neurite length) for all cell bodies in thirty pictures was
determined. Verification of this method was provided two ways: first, one group of
photographs each from two experiments was quantified by a blinded observer, who
knew neither the treatment groups nor the predicted outcome, and second,
photographs were taken at random places in each well for one experiment, and a
blinded observer then performed the measurements. Blinded observations were

found to match unblinded observations. Unblinded observations are reported here.
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IV. RNA AND PROTEIN ISOLATION AND QUANTIFICATION
A. mRNA isolation and quantitative real-time reverse transcriptase PCR

Clinically abnormal (lesional) and clinically normal (non-lesional) skins were
obtained from C57BL/6 and K5.hTGF-B1 transgenic mice, snap frozen in liquid
nitrogen, placed into Trizol (Sigma, St Louis, MO), and homogenized with a
mechanical rotor for 30 seconds. RNA was isolated according to standard Trizol
protocol, and was followed by further purification using an RNeasy kit (Qiagen).
cDNA was prepared from 1 mg of total RNA by reverse transcription using iScript
(Bio-Rad, Hercules, CA). Five reactions were pooled and diluted 5 times with water
to establish the same pool of cDNA for all QRT-PCR experiments. qRT-PCR was
performed with TagMan primers and fluorescent probes for GAPDH, hTGF-$1, IL-
23p19,1L-12/23p40, IL-12/35p35, IL-23R, IL-6, IL-17A, IL-22, IFN-y, RORyt, CCR6,
IL-4, foxp3, and IL-10 (Applied Biosystems, Carlsbad, CA) on the MyiQ system (Bio-
Rad). Relative quantification by the delta-delta Ct method was carried out in Excel,
using GAPDH as the housekeeping gene. To generate logarithmic graphs, 100 was
added to all observations and the log of each was calculated. WT results were fixed
at two (log 100). Gains relative to WT were shown as greater than two and losses
were shown as less than two.
B. Protein Isolation and ELISA

Sera, lesional skin and non-lesional skin were obtained from C57BL/6 and
K5.hTGF-B1 transgenic mice. Skin was snap frozen in liquid nitrogen, pulverized

when immersed in liquid nitrogen, and subsequently re-suspended in a protein lysis
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buffer (10mM Tris-HCI, pH 7.5; 0.5mM EDTA-NaZ2; 0.5mM EGTA; 1% Triton X-100;
0.5mM PMSF; and Protease Inhibitor Mix, diluted from 100X stock (Sigma)). The
samples underwent three freeze-thaw cycles and were spun at full speed for 15
minutes to fractionate the sample and remove protein. Human TGF-f1 and murine
IL-17A, IL-22, IL-1a, TGF-B1, and IL-12/23p40 ELISA kits (R&D Systems,
Minneapolis, MN), the IL-23 p19/p40, I[FN-y, and IL-4 ELISA kits (eBiosciences, San
Diego, CA), and the IgE ELISA kit (Biolegend, San Diego, CA) were used according to
the manufacturer’s instructions.

Lymph nodes from WT, K5.hTGF-B1 transgenic, or IL-17A knockout mice
were harvested and cultured for 3 days in RPMI-1640, 5% FBS, 2mM L-glutamine,
and 100Uml-! penicillin/100 mgml-! streptomycin. Cells were cultured alone or in
the presence of IL-17-promoting cytokines or antibodies, including hTGF-f1, IL-6,
anti-IFN-y, and recombinant murine IL-23 (Li et al., 2007). The cells were plated at a
density of 5 X10-¢ cells per ml in six-well plates. Then, 150 ml aliquots of cell culture
supernatant, to use as protein assay controls, were taken at 24-hour intervals,
beginning at 12 hours. The culture medium was supplemented with 1 ml new
medium on day 3. The cell culture supernatants were used in ELISA assays.

E. Statistical Analyses of Data

All data are expressed as mean +/- SEM. Comparisons between two groups

were made using t-tests for unpaired data. Comparisons of nerves in lesional and

non-lesional skin from the same mouse were made using paired t-tests. Multiple
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comparisons used one-way ANOVA, with a Tukey’s post-test to evaluate differences
between groups. A p value of less than 0.05 was considered statistically significant.
Statistical analyses for qRT-PCR results were carried out using a two-tailed t-
test, with four to nine degrees of freedom and 95% confidence intervals for
graphing. Statistical analyses for protein results comparing WT with transgenic
samples were carried out using a one-way analysis of variance with Tukey’s post
test, except for the serum IgE results, which were compared using an unpaired t-

test.
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CHAPTER THREE

Human atopic dermatitis skin contains many nerves and eosinophil granules,

and they are located in similar regions.

I. INTRODUCTION

Atopic dermatitis is characterized by pruritus, or itch (1, 11). The itch
sensation often begins before any lesions appear, and marks on the skin can be
limited to scratches made by the patient. Estimates of the prevalence of atopic
dermatitis range from 5-20% of children (15, 17-19), with 85% of patients
developing the disease in the first five years of life (20).

Humans with atopic dermatitis experience itch instead of pain when tested
with mechanical, electrical, low pH, or heat stimuli (240). The sensory neurons that
transmit itch from the skin are primary afferents whose cell bodies reside in the
dorsal root ganglia (DRG). These free nerve endings in the epidermis and upper
dermis can be activated by a variety of stimuli, including proteases, neuromediators,
cytokines and other small molecules (reviewed in (241, 291)) and subsequently
transmit itch-specific signals to the central nervous system. It is clear that an itch-
sensitive pathway of neuronal signaling exists (232, 233, 235, 238). However, the
mechanisms for enhanced itch sensations in atopic dermatitis are still unclear.

One potential mechanism is an increase in itch-transmitting nerve endings in
atopic dermatitis skin. Previous reports have found a higher density of nerve fibers
in atopic dermatitis biopsies, using a variety of nerve markers, including the pan-
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neuronal marker protein gene product 9.5 (PGP9.5)(250). Specifically, there are
more PGP9.5+ fibers in the papillary and upper dermis as disease progresses from
clinically normal-appearing, or non-lesional, skin to active disease, or lesional, skin
(251). Particularly in lichenified lesional skin of adults with atopic dermatitis, the
number and diameter of nerves are higher, due to more axons per nerve (252).

Previous data suggest that the interactions between eosinophils and nerves
could lead to increased growth or arborization and branching of neurons. One
report found that supernatants from activated eosinophils promote the outgrowth
of neurites in a pheochromocytoma cell line in culture (191). In rats infected with
helminthic parasites, expansion of nerve density in the GALT coincided with
massive infiltration of eosinophils (265). In addition, interactions between
eosinophils and nerves are important to the pathophysiology of other diseases. In
lung sections from humans who have died from asthma attacks, as well as in
antigen-challenged guinea pigs and rats with airway hyperreactivity, eosinophils are
lined up along nerves (267). Treatment with a CCR3 (eotaxin receptor) antagonist
redistributes eosinophils away from nerves, and reduces airway hyperreactivity
significantly, indicating that eosinophil localization to nerves is an important
pathological aspect of airway disease (268). This could be one mechanism by which
more nerve endings appear in the skin of patients with atopic dermatitis.

In this study, we investigated the physical relationship between eosinophils
and sensory nerves in the skin of humans with atopic dermatitis. We also

determined the number of mast cells in each biopsy and measured the association of
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mast cells and nerves, since previous reports linking mast cells to nerve

arborization had indeterminate conclusions (292-296).

II. RESULTS
Human skin biopsies are representative of healthy skin and different stages of atopic
dermatitis.

Skin biopsies were gathered from healthy human volunteers and subjects
with atopic dermatitis. Patients with atopic dermatitis had not used topical
corticosteroids for a minimum of a week. Each subject was examined by a
dermatologist and confirmed to have atopic dermatitis, by clinical exam and patient
and family history, as outlined in the Hanifin and Rajka criteria (see Introduction,
Atopic Dermatitis Diagnosis). One biopsy was taken from each healthy control, and
two were taken from each atopic dermatitis subject, for paired lesional (L) and non-
lesional (NL) skin. Non-lesional skin throughout this report refers to normal-
appearing skin from an atopic dermatitis patient. The attributes of the subjects are
shown in Table 3.1, including the subject identifier, the type of biopsy (control, acute
or chronic atopic dermatitis), and the location of the biopsy. All patients had positive
family and personal history for the extrinsic, or allergic, type of atopic dermatitis,
including allergies and asthma. Subject 011 was removed from further analysis due
to disagreement over the additional diagnosis of ichthyosis vulgaris. H&E staining of
the human skin biopsies confirmed the clinical diagnoses of healthy control, non-
lesional atopic dermatitis or lesional atopic dermatitis (Figure 3.1). Control skin had

thin epidermis, with a mostly acellular dermis. Non-lesional skin had thicker
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epidermis, more pronounced rete pegs and dermal infiltrate and a small amount of
spongiosis in the epidermis, where keratinocytes are undergoing apoptosis (297).
Lesional skin had even further thickened epidermis (including acanthosis, or
thickening of the stratum granulosum), many dermal cells, and predominant areas

of spongiosis. In particular, the chronic samples had the most significant alterations.

Atopic dermatitis lesional skin biopsies have more nerves than non-lesional skin from
the same subjects.

We used immunohistochemistry with the pan-neuronal marker PGP9.5.
Photographs were taken along the length of the skin section, and nerves staining
positively for PGP9.5 were counted in the papillary dermis and basement membrane
zone of the skin. Representative photomicrographs of normal, non-lesional and
lesional skin are shown (Figure 3.2). Quantification was performed as described in
the methods (Figure 3.3).

Nerves were increased, both in number and in length, in lesional atopic
dermatitis skin, compared to each non-lesional skin sample from the same patient.
In addition, lesional skin samples had more nerves than all but one of the healthy
controls. The data were also analyzed according to the stage of lesional skin, acute
or chronic (Figure 3.4). The increase in number of nerves in lesional skin appeared
to be due to the acute disease population, so the samples were analyzed alone with a
paired t-test between non-lesional and acute lesional skin. This gave a highly

significant p value of 0.0036. For the length of nerves, both acute and chronic
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lesional skin were increased above non-lesional skin, although neither was a

significant difference.

Atopic dermatitis skin biopsies have more eosinophil granule proteins, which are
located around nerves in the papillary dermis.

In order to determine if eosinophil localization to nerves in the skin occurs in
atopic dermatitis biopsies, we first performed single immunohistochemistry with an
antibody to eosinophil peroxidase (EPO), a protein present in eosinophil granules.
EPO was present in lesional atopic dermatitis skin at higher quantities than normal
or non-lesional skin, and it was often located in the papillary dermis (Figures 3.5
and 3.6). This localization correlated with both the location and stage of disease in
which nerves are increased (Table 3.2). In addition, double immunohistochemistry
with EPO and PGP9.5 determined that eosinophils could be found around nerves in
the papillary dermis, especially in lesional skin samples (Figure 3.7). This indicates
that eosinophil localization to nerves could be important for the pathogenesis of

disease, similar to eosinophilic asthma in humans and animals.

Mast cells are localized around nerves in non-lesional atopic dermatitis skin and are
not increased in lesional skin.

Biopsies were stained with toluidine blue to examine the number of intact
mast cells, and we found a trend, although no significant difference, toward more
mast cells in non-lesional skin, compared to healthy controls (Figure 3.8). The

number of intact mast cells in lesional skin was not increased above controls. We
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also used double immunohistochemistry to determine the percent of nerves
associated with mast cells, and found a significant increase in non-lesional skin over

healthy control skin. We did not see the same increase in lesional skin (Figure 3.9).

I11. DISCUSSION

We have shown that atopic dermatitis skin has more nerves than healthy
control skin, and that the density of nerve fibers increases as the severity of disease
progresses. Previous reports are in agreement with this finding (250-252). We also
found that there is a correlation between number of nerves and disease stage within
individuals, using paired non-lesional and lesional skin samples from the same
subjects. A previous report described a progressive increase in number of PGP9.5-
positive nerves as disease moves from clinically normal skin to more severe disease,
(251). While we did not have significant numbers of patients with each type of acute
or chronic lesional skin to draw definitive conclusions, the trend in our data was
that acute skin had more nerves than chronic lesions. However, the classifications of
active disease were more narrowly defined in the previous paper into categories of
sub-acute, prurigo, and lichenified, so it is possible that the data agree, but have
been subdivided into different categories.

We also found that the amount of eosinophil granule protein was increased
in lesional skin. We hypothesize that barrier defects, such as the genetic loss of
filaggrin in the epidermis in a subset of patients with atopic dermatitis (40, 298,
299), allow sensitization and activation of the nerves, followed by recruitment of

eosinophils, and subsequent arborization of nerves.
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Although atopic dermatitis is not dependent on histamine, previous studies
have found that mast cells are increased in lesional skin compared to healthy
controls (292, 293). However, most have found only slight increases in mast cells in
atopic dermatitis, since mast cells are also present in normal skin. One group of
authors looked in scalp, neck, elbow and buttocks, and found significant increases
above healthy controls only in the neck, where they reported the most severe
disease (293). In addition, they reported an increase in lesional skin mast cells,
compared to non-lesional skin. However, the number of mast cells was compared
between lesional skin in scalp, neck and elbow and non-lesional skin from buttocks,
rather than from lesional and non-lesional skin taken from the same region of the
body. Another group evaluated mast cell numbers in atopic dermatitis using specific
antibodies to the enzymes tryptase and chymase. This study found a slight but non-
significant increase in mast cells in atopic dermatitis skin compared to healthy
controls, while nummular eczema, an entirely different and non-atopic disease, had
significantly more mast cells than healthy skin (292). Some older reports found
slight increases in MC in atopic dermatitis skin biopsies (294, 295), while other
studies found no differences in numbers of mast cells between normal and atopic
dermatitis skin (296). Finally, many of the studies on mast cells and atopic
dermatitis have not used blinded analysis. In sum, it seems clear that mast cells are
present in atopic dermatitis skin, and in other eczematous diseases, but that
changes in mast cell number are inconsistent, and the pathological significance of

these cells has not been determined.
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Our data indicate that eosinophils, rather than mast cells, are specifically
present in atopic dermatitis skin, in increasing numbers with severity of disease,
and are often located near nerves in the papillary dermis. Because the increase in
nerves is thought to be linked to the increased itch sensation in atopic dermatitis, it
is possible that therapeutics that target eosinophil trafficking into skin could be
beneficial for patients. Only one study has examined treatment of atopic dermatitis
with anti-IL-5 monoclonal antibodies (mepolizumab, SB-240563, SCH55700,
Schering-Plough), and there has not yet been a large, blinded, randomized, and
placebo-controlled study conducted of this treatment.

In this small study, two single i.v. doses of anti-IL-5 monoclonal antibody
(mepolizumab) one week apart were given to patients with moderate to severe
atopic dermatitis (300). This study was part of a larger trial including patients with
allergic rhinitis and asthma, and only 18 atopic dermatitis patients received
mepolizumab. Atopic dermatitis activity was measured at days 0, 2 and 14 by a
physician, and daily for pruritus by the subjects. Peripheral blood eosinophils were
measured on days 0, 2, 7, 14 and 28. Eighteen out of the total patient population of
43 patients had eosinophilia ( >500 eosinophils/mm*3) at the beginning of the
study, which indicates that this study population could have been further delimited
by presence or absence of blood eosinophilia.

Patients receiving anti-IL-5 had significantly better clinical improvement
than those receiving placebo, but this was only true when the classification of
“modest improvement” was included. There was no significant different in pruritus

scores between groups. Mepolizumab-treated patients had significantly fewer
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eosinophils in the blood, but the dose used in this study was not high enough for
complete depletion from the blood. In addition, the number of eosinophils were not
quantified in the skin of these patients, nor their location. This is of particular
importance, as it has been shown that even prolonged depletion of circulating
eosinophils failed to deplete tissue eosinophils from the airways in asthma (208).
Since the clinical effects on AD were subtle, the authors discussed the possibility
that eosinophil depletion from skin might not occur in the two-week time frame of
the study. In addition, it is also possible that the eosinophils that remain in the blood
can still chemotax to the skin, due to CCR3 receptors, indicating that perhaps dual
treatment with anti-IL5 and CCR3 antagonists would be most effective. Finally, the
treatment of patients with and without eosinophilia equally with anti-IL-5 suggests
a major confounder that should be remedied for future studies.

In addition, two small studies were conducted on allergen patch testing in
atopic patients (301, 302). This model is used to study mechanisms in the induction
of dermatitis by inhaled allergens, but does not equal active atopic dermatitis (303).
One study was specifically conducted on patients with atopic dermatitis and the
other on patients without atopic dermatitis. In both cases, treatment with
intravenous anti-IL-5 significantly reduced circulating eosinophils within 2 days
after treatment. In the study of non-atopic dermatitis patients, intact and
degranulating eosinophils were decreased in the skin at 6 hours after intradermal
challenge with allergen. However, in the study conducted in atopic dermatitis
patients, using the same dose of anti-IL-5, there was a slight increase in tissue

eosinophils on day 2 in mepolizumab-treated patients, while there was no
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significant difference in skin eosinophils between day 0 and day 16 in each
treatment group, and no significant difference in skin eosinophils between placebo
and anti-IL-5 treatment.

In both studies, the size of the cutaneous late-phase reaction did not differ
between treatment groups, either at 6 hours or days 2, 16, and 30. Therefore,
eosinophils were not responsible for the induration and swelling after LPR.
However, the role of eosinophils in atopic dermatitis pruritus, nerve increases and
additional pathophysiology was not determined by these studies, and in fact, the
authors admitted that a limitation of their study was the smaller decrease in tissue
eosinophils than blood eosinophils with anti-IL-5 treatment. Therefore, there is not
yet conclusive evidence using anti-IL-5 therapy to support or contradict our
hypothesis in atopic dermatitis.

Our findings are also important for other eosinophilic diseases, several of
which induce itch as a predominant symptom. Itchy papular eruptions have been
described in the hypereosinophilic syndrome and can be successfully treated with
ultraviolet (UV) therapy (304). In prurigo nodularis, a disease defined solely by its
itchiness, large deposits of eosinophil cationic protein ECP and EDN were detected
by immunofluorescence. Intact eosinophils were often located near nerves, and
there was an increase in the number of nerves in areas with many eosinophils
(248). Finally, a disease called equine sweet itch results from sensitization to the
bite of the midge and subsequent “challenge” or further bites. Eosinophils are
recruited by eotaxin and monocyte chemotactic protein-1, which are expressed in

the skin of sensitized horses, and horses scratch, rub and bite the lesions, which
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results in skin thickening and hair loss (305). This report finally clarifies the link
between eosinophils and nerves in skin and might provide insight into therapeutics

targeting itch.
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IV. TABLES.

Table 3.1. Characteristics of human skin biopsies.

Subject Samples taken Skin type Region

001 Lesional/Non-lesional Acute AD Flexor knee
002 Normal Healthy Control Interior arm
003 Normal Healthy Control Interior arm
004 Lesional /Non-lesional Chronic AD Flexor knee
005 Lesional/Non-lesional Acute AD Flexor elbow
006 Lesional /Non-lesional Chronic AD Exterior arm
007 Normal Healthy Control Interior arm
008 Normal Healthy Control Interior arm
009 Normal Healthy Control Interior arm
010 Lesional /Non-lesional Acute AD Interior arm
011* Lesional /Non-lesional Chronic AD Interior leg
012 Lesional/Non-lesional Acute AD Extensor elbow

* Subject 011’s samples were not used for analysis, due to extensive ichthyosis

vulgaris.
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Table 3.2. Eosinophil peroxidase is located in the papillary dermis in non-
lesional atopic dermatitis, and in all regions of the dermis in lesional skin.
10X photographs of skin stained with anti-eosinophil peroxidase were analyzed for

the region of skin in which positive staining was located. Results were compiled in a

table, based on type of skin.

Name of sample avg # EPO+ clusters EPO+ regions of skin

002 normal 1.5 papillary dermis

003 normal 0.6 basement membrane zone
008 normal 0.25 papillary dermis

009 normal 1 reticular dermis

001 non-lesional 1.8 papillary dermis

004 non-lesional 2.43 papillary dermis

005 non-lesional 2.36 papillary dermis

006 non-lesional 3 papillary + reticular dermis
012 non-lesional 1.833 papillary dermis
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V. FIGURES.

Figure 3.1 (beginning next page). Hematoxylin and eosin stained skin sections
from healthy controls and subjects with atopic dermatitis. The subjects with
healthy skin have thin epidermis and mostly acellular dermis. Non-lesional atopic
dermatitis skin has thicker epidermis and recruitment of immune cells into the
dermis, while lesional skin has much thicker epidermis, with clear evidence of
spongiosis, deeper rete pegs and many more infiltrating cells. All photographs were

taken using the 20X microscope objective.
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(A)

(B)
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Figure 3.2. Atopic dermatitis lesional skin has more nerves, of longer length,
than paired non-lesional samples. Paraffin-embedded skin biopsies were stained
with anti-PGP 9.5 (gray). Representative sections are shown of healthy control skin
(A), non-lesional atopic dermatitis (B), and lesional atopic dermatitis (C).

Scale bar =50um.

111



(A) (B)

* *

- o & E
§ & & & e «© & o
e KLY & v 8 25 Gqf' .. &
8 - 20+
o g r'—/—/‘
S 21 A @
o * e 139 *
E g
o n B 10+
§ $ .; % |
o . .
,E, 0 L T ﬁ‘ 0 » T
7 @

7

Figure 3.3. Quantification of nerve number and length in healthy control,
atopic non-lesional and atopic lesional skin. Five um skin biopsies were stained
with anti-PGP9.5 antibody, photographs were taken of each entire biopsy section,
and nerves were quantified using Metamorph software. Control denotes healthy
skin, NL atopic is non-lesional, and L atopic is lesional skin. A paired t-test was run
between non-lesional and lesional skin samples from the same subjects to
determine if nerves were increased. One lesional atopic sample had no paired non-
lesional sample, due to use of the entire paraffin block for other experiments. (A)
Average number of PGP 9.5-immunoreactive nerves per photo. (B) Average sum
length of PGP 9.5-immunoreactive nerves per photo. p<0.05 was considered

significant.
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Figure 3.4. Differences in nerves based on subtype of atopic lesional skin.
Data were analyzed and graphed based on subtypes of lesional skin, either acute
lesional (AL) or chronic lesional (CL), as determined by a dermatologist, compared
to non-lesional skin (NL) from the same subjects or healthy control skin (control).
(A) depicts average number of PGP 9.5-positive nerves per photo, and (B) shows
average sum length of nerves per photo. Although there was no significance across
all groups when divided this way, a paired t test between non-lesional and acute

lesional skin for number of nerves gave a p value of 0.0036.
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Figure 3.5. Eosinophil granule proteins are present in atopic dermatitis skin.
5 um skin sections were stained with anti-eosinophil peroxidase and photographed
along their entire length, using the 60X microscope objective. (A) depicts the

reticular dermis of a section of 005 lesional skin, and (B) is from 006 lesional skin.

EPO is shown in dark red-brown.
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Figure 3.6. Quantification of eosinophil peroxidase in human skin.

60X photographs were taken of skin stained with anti-eosinophil peroxidase (EPO)
and assigned random numbers for quantification. EPO+ clusters were defined as
more than 5 granules, separated by at least 8um (the diameter of an eosinophil).
The counting of individual granules was attempted, but was not possible, due to the
prohibitively high number of individual particles. A one-way ANOVA with Tukey’s
post-test was run, and p=0.0011 for the entire data set, with p<0.05 for lesional

atopic compared to healthy control skin.
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Figure 3.7. Eosinophil granules can be found near nerves, especially in
lesional skin. Double immunohistochemistry was performed with anti-PGP9.5 and
anti-EPO antibody on 5um human skin sections. 60X photomicrographs were taken
and representatives are shown below. (A) shows lesional skin as an example of a
nerve (black) without EPO (red-brown) staining nearby, (B) is lesional skin, with
the nerve in black and red granular EPO+ clusters next to the nerve, (C)
demonstrates EPO staining near a nerve in lesional skin, and (D) shows EPO staining

on top of a nerve in lesional skin.
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Figure 3.8. Mast cells are increased in non-lesional atopic dermatitis, although
not significantly. Sum sections of human skin were stained with toluidine blue and
40X photographs were taken of each entire skin biopsy. Samples were quantified as
number of mast cells per photo. A one-way ANOVA was performed with no
statistical significance across all groups, and a paired t-test between non-lesional

and lesional skin was also not significant.
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Figure 3.9. Nerves are associated with mast cells in non-lesional atopic

dermatitis skin, but not in lesional skin. Double immunohistochemistry was
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performed with anti-PGP9.5 and toluidine blue, and 40X photographs were taken of

each entire skin biopsy. (A) is the percent of nerves in each photo that are

associated with mast cells within 15um, or half the diameter of a mast cell. (B) is the

percent of mast cells associated with nerves. A one-way ANOVA was performed for

each dataset. p=0.0469 for (A) and p=0.1492 for (B).
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CHAPTER FOUR

Mouse models of atopic dermatitis and eosinophil recruitment mirror nerve
increases seen in human atopic dermatitis. Nerve growth in one model

depends on presence of eosinophils.

I. INTRODUCTION
A. Rationale and Hypothesis

Human atopic dermatitis skin has more nerves than healthy control skin,
with degranulated eosinophils located in the same regions of the skin, near nerves.
We wanted to further explore the connection between eosinophils and nerves in
models that could be manipulated to determine whether recruitment of eosinophils
to the skin is required for the nerve growth seen in atopic dermatitis. We tested this
using a sensitization model of atopic dermatitis in mice lacking eosinophils. We also
looked in other models of eosinophil recruitment to the skin to determine if nerve
growth was increased above wild-type littermate controls.
B. Models Used in this Study:

i. Epicutaneous Sensitization to Ovalbumin

In mice, mild abrasion of the skin and epicutaneous exposure to ovalbumin
cause inflammatory skin disease that resembles human atopic dermatitis (279). In
this model, developed by Dr. Raif Geha of Children’s Hospital Boston and Harvard
University, mice are shaved, and then tape-stripped six times to remove the
epidermal barrier, and then a gauze layer soaked with ovalbumin (OVA) is placed
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for a sensitization period. This allows the high molecular weight antigen to gain
access to the deeper skin layers. The model is replicable and is used frequently as a
physiologically relevant model for atopic dermatitis.

Similar to atopic dermatitis in humans, the epidermis of these mice shows
thickening, with focal acanthosis and spongiosis. The dermis contains neutrophils,
eosinophils, mast cells and mononuclear cells. OVA-sensitized mice have a seven-
fold increase in the number of eosinophils per high power field examined, compared
to saline-treated mice, as well as a three-fold increase in mast cells (279).
Lymphocytes are also significantly increased in OVA-sensitized skin, specifically
CD3+ CD4+ and y3-T cell receptor T cells. There are few CD8+ T cells present. mRNA
for IL-4, IL-5 and IFNy is increased in skin sections of OVA-sensitized mice over
saline-treated mouse skin.

Experiments were performed in the initial characterizations of the model to
determine whether the resulting skin disease is atopic dermatitis or allergic contact
dermatitis (279). OVA sensitization via the skin results in increased eosinophils in
bronchoalveolar lavage at 24 hours, as well as airway hyperresponsiveness to
methacholine after a single inhaled ovalbumin challenge. In addition, sera from
OVA-sensitized mice have OVA-specific IgE, while saline-treated mouse sera do not.
Finally, OVA mice also have higher total IgE levels in serum than saline-treated mice
and higher OVA-specific IgE levels (279). Because mice were systemically sensitized

to antigen through the skin, as shown by airway hyperresponsiveness, the authors
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determined that this model resembled the systemic sensitization of atopic
dermatitis, rather than site-specific allergic contact dermatitis.

Since the initial description of this model in 1998, the same group has
recreated it in numerous knockout strains to characterize the role of chemokine
receptors and cytokines that are important for disease progression. They have used
the epicutaneous sensitization protocol on mice lacking Th2 cytokines, chemokines,
the IL-17 pathway, and epithelial-derived cytokines. Table 4.1 shows all of the
cytokine knockout mice that various authors have used with this protocol. The
outcomes that were most commonly measured included degree of eosinophil
infiltration into the dermis, the number of lymphocytes (or specifically CD4+ T cells)
present, the production of Th2 cytokines and chemokines, and whether skin
immune cells differed from splenocytes in their ability to stimulate a Th2 reaction.

In this model, IL-4 and IL-5 are important for eosinophil recruitment and
other pathology in the skin. Eosinophils were reduced in the skin of mice lacking IL-
4, and completely absent from IL-5-deficient mice, after epicutaneous sensitization,
compared to wild-type mice. Eotaxin-1 was increased in wild-type mouse skin after
sensitization with OVA, but this was not similarly increased in IL-4-deficient mice.
Eotaxin was not investigated in IL-5 knockouts.

In addition, dermal thickness after sensitization was reduced in mice lacking
IL-5 and IFN-y. IL-4, IL-5, and IFN-y are present in atopic dermatitis patient skin
samples (53, 59, 306), and the dependence of the model on these cytokines indicate

strong parallels with human disease.
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The CCR3 chemokine receptor is also required to recruit eosinophils into the
skin after OVA sensitization in this model, as well as for the recruitment of
eosinophils to the lung and development of airway hyperreactivity after an inhaled
challenge (307). Intact eosinophils were absent from the skin of OVA-sensitized
CCR3-/- mice, and no MBP was present in the skin of CCR3 knockout mice, in
contrast to wild-type OVA-sensitized mouse skin. The number of eosinophils in
CCR3-/- mice with saline patches was normal, and migration to the thymus, lung
and lymph nodes without stimulation was not affected. There was significantly less
dermal thickening on histological analysis. In private communication, the authors
said that they did not assess scratching behavior changes and also found no gross
clinical changes in the condition of OVA-sensitized skin.

Loss of CCR3 did not prevent the mice from mounting a normal systemic Th2
response, characterized by splenocyte production of IL-4 and IL-5 in vitro and
elevated OVA-specific IgE in the serum. Importantly, the total number of
mononuclear cells and mast cells in skin of CCR3-/- OVA-sensitized mice were the
same as wild-type OVA-sensitized, indicating that CCR3 was specifically blocking
eosinophil entry rather than other cell types. There were also no differences
between the numbers of intact or degranulated mast cells between WT or CCR3-/-
mice, even though murine mast cells can express CCR3 chemokine receptors (308,
{Humbles, 2002 #415)

Finally, He et al investigated the changes in skin that occur after simply tape-
stripping without OVA sensitization (309). They noted that tape stripping mouse

skin, without OVA application, increases IL-6, TGF-3, and IL-10 production in skin .
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Therefore, the saline-treated control mice already have changes occurring in the
skin due to removal of the epidermal barrier.

The OVA sensitization model was attractive to us because it can be used on
any strain of mice to recruit eosinophils to skin and generate an inflammatory
dermatitis resembling atopic dermatitis. The comparison of wild-type to PHIL mice
lacking eosinophils was straightforward with this tape-stripping and patching
model. In addition, the originators of this model have written about some
provocative unpublished data that we felt confirmed the model’s applicability to
human atopic dermatitis. Application of OVA to the unbroken skin of hairless mice
does not result in the development of an immune response to OVA, while dendritic
cells (DC) isolated from the draining lymph nodes of shaved and tape-stripped
C57BL/6 mice were able to induce significantly more Th2 cytokine production by T
cells from TCR transgenic D011.10 mice than DC from draining lymph nodes of mice
that had only been shaved without removal of the epidermal barrier by tape-
stripping. In addition, the expression of certain cytokines, especially IL-6, was
dramatically increased in tape-stripped and shaved skin, over skin that had been
shaved without tape-stripping. This group intends to use comparative gene
expression analysis to further explore how barrier disruption and mechanical
trauma might polarize DCs toward a Th2 phenotype preferentially (310). Therefore,
this mouse models skin trauma, such as patients scratching the skin, and allergen
sensitization in atopic dermatitis, in addition to the recruitment of eosinophils into
the skin.

ii. Keratin 14-Interleukin-5 Mice (K14-IL5)
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The keratin 14-IL-5 mice constitutively express IL-5 under the control of
keratin 14 regulatory elements in basal keratinocytes. The mice have mild
peripheral blood eosinophilia with greater than 30-fold increased numbers of
eosinophils in the skin (Dr. Nancy Lee, Mayo Clinic, Scottsdale, Arizona, personal
communication). Some mice develop spontaneous skin lesions and clinically
apparent inflammation. Deposition of eosinophil granule proteins in the skin is also
detected in these animals, using anti-MBP antibodies. These mice have exacerbated
responses to application of oxazalone, a mouse model of skin inflammation.

The unique feature of these mice is the presence of released eosinophil
granule proteins in the skin. Each of the other models we used contains intact
eosinophils; however, these mice more closely mirror human atopic dermatitis with
activated and degranulated eosinophils.

iii. Flaky Tail Mice

The flaky tail (ft) mice arose from a spontaneous recessive mutation at
Jackson Laboratories in 1958 (46). These mice exhibit peeling tail skin beginning at
3 days of age, which resolves around 15 to 21 days of age. Constriction of the hind
ankles and tail can lead to autoamputation (47). These mice do not exhibit
spontaneous dermatitis or sensitization when kept in specific pathogen-free
conditions (290). However, several reports found defective barrier function in
homozygous flaky tail mice. While transepidermal water loss does not significantly
differ between ft/ft mice and wild-type mice, application of various water-soluble
dyes and compounds are able to penetrate more fully, both from the outside

(stratum corneum) in, and from the inside (basement membrane zone) out (43,
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311). The barrier defect increases with age, with slightly higher TEWL in one year
old ft/ft animals than wild-type controls.

In addition to a defective epidermal barrier, newborn untreated flaky tail
mice have definite histologic changes. The stratum granulosum of epidermis is
severely attenuated and is missing the characteristic keratohyalin F-granules, which
contain filaggrin (47). The stratum basale appears normal using electron
microscopy. However, there is hypertrophy of the stratum corneum, called
orthokeratotic hyperkeratosis, and occasional foci of acanthosis, or thickening of the
stratum spinosum. Adult mice have similar changes, as well as infiltrates of
inflammatory cells into the dermis (290). Younger, 6-8 week old ft/ft mice, also
have significantly more total cells, lymphocytes, eosinophils and mononuclear cells
than wild-type controls.

Flaky tail mice become systemically sensitized to antigen more easily than
wild-type controls and have more extreme reactions to irritants and other haptens
applied to the skin. Epicutaneous ovalbumin (OVA) sensitization without tape
stripping results in significantly increased OVA-specific IgG and IgE in ft/ft mice,
relative to PBS-treated ft/ft or OVA-treated wild-type mice. Splenocytes isolated
from OVA-sensitized ft/ft mice and stimulated with OVA produce IL-4, IL-5, [L-13,
IFNy, IL-10 and IL-17, while splenocytes from wild-type and heterozygous controls
do not (290). Flaky tail mice are equally sensitized to OVA as wild-type mice when it
is administered via intraperitoneal injection with adjuvant. Furthermore,

application of a variety of haptens and antigens results in thicker ears and more
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severe dermatitis with more infiltrating cells than the same applications to wild-
type controls (311).

The cause of the flaky tail phenotype was identified as a single base pair
deletion in the profilaggrin gene which results in a truncated protein (290).
Homozygous ft/ft mice do not express profilaggrin normally in the stratum
granulosum, while the expression of other epidermal proteins, such as loricrin,
keratin 1, keratin 14 and involucrin, does not differ from wild-type controls.
Heterozygous ft/+ mice express wild-type levels of profilaggrin and have no obvious
clinical or histologic changes (47). Western blots with an antibody to either the
entire profilaggrin protein or the filaggrin repeats indicate a lower molecular weight
species in ft/ft mice, of 220 kilodaltons (kDa) compared to the normal 496 kDa
species (47).

These mice are the most directly linked genetic model of human atopic
dermatitis that we tested. Because truncation mutations in profilaggrin similar to
the flaky tail mutation generate a predisposition to atopic dermatitis in humans (40,
298, 299) as outlined above, and because flaky tail mice have eosinophils recruited
to their skin at baseline, we examined nerves in skin sections from these mice.
Through colleagues at Trinity College, Dublin, Ireland, we received a small number
of slides with skin sections from flaky tail mice and their wild-type littermate
controls.

iv. Keratin 5- Human Transforming Growth Factor beta -1 Mice (K5.hTGF-f1)
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K5.hTGF-f1 transgenic mice constitutively overexpress latent human TGF-1
in basal keratinocytes and hair follicles under the keratin-5 promoter, which leads
to the development of inflammatory skin disease (278). A recent evaluation of
murine models of human psoriasis ranked K5.hTGF-£1 transgenic mice high among
numerous models, because of clinical, histological, and cellular similarities to human
psoriasis (312). The creators of these mice reported clinical and cellular hallmarks
of psoriasis, including erythematous scaly plaques, epidermal hyperproliferation,
hyerkeratosis, acanthosis, and inflammatory cell infiltrates of CD8+ T cells and
neutrophils in the epidermis and CD4+ T cells and macrophages in the upper dermis
(278).

We received adult mice from the original authors in order to determine their
relevance to human psoriasis, particularly regarding the IL-23/IL-17 cytokine
pathway. However, in the process of our analysis, we found the clinical appearance
of these mice more closely resembles atopic dermatitis than psoriasis (289). The
creators of the mouse also later determined that the expression of TGF-f1 alone is
not enough to create an accurate model of psoriasis (313). Therefore, we chose to
further investigate this mouse in terms of nerves and eosinophils in the skin, as yet
another model of eosinophil recruitment to the skin.

Whether there is a role for TGF-1 in human atopic dermatitis is unclear.
Immunohistochemistry of lesional atopic dermatitis skin demonstrated high levels
of TGF-B1 compared to healthy skin. TGF-f1 was expressed throughout the

epidermis and by cells infiltrating the dermis, and its receptors, TGF-BRI and TGF-
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BRII, were present at high levels in both the epidermis and dermis (56). However, a
survey of peripheral blood mononuclear cells from atopic dermatitis patients
determined that there was significantly less TGF-f1 mRNA expression compared to
healthy control cells (314). One explanation for this is that cells producing TGF-B1
have traveled to the skin and are thus removed from circulation.

There were no regulatory T cells (Tregs) in any atopic dermatitis biopsies,
even though TGF-B1 is an important differentiation factor for Tregs from naive cells
(315) (reviewed in (316)). TGF-B1 in an inflammatory milieu can also contribute to
the differentiation of Th17 cells (reviewed in (317)). However, there is no dramatic
increase in the percent of IL-17-producing cells in acute atopic dermatitis lesional
skin and no increase at all in chronic atopic dermatitis skin, compared to healthy
controls (318). Compared to psoriasis, in which there is a strong upregulation of the
IL-23/Th17 inflammatory pathway, one group of authors noted that the “IL-
23/Th17 axis is largely absent” from atopic dermatitis skin (319).

Eosinophils are strong producers of TGF-B1. In cutaneous wound healing, the
number of eosinophils in the repairing skin increases steadily until day 9 after
wounding, and they are a major source of TGF-f1 (320). Eosinophils expressing
TGF-B1 have been found in chronically inflamed upper airway tissues, such as nasal
polyps and allergic rhinitis samples (321). Patients with eosinophilia of various
etiologies have circulating eosinophils that express TGF-B1 (322). These indicate
that an eosinophilic disease, such as atopic dermatitis, might feature increased

levels of TGF-f1 production by eosinophils, in both blood and tissue. Interestingly,
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TGF-B1 synergizes with IL-4 to increase production of eotaxin from dermal
fibroblasts in culture (323). Therefore, if eosinophils or other sources of TGF-$1 and
IL-4 are present, a feed forward loop would be created to induce more recruitment
of eosinophils to the skin.

Therefore, the K5-hTGF-B1 mouse might be modeling eosinophils present in
skin, churning out TGF-B1 and thus recruiting more eosinophils. It is clear that this
transgenic mouse model is not a model of atopic dermatitis, but rather an important
tool to determine the relationship between eosinophils and nerves in the skin.

One caveat to this model is that the few mechanistic studies done addressing
TGF-B1 and eosinophils indicate that TGF-B1 inhibits eosinophil activation, survival
effects by growth factors and can even contribute to eosinophil apoptosis (324,
325). One group determined that TGF-1 inhibits phosphorylation of signaling
proteins downstream of the IL-5 receptor, which could be a possible mechanism for
such diverse effects (325). These experiments were all performed in culture. Thus, it
is possible that the functions and survival of eosinophils present in the skin of K5-

hTGF-B1 mice are inhibited. We did not test this possibility.

II. RESULTS
A. Epicutaneous Sensitization to Ovalbumin

As previously reported, three one-week periods of sensitization to ovalbumin
separated by two 2 week periods of rest result in skin changes that resemble human

atopic dermatitis (279). Figure 4.1A demonstrates the histological changes seen in
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wild-type OVA-sensitized mouse skin, such as thickened epidermis and dermal
infiltrate, compared to PBS-treated controls. Controls treated with PBS also undergo
shaving and tape-stripping, and there are changes to the skin simply due to the
removal of the epidermal barrier (Figure 4.14, top right panel). However, eosinophil
and T cell infiltration into the skin is significantly increased in OVA-sensitized skin
over PBS-treated controls (Figure 2), and the most significant epidermal and dermal
changes occur in OVA-treated skin (279).

In order to investigate the role of eosinophils, we used mice in which the
diphtheria toxin A chain open reading frame is under the control of the eosinophil
peroxidase (EPO) promoter (PHIL mice) (277). Expression of diphtheria toxin A in
EPO-positive cells leads to the cell death of eosinophils and their precursors. After
sensitization with OVA, these mice exhibit thickened epidermis, similar to wild-type
mice, and infiltration of the skin with inflammatory cells, with the notable absence
of eosinophils (Figures 4.1B, 4.2).

Among three separate experiments, epicutaneous sensitization to OVA
resulted in variable recruitment of eosinophils to the skin of treated mice (Figure
4.3). Due to changes in the mouse housing that were beyond our control, each
experiment was performed in a different mouse room with a different level of
cleanliness. The differing results indicate that the general prevalence of antigens in a
room or mouse box might affect the number of eosinophils recruited to the skin of
mice after removal of their epidermal barrier. Thus, in only one of our three sets of
experiments did we succeed in sensitizing the mice, as indicated by the presence of

eosinophils in the treated area of the skin (Figure 4.1, 4.2, 4.3)
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In wild-type mice that had increased eosinophils after OVA-sensitization,
there was an increase in PGP9.5+ nerves after the sensitization period, compared to
saline-treated wild-type skin (Figure 4.4). This mirrors the increase in nerves that
occurs in human atopic dermatitis lesional skin. However, eosinophil-deficient PHIL
mice did not show a similar increase in number of cutaneous nerves, indicating a
requirement for eosinophils for nerve branching in this mouse model of atopic
dermatitis (Figure 4.4). In two other experiments with no increase in eosinophils in
the skin, there were no significant increases in nerves in wild-type sensitized mouse
skin, and no difference in the number of nerves between wild-type and PHIL mice.
These data indicate that eosinophils recruited to the skin after sensitization are
important for the increases in nerves seen in skin in a model of atopic dermatitis.

B. Keratin 14-Interleukin 5 Mice (K14-IL-5)

We received paraffin-embedded skin sections on slides from James and
Nancy Lee, Mayo Clinic, Scottsdale, Arizona of K14-IL-5 mice with several matched
sections of wild-type littermate controls. Upon staining for eosinophil major basic
protein (MBP) to determine to what extent eosinophils are recruited into the skin of
these mice, we saw very bright MBP staining in transgenic mouse skin, especially in
the epidermis (Figure 4.5A). In addition, double immunocytochemistry with anti-
PGP9.5 indicated that much of the MBP staining in the dermis was located
contiguous with nerves (Figure 4.5B). There were also many intact eosinophils in
the dermis and hypodermis (data not shown). There was virtually no MBP staining

in wild-type mouse skin.
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Our main question is how the presence of eosinophils affects nerve numbers
in the skin, so we stained K14-IL-5 sections with anti-PGP9.5 to visualize and
quantify nerves (Figure 4.6). It was immediately apparent that K14-IL-5 mice had
more nerves in the skin, but this phenomenon was localized to the epidermis rather
than the dermis (Figure 4.6C). Since the IL-5 transgene is expressed under the
control of a keratinocyte promoter, and since the majority of eosinophil MBP we
saw in the skin of transgenic mice was in the epidermis as well, this indicates that
the increase in nerves is linked to the location of the eosinophils. A quantification of
nerves in the dermis and epidermis demonstrated what we had observed, that
nerves were significantly increased in the epidermis of transgenic mice above
controls (Figure 4.7).

Thus, the presence of eosinophils recruited to skin directly correlates to the
number of nerves. We also performed a correlational analysis of eosinophils in
nerves in all mouse models, discussed below.

C. Flaky Tail Mice

Flaky tail mice mimic atopic dermatitis found in humans with filaggrin
deficiency. As these mice are not commercially available, we were fortunate to
receive slides of paraffin-embedded skin sections from Padraic Fallon in Ireland.
However, each ft/ft slide only had a single section, and there was only one slide per
mouse, which meant only a single question could be addressed. For the wild-type
littermate controls, each slide had one section, but there were at least two slides per
mouse. This allowed us to stain the sections for eosinophil MBP to determine the

levels in wild-type mouse skin in a different animal facility.
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PGP 9.5 staining and quantification indicated that flaky tail mice had
somewhat higher numbers of nerves in the papillary dermis and basement
membrane zone than controls, except for one wild-type outlier (Figure 4.8). Upon
H&E and MBP staining of this wild-type control, a significantly higher number of
eosinophils were found in the skin. Excluding this outlier gave a significant
difference between number of nerves in flaky tail mice and their wild-type
littermate controls.

It is unclear what normal role high levels of eosinophils in the skin of wild-
type mice could have. In our own mouse colony, we found great variation among
C57BL/6 mice of approximately similar ages when we examined their skin for
eosinophils (data not shown). Neither we nor the Department of Comparative
Medicine were aware of fur mites in any of these mice. However, it is clear that the
findings reported here, of wild-type mice with high numbers of eosinophils and high
numbers of nerves, support our conclusions, that eosinophils influence the number
of nerves in the skin.

D. Keratin 5-Human Transforming Growth Factor-beta 1 Mice (K5.hTGF-/1)

While investigating a potential mouse model of psoriasis in the K5.hTGF-f1
mouse, we found higher than predicted numbers of eosinophils in H&E stained
sections from the lesional skin of these mice (Figure 4.9). We subsequently
investigated total RNA levels of several cytokines in the skin, using quantitative real-
time RT-PCR (Figure 4.10). Human TGF-f1 message was elevated, as expected, but

the second most dramatic change was in IL-4, a prototypical Th2 cytokine. This
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cytokine is found in atopic dermatitis lesions, but not psoriasis lesions, and was a
first indicator that this disease was not a model of psoriasis. In addition, there were
increases in IL-17A, TNF-q, IL-6, and the p35 subunit of IL-12. We compared
lesional skin to wild-type skin, non-lesional skin to wild-type, and lesional skin to
non-lesional skin in each animal. IL-4 was significantly increased in both lesional
and non-lesional skin compared to wild-type control skin, but there was no
significant difference in IL-4 levels between lesional and non-lesional skin from the
same animals. TNF-q, IL-6, IL-12p35, on the contrary, were increased in lesional
skin, compared to non-lesional skin, indicating a difference after lesions had formed.

We also isolated total protein from the skin of transgenic mice and found
increases in hTGF-B1, IL-4 and IFNy, especially in lesional skin. Serum IgE was
significantly elevated in transgenic mice, compared to controls. We were unable to
detect any IL-23 or IL-17A protein in skin, both of which are important in the
pathogenesis of human psoriasis (Figure 4.11). These data, along with antibody
blockade and knockout data not discussed here, indicate that the K5.hTGF-f1 mouse
is not a model of psoriasis, but might be useful in the study of eosinophil
recruitment to the skin, elevated IgE and IL-4 levels, and other hallmarks of atopic
dermatitis.

We examined the skin of these mice to determine nerve numbers, and we
found that K5.hTGF-f1 lesional skin has more nerves than wild-type littermate
control skin (Figure 4.12). We did not examine non-lesional skin samples from these

mice, which would be an interesting future study.
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E. All mouse models compared to each other

At the end of these studies, we wanted to understand the different
correlations between eosinophils and nerves in each model. We first graphed the
number of nerves found in each mouse model on the same axes, to be able to
compare each model (Figure 4.13). We also correlated the number of eosinophils
found in each section by H&E with the number of nerves in the skin (Figure 4.14).
The Pearson R values for each model are listed in Table 4.2. The strongest
correlation between eosinophils and nerves, based on the R values, was in the
successful OVA sensitization experiment, followed by K5.hTGF-$1, K14-IL-5
epidermis, and the first OVA sensitization.

Clearly, the epidermal nerves in transgenic K14-IL-5 mice were double those
in any other model (Figure 4.13). This indicates that the model with the strongest
recruitment of eosinophils also had the largest increase in cutaneous nerves.
However, the correlation of eosinophils with nerves was not perfectly linear in this
model, as shown in Figure 4.14.

The models for atopic dermatitis that were used here should be considered
for each individual aspect of the disease that they may or may not represent. Table
4.3 shows the qualities of human atopic lesional and non-lesional skin compared to
each different mouse model. We were interested in recruitment of eosinophils and
nerve growth, and we found that nerve growth happened consistently in models
where there was a barrier defect, recruitment of eosinophils to the skin, and

especially activation of eosinophils. Together, these data indicate that the presence
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of eosinophils in the skin of mice has important effects on cutaneous nerve growth

and branching.

II1. DISCUSSION

In our studies, we have used previously existing mouse models of atopic
dermatitis and recruitment of eosinophils into skin to try to determine the role of
eosinophils in nerve branching in vivo. The benefits of these existing mouse models
are that there are protocols in place and reagents available to assay nerves and
eosinophils and the extent of skin disease in each animal. In addition, all of these
mice come from inbred strains, so the variability due to genetic background within a
specific model should be limited. Mouse models also provide an opportunity to
manipulate the environment in a way that is enviable to scientists limited to humans
in the clinic. All of the mice within a group have been housed together in the same
environment, limiting the effects of different airflow, cleanliness or nutrition.

However, interestingly, while every mouse within a group lived in the same
setting, every group of mice lived in a different environment, and this must be kept
in mind for the interpretation of the studies, especially the epicutaneous
sensitization to ovalbumin (OVA), discussed above. Mice used in these studies lived
and died in Ireland, Arizona, the Portland VA Medical Center, and the Biomedical
Research Building, in three different mouse rooms. This difference in environment
could affect baseline skin inflammation, so we were careful to use wild-type

littermate controls that grew up and lived with each group of mice.
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Some of these studies would be impossible in humans, simply due to the
existence of transgenes overexpressing cytokines. Others have been performed in
humans and were simply standardized for use in mice, including epicutaneous
sensitization to allergens after abrading the skin of atopic dermatitis patients (326).

Each mouse model that we used represents one or more portions of the
entire disease phenotype of atopic dermatitis. Epicutaneous application of OVA and
overexpression of human TGF-B1 in keratinocytes lead to systemic sensitization,
indicated by elevated serum IgE and Th2 cytokines. Flaky tail mice have an impaired
barrier, but no sensitization unless allergen is applied. Mice overexpressing IL-5 in
keratinocytes have an enormous recruitment of eosinophils to the skin and
significant activation, as indicated by released eosinophil granule proteins.

Because each model is simply a piece of the disease, it is logical that effects
on nerves would differ. The most dramatic increase in nerves in skin was seen in the
epidermis of K14-IL-5 transgenic mice, where eosinophils were recruited and
activated. The next highest increase was in the K5.hTGF-1 mice, which have
systemic sensitization, impaired barrier, and high expression of IL-4 in the skin.
Then came the OVA-sensitized mice, which also undergo systemic sensitization, but
have a more mildly impaired skin barrier. Barrier removal without sensitization, as
in the flaky tail mice, resulted in a significant, but not dramatic, increase in nerves in
the skin. Sadly, we were not able to quantify the number of eosinophils or amount of

MBP in these mice, due to the lack of samples.
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It is not known what other processes might contribute to nerve growth in the
skin of these mouse models. Keratinocytes and fibroblasts can synthesize nerve
growth factor and, once activated by mechanical trauma or pattern recognition
signaling, could independently contribute to nerve growth (255, 327). There are
some reports that cytokines, such as IL-6, can induce nerve branching and might be
important after mechanical trauma (328).

It is clear from our studies that eosinophils are an important cell type
mediating nerve growth. Future analyses should take advantage of the PHIL mice,
as well as IL-5 transgenic mice, to directly assay the role of eosinophils in each of the

models used in this report.
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IV. TABLES.

Table 4.1. Summary of knockout mouse experiments performed by Geha et al,

in the epicutaneous sensitization mouse model of atopic dermatitis.

Mouse Eos in dermis? T/B cells Th2 cytokines Eotaxin Paper

IL-5-/- None Same as WT | Less IL-4 ND Spergel 1999
IgE-/- Same as WT | Same as WT | Same as WT | ND Spergel 1999
IFNy-/- Same as WT | Same as WT | Same as WT | ND Spergel 1999
IL-4-/- Fewer More IL-5 ok Less* Spergel 1999
IL-4-/- Same-lung | Same-lung | Same-lung | ND Herrick 2000
(lung)

CCR3-/- None Mono same | IL4, IL5 ok ND Ma 2002
IL-10-/- Fewer Mono fewer | Less IL-4/5 | Less* Laouini 2003
TSLPR-/- | Fewer Same as WT | Less mRNA | ND He 2008

Spleno- ok

*IL-4-/-OVA AND IL-10-/- have more MIP-1b and MIP-2 than WT-OVA

ND = not determined
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Table 4.2. Correlation of nerves with eosinophils in various mouse models of

eosinophil recruitment to skin. Number of nerves and number of eosinophils

were analyzed for correlation using Prism 5 for Mac OSX, since each measurement

was made independently. Pearson’s correlation was used, which assumes the
values had a Gaussian distribution. Based on the R values, it is clear that the
successful OVA sensitization experiment had the strongest correlation between

intact eosinophils and nerves (closest to 1), followed by K5.hTGF-$1, K14-IL-5

epidermis, and the first OVA sensitization.

Name of model R value
OVA-Sensitization Experiment #1 0.2123
OVA-Sensitization Experiment #2 0.4038
(eosinophils infiltrated, increase in nerves)
OVA-Sensitization Experiment #3 0.0045
K14-IL-5 Dermis 0.0014
K14-IL-5 Epidermis 0.1921
K5.hTGF-f1 0.3437
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Table 4.3. Summary of mouse models and representation of human atopic

dermatitis.
Model Barrier Sensitization? Eosinskin? Eos More
defect? (i.e., high IgE?) activated? nerves?
Human yes yes yes yes yes
lesional AD
Human yes/no | yes few yes no

non-lesional
AD

K14-IL-5 ? ? yes yes- yes
degranulated

Flaky tail yes no yes ? yes

K5.hTGFp1 yes yes yes ? yes
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V. FIGURES.

(A)

Figure 4.1A. Epicutaneous sensitization to ovalbumin of wild-type mice results
in thicker epidermis and dermal infiltration of inflammatory cells.
Hematoxylin and eosin (H&E) of mouse skin samples from PBS-treated controls (top

panel) and OVA-sensitized mice (bottom panel). Scale bars = 50um.
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Figure 4.1B. Epicutaneous sensitization to OVA results in epidermal
thickening and infiltration of immune cells into the dermis of eosinophil-
deficient PHIL mice, but no eosinophils. H&E stained sections of 6 different PHIL
mice. PBS-treated controls are in top panel, while OVA-sensitized PHIL are in the

bottom panel. Scale bars = 50um.
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PBS-treated skin OVA-treated skin

Figure 4.2. Eosinophils infiltrate into wild-type mouse skin sensitized to OVA,
but not PHIL sKin. Sensitized mouse skin was fixed in 4% paraformaldehyde and
stained for eosinophil major basic protein (MBP) (pink), and counterstained with
DAPI for nuclei (blue). Nerves are stained using PGP9.5 antibody (black).

Top row: wild-type, bottom row: eosinophil-deficient PHIL. Left panels: PBS-treated

skin, right panels: OVA-treated skin. Scale bars = 50um.
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Figure 4.3. Epicutaneous sensitization results in variable recruitment of
eosinophils to the skin of mice. Eosinophils were counted in H&E stained samples
using the 40X objective. Data are shown as average number of eosinophils per 40X
field. Each graph depicts an independent experiment, each of which occurred in a

different animal housing room.
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Figure 4.4. Cutaneous nerve numbers are increased in mice that have
increased eosinophils. Skin sections from epicutaneously sensitized mice and
controls were fixed and stained using anti-PGP9.5 to visualize nerves. Each section
was photographed along its length. Random numbers were assigned to each
photograph and the number of nerves present in the papillary dermis and basement
membrane zone was quantified by an observer blinded to the treatment group. Data
are shown as average number of PGP+ nerves per photo and are in the same order

as Figure 3. * denotes p<0.05.
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(A)

.

Figure 4.5. Keratin 14-Interleukin 5 mice have high levels of eosinophil

granule protein in skin. Slides from paraffin-embedded skin sections were
shipped from the Mayo Clinic, Scottsdale, AZ, and were stained with anti-MBP
antibody (pink), anti-PGP9.5 antibody (black), and counterstained with DAPI (blue).
(A) Left: IgG negative control, middle: wild-type mouse skin, right: K14-IL-5
transgenic mouse skin. (B) Anti-MBP staining (pink) often occurred in close

proximity to nerves (black). Scale bars = 50um.
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(A)

(B) (9]

L A

Figure 4.6. Keratin 14-Interleukin 5 mice have more nerves in epidermis and
basement membrane zone than wild-type controls, but similar numbers in the
dermis. 5um skin sections on slides were stained using anti-PGP9.5 to visualize
nerves (brown). Photographs of each entire section were taken, and random
numbers assigned to each for quantification by an observer blinded to the genotype.
Quantification is demonstrated in Figure 7. (A) IgG negative control, (B)
representative photomicrograph of PGP9.5 staining of a wild-type mouse section,
(C) PGP9.5 stained K14-IL-5 skin section. Note the extensive linear nerves from the

basement membrane zone through the layers of the epidermis.
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Figure 4.7. K14-IL-5 mice have more nerves in epidermis, compared to wild-
type, but similar numbers in the dermis. Paraffin-embedded skin sections were
stained with anti-PGP 9.5, assigned random numbers and quantified.

(A) Quantification of nerves in papillary dermis in K14-IL-5 mice and wild-type
littermate controls. (B) Quantification of nerves in epidermis and basement
membrane zone of K14-IL-5 mice and wild-type littermate controls. * denotes p <

0.05 using an unpaired t-test.
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Figure 4.8. Flaky tail mouse has increased nerves compared to wild-type
littermate controls. Skin sections from filaggrin-mutant flaky tail mice were
stained using anti-PGP9.5, photographs were taken and random numbers assigned.
Nerves were quantified using Metamorph by an observer blinded to the genotype.
(A) and (B) show quantification of same samples, except that (A) includes the wild-
type outlier (diamond) that had significantly higher numbers of eosinophils than

any of the other controls. * denotes significantly different than control.
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Figure 4.9. K5.hTGF-1 mice have eosinophils present in skin.
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Intact eosinophils were counted in sequential H&E fields using the 40X microscope

objective. p=0.150 using t-test.
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Figure 4.10 (next page). RNA from K5.hTGF-$1 mice indicate a disease
resembling atopic dermatitis more than psoriasis. Total RNA was isolated from
skin of wild-type or lesional /non-lesional skin of K5.hTGF-B1 mice, and cDNA was
synthesized and amplified with primers for each listed gene. Graphs on left show
fold change over GAPDH housekeeping gene. Graphs on right show direct
comparisons between gene expression in different types of skin. (a) K5.hTGF-f1
lesional skin compared with wild-type; (b) K5.hTGF-B1 non-lesional skin compared
with wild-type; (c) K5.hTGF-B1 lesional skin compared with K5.hTGF-31 non-

lesional skin.
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Figure 4.11 (next page). Protein profile from the skin and sera of K5.hTGF-1
mice indicates a disease resembling atopic dermatitis more than psoriasis.
Total protein was isolated from the skin (a-c, e,f) or sera (d) of wild-type or
K5.hTGF-B1 mice. Both lesional and non-lesional skin were taken from K5.hTGF-1
mice. Protein was assayed by ELISA. * denotes p < 0.05, significantly different than

control.
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Figure 4.12. K5.hTGF-f1 mice have more nerves than wild-type littermate
controls. Lesional skin sections from K5.hTGF-p1 were stained with anti-PGP9.5
and quantified in a blinded manner as described above. All mouse samples assayed
had a disease severity score of 3 or above, on a scale of 0 to 4, with 4 being the worst

disease. * denotes p < 0.05 and significantly different from control.
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Figure 4.13. Number of nerves in all mouse models, graphed on the same axes.
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Figure 4.14. Correlation of eosinophils in skin with number of nerves in
various mouse models (next page). Intact eosinophils were counted in H&E
sections using the 40X objective and graphed along the x axis, while nerve counts
from 40X fields of sections stained for PGP9.5 were graphed along the y axis. (A), (B)
and (C) are three separate epicutaneous ovalbumin sensitization experiments, (D)
is K14-IL-5 mouse dermis, (E) is K14-IL-5 mouse epidermis, and (F) represents

K5.hTGF-B1 mice.
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CHAPTER FIVE

Eosinophils increase sensory neuron branching through a secreted mediator

which is not Nerve Growth Factor (NGF).

I. INTRODUCTION

Skin innervation is similar in humans, mice, rats, guinea pigs, rabbits and
other mammals (220). A nerve plexus resides in the deep reticular layer of the
dermis, and individual nerves branch upwards to supply the dermis, hair follicle and
epidermis. Unmyelinated and lightly myelinated afferent nerve fibers terminate in
the epidermis, upper hair follicles and upper dermis (329), and relay information
from each skin region back to the spinal cord.

Sensory neurons that innervate the skin have their cell bodies located in
dorsal root ganglia (DRG) that lie outside the spinal cord. DRG neurons each have
one axon that branches into two processes, central and peripheral, which innervate
targets in the central nervous system and periphery, respectively. Cutaneous
sensory neurons grow directly to target skin regions and then progressively
arborize, or add fine axonal branches, in a specific and regulated manner (217).
During fetal development, there is hyperinnervation of the epidermis and then
gradual retraction to concentrate sensory terminals at the dermal-epidermal
junction and the papillary dermis (330). Over the course of development in the
mouse embryo, epidermal innervation by all different subtypes of sensory neurons
retracts to a nerve plexus that is beneath the epidermis (330). After a wound, skin
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becomes reinnervated over time, with a similar progression of small fibers, then
increased density and subsequent retraction, as in embryonic development (331).

Each region of skin innervated by a DRG sensory neuron is called a
dermatome and has been determined using electrophysiological testing after
stimulation of the skin (reviewed in (217)). The precise signals directing axons to
each region of skin are unclear. One previous hypothesis was that neurons were
recruited to their targets by neurotrophic factors, such as NGF, and then survived or
retracted, based on competition for such factors (332). However, correlation of
neuron cell death, survival and proliferation with innervation of the skin in the
hindlimb determined that cell death peaks before axons reach their target sites, with
no time to compete for trophic factors and relay life and death signals retrogradely
(333). In addition, a series of experiments in sensory neurons that innervate the
whisker pad of mice (the most densely innervated skin region) demonstrated that
NGF receptors did not appear on the surface of neurons until after they reached
their targets, and that NGF levels in the skin target were low until after the nerve
fibers had arrived (334). Therefore, NGF was ruled out as the guidance molecule for
sensory neuron growth to the skin.

However, NGF has other roles in nerve growth, besides directing
development and initial outgrowth of axons to the skin. Embryonic and neonatal
DRG grown in culture are dependent on NGF for survival (283), although adult DRG
survive and project neurites without it (335). In a transgenic mouse that
overexpresses NGF in basal keratinocytes, using the keratin-14 promoter, the

authors founds hyperinnervation in the epidermis, dermis and around hair follicles,
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hypertrophy in sensory and sympathetic ganglia, and more large nerve bundles in
the reticular layers of the dermis (336). Subsequent studies of these mice
determined that the increase in size and number of nerves in the dermal plexus was
due to an increase in axons, rather than number of nerve endings (329).

Sensory neurons can be removed from laboratory animals and kept alive in
culture for long periods of time, while retaining the morphological and
electrophysiological properties of neurons in vivo (283, 335, 337-339). However,
neurons in culture are not perfect models of neurons in vivo. The main caveat to
studies of isolated DRG sensory neurons is that they have properties of regenerating
cells, including expression of molecules that are present in successfully regenerating
axons, such as growth-associated protein 43 (340). Isolation of DRG requires
axotomy of both central and peripheral processes, and initiates the program of
regeneration that occurs in a live mammal after nerve crush or axotomy.

The central and peripheral axons have fundamentally different responses to
injury, mostly due to their different environments. Central processes are inhibited
from regrowth by myelin-associated molecules, while macrophages and Schwann
cells clear away myelin in the periphery to allow immediate regeneration (reviewed
in(341)). However, peripheral axon injury can stimulate the regeneration program
in the entire cell, conditioning the central axon to be able to regrow as well
(reviewed in(341)), and this presumably occurs in DRG isolated and placed in
culture, since neurite outgrowth in cultured DRG neurons is not limited to one

axonal process.
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Neurite outgrowth from DRG sensory neurons depends on appropriate
expression of receptors for guidance cues, as well as their correct localization to the
tips of extending axons, known as growth cones (reviewed in (342)). One potential
mechanism for neurite outgrowth after peripheral nerve injury is an intracellular
increase in cAMP, which activates protein kinase A, thereby activating CREB-
dependent transcription, as well as inhibiting Rho kinases which modulate actin
cytoskeleton assembly. Other observations, such as the increase in IL-6 in
regenerating neurons and the importance of integrins to neurite outgrowth, are
beyond the scope of this discussion but will be relevant for future studies (reviewed
in (341)). In cultured adult DRG neurons, NGF also greatly increases the initial rate
of axonal regeneration, although the same number of control, NGF-treated, and anti-
NGF treated neurons have neurites after 17 days of culture (335).

Eosinophils constitutively synthesize specific neurotrophins, including NGF,
brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3), and they can
be triggered to release these factors upon stimulation (191, 261). In contrast to this,
several clinical case reports describe interactions of eosinophils with nerves in
human patients, often with pathological consequences. In patients with
hypereosinophilic syndrome, symptoms can include multifocal neuropathy, diffuse
and chronic itching, rash, and peripheral and central nervous system dysfunctions
(270-273). Eosinophil granules are cytotoxic when applied at high concentrations to
a variety of cells in culture (99-101). However, the release of granule proteins,
preformed cytokines and other regulatory molecules from eosinophils is tightly

controlled and can occur through regulated vesicle secretion, called piecemeal
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degranulation, or whole cell degradation, called cytolysis (94). After release from
the cell, eosinophil granules continue to be regulated by receptor-ligand interactions
and can activate signal transduction to secrete cytokines or any of the granule
proteins (98).

Previously, we have shown that eosinophils interact with nerves in the
airways of patients with asthma, in animal models of asthma, and in culture.
Eosinophils are found adjacent to nerves in airway biopsies of humans who died
from asthma attacks, a histological finding that is recapitulated in antigen-
challenged guinea pigs and rats (267). Primary cultures of parasympathetic
neurons from guinea pig and human airways express eotaxin-1, as well as ICAM-1
and VCAM-1, and these participate in binding of eosinophils to these neurons (164,
268). In addition, the association of eosinophils with airway nerves is important in
the pathophysiological changes that lead to airway hyperreactivity (267, 269)

However, our previous studies have focused on parasympathetic neurons,
and the interactions between eosinophils and nerves in the airways. In this report,
we investigated the interactions between sensory neurons from the DRG and
eosinophils, which are present and activated in atopic dermatitis skin ((343) and
Chapter 3). We found that eosinophils directly cause branching of sensory neurons
in culture, through a mechanism that does not involve NGF. This effect was specific
to eosinophils, as mast cells did not replicate the effect. We believe this is a new
mechanism of neurite outgrowth that could be important in diseases with high

numbers of eosinophils in the skin.
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II. RESULTS
Eosinophils increase sensory neuron branching in vitro.

The cell bodies of the sensory neurons that innervate the skin are located in
the dorsal root ganglia (DRG), and these were dissected from wild-type mice,
enzymatically dissociated and plated on Matrigel. Blood was taken from N]J1638
mice, in which the IL-5 gene is expressed under the control of the CD35 promoter,
leading to high levels of circulating eosinophils (121). Eosinophils were isolated
using density centrifugation and fluorescence-activated cell sorting (FACS) based on
size and granularity. Cells obtained in this way were 75-99% eosinophils, and five
out of six experiments used >90% pure eosinophils. Eosinophils were added to DRG
cell cultures for twenty-four hours. The cultures were then fixed, stained with
PGP9.5, and the number of cell bodies, length of neurites, number of neurites per
cell body, and number of branchpoints per neurite were quantified. Neurons grown
with eosinophils had dramatically increased neurite branching, compared to
neurons grown alone (Figures 5.1 and 5.2). The number of cell bodies, number of
neurites per cell body and the length of the longest neurite was not significantly
different between neurons alone or neurons with eosinophils (Figure 5.3). There
was also no difference in DRG cell survival with or without eosinophils (data not

shown).

Eosinophils must be alive to increase neuron branching
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In order to determine whether the eosinophils needed to be alive to have this
effect on neurite branching, we freeze-fractured eosinophils and added them to
neuronal cultures for twenty-four hours. Eosinophils killed in this way did not

increase neurite branching (Figure 5.4A).

Mast cells do not increase neuron branching in vitro

Since mast cells were localized around nerves in human skin biopsies, we
isolated mast cells from the peritonea of wild-type mice and added them, in the
same numbers as eosinophils, to the neuron cultures for twenty-four hours. Mast

cells did not increase neurite branching (Figure 5.4).

Physical contact between eosinophils and neurons is not required for increase in
branching

Adding culture medium from eosinophils plated on Matrigel for twenty-four
hours to DRG cultures also increased neuron branching, indicating that the
morphological changes do not require cell contact, and adding culture medium from
co-cultures of DRG neurons with eosinophils to fresh DRG cultures further increased
the amount of neurite branching (Figure 5.5). In addition, this ruled out the effects

of an increased concentration of cells in the culture on neurite branching.

Blocking nerve growth factor (NGF) does not inhibit eosinophil-induced neurite

branching
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Adding exogenous murine NGF (40 ng/ml) to DRG cultures increased neurite
branching, and this effect was blocked by an antibody to NGF (20 pg/ml) (Figure
5.6). However, adding the same concentration of anti-NGF to DRG cultures co-
cultured with eosinophils (Figure 5.6) or treated with eosinophil culture medium

(data not shown) did not prevent the increase in neurite branching.

Neurons from dorsal root ganglia produce eotaxin-1, ICAM-1 and VCAM-1.

DRG neurons were cultured alone for twenty-four hours and stained for
eotaxin-1, a chemokine that acts through the CCR3 chemokine receptor on
eosinophils (29, 141). Neurons synthesized eotaxin-1, both in the presence or
absence of exogenous NGF (Figure 5.7A). In addition, neurons also produced the
adhesion molecules ICAM-1 and VCAM-1, but only when exogenous NGF was added
to the cultures (Figure 5.7B,C). This indicates a regulated expression of adhesion
molecules that could be affected by the presence and activation of eosinophils,

fibroblasts, or other cells that express NGF (191, 255).

I11. DISCUSSION

We have shown that eosinophils induce neurite outgrowth from DRG sensory
neurons in culture, using a mechanism that is not dependent on NGF. Previous
studies have concluded that eosinophil granule proteins are toxic to nerves. Early
experiments by Gordon 1933, in which homogenized lymph nodes from Hodgkin’s
disease patients injected into animals resulted in paralysis, were later discovered to

be due to toxicity from eosinophils in the lymph nodes. In 1979, Durack described
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the isolation of eosinophil granules from the blood of hypereosinophilic patients

and subsequent intrathecal or intracerebral injection into animals (259). Guinea
pigs and rabbits developed progressive ataxia and muscle weakness and wasting,
with pathologic changes upon histologic examination, including apparent myelin
degradation. The injection of mast cell or neutrophil suspensions did not cause the
same type of neurologic damage. Similar experiments with isolated eosinophil
granule-derived cationic proteins were performed and physiologic measurements of
sensory fibers were performed (260). ECP and MBP evoked strong responses from
pulmonary C fibers when administered via the trachea, similar to several other
cationic proteins, including synthetic poly-L-lysine.

However, in all of the previous experiments, isolated granules or fractured
eosinophil supernatants were used, often at supraphysiological concentrations. In
this study, we used live eosinophils, isolated from the blood of mice, at a
concentration of 1 X 1076 cells/ml, which is 10-fold lower than the Durack study of
fractured eosinophils. In addition, there are alternative interpretations of the prior
data. First, degradation of myelin is an important first step in the regeneration of
DRG neurons, and it is possible that what was observed in vivo was the first step in a
process of neuron regeneration. In addition, stimulation of C fiber action potentials
by eosinophil granule protein does not necessarily indicate neuron damage, but
could signify neuron activation. Finally, intact eosinophils have extremely regulated
release of their granule proteins and interact with other cells in many other subtle
ways that would not be approximated by the experiments listed above (96). The

difference, therefore, between adding isolated granule proteins and intact, healthy
168



eosinophils to a culture is similar to the vast chasm between experiments using
isolated perforin or granzyme compared to healthy CD8+ T cells.

Our findings support the previous literature on NGF-dependent neurite
outgrowth, and the anti-NGF experiments indicate that it is not the factor released
by eosinophils into supernatant to induce neurite growth. This leaves the obvious
question of the identity of the soluble mediator. Studies on neurite outgrowth
suggest that signaling through STAT-3, increasing intracellular cAMP or otherwise
stimulating protein kinase A activity are two common mechanisms to begin signal
transduction that will alter the dynamic equilibrium of actin assembly and
depolymerization (341). Eosinophils are capable of synthesizing IL-6, which signals
through STAT-3 (344) They also produce many ligands for Gs-protein-coupled
receptors, which stimulates adenylyl cyclase and results in an increase in
intracellular cAMP. Potential experiments to determine the mediator could include
biochemical purification from supernatants and isolation by mass spectrometry or
testing additional blocking antibodies against likely candidates. Besides IL-6 and
other cAMP inducers, BDNF, NT-3 and NT-4 are all known neurotrophins that are
synthesized by eosinophils and can influence neurite outgrowth (191, 261).

We did not determine the mechanism of regulation of eotaxin-1 production
in isolated DRG sensory neurons. It is likely to resemble signal transduction
pathways in other cell types, such as fibroblasts. Eotaxin-1 expression is stimulated

by ligands which signal through nuclear factor (NF)-«B or signal transducer

activator of transcription(STAT)-6 (345). Specifically, signaling through the IL-4Ra,
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either by IL-4 or [L-13, or activation of cells by tumor necrosis factor (TNF)-a,
induces eotaxin-1 mRNA and protein production in dermal fibroblasts, human
airway epithelial cells, and human airway fibroblasts (345-347). Other cytokines
can synergize with IL-4, [L-13 or TNF-a to further increase eotaxin-1 production.
These include TGF-p and oncostatin M (348, 349). However, dermal fibroblasts
constitutively synthesize low levels of eotaxin-1 without stimulation (346).

In addition, although dermal fibroblasts constitutively produce eotaxin-1, the
presence of IL-4 and IL-13 in the skin of people with atopic dermatitis would induce
higher expression levels of eotaxin-1. This, in turn, would increase the recruitment
of cells bearing CCR3 receptors, including eosinophils. It is possible that this creates
a feedforward loop for further inflammation and cell recruitment. Therapeutics
targeting eotaxin-1 and CCR3 might be clinical useful in atopic dermatitis.

In addition, treatments targeting ICAM-1 have already been tested in pilot
trials of patients with severe atopic dermatitis. Efalizumab is a humanized
monoclonal antibody generated against CD11a, which is one subunit of LFA-1, the
receptor for ICAM-1. Clinical case reports indicate that efalizumab can successfully
treat severe atopic dermatitis (350, 351). The biologic basis for disease
improvement has only been investigated in one paper, which examined the
phenotypes of circulating T cells in the blood of treated patients. Besides a decrease
in CD11 expressed on T cells, these authors also found an increase in T cells

expressing cutaneous lymphocyte antigen, a skin-homing marker. The paper’s
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conclusion was that disease improved due to the inhibition of T cell entry into the
skin (352).

However, LFA-1 is expressed on many other cell types besides T cells,
including eosinophils. It is possible that efalizumab treatment inhibited eosinophil
entry into the skin and migration to the nerves. This possibility was not
investigated. Unfortunately, the development of adverse reactions to efalizumab
after extended treatment (3 months to 2 years) includes acute autoimmune
thrombocytopenia, so this treatment may be best for short-term control of severe
exacerbations (353).

There are several limitations to this study. First, as mentioned above, DRG
neurons in culture resemble regenerating neurons, rather than adult neurons in
vivo. The relevance to this study is that they will more readily arborize, potentially
amplifying the branching effect of eosinophils. In addition, the co-cultures only
include two types of cells, rather than the total skin milieu of fibroblasts, epithelial
and endothelial cells, which will undoubtedly affect neuron growth by production of
guidance cues, neuromodulators, and inflammatory molecules. Using reconstructed
human epidermis would be helpful here; indeed, experiments have been performed
with DRG explants grown on human and rodent skin explants that indicate direction
of neurite outgrowth is preferentially toward skin (354, 355). The addition of
eosinophils to either skin explants or reconstructed human epidermis co-cultured
with DRG and measurement of directional outgrowth of neurites could be
informative. In addition, mouse models of neuron growth and relative dependence

on eosinophils are an important addition to these in vitro findings (Chapter 4).
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Finally, the eosinophils added to the DRG cultures were isolated from IL-5
transgenic mice using FACS, and thus could be activated, either from the IL-5
stimulation or the mechanical process of cell separation. It will be important to
understand whether the activation state of the eosinophils matters for DRG neurite
outgrowth, and this could be tested using the derivation of eosinophils from bone
marrow precursors. Given some of the data from mouse models above, we
hypothesize that activation of eosinophils will be crucial to neuron outgrowth in the
skin.

However, we believe this study elucidates an important new mechanism for
neurite outgrowth of primary sensory neurons by eosinophils, which could be
important for pathogenesis of atopic dermatitis and other hypereosinophilic
disorders. Determining the specific mediator released by eosinophils will be an

important step forward in understanding this process.
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IV. FIGURES

(A) (B)

Figure 5.1. Eosinophils increase nerve branching after co-culture for 24 hours.
DRG neurons were isolated and pre-plated overnight to remove adherent cells then
co-cultured with eosinophils for 24 hours in four-well chamber slides. Slides were
fixed with 4% paraformaldehyde and stained with anti-PGP9.5 antibody to visualize
nerves (black) and chromotrope 2R for eosinophils (red). (A) Photomicrograph of a
single DRG neuron cultured alone for 24 hours. The large circular figure is the cell
body, and there are 2 long neurites and one shorter neurite extending from it. (B)
Photomicrograph of 2 DRG neurons cultured with eosinophils, one in the middle of
the figure and the other in the bottom right corner. Eosinophils can be seen near the
larger cell body and along the single neurite of the neuron with the smaller cell

body. Scale bars = 50uM.
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Figure 5.2. Eosinophils increase nerve branching after co-culture for 24 hours.
Quantification of eosinophil-induced neuron branching. DRG neurons were isolated,
cultured, and stained as described above, with an overnight pre-plating step
followed by 24 hours of culture alone (white bar), with 40ng/ml NGF (gray bar), or
with eosinophils (black bar). Thirty photographs were taken with the 40X
microscope objective using the same pattern in each of three wells on a slide and the
number of branchpoints on each neurite per cell body was counted by hand.

* denotes significantly different than DRG alone; ** denotes significantly different

than DRG+NGF. n= 7 independent experiments.
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Figure 5.3. Co-culture with eosinophils does not change the number of neuron
cell bodies, number of neurites, or length of the longest neurites. DRG neurons
were cultured, stained and photographed as above. Metamorph software was used
to measure the length of neurites, and cell bodies and number of neurites were

counted by hand. n= 7 experiments.
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Figure 5.4. Eosinophils must be alive to have branching effect on neurons, and
mast cells do not increase branching of neurons. (A) Eosinophils were isolated
from NJ.1638 mice as described and then freeze-thawed in deionized water twice,
then resuspended in culture medium and plated with DRG neurons overnight. Slides
were fixed and stained as above, and the average number of branchpoints per cell
body was counted by hand using 40X photographs with Metamorph. n= 2
experiments. (B) Mast cells were isolated from the peritonea of wild-type mice and
added to DRG neuron cultures for 24 hours. Slides were stained and quantified as

above. n= 4 experiments.
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Figure 5.5. Culture medium from eosinophils alone or eosinophils and
neurons causes increase in neuron branching when applied to new DRG
cultures. Culture medium from eosinophils cultured alone (middle bar) or
eosinophils with DRG (right bar) for 24 hours was applied to new DRG cultures for
24 hours, ad cells were fixed, stained, photographed and quantified as above. *
denotes significantly different than DRG alone; ** denotes significantly different

than DRG with eosinophil only culture medium. n= 4 experiments.
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Figure 5.6. Blockade of NGF inhibits NGF-induced nerve branching, but not
eosinophil-induced nerve branching. DRG neurons were plated and incubated
alone (white bar), with 40 ng/ml NGF (gray solid bar), with NGF and 20 pg/ml anti-
NGF (gray hatched bar), with eosinophils (black bar), or with eosinophils and 20
ug/ml anti-NGF (black hatched bar) for 24 hours. n=2. * denotes significant one-way

ANOVA across all groups.
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Figure 5.7 (following page). DRG neurons produce eotaxin-1, ICAM-1 and
VCAM-1. (A) DRG neurons were isolated and cultured alone for 24 hours, then fixed
and stained with anti-eotaxin-1 (red). Cell nuclei were counterstained using DAPI
(blue). Two representative photomicrographs are shown. (B) Scale bars = 50uM.
(B) DRG neurons were cultured alone or with 40ng/ml NGF for 24 hours, then fixed
and stained with anti-ICAM-1 (top) or anti-VCAM-1 (bottom). Left, no primary with
secondary negative control; center, DRG stained with antibody in cultures without
exogenous NGF; right, DRG stained with antibody in cultures with NGF added. (C)
Quantification of relative fluorescence units, compared to background and to

negative controls, was performed using Metamorph.

179



(A) Eotaxin-1

B) ICAM-1 (top) and VCAM-1 (bottom

@

o o o )
o o (=]
(=] b o™~
S}IUN @2U32SAIONY BAIE|IY

T
o
=]
[==]

180



CHAPTER 6: GENERAL DISCUSSION

I. SUMMARY OF FINDINGS

We have found that eosinophils increase the branching of sensory neurons.
We have shown that this is a direct effect of a secreted factor made specifically by
eosinophils while they are alive in co-cultures with isolated neurons. This counters
previous reports of eosinophil neurotoxicity (100, 101, 260), but confirms other
findings that eosinophils can positively influence the survival and function of
neurons (356, 357). Based on strong evidence that the eosinophil’s environment
tightly regulates release of granule proteins and other mediators, as well as data
suggesting that granules are additionally regulated by receptor-ligand interactions
(94, 96, 176, 358, 359), it is likely that the eosinophil’s role is not only brute
destruction but modulation of the immune milieu (360). The production of
eosinophil-recruiting molecules, such as eotaxin-1, and adhesion molecules,
suggests that nerves are active participants in the interaction, while the increased
growth of neurons in culture with mixed neuron-eosinophil supernatant indicates
that neurons are also releasing growth mediators.

Eosinophils are required for the nerve increase in a skin sensitization mouse
model of atopic dermatitis. However, this model did not consistently result in
increased eosinophils in the skin. We believe the housing of mice in different levels
of containment could have affected their eosinophilia after ovalbumin sensitization,
as the mice living in the lowest level of precaution, and therefore the dirtiest, had
the greatest increase in eosinophils in their skin.
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We investigated another mouse model of atopic dermatitis, the flaky tail
mouse. These mice, like atopic dermatitis patients, have increased permeability of
the epidermal barrier to antigens, due to their lack of filaggrin in the stratum
corneum. Filaggrin is the strongest genetic contributor to human atopic dermatitis
yet identified.

We also investigated mouse models of eosinophil recruitment to the skin,
and we found that these mice also had increases in the number of cutaneous nerve
terminals. The most dramatic effect was in the K14-IL-5 mouse, which expresses IL-
5 in the epidermis and had huge increases in nerves, specifically in the epidermis.
Humans with atopic dermatitis also have elevated levels of IL-5 in their lesional skin
and increases in nerves. Our original purpose for studying the K5-TGF[3-1 mouse
was related to psoriasis, but to our surprise, the mice had elevated serum IgE, high
tissue IL-4 levels and eosinophils present in all regions of the skin. These mice also
had more nerves in the skin than their wild-type littermates, in yet another model of
eosinophil-mediated nerve increases. The role of TGFB-1 in atopic dermatitis is not
clear, but eosinophils in allergic diseases produce large quantities of TGFB-1, so this
model could mimic having activated eosinophils in the skin.

Finally, we have localized eosinophil granules in human atopic dermatitis
skin to the same regions where nerves are increased. This proximity supports our
contention that these two cell types might engage in a functional interaction that
could influence the morphology of neurons. Intact eosinophils are only rarely visible

in lesional and non-lesional skin. We have shown in allergic asthma models that the

182



number of eosinophils in tissue is not related to pathology; rather, it is the number
of eosinophils located near nerves that leads to airway hyperreactivity (267).In a
similar manner, it appears that the rare eosinophils in atopic dermatitis skin
preferentially locate in areas where sensory nerve terminals exist, and deposit
granule proteins near nerves, potentially having effects on sensory neuron function,
as well as morphology.

Our original hypothesis was ambitious and included experiments to evaluate
nerve morphology, electrophysiology, as well as release of mediators. However, the
characterization of the increase in neurite branching won our attention for this
particular project. It will be important in the future to further characterize the
possible sensitization, functional changes, or modified neurotransmitter release of
neurons cultured with eosinophils. It is likely that neurite branching is not the only
neural outcome induced by eosinophils.

Our study identifies several new targets for future potential therapeutics for
the treatment of atopic dermatitis. By inhibiting eosinophil migration from the bone
marrow, using anti-IL-5 monoclonal antibodies, or by preventing their entry into
skin, using CCR3 antagonists, eosinophils would not be able to influence nerve
branching. Blockade of adhesion molecule interactions, using anti-ICAM-1 or VCAM-
1, might also decrease eosinophil and other immune cell entry into skin and prevent

the inflammation associated with atopic dermatitis.
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II. FUTURE DIRECTIONS

Many questions remain unanswered. We observed the direct effect of
eosinophils on sensory nerves in co-cultures through an unknown mediator. To
identify the mediator, biochemical fractionation of the eosinophil supernatant could
be performed. Fractions could be isolated and applied to DRG neurons, in order to
see which fraction induces branching. Mass spectrometry analysis could help
identify the causative molecule.

We also did not identify whether a particular subset of sensory neurons was
preferentially affected. We grouped neurons into small or large, and darkly or lightly
staining cell body populations (Figure 6.1). We quantified their numbers after
culturing for 24 hours under different conditions and saw no change in the number
of cell bodies in each population (Figure 6.2). Using this same morphological
analysis of small and large cell bodies, there was also no obvious increase in
branching in one group above the other (data not shown). We also did experiments
using peripherin antibodies, which recognize C fibers only and did not see a
difference between peripherin-positive and -negative cells in terms of their
branching after exposure to eosinophil culture medium (Figure 6.3). In the future, it
will be important to use antibody staining against a panel of markers for A and C
fibers, including CGRP, Substance P, neurofilaments. These can be correlated to the
immunohistochemical findings in atopic dermatitis and potentially one subset of
neurons will be affected above the others.

We used NGF blocking antibodies to investigate the mechanism of enhanced

neurite growth in vitro, but found no decrease in branching. We also tried to block
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branching by using a homolog of cAMP that binds protein kinase A and renders it
unavailable to bind cAMP and perform its normal functions in neurite extension. We
also did not see any decrease in neurite branching in these experiments, but it is
difficult to say if this was because of blockade of branching, or interference with a
separate protein kinase A-dependent function. Further experiments using blockers
of neurite extension should be performed, in order to determine which cellular
pathway is induced by eosinophils.

In terms of the mouse models, it is not known whether nerves increase in all
models that recruit eosinophils to the skin. The several that we examined had nerve
increases, but there are always more models. We did not examine other potential
mechanisms for nerve increases, perhaps by other cells. Keratinocytes can produce
NGF, and nerves cultured with primary human epidermal cells send neurites
preferentially toward the skin cells (258, 354). Therefore, it is possible that
eosinophils and keratinocytes, or other cell populations, cooperate to enhance
neuron growth in vivo.

In addition, the role of scratching in inducing nerve fiber increases was not
separated from eosinophil recruitment in these studies. Scratching can induce mast
cell degranulation and increase the number of substance P-immunoreactive fibers in
mouse skin (361). In a spontaneous mouse model of atopic dermatitis, disease does
not develop if sensory nerves are ablated at birth by capsaicin and scratching is
prevented (362). In fact, many clinicians agree that the worst lesions in atopic

dermatitis are produced by scratching.
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Finally, itch was not directly measured in the mouse models. Preliminary
data from ongoing studies with collaborators indicate that mice lacking eosinophils
scratch less when topical dermatitis inducers are applied to ear skin. This was
measured by counting the number of scratches each mouse performed in a defined
time window. We did not perform behavioral studies such as these, and so the role

of eosinophils in itch is still undefined until that work is completed.

III. IMPLICATIONS

Our results give functional significance to previous reports of increased
eosinophil proteins in atopic dermatitis lesions and high numbers of eosinophils in
the blood of atopic dermatitis patients: one consequence of the presence of
eosinophils in the skin is an increase in nerve terminals. These findings are
important for several reasons.

First, we showed that eosinophils lead to increased neuron branching, which
might be responsible for increased sensation of itch in the skin. If this hypothesis is
correct, targeting eosinophils with therapeutics (such as anti-IL-5, anti-CCR3, anti-
ICAM-1) could eliminate the main clinical complaint in atopic dermatitis: itch. This
could be a breakthrough in treatment, to prevent the disease lesions from forming
after scratching, rather than simply reacting to them once they have formed.

Second, we have determined that mast cells are not responsible for the nerve
terminal increases. Previous studies have tried to associate blood mast cell products
or numbers with atopic dermatitis and have consistently shown no correlation with

disease. Plasma levels of the mast cell mediators histamine, tryptase or
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prostaglandin D2 are not increased in atopic dermatitis patients (363). Serum levels
of mast cell tryptase are not correlated to severity of atopic dermatitis (364), and
there is no difference in the number or function of mast cell progenitors circulating
in blood of patients with atopic dermatitis, compared to healthy subjects (365).
However, reports of mast cell localization near nerves in disease continue to
convince many researchers that they were crucial for disease development. Mast
cells are often located near nerves, in the skin and in ganglia, and this occurs under
both normal and pathological conditions (366-370). Sugiura and colleagues
reported that mast cells had invaded nerves in 9 out of 10 atopic dermatitis biopsies
that they examined, over a range of disease stages (371). However, they did not
examine healthy skin in their study. In addition, they reported that many of the mast
cells were degranulated. Our study only determined the number of intact mast cells
associated with nerves, and it is possible that this could be the source of difference
between the findings. A subsequent study found slight increases in dermal nerve-
mast cell contacts in atopic dermatitis, with lesional skin reaching statistical
significance (253). However, nerves and mast cells in the basement membrane and
papillary dermis were not significantly associated, except in nummular eczema.
Lesional atopic dermatitis skin had significantly more mast cell-nerve interactions,
but only in the regions below the papillary dermis. In addition, these authors did not
use a pan-neuronal marker, such as PGP9.5, but nerve subtype-specific markers.
They found increases in nerve fiber numbers, but the mast cell association was not

convincing.
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Third, we have linked seemingly unrelated findings into a more complete
model of the disease (Figure 6.4). In our hypothesis, barrier dysfunction allows
access to keratinocytes and fibroblasts, activates them and induces them to produce
eotaxins and other chemokines to recruit eosinophils. It is possible that
keratinocyte-released mediators also act on nerves, inducing their production of
eotaxin, ICAM-1, and VCAM-1. Eosinophils infiltrate the skin and are selectively
localized around nerves in the papillary dermis, perhaps due to changes in eotaxin
and adhesion molecule expression. Eosinophils become activated and degranulate,
potentially through cell adhesion molecule-mediated mechanisms, and induce a
program of neurite extension near the basement membrane zone between the
dermis and epidermis. The patient has more nerves in the skin, feels a sensation of
itch, scratches, and lesions develop. This cycle is an ongoing one, with a feed-
forward component, since eosinophil-produced IL-4 and TGF-B-1 enhance eotaxin’s
ability to recruit other eosinophils. This cycle only abates when topical or systemic
therapies intervene, decreasing eotaxin levels and inhibiting eosinophils from

entering the skin.

IV. LIMITATIONS

There were several limitations to this study. For the human skin portion, we
were able to obtain interesting and important data from the limited number of
biopsies. In the future, a larger number of samples will allow for refinement of our

hypothesis. In particular, more subjects would have helped the analysis of
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eosinophil proteins in the skin, as we, and others, have found that not all atopic
dermatitis patients have eosinophils. In addition, one of our normal subjects had
high eosinophils as well as a higher number of nerves. While this is interesting and
supports our hypothesis, it would have been better to have a larger number of
normal subjects, in order to confirm that this participant was definitely outside of
the normal range.

The mouse study also had its limitations, as the epicutaneous sensitization
model proved to be inconsistent. When the ovalbumin sensitization worked, the
eosinophils that were recruited to the skin led to increased nerve terminals. The
major drawback to the mouse protocol was determining eosinophil infiltration of
the skin only after the three rounds of sensitization were completed. Adding a mid-
term assay for OVA-specific IgE would be helpful in knowing earlier whether the
sensitization had occurred.

The other mouse limitations mostly involved small numbers of available
mice from other sources, and we are grateful for the slides that our collaborators
shared with us. This allowed us to generate provocative preliminary data for future
studies.

The sensory neuron and eosinophil co-culture experiments also had
limitations, which were mostly based on the experimental design and could not be
modified. DRG neurons isolated and placed into culture have many aspects of
regenerating neurons, so it is possible that their response to eosinophils in vitro do
not exactly model neurons in vivo. Because of this, we used mouse models to

confirm our in vitro findings. In addition, the mouse eosinophils used for co-culture
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were isolated from the blood of transgenic mice overexpressing IL-5. As discussed in
chapter 1, IL-5 can recruit eosinophils from the bone marrow and affect their
terminal maturation, but they can also activate eosinophils. We also used FACS to
purify eosinophils. It is possible, through either of these mechanisms, that the
eosinophils used in this study were activated and had enhanced, or simply different,
effects on neurons. If the activation status of eosinophils in these cultures becomes
important, it might be useful to use eosinophils differentiated from bone marrow
(123) or from parasite-infected mice, to determine the different potential
capabilities of differentially activated eosinophils to cause neurite outgrowth.
Parallel to this, the mast cells isolated from the peritonea of wild-type mice were not
activated by any exogenous agents in any way prior to co-culture with neurons. It is
possible that this is the reason for their lack of stimulation of DRG neurons to grow

or branch.
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V. FIGURES

Figure 6.1. Neuron cultures stained with anti-PGP 9.5 can be divided into
populations of large or small, and darkly or lightly staining cell bodies. DRG
neurons were isolated and cultured for 24 hours under various conditions, and then
fixed and stained with anti-PGP 9.5. Photographs were taken using the 40X
objective, and cell bodies in each photo were grouped as small (< 50 um) or large (>
50 um), or lightly or darkly staining. The arrow on the left is pointing to a large, dark

neuron, while the right arrow indicates a small, light cell body.
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Figure 6.2. Culture with eosinophils does not alter the relative number of DRG

neurons with small or large cell bodies. DRG neurons cultured alone (white),

with NGF (yellow), or with eosinophils (red) for 24 hours were stained with anti-

PGP 9.5 and quantified according to large or small cell bodies, and darkly or lightly

staining for PGP 9.5.
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Figure 6.3. Eosinophil-induced neurite branching does not occur
preferentially in peripherin-immunoreactive neurons. Cultures of neurons
were stained with anti-peripherin antibody. Representative photomicrograph

shown in (A). Quantification is shown in (B). n=3 experiments
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New model for atopic dermatitis

o Damaged epithelial barrier

1) Barrier dysfunction o

2) Activation of
keratinocytes,
release of cytokines
and chemokines,
activation of nerves.

3) Recruitment of
eosinophils and localization
around nerves in
papillary dermis

4) Nerve terminal
arborization

5) Increased itch

Figure 6.4. Model of atopic dermatitis development.

Barrier dysfunction activates keratinocytes and fibroblasts, which recruit
eosinophils through increased production of eotaxin and other chemokines.
Eosinophils infiltrate into skin, localize preferentially around nerves, and become
activated, possibly through cell adhesion molecule interactions. Eosinophils release
granules, which stimulate neurons to arborize in the papillary dermis and basement
membrane zone. The person (or mouse) feels an increased sensation of itch,

scratches the skin, and a lesion forms.

194



REFERENCES

1. Jacquet. 1904. Prurigo Besnier.

2. Engman, M. 1936. Med Clin North Am.

3. Wise, F., and Sulzberger, M. 1933. Footnote on the problem of eczema.
Neurodermatitis and lichenification. In The 1933 year book of dermatology
and syphilology. W. F, and S. MB, editors. Chicago: Year Book. 38-39.

4, Simpson, E.L., and Hanifin, ].M. 2006. Atopic dermatitis. Med Clin North Am
90:149-167, ix.

5. Bieber, T. 2008. Atopic dermatitis. N Engl ] Med 358:1483-1494.

6. Blaylock, W.K. 1976. Atopic dermatitis: diagnosis and pathobiology. ] Allergy
Clin Immunol 57:62-79.

7. Shahidullah, M., Raffle, E.]., Rimmer, A.R,, and Frain-Bell, W. 1969.
Transepidermal water loss in patients with dermatitis. Br ] Dermatol 81:722-
730.

8. [lli, S., von Mutius, E., Lau, S., Nickel, R., Gruber, C., Niggemann, B., and Wahn,
U. 2004. The natural course of atopic dermatitis from birth to age 7 years and
the association with asthma. J Allergy Clin Immunol 113:925-931.

0. Businco, L., Ziruolo, M.G., Ferrara, M., Benincori, N., Muraro, A., and
Giampietro, P.G. 1989. Natural history of atopic dermatitis in childhood: an
updated review and personal experience of a five-year follow-up. Allergy 44

Suppl 9:70-78.

195



10.

11.

12.

13.

14.

15.

Hanifin, ].M., and Lobitz, W.C,, Jr. 1977. Newer concepts of atopic dermatitis.
Arch Dermatol 113:663-670.

Hanifin, ], and Rajka, G. 1980. Diagnostic features of atopic dermatitis. Acta
Derm Venereol 92:44-47.

Williams, H.C., Burney, P.G., Pembroke, A.C., and Hay, R.]. 1994. The U.K.
Working Party's Diagnostic Criteria for Atopic Dermatitis. 1. Independent
hospital validation. Br ] Dermatol 131:406-416.

Williams, H.C., Burney, P.G., Strachan, D., and Hay, R.]. 1994. The U.K. Working
Party's Diagnostic Criteria for Atopic Dermatitis. II. Observer variation of
clinical diagnosis and signs of atopic dermatitis. Br ] Dermatol 131:397-405.
Akdis, C.A., Akdis, M., Bieber, T., Bindslev-Jensen, C., Boguniewicz, M.,
Eigenmann, P., Hamid, Q., Kapp, A., Leung, D.Y., Lipozencic, ]., et al. 2006.
Diagnosis and treatment of atopic dermatitis in children and adults:
European Academy of Allergology and Clinical Immunology/American
Academy of Allergy, Asthma and Immunology/PRACTALL Consensus Report.
Allergy 61:969-987.

Williams, H., Robertson, C., Stewart, A., Ait-Khaled, N., Anabwani, G.,
Anderson, R, Asher, I, Beasley, R., Bjorksten, B., Burr, M,, et al. 1999.
Worldwide variations in the prevalence of symptoms of atopic eczema in the
International Study of Asthma and Allergies in Childhood. J Allergy Clin

Immunol 103:125-138.

196



16.

17.

18.

19.

20.

21.

22.

23.

Tamburlini G, v.E.O., Bertollini R. 2002. Children's health and environment: A
review of evidence. Luxembourg: Office for Official Publications of the
European Communities. 1-227.

Smidesang, ., Saunes, M., Storro, O., Oien, T., Holmen, T.L., Johnsen, R., and
Henriksen, A.H. 2009. Allergy related disorders among 2-yrs olds in a general
population. The PACT Study. Pediatr Allergy Immunol.

Yura, A., and Shimizu, T. 2001. Trends in the prevalence of atopic dermatitis
in school children: longitudinal study in Osaka Prefecture, Japan, from 1985
to 1997. Br ] Dermatol 145:966-973.

Kay, ]., Gawkrodger, D.]., Mortimer, M.].,, and Jaron, A.G. 1994. The prevalence
of childhood atopic eczema in a general population. ] Am Acad Dermatol
30:35-39.

Laughter, D., Istvan, J.A,, Tofte, S.J., and Hanifin, ].M. 2000. The prevalence of
atopic dermatitis in Oregon schoolchildren. ] Am Acad Dermatol 43:649-655.
Hanifin, ].M., and Reed, M.L. 2007. A population-based survey of eczema
prevalence in the United States. Dermatitis 18:82-91.

Ellis, C.N., Drake, L.A., Prendergast, M.M., Abramovits, W., Boguniewicz, M.,
Daniel, C.R.,, Lebwohl, M,, Stevens, S.R., Whitaker-Worth, D.L., Cheng, ] W., et
al. 2002. Cost of atopic dermatitis and eczema in the United States. ] Am Acad
Dermatol 46:361-370.

Schultz Larsen, F.V., and Holm, N.V. 1985. Atopic dermatitis in a population
based twin series. Concordance rates and heritability estimation. Acta Derm

Venereol Suppl (Stockh) 114:159.
197



24.

25.

26.

27.

28.

29.

30.

Morar, N., Willis-Owen, S.A., Moffatt, M.F., and Cookson, W.0. 2006. The
genetics of atopic dermatitis. ] Allergy Clin Immunol 118:24-34; quiz 35-26.
Barnes, K.C. An update on the genetics of atopic dermatitis: scratching the
surface in 20009. J Allergy Clin Immunol 125:16-29 e11-11; quiz 30-11.
Howard, M., Farrar, ]., Hilfiker, M., Johnson, B., Takatsu, K., Hamaoka, T., and
Paul, W.E. 1982. Identification of a T cell-derived b cell growth factor distinct
from interleukin 2. ] Exp Med 155:914-923.

Minty, A, Chalon, P., Derocq, ].M., Dumont, X., Guillemot, ].C., Kaghad, M.,
Labit, C.,, Leplatois, P., Liauzun, P., Miloux, B., et al. 1993. Interleukin-13 is a
new human lymphokine regulating inflammatory and immune responses.
Nature 362:248-250.

Schall, T.J., Jongstra, ., Dyer, B.]., Jorgensen, ]., Clayberger, C., Davis, M.M., and
Krensky, A.M. 1988. A human T cell-specific molecule is a member of a new
gene family. ] Immunol 141:1018-1025.

Ponath, P.D., Qin, S., Ringler, D.J., Clark-Lewis, I., Wang, ]., Kassam, N., Smith,
H., Shi, X,, Gonzalo, J.A., Newman, W., et al. 1996. Cloning of the human
eosinophil chemoattractant, eotaxin. Expression, receptor binding, and
functional properties suggest a mechanism for the selective recruitment of
eosinophils. J Clin Invest 97:604-612.

Magert, H.J., Standker, L., Kreutzmann, P., Zucht, H.D., Reinecke, M.,
Sommerhoff, C.P., Fritz, H., and Forssmann, W.G. 1999. LEKT]I, a novel 15-
domain type of human serine proteinase inhibitor. /] Biol Chem 274:21499-

21502.
198



31.

32.

33.

34.

35.

36.

37.

38.

39.

Chavanas, S., Bodemer, C., Rochat, A., Hamel-Teillac, D., Ali, M., Irvine, A.D.,
Bonafe, ].L., Wilkinson, ]., Taieb, A., Barrandon, Y., et al. 2000. Mutations in
SPINKS5, encoding a serine protease inhibitor, cause Netherton syndrome.
Nat Genet 25:141-142.

Lapidus, C.S., Schwarz, D.F., and Honig, P.]. 1993. Atopic dermatitis in
children: who cares? Who pays? ] Am Acad Dermatol 28:699-703.

Sy, J.C., Kemp, A.S., Varigos, G.A., and Nolan, T.M. 1997. Atopic eczema: its
impact on the family and financial cost. Arch Dis Child 76:159-162.

Bickers, D.R,, Lim, H.W,, Margolis, D., Weinstock, M.A., Goodman, C., Faulkner,
E., Gould, C.,, Gemmen, E., and Dall, T. 2006. The burden of skin diseases: 2004
a joint project of the American Academy of Dermatology Association and the
Society for Investigative Dermatology. ] Am Acad Dermatol 55:490-500.
Uehara, M. 1985. Clinical and histological features of dry skin in atopic
dermatitis. Acta Derm Venereol Suppl (Stockh) 114:82-86.

Wolff, K.J., R; Suurmond, R. 2000. Fitzpatrick's Color Atlas and Synopsis of
Clinical Dermatology: McGraw-Hill Professional.

van Neste, D., Douka, M., Rahier, ]., and Staquet, M.]. 1985. Epidermal changes
in atopic dermatitis. Acta Derm Venereol Suppl (Stockh) 114:67-71.

Taieb, A. 1999. Hypothesis: from epidermal barrier dysfunction to atopic
disorders. Contact Dermatitis 41:177-180.

Hudson, T.J. 2006. Skin barrier function and allergic risk. Nat Genet 38:399-

400.

199



40.

41.

42,

43.

44,

45.

Palmer, C.N,, Irvine, A.D., Terron-Kwiatkowski, A., Zhao, Y., Liao, H., Lee, S.P.,
Goudie, D.R,, Sandilands, A., Campbell, L.E., Smith, F.]., et al. 2006. Common
loss-of-function variants of the epidermal barrier protein filaggrin are a
major predisposing factor for atopic dermatitis. Nat Genet 38:441-446.

Rice, N.E,, Patel, B.D,, Lang, l.A., Kumari, M., Frayling, T.M., Murray, A., and
Melzer, D. 2008. Filaggrin gene mutations are associated with asthma and
eczema in later life. J Allergy Clin Immunol 122:834-836.

Smith, F.J., Irvine, A.D., Terron-Kwiatkowski, A., Sandilands, A., Campbell, L.E.,
Zhao, Y., Liao, H., Evans, A.T., Goudie, D.R., Lewis-]Jones, S., et al. 2006. Loss-of-
function mutations in the gene encoding filaggrin cause ichthyosis vulgaris.
Nat Genet 38:337-342.

Scharschmidt, T.C., Man, M.Q., Hatano, Y., Crumrine, D., Gunathilake, R,,
Sundberg, ].P., Silva, K.A.,, Mauro, T.M., Hupe, M,, Cho, S., et al. 2009. Filaggrin
deficiency confers a paracellular barrier abnormality that reduces
inflammatory thresholds to irritants and haptens. ] Allergy Clin Immunol
124:496-506, 506 e491-496.

Oyoshi, M.K,, Murphy, G.F., and Geha, R.S. 2009. Filaggrin-deficient mice
exhibit TH17-dominated skin inflammation and permissiveness to
epicutaneous sensitization with protein antigen. J Allergy Clin Immunol
124:485-493, 493 e481.

Lane, P.W. 1972. Two new mutations in linkage group XVI of the house

mouse. Flaky tail and varitint-waddler-]. ] Hered 63:135-140.

200



46.

47.

48.

49,

50.

51.

52.

Sundberg, J. 1984. The flaky tail (ft) mutation. In Handbook of mouse
mutations with skin and hair abnormalities. ]. Sundberg, editor. Ann Arbor:
CRC Press. 269-273.

Presland, R.B., Boggess, D., Lewis, S.P., Hull, C., Fleckman, P., and Sundberg,
J.P. 2000. Loss of normal profilaggrin and filaggrin in flaky tail (ft/ft) mice: an
animal model for the filaggrin-deficient skin disease ichthyosis vulgaris. J
Invest Dermatol 115:1072-1081.

Guttman-Yassky, E., Suarez-Farinas, M., Chiricozzi, A., Nograles, K.E., Shemer,
A., Fuentes-Duculan, ]., Cardinale, L, Lin, P., Bergman, R., Bowcock, A.M,, et al.
2009. Broad defects in epidermal cornification in atopic dermatitis identified
through genomic analysis. ] Allergy Clin Immunol 124:1235-1244 e1258.
Matsumoto, M., Zhou, Y., Matsuo, S., Nakanishi, H., Hirose, K., Oura, H., Arase,
S., Ishida-Yamamoto, A., Bando, Y., Izumi, K,, et al. 2008. Targeted deletion of
the murine corneodesmosin gene delineates its essential role in skin and hair
physiology. Proc Natl Acad Sci U S A 105:6720-6724.

Braathen, L.R,, Forre, O., Natvig, ].B., and Eeg-Larsen, T. 1979. Predominance
of T lymphocytes in the dermal infiltrate of atopic dermatitis. Br ] Dermatol
100:511-5109.

Reinhold, U., Kukel, S., Goeden, B., Neumann, U., and Kreysel, H.W. 1991.
Functional characterization of skin-infiltrating lymphocytes in atopic
dermatitis. Clin Exp Immunol 86:444-448.

Sager, N., Feldmann, A., Schilling, G., Kreitsch, P., and Neumann, C. 1992.

House dust mite-specific T cells in the skin of subjects with atopic dermatitis:
201



53.

54.

55.

56.

57.

58.

frequency and lymphokine profile in the allergen patch test. ] Allergy Clin
Immunol 89:801-810.

van Reijsen, F.C., Bruijnzeel-Koomen, C.A., Kalthoff, F.S., Maggi, E., Romagnani,
S., Westland, J.K.,, and Mudde, G.C. 1992. Skin-derived aeroallergen-specific T-
cell clones of Th2 phenotype in patients with atopic dermatitis. ] Allergy Clin
Immunol 90:184-193.

Zachary, C.B., Poulter, L.W., and MacDonald, D.M. 1985. Cell-mediated
immune responses in atopic dermatitis: the relevance of antigen-presenting
cells. Br ] Dermatol 113 Suppl 28:10-16.

Zachary, C.B., Allen, M.H., and MacDonald, D.M. 1985. In situ quantification of
T-lymphocyte subsets and Langerhans cells in the inflammatory infiltrate of
atopic eczema. Br ] Dermatol 112:149-156.

Verhagen, |., Akdis, M., Traidl-Hoffmann, C., Schmid-Grendelmeier, P., Hijnen,
D., Kno], E.F., Behrendt, H., Blaser, K., and Akdis, C.A. 2006. Absence of T-
regulatory cell expression and function in atopic dermatitis skin. J Allergy Clin
Immunol 117:176-183.

Hamid, Q., Boguniewicz, M., and Leung, D.Y. 1994. Differential in situ cytokine
gene expression in acute versus chronic atopic dermatitis. J Clin Invest
94:870-876.

Taha, R.A,, Leung, D.Y., Ghaffar, 0., Boguniewicz, M., and Hamid, Q. 1998. In
vivo expression of cytokine receptor mRNA in atopic dermatitis.  Allergy Clin

Immunol 102:245-250.

202



59.

60.

61.

62.

63.

64.

Kagi, M.K., Wuthrich, B., Montano, E., Barandun, J., Blaser, K., and Walker, C.
1994. Differential cytokine profiles in peripheral blood lymphocyte
supernatants and skin biopsies from patients with different forms of atopic
dermatitis, psoriasis and normal individuals. Int Arch Allergy Immunol
103:332-340.

Flohr, C,, Johansson, S.G., Wahlgren, C.F., and Williams, H. 2004. How atopic is
atopic dermatitis? J Allergy Clin Immunol 114:150-158.
Langeveld-Wildschut, E.G., Bruijnzeel, P.L., Mudde, G.C., Versluis, C., Van
Ieperen-Van Dijk, A.G., Bihari, I.C., Knol, E.F., Thepen, T., Bruijnzeel-Koomen,
C.A, and van Reijsen, F.C. 2000. Clinical and immunologic variables in skin of
patients with atopic eczema and either positive or negative atopy patch test
reactions. | Allergy Clin Immunol 105:1008-1016.

Akdis, C.A., Akdis, M., Simon, D., Dibbert, B.,, Weber, M., Gratzl, S., Kreyden, O.,
Disch, R., Wuthrich, B., Blaser, K., et al. 1999. T cells and T cell-derived
cytokines as pathogenic factors in the nonallergic form of atopic dermatitis. J
Invest Dermatol 113:628-634.

Rho, N.K,, Kim, W.S,, Lee, D.Y,, Lee, ].H., Lee, E.S,, and Yang, ].M. 2004.
Immunophenotyping of inflammatory cells in lesional skin of the extrinsic
and intrinsic types of atopic dermatitis. Br ] Dermatol 151:119-125.
Johansson, S.G., Bieber, T., Dahl, R, Friedmann, P.S., Lanier, B.Q., Lockey, R.F.,
Motala, C., Ortega Martell, ].A., Platts-Mills, T.A., Ring, ]., et al. 2004. Revised

nomenclature for allergy for global use: Report of the Nomenclature Review

203



65.

66.

67.

68.

69.

70.

71.

Committee of the World Allergy Organization, October 2003. ] Allergy Clin
Immunol 113:832-836.

Soter, N.A. 1989. Morphology of atopic eczema. Allergy 44 Suppl 9:16-19.
Wahlgren, C.F., Hagermark, O., and Bergstrom, R. 1990. The antipruritic effect
of a sedative and a non-sedative antihistamine in atopic dermatitis. Br J
Dermatol 122:545-551.

Munday, J., Bloomfield, R., Goldman, M., Robey, H., Kitowska, G.J., Gwiezdziski,
Z., Wankiewicz, A., Marks, R,, Protas-Drozd, F., and Mikaszewska, M. 2002.
Chlorpheniramine is no more effective than placebo in relieving the
symptoms of childhood atopic dermatitis with a nocturnal itching and
scratching component. Dermatology 205:40-45.

Hanifin, ].M., Cooper, K.D., Ho, V.C,, Kang, S., Krafchik, B.R., Margolis, D.J.,
Schachner, L.A,, Sidbury, R., Whitmore, S.E., Sieck, C.K,, et al. 2004. Guidelines
of care for atopic dermatitis, developed in accordance with the American
Academy of Dermatology (AAD)/American Academy of Dermatology
Association "Administrative Regulations for Evidence-Based Clinical Practice
Guidelines". ] Am Acad Dermatol 50:391-404.

Brown. 2008. Dermatology Online Journal.

Kawana, S., Kato, Y., and Omi, T. Efficacy of a 5-HT receptor agonist in atopic
dermatitis. Clin Exp Dermatol.

Hanifin, ].M., Chan, S.C., Cheng, ].B., Tofte, S.J., Henderson, W.R,, Jr., Kirby, D.S.,

and Weiner, E.S. 1996. Type 4 phosphodiesterase inhibitors have clinical and

204



72.

73.

74.

75.

76.

77.

78.

in vitro anti-inflammatory effects in atopic dermatitis. J Invest Dermatol
107:51-56.

van Joost, T., Kozel, M.M,, Tank, B., Troost, R., and Prens, E.P. 1992.
Cyclosporine in atopic dermatitis. Modulation in the expression of
immunologic markers in lesional skin. ] Am Acad Dermatol 27:922-928.
Berth-Jones, ]., Damstra, R.J., Golsch, S., Livden, ].K., Van Hooteghem, O.,
Allegra, F., and Parker, C.A. 2003. Twice weekly fluticasone propionate added
to emollient maintenance treatment to reduce risk of relapse in atopic
dermatitis: randomised, double blind, parallel group study. BMJ 326:1367.
Grassberger, M., Baumruker, T., Enz, A,, Hiestand, P., Hultsch, T., Kalthoff, F.,
Schuler, W., Schulz, M., Werner, F.]., Winiski, A., et al. 1999. A novel anti-
inflammatory drug, SDZ ASM 981, for the treatment of skin diseases: in vitro
pharmacology. Br ] Dermatol 141:264-273.

Archer, G.T., and Hirsch, ]J.G. 1963. Isolation of Granules from Eosinophil
Leucocytes and Study of Their Enzyme Content. ] Exp Med 118:277-286.
Macario, A.]. 1966. Morphological variations in the eosinophil granule
revealed by cytochemical methods. Nature 211:873.

Bainton, D.F., and Farquhar, M.G. 1970. Segregation and packaging of granule
enzymes in eosinophilic leukocytes. J Cell Biol 45:54-73.

Weller, P.F., Goetzl, E.]., and Austen, K.F. 1980. Identification of human
eosinophil lysophospholipase as the constituent of Charcot-Leyden crystals.

Proc Natl Acad SciUS A 77:7440-7443.

205



79.

80.

81.

82.

83.

84.

85.

86.

Archer, G.T., and Blackwood, A. 1965. Formation of Charcot-Leyden Crystals
in Human Eosinophils and Basophils and Study of the Composition of
[solated Crystals. ] Exp Med 122:173-180.

Miller, F., de Harven, E., and Palade, G.E. 1966. The structure of eosinophil
leukocyte granules in rodents and in man. J Cell Biol 31:349-362.

Archer, G.T. 1962. Release of peroxidase from eosinophil granules in vitro.
Nature 194:973-974.

Archer, G.T., and Hirsch, ].G. 1963. Motion Picture Studies on Degranulation
of Horse Eosinophils during Phagocytosis. | Exp Med 118:287-294.

Gleich, G.J., Loegering, D.A., and Maldonado, J.E. 1973. Identification of a
major basic protein in guinea pig eosinophil granules. | Exp Med 137:1459-
1471.

Olsson, 1., Venge, P., Spitznagel, ].K.,, and Lehrer, R.I. 1977. Arginine-rich
cationic proteins of human eosinophil granules: comparison of the
constituents of eosinophilic and neutrophilic leukocytes. Lab Invest 36:493-
500.

Ackerman, S.J., Kephart, G.M., Habermann, T.M., Greipp, P.R., and Gleich, G.J.
1983. Localization of eosinophil granule major basic protein in human
basophils. ] Exp Med 158:946-961.

Macias, M.P., Welch, K.C., Denzler, K.L., Larson, K.A., Lee, N.A., and Lee, ].J.
2000. Identification of a new murine eosinophil major basic protein (mMBP)

gene: cloning and characterization of mMBP-2. | Leukoc Biol 67:567-576.

206



87.

88.

89.

90.

91.

92.

93.

94,

Venge, P., Zetterstrom, O., Dahl, R., Roxin, L.E., and Olsson, 1. 1977. Low levels
of eosinophil cationic proteins in patients with asthma. Lancet 2:373-375.
Fredens, K., Dahl, R, and Venge, P. 1982. The Gordon phenomenon induced
by the eosinophil cationic protein and eosinophil protein X. J Allergy Clin
Immunol 70:361-366.

Gordon. 1932. Studies of the aetiology of lymphadenoma. Bristol, England:
John Wright and Sons Ltd. 7-76.

van Rooyen, C. 1933. Recent Experimental Work on the Aetiology of
Hodgkin's Disease. The British Medical Journal:562-563.

Rosenberg, H.F., Ackerman, S.J., and Tenen, D.G. 1989. Human eosinophil
cationic protein. Molecular cloning of a cytotoxin and helminthotoxin with
ribonuclease activity. ] Exp Med 170:163-176.

Durack, D.T., Ackerman, S.J., Loegering, D.A., and Gleich, G.]. 1981. Purification
of human eosinophil-derived neurotoxin. Proc Natl Acad Sci U S A 78:5165-
5169.

Rosenberg, H.F., Tenen, D.G., and Ackerman, S.J. 1989. Molecular cloning of
the human eosinophil-derived neurotoxin: a member of the ribonuclease
gene family. Proc Natl Acad Sci U S A 86:4460-4464.

Melo, R.C., Spencer, L.A., Dvorak, A.M., and Weller, P.F. 2008. Mechanisms of
eosinophil secretion: large vesiculotubular carriers mediate transport and
release of granule-derived cytokines and other proteins. J Leukoc Biol

83:229-236.

207



95. McLaren, D.]J., Mackenzie, C.D., and Ramalho-Pinto, F.J. 1977. Ultrastructural
observations on the in vitro interaction between rat eosinophils and some
parasitic helminths (Schistosoma mansoni, Trichinella spiralis and
Nippostrongylus brasiliensis). Clin Exp Immunol 30:105-118.

96. Neves, ].S., and Weller, P.F. 2009. Functional extracellular eosinophil
granules: novel implications in eosinophil immunobiology. Curr Opin
Immunol 21:694-699.

97. Melo, R.C., Perez, S.A., Spencer, L.A., Dvorak, A.M., and Weller, P.F. 2005.
Intragranular vesiculotubular compartments are involved in piecemeal
degranulation by activated human eosinophils. Traffic 6:866-879.

98. Neves, ].S., Perez, S.A., Spencer, L.A., Melo, R.C., Reynolds, L., Ghiran, I,
Mahmudi-Azer, S., Odemuyiwa, S.0., Dvorak, A.M., Moqgbel, R,, et al. 2008.
Eosinophil granules function extracellularly as receptor-mediated secretory
organelles. Proc Natl Acad Sci U S A 105:18478-18483.

99, Tai, P.C,, Hayes, D.]., Clark, ].B., and Spry, C.J. 1982. Toxic effects of human
eosinophil products on isolated rat heart cells in vitro. Biochem ] 204:75-80.

100. Frigas, E., Loegering, D.A., and Gleich, G.J. 1980. Cytotoxic effects of the guinea
pig eosinophil major basic protein on tracheal epithelium. Lab Invest 42:35-
43.

101. Gleich, G.J., Frigas, E., Loegering, D.A., Wassom, D.L., and Steinmuller, D. 1979.
Cytotoxic properties of the eosinophil major basic protein. ] Immunol

123:2925-2927.

208



102.

103.

104.

105.

106.

107.

108.

Liu, L.Y., Mathur, S.K,, Sedgwick, ].B., Jarjour, N.N., Busse, W.W.,, and Kelly, E.A.
2006. Human airway and peripheral blood eosinophils enhance Th1 and Th2
cytokine secretion. Allergy 61:589-597.

Erjefalt, ].S., Greiff, L., Andersson, M., Adelroth, E., Jeffery, P.K,, and Persson,
C.G. 2001. Degranulation patterns of eosinophil granulocytes as determinants
of eosinophil driven disease. Thorax 56:341-344.

Strath, M., and Sanderson, C.J. 1985. Production and functional properties of
eosinophils from bone marrow cultures. J Cell Sci 74:207-217.

Mori, Y., Iwasaki, H., Kohno, K., Yoshimoto, G., Kikushige, Y., Okeda, A., Uike,
N., Niiro, H., Takenaka, K., Nagafuji, K., et al. 2009. Identification of the human
eosinophil lineage-committed progenitor: revision of phenotypic definition
of the human common myeloid progenitor. | Exp Med 206:183-193.

Iwasaki, H., Mizuno, S., Mayfield, R., Shigematsu, H., Arinobu, Y., Seed, B.,
Gurish, M.F., Takatsu, K., and Akashi, K. 2005. Identification of eosinophil
lineage-committed progenitors in the murine bone marrow. J Exp Med
201:1891-1897.

Akashi, K., Traver, D., Miyamoto, T., and Weissman, [.L. 2000. A clonogenic
common myeloid progenitor that gives rise to all myeloid lineages. Nature
404:193-197.

Lopez, A.F., Begley, C.G., Williamson, D.]., Warren, D.J., Vadas, M.A., and
Sanderson, C.J. 1986. Murine eosinophil differentiation factor. An eosinophil-
specific colony-stimulating factor with activity for human cells. ] Exp Med

163:1085-1099.
209



109.

110.

111.

112.

113.

114.

115.

Sanderson, C.J., Warren, D.]., and Strath, M. 1985. Identification of a
lymphokine that stimulates eosinophil differentiation in vitro. Its
relationship to interleukin 3, and functional properties of eosinophils
produced in cultures. ] Exp Med 162:60-74.

Sanderson, C.J., O'Garra, A., Warren, D.]., and Klaus, G.G. 1986. Eosinophil
differentiation factor also has B-cell growth factor activity: proposed name
interleukin 4. Proc Natl Acad Sci U S A 83:437-440.

Ottmann, O.G., Abboud, M., Welte, K., Souza, L.M., and Pelus, L.M. 1989.
Stimulation of human hematopoietic progenitor cell proliferation and
differentiation by recombinant human interleukin 3. Comparison and
interactions with recombinant human granulocyte-macrophage and
granulocyte colony-stimulating factors. Exp Hematol 17:191-197.
Sanderson, C.J., and Klaus, G.G. 1986. Interleukin terminology in disarray.
Nature 320:687-688.

Mita, S., Harada, N., Naomi, S., Hitoshi, Y., Sakamoto, K., Akagi, M., Tominaga,
A., and Takatsu, K. 1988. Receptors for T cell-replacing factor/interleukin 5.
Specificity, quantitation, and its implication. | Exp Med 168:863-878.
Campbell, H.D., Tucker, W.Q., Hort, Y., Martinson, M.E., Mayo, G., Clutterbuck,
E.J.,, Sanderson, C.J., and Young, .G. 1987. Molecular cloning, nucleotide
sequence, and expression of the gene encoding human eosinophil
differentiation factor (interleukin 5). Proc Natl Acad Sci U S A 84:6629-6633.
Tavernier, J., Devos, R, Cornelis, S., Tuypens, T., Van der Heyden, J., Fiers, W,

and Plaetinck, G. 1991. A human high affinity interleukin-5 receptor (IL5R) is
210



116.

117.

118.

119.

120.

121.

composed of an IL5-specific alpha chain and a beta chain shared with the
receptor for GM-CSF. Cell 66:1175-1184.

Devos, R, Plaetinck, G., Van der Heyden, |., Cornelis, S., Vandekerckhove, ].,
Fiers, W., and Tavernier, ]. 1991. Molecular basis of a high affinity murine
interleukin-5 receptor. EMBO ] 10:2133-2137.

Clutterbuck, E.J., and Sanderson, C.J. 1988. Human eosinophil hematopoiesis
studied in vitro by means of murine eosinophil differentiation factor (IL5):
production of functionally active eosinophils from normal human bone
marrow. Blood 71:646-651.

Saito, H., Hatake, K., Dvorak, A.M.,, Leiferman, K.M., Donnenberg, A.D., Arai, N.,
[shizaka, K., and Ishizaka, T. 1988. Selective differentiation and proliferation
of hematopoietic cells induced by recombinant human interleukins. Proc Natl
Acad Sci U S A 85:2288-2292.

Yamaguchi, Y., Suda, T., Suda, J., Eguchi, M., Miura, Y., Harada, N., Tominaga,
A., and Takatsu, K. 1988. Purified interleukin 5 supports the terminal
differentiation and proliferation of murine eosinophilic precursors. ] Exp Med
167:43-56.

Pierce, A.,, Whetton, A.D., Owen-Lynch, P.J., Tavernier, ]J., Spooncer, E., Dexter,
T.M., and Heyworth, C.M. 1998. Ectopic interleukin-5 receptor expression
promotes proliferation without development in a multipotent hematopoietic
cell line. J Cell Sci 111 ( Pt 6):815-823.

Lee, N.A,, McGarry, M.P., Larson, K.A,, Horton, M.A,, Kristensen, A.B., and Lee,

J.J. 1997. Expression of IL-5 in thymocytes/T cells leads to the development
211



122.

123.

124.

125.

126.

127.

of a massive eosinophilia, extramedullary eosinophilopoiesis, and unique
histopathologies. ] Immunol 158:1332-1344.

Rosenberg, H.F., Dyer, K.D., and Li, F. 1996. Characterization of eosinophils
generated in vitro from CD34+ peripheral blood progenitor cells. Exp
Hematol 24:888-893.

Dyer, K.D., Moser, ].M., Czapiga, M., Siegel, S.J., Percopo, C.M., and Rosenberg,
H.F. 2008. Functionally competent eosinophils differentiated ex vivo in high
purity from normal mouse bone marrow. /] Immunol 181:4004-4009.

Choi, K.D., Vodyanik, M.A., and Slukvin, II. 2009. Generation of mature human
myelomonocytic cells through expansion and differentiation of pluripotent
stem cell-derived lin-CD34+CD43+CD45+ progenitors. J Clin Invest 119:2818-
2829.

Hirasawa, R., Shimizu, R., Takahashi, S., Osawa, M., Takayanagji, S., Kato, Y.,
Onodera, M., Minegishi, N., Yamamoto, M., Fukao, K., et al. 2002. Essential and
instructive roles of GATA factors in eosinophil development. ] Exp Med
195:1379-1386.

Zhang, D.E., Zhang, P., Wang, N.D., Hetherington, C.J., Darlington, G.J., and
Tenen, D.G. 1997. Absence of granulocyte colony-stimulating factor signaling
and neutrophil development in CCAAT enhancer binding protein alpha-
deficient mice. Proc Natl Acad Sci U S A 94:569-574.

Du, ., Stankiewicz, M.].,, Liu, Y., Xi, Q., Schmitz, J.E., Lekstrom-Himes, J.A., and

Ackerman, S.J. 2002. Novel combinatorial interactions of GATA-1, PU.1, and

212



128.

129.

130.

131.

132.

133.

134.

C/EBPepsilon isoforms regulate transcription of the gene encoding
eosinophil granule major basic protein. / Biol Chem 277:43481-43494.
Gombart, A.F., Kwok, S.H., Anderson, K.L., Yamaguchi, Y., Torbett, B.E., and
Koeffler, H.P. 2003. Regulation of neutrophil and eosinophil secondary
granule gene expression by transcription factors C/EBP epsilon and PU.1.
Blood 101:3265-3273.

Yu, C.,, Cantor, A.B,, Yang, H., Browne, C., Wells, R.A., Fujiwara, Y., and Orkin,
S.H. 2002. Targeted deletion of a high-affinity GATA-binding site in the GATA-
1 promoter leads to selective loss of the eosinophil lineage in vivo. | Exp Med
195:1387-1395.

Bedi, R,, Du, J., Sharma, A.K., Gomes, I., and Ackerman, S.J]. 2009. Human
C/EBP-epsilon activator and repressor isoforms differentially reprogram
myeloid lineage commitment and differentiation. Blood 113:317-327.
Mogbel, R.L., R; Adamko, DJ; Odemuyiwa, SO. 2008. Biology of Eosinophils. In
Adkinson: Middleton's Allergy: Principles and Practice, 7th ed.: Mosby.

Krause, J.R.,, and Boggs, D.R. 1987. Search for eosinopenia in hospitalized
patients with normal blood leukocyte concentration. Am | Hematol 24:55-63.
Carlens, J.,, Wahl, B., Ballmaier, M., Bulfone-Paus, S., Forster, R., and Pabst, O.
2009. Common gamma-chain-dependent signals confer selective survival of
eosinophils in the murine small intestine. ] Immunol 183:5600-5607.
Yamaguchi, Y., Hayashi, Y., Sugama, Y., Miura, Y., Kasahara, T., Kitamura, S.,
Torisu, M., Mita, S., Tominaga, A., and Takatsu, K. 1988. Highly purified

murine interleukin 5 (IL-5) stimulates eosinophil function and prolongs in
213



135.

136.

137.

138.

139.

140.

141.

vitro survival. IL-5 as an eosinophil chemotactic factor. ] Exp Med 167:1737-
1742.

Lopez, A.F., Sanderson, C.J., Gamble, ].R., Campbell, H.D., Young, 1.G., and
Vadas, M.A. 1988. Recombinant human interleukin 5 is a selective activator of
human eosinophil function. /] Exp Med 167:219-224.

Yamaguchi, Y., Suda, T., Ohta, S., Tominaga, K., Miura, Y., and Kasahara, T.
1991. Analysis of the survival of mature human eosinophils: interleukin-5
prevents apoptosis in mature human eosinophils. Blood 78:2542-2547.
Collins, P.D., Marleau, S., Griffiths-Johnson, D.A., Jose, P.]., and Williams, T.].
1995. Cooperation between interleukin-5 and the chemokine eotaxin to
induce eosinophil accumulation in vivo. ] Exp Med 182:1169-1174.
Combadiere, C., Ahuja, S.K., and Murphy, P.M. 1995. Cloning and functional
expression of a human eosinophil CC chemokine receptor. ] Biol Chem
270:16491-16494.

Daugherty, B.L., Siciliano, S.J., DeMartino, J.A., Malkowitz, L., Sirotina, A., and
Springer, M.S. 1996. Cloning, expression, and characterization of the human
eosinophil eotaxin receptor. | Exp Med 183:2349-2354.

Ponath, P.D,, Qin, S, Post, T.W., Wang, ]., Wu, L., Gerard, N.P.,, Newman, W.,
Gerard, C., and Mackay, C.R. 1996. Molecular cloning and characterization of a
human eotaxin receptor expressed selectively on eosinophils. ] Exp Med
183:2437-2448.

Kitaura, M., Nakajima, T., Imai, T., Harada, S., Combadiere, C., Tiffany, H.L.,

Murphy, P.M,, and Yoshie, 0. 1996. Molecular cloning of human eotaxin, an
214



142.

143.

144.

145.

146.

eosinophil-selective CC chemokine, and identification of a specific eosinophil
eotaxin receptor, CC chemokine receptor 3. ] Biol Chem 271:7725-7730.
Griffiths-Johnson, D.A., Collins, P.D., Rossi, A.G., Jose, P.]., and Williams, T.].
1993. The chemokine, eotaxin, activates guinea-pig eosinophils in vitro and
causes their accumulation into the lung in vivo. Biochem Biophys Res Commun
197:1167-1172.

Jose, P.]., Griffiths-Johnson, D.A., Collins, P.D., Walsh, D.T., Mogbel, R., Totty,
N.F,, Truong, O., Hsuan, ].J., and Williams, T.J. 1994. Eotaxin: a potent
eosinophil chemoattractant cytokine detected in a guinea pig model of
allergic airways inflammation. /] Exp Med 179:881-887.

Kitaura, M., Suzuki, N., Imai, T., Takagi, S., Suzuki, R., Nakajima, T., Hirai, K.,
Nomiyama, H., and Yoshie, 0. 1999. Molecular cloning of a novel human CC
chemokine (Eotaxin-3) that is a functional ligand of CC chemokine receptor 3.
] Biol Chem 274:27975-27980.

Forssmann, U., Uguccioni, M., Loetscher, P., Dahinden, C.A., Langen, H.,
Thelen, M., and Baggiolini, M. 1997. Eotaxin-2, a novel CC chemokine that is
selective for the chemokine receptor CCR3, and acts like eotaxin on human
eosinophil and basophil leukocytes. ] Exp Med 185:2171-2176.

White, ].R., Imburgia, C., Dul, E., Appelbaum, E., 0'Donnell, K., O'Shannessy,
D.J.,, Brawner, M., Fornwald, ]., Adamou, ]., Elshourbagy, N.A., et al. 1997.
Cloning and functional characterization of a novel human CC chemokine that
binds to the CCR3 receptor and activates human eosinophils. | Leukoc Biol

62:667-675.
215



147.

148.

149.

150.

151.

152.

153.

Shinkai, A., Yoshisue, H., Koike, M., Shoji, E., Nakagawa, S., Saito, A., Takeda, T.,
Imabeppu, S., Kato, Y., Hanai, N., et al. 1999. A novel human CC chemokine,
eotaxin-3, which is expressed in IL-4-stimulated vascular endothelial cells,
exhibits potent activity toward eosinophils. ] Immunol 163:1602-1610.
Elsner, ., Hochstetter, R., Kimmig, D., and Kapp, A. 1996. Human eotaxin
represents a potent activator of the respiratory burst of human eosinophils.
Eur ] Immunol 26:1919-1925.

Tenscher, K., Metzner, B., Schopf, E., Norgauer, ]., and Czech, W. 1996.
Recombinant human eotaxin induces oxygen radical production, Ca(2+)-
mobilization, actin reorganization, and CD11b upregulation in human
eosinophils via a pertussis toxin-sensitive heterotrimeric guanine nucleotide-
binding protein. Blood 88:3195-3199.

Nopp, A., Lundahl, J., and Hallden, G. 2000. Quantitative, rather than
qualitative, differences in CD69 upregulation in human blood eosinophils
upon activation with selected stimuli. Allergy 55:148-156.

Lamkhioued, B., Abdelilah, S.G., Hamid, Q., Mansour, N., Delespesse, G., and
Renzi, P.M. 2003. The CCR3 receptor is involved in eosinophil differentiation
and is up-regulated by Th2 cytokines in CD34+ progenitor cells. ] Immunol
170:537-547.

Janeway, C.T., P; Walport, M; Sclomchik, M. 2001. Immunobiology: The
immune system in health and disease. New York City: Garland Publishing.
Osborn, L., Hession, C., Tizard, R., Vassallo, C., Luhowskyj, S., Chi-Rosso, G.,

and Lobb, R. 1989. Direct expression cloning of vascular cell adhesion
216



154.

155.

156.

157.

158.

159.

molecule 1, a cytokine-induced endothelial protein that binds to
lymphocytes. Cell 59:1203-1211.

Dustin, M.L., Rothlein, R., Bhan, A.K,, Dinarello, C.A., and Springer, T.A. 1986.
Induction by IL 1 and interferon-gamma: tissue distribution, biochemistry,
and function of a natural adherence molecule (ICAM-1). ] Immunol 137:245-
254.

Springer, T.A. 1994. Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm. Cell 76:301-314.

Butcher, E.C, and Picker, L.]. 1996. Lymphocyte homing and homeostasis.
Science 272:60-66.

Marlin, S.D., and Springer, T.A. 1987. Purified intercellular adhesion
molecule-1 (ICAM-1) is a ligand for lymphocyte function-associated antigen 1
(LFA-1). Cell 51:813-8109.

Elices, M.]., Osborn, L., Takada, Y., Crouse, C., Luhowskyj, S., Hemler, M.E., and
Lobb, R.R. 1990. VCAM-1 on activated endothelium interacts with the
leukocyte integrin VLA-4 at a site distinct from the VLA-4/fibronectin
binding site. Cell 60:577-584.

Weller, P.F,, Rand, T.H., Goelz, S.E., Chi-Rosso, G., and Lobb, R.R. 1991. Human
eosinophil adherence to vascular endothelium mediated by binding to
vascular cell adhesion molecule 1 and endothelial leukocyte adhesion

molecule 1. Proc Natl Acad Sci U S A 88:7430-7433.

217



160.

161.

162.

163.

164.

165.

Bainton, D.F., Miller, L.]., Kishimoto, T.K., and Springer, T.A. 1987. Leukocyte
adhesion receptors are stored in peroxidase-negative granules of human
neutrophils. ] Exp Med 166:1641-1653.

Jia, G.Q., Gonzalo, J.A., Hidalgo, A., Wagner, D., Cybulsky, M., and Gutierrez-
Ramos, J.C. 1999. Selective eosinophil transendothelial migration triggered
by eotaxin via modulation of Mac-1/ICAM-1 and VLA-4/VCAM-1 interactions.
Int Immunol 11:1-10.

Chihara, ]., Yamamoto, T., Kayaba, H., Kakazu, T., Kurachi, D., Yamamoto, .,
Iwasa, S., lida, K., Urayama, O., and Kobayashi, Y. 1999. Degranulation of
eosinophils mediated by intercellular adhesion molecule-1 and its ligands is
involved in adhesion molecule expression on endothelial cells-selective
induction of VCAM-1. J Allergy Clin Immunol 103:S452-456.

Ali, S, Kaur, J., and Patel, K.D. 2000. Intercellular cell adhesion molecule-1,
vascular cell adhesion molecule-1, and regulated on activation normal T cell
expressed and secreted are expressed by human breast carcinoma cells and
support eosinophil adhesion and activation. Am J Pathol 157:313-321.
Sawatzky, D.A,, Kingham, P.]., Court, E., Kumaravel, B., Fryer, A.D., Jacoby, D.B.,
McLean, W.G., and Costello, R.W. 2002. Eosinophil adhesion to cholinergic
nerves via ICAM-1 and VCAM-1 and associated eosinophil degranulation. Am
] Physiol Lung Cell Mol Physiol 282:1L.1279-1288.

Barthel, S.R,, Jarjour, N.N., Mosher, D.F., and Johansson, M.W. 2006. Dissection
of the hyperadhesive phenotype of airway eosinophils in asthma. Am J Respir

Cell Mol Biol 35:378-386.
218



166.

167.

168.

169.

170.

171.

172.

173.

Lucey, D.R., Nicholson-Weller, A., and Weller, P.F. 1989. Mature human
eosinophils have the capacity to express HLA-DR. Proc Natl Acad Sci U S A
86:1348-1351.

Weller, P.F., Rand, T.H., Barrett, T., Elovic, A,, Wong, D.T., and Finberg, RW.
1993. Accessory cell function of human eosinophils. HLA-DR-dependent,
MHC-restricted antigen-presentation and IL-1 alpha expression. ] Immunol
150:2554-2562.

Koeffler, H.P., Billing, R., Levine, A.M., and Golde, D.W. 1980. Ia antigen is a
differentiation marker on human eosinophils. Blood 56:11-14.

Cline, M.]., Hanifin, J., and Lehrer, R.I. 1968. Phagocytosis by human
eosinophils. Blood 32:922-934.

Basten, A., Boyer, M.H., and Beeson, P.B. 1970. Mechanism of eosinophilia. I.
Factors affecting the eosinophil response of rats to Trichinella spiralis. | Exp
Med 131:1271-1287.

Densen, P., Mahmoud, A.A.,, Sullivan, J.,, Warren, K.S., and Mandell, G.L. 1978.
Demonstration of eosinophil degranulation on the surface of opsonized
schistosomules by phase-contrast cinemicrography. Infect Immun 22:282-
285.

Butterworth, A.E., Sturrock, R.F., Houba, V., Mahmoud, A.A., Sher, A., and Rees,
P.H. 1975. Eosinophils as mediators of antibody-dependent damage to
schistosomula. Nature 256:727-729.

Glauert, A.M., Butterworth, A.E., Sturrock, R.F., and Houba, V. 1978. The

mechansim of antibody-dependent, eosinophil-mediated damage to
219



174.

175.

176.

177.

178.

179.

schistosomula of Schistosoma mansoni in vitro: a study by phase-contrast
and electron microscopy. J Cell Sci 34:173-192.

Bass, D.A,, and Szejda, P. 1979. Mechanisms of killing of newborn larvae of
Trichinella spiralis by neutrophils and eosinophils. Killing by generators of
hydrogen peroxide in vitro. J Clin Invest 64:1558-1564.

Butterworth, A.E., Wassom, D.L., Gleich, G.J., Loegering, D.A., and David, J.R.
1979. Damage to schistosomula of Schistosoma mansoni induced directly by
eosinophil major basic protein. ] Immunol 122:221-229.

Spencer, L.A., Szela, C.T., Perez, S.A., Kirchhoffer, C.L., Neves, ].S., Radke, A.L.,
and Weller, P.F. 2009. Human eosinophils constitutively express multiple
Th1, Th2, and immunoregulatory cytokines that are secreted rapidly and
differentially. J Leukoc Biol 85:117-123.

Coffman, R.L., Seymour, B.W., Hudak, S., Jackson, J., and Rennick, D. 1989.
Antibody to interleukin-5 inhibits helminth-induced eosinophilia in mice.
Science 245:308-310.

Hogan, M.B,, Piktel, D., and Landreth, K.S. 2000. IL-5 production by bone
marrow stromal cells: implications for eosinophilia associated with asthma. J
Allergy Clin Immunol 106:329-336.

Gaspar Elsas, M.I,, Joseph, D., Elsas, P.X,, and Vargaftig, B.B. 1997. Rapid
increase in bone-marrow eosinophil production and responses to
eosinopoietic interleukins triggered by intranasal allergen challenge. Am |

Respir Cell Mol Biol 17:404-413.

220



180.

181.

182.

183.

184.

185.

186.

Sehmi, R, Wood, L.J., Watson, R, Foley, R,, Hamid, Q., O'Byrne, P.M., and
Denburg, J.A. 1997. Allergen-induced increases in IL-5 receptor alpha-
subunit expression on bone marrow-derived CD34+ cells from asthmatic
subjects. A novel marker of progenitor cell commitment towards eosinophilic
differentiation. J Clin Invest 100:2466-2475.

Rothenberg, M.E,, Klion, A.D., Roufosse, F.E., Kahn, ].E., Weller, P.F., Simon,
H.U., Schwartz, L.B., Rosenwasser, L.J., Ring, |., Griffin, E.F., et al. 2008.
Treatment of patients with the hypereosinophilic syndrome with
mepolizumab. N Engl ] Med 358:1215-1228.

Lee, ].J., McGarry, M.P., Farmer, S.C., Denzler, K.L., Larson, K.A,, Carrigan, P.E,,
Brenneise, L.E., Horton, M.A,, Haczku, A., Gelfand, E.W,, et al. 1997.
Interleukin-5 expression in the lung epithelium of transgenic mice leads to
pulmonary changes pathognomonic of asthma. /] Exp Med 185:2143-2156.
Tominaga, A., Takaki, S., Koyama, N., Katoh, S., Matsumoto, R., Migita, M.,
Hitoshi, Y., Hosoya, Y., Yamauchi, S., Kanai, Y., et al. 1991. Transgenic mice
expressing a B cell growth and differentiation factor gene (interleukin 5)
develop eosinophilia and autoantibody production. | Exp Med 173:429-437.
Dent, L.A,, Strath, M., Mellor, A.L., and Sanderson, C.]. 1990. Eosinophilia in
transgenic mice expressing interleukin 5. ] Exp Med 172:1425-1431.

Byrom, N.A., and Timlin, D.M. 1979. Immune status in atopic eczema: a
survey. Br ] Dermatol 100:491-498.

Roth, H.L,, and Kierland, R.R. 1964. The Natural History of Atopic Dermatitis.

A 20-Year Follow-up Study. Arch Dermatol 89:209-214.
221



187.

188.

189.

190.

191.

192.

193.

Wedi, B., Raap, U., Lewrick, H., and Kapp, A. 1997. Delayed eosinophil
programmed cell death in vitro: a common feature of inhalant allergy and
extrinsic and intrinsic atopic dermatitis. J Allergy Clin Immunol 100:536-543.
Kagi, M.K,, Joller-Jemelka, H., and Wuthrich, B. 1992. Correlation of
eosinophils, eosinophil cationic protein and soluble interleukin-2 receptor
with the clinical activity of atopic dermatitis. Dermatology 185:88-92.
Taniuchi, S., Chihara, J., Kojima, T., Yamamoto, A., Sasai, M., and Kobayashi, Y.
2001. Serum eosinophil derived neurotoxin may reflect more strongly
disease severity in childhood atopic dermatitis than eosinophil cationic
protein. /] Dermatol Sci 26:79-82.

Park, CW., Lee, B.H., Han, H.], Lee, C.H., and Ahn, H.K. 2005. Tacrolimus
decreases the expression of eotaxin, CCR3, RANTES and interleukin-5 in
atopic dermatitis. Br ] Dermatol 152:1173-1181.

Kobayashi, H., Gleich, G.J., Butterfield, ].H., and Kita, H. 2002. Human
eosinophils produce neurotrophins and secrete nerve growth factor on
immunologic stimuli. Blood 99:2214-2220.

Kiehl, P., Falkenberg, K., Vogelbruch, M., and Kapp, A. 2001. Tissue
eosinophilia in acute and chronic atopic dermatitis: a morphometric
approach using quantitative image analysis of immunostaining. Br ] Dermatol
145:720-729.

Kiehl, P., Falkenberg, K., Vogelbruch, M., and Kapp, A. 1999. Quantification of

eosinophilic granule protein deposition in biopsies of inflammatory skin

222



diseases by automated image analysis of highly sensitive immunostaining.
Anal Cell Pathol 19:153-162.

194. Cheng, ].F,, Ott, N.L., Peterson, E.A., George, T.]., Hukee, M.]., Gleich, G.J., and
Leiferman, K.M. 1997. Dermal eosinophils in atopic dermatitis undergo
cytolytic degeneration. ] Allergy Clin Immunol 99:683-692.

195. Leiferman, K.M., Ackerman, S.J., Sampson, H.A., Haugen, H.S., Venencie, P.Y.,
and Gleich, G.J. 1985. Dermal deposition of eosinophil-granule major basic
protein in atopic dermatitis. Comparison with onchocerciasis. N Engl ] Med
313:282-285.

196. Davis, M.D,, Plager, D.A., George, T.]J., Weiss, E.A., Gleich, G.J., and Leiferman,
K.M. 2003. Interactions of eosinophil granule proteins with skin: limits of
detection, persistence, and vasopermeabilization. J Allergy Clin Inmunol
112:988-994.

197. Kondo, N,, Shinoda, S., Fukutomi, O., Agata, H., Terada, T., Shikano, H.,,
Montano, A.M., Sakaguchi, H., Watanabe, M., Komiyama, K., et al. 2000.
Eosinophils are neither migrated nor activated in the skin lesions of atopic
dermatitis in infants. ] Investig Allergol Clin Immunol 10:11-13.

198. Omoto, M., Gu, L.H,, Sugiura, H., and Uehara, M. 2000. Heterogeneity of
dermal deposition of eosinophil granule major basic protein in acute lesions
of atopic dermatitis. Arch Dermatol Res 292:51-54.

199. Yawalkar, N., Uguccioni, M., Scharer, ]., Braunwalder, ], Karlen, S., Dewald, B.,
Braathen, L.R., and Baggiolini, M. 1999. Enhanced expression of eotaxin and

CCR3 in atopic dermatitis. J Invest Dermatol 113:43-48.
223



200.

201.

202.

203.

204.

205.

Taha, R.A., Minshall, E.M,, Leung, D.Y., Boguniewicz, M., Luster, A., Muro, S.,
Toda, M., and Hamid, Q.A. 2000. Evidence for increased expression of eotaxin
and monocyte chemotactic protein-4 in atopic dermatitis. ] Allergy Clin
Immunol 105:1002-1007.

Wakugawa, M., Nakamura, K., Hino, H., Toyama, K., Hattori, N., Okochi, H.,
Yamada, H., Hirai, K., Tamaki, K., and Furue, M. 2000. Elevated levels of
eotaxin and interleukin-5 in blister fluid of bullous pemphigoid: correlation
with tissue eosinophilia. Br | Dermatol 143:112-116.

Jean-Baptiste, S., 0'Toole, E.A., Chen, M., Guitart, ], Paller, A., and Chan, L.S.
2002. Expression of eotaxin, an eosinophil-selective chemokine, parallels
eosinophil accumulation in the vesiculobullous stage of incontinentia
pigmenti. Clin Exp Immunol 127:470-478.

Kagami, S., Saeki, H., Komine, M., Kakinuma, T., Tsunemi, Y., Nakamura, K,
Sasaki, K., Asahina, A., and Tamaki, K. 2005. Interleukin-4 and interleukin-13
enhance CCL26 production in a human keratinocyte cell line, HaCaT cells.
Clin Exp Immunol 141:459-466.

Schmid-Grendelmeier, P., Altznauer, F., Fischer, B., Bizer, C., Straumann, A.,
Menz, G., Blaser, K., Wuthrich, B., and Simon, H.U. 2002. Eosinophils express
functional IL-13 in eosinophilic inflammatory diseases. ] Immunol 169:1021-
1027.

Rothenberg, M.E,, Luster, A.D., and Leder, P. 1995. Murine eotaxin: an
eosinophil chemoattractant inducible in endothelial cells and in interleukin

4-induced tumor suppression. Proc Natl Acad Sci US A 92:8960-8964.
224



206. Phipps, S, Ying, S., Wangoo, A., Ong, Y.E., Levi-Schaffer, F., and Kay, A.B. 2002.
The relationship between allergen-induced tissue eosinophilia and markers
of repair and remodeling in human atopic skin. ] Immunol 169:4604-4612.

207. Minshall, E.M,, Leung, D.Y., Martin, R.J., Song, Y.L., Cameron, L., Ernst, P., and
Hamid, Q. 1997. Eosinophil-associated TGF-betal mRNA expression and
airways fibrosis in bronchial asthma. Am J Respir Cell Mol Biol 17:326-333.

208. Flood-Page, P.T., Menzies-Gow, A.N., Kay, A.B., and Robinson, D.S. 2003.
Eosinophil's role remains uncertain as anti-interleukin-5 only partially
depletes numbers in asthmatic airway. Am | Respir Crit Care Med 167:199-
204.

209. Tanaka, K., Yamagami, S., and Streilein, ].W. 2005. Evidence that T-helper
type 2 cell-derived cytokines and eosinophils contribute to acute rejection of
orthotopic corneal xenografts in mice. Transplantation 79:1317-1323.

210. Lehmann, F. 1927. Further studies on the morphogenetic role of the somites
in the development of the nervous system of amphibians: The differentiation
and arrangement of the spinal ganglia. In Development of nervous system in
amphibians.

211. Kalcheim, C., and Le Douarin, N.M. 1986. Requirement of a neural tube signal
for the differentiation of neural crest cells into dorsal root ganglia. Dev Biol
116:451-466.

212. Weston, J.A. 1963. A radioautographic analysis of the migration and

localization of trunk neural crest cells in the chick. Dev Biol 6:279-310.

225



213. Teillet, M.A,, Kalcheim, C., and Le Douarin, N.M. 1987. Formation of the dorsal
root ganglia in the avian embryo: segmental origin and migratory behavior of
neural crest progenitor cells. Dev Biol 120:329-347.

214. Hendrix, S., and Peters, E.M. 2007. Neuronal plasticity and neuroregeneration
in the skin -- the role of inflammation. ] Neuroimmunol 184:113-126.

215. Morris, J.a.l.G. 1997. Autonomic innervation of the skin. Amsterdam: Harwood
Academic Publishers.

216. Lee, M.W., McPhee, R.W., and Stringer, M.D. 2008. An evidence-based
approach to human dermatomes. Clin Anat 21:363-373.

217. Scott, S.A. 1982. The development of the segmental pattern of skin sensory
innervation in embryonic chick hind limb. J Physiol 330:203-220.

218. Marti, E., Gibson, S.J., Polak, .M., Facer, P., Springall, D.R., Van Aswegen, G.,
Aitchison, M., and Koltzenburg, M. 1987. Ontogeny of peptide- and amine-
containing neurones in motor, sensory, and autonomic regions of rat and
human spinal cord, dorsal root ganglia, and rat skin. ] Comp Neurol 266:332-
359.

219. Smith, C.L, and Frank, E. 1987. Peripheral specification of sensory neurons
transplanted to novel locations along the neuraxis. | Neurosci 7:1537-1549.

220. Jenkinson, D.M. 1970. The distribution of nerves, monoamine oxidase and
cholinesterase in the skin of the guinea-pig, hamster, mouse, rabbit and rat.

Res Vet Sci 11:60-70.

226



221.

222.

223.

224.

225.

226.

227.

228.

229.

Wilkinson, K.D., Lee, KM., Deshpande, S., Duerksen-Hughes, P., Boss, ].M., and
Pohl, J. 1989. The neuron-specific protein PGP 9.5 is a ubiquitin carboxyl-
terminal hydrolase. Science 246:670-673.

Kennedy, W.R,, and Wendelschafer-Crabb, G. 1993. The innervation of human
epidermis. ] Neurol Sci 115:184-190.

Lauria, G., Holland, N., Hauer, P., Cornblath, D.R,, Griffin, ].W., and McArthur,
J.C. 1999. Epidermal innervation: changes with aging, topographic location,
and in sensory neuropathy. J Neurol Sci 164:172-178.

Lawson, S.N. 1992. Morphological and biochemical types of sensory neurons.
In Sensory Neurons: Diversity Development and Plasticity. S. Scott, editor. New
York: Oxford University Press. 27-59.

Oaklander, A.L., and Siegel, S.M. 2005. Cutaneous innervation: form and
function. ] Am Acad Dermatol 53:1027-1037.

Fitzgerald, M. 2005. The development of nociceptive circuits. Nat Rev
Neurosci 6:507-520.

Ikoma, A., Steinhoff, M., Stander, S., Yosipovitch, G., and Schmelz, M. 2006. The
neurobiology of itch. Nat Rev Neurosci 7:535-547.

Liu, Q. Tang, Z., Surdenikova, L., Kim, S., Patel, K.N., Kim, A,, Ry, F.,, Guan, Y.,
Weng, H.J., Geng, Y., et al. 2009. Sensory neuron-specific GPCR Mrgprs are
itch receptors mediating chloroquine-induced pruritus. Cell 139:1353-1365.
Davidson, S., Zhang, X., Khasabov, S.G., Simone, D.A., and Giesler, G.J., Jr. 2009.
Relief of itch by scratching: state-dependent inhibition of primate

spinothalamic tract neurons. Nat Neurosci 12:544-546.
227



230.

231.

232.

233.

234.

235.

236.

237.

Nakano, T., Andoh, T., Lee, ].B., and Kuraishi, Y. 2008. Different dorsal horn
neurons responding to histamine and allergic itch stimuli. Neuroreport
19:723-726.

Davidson, S., Zhang, X., Yoon, C.H., Khasabov, S.G., Simone, D.A., and Giesler,
G.J., Jr. 2007. The itch-producing agents histamine and cowhage activate
separate populations of primate spinothalamic tract neurons. J Neurosci
27:10007-10014.

Sun, Y.G., and Chen, Z.F. 2007. A gastrin-releasing peptide receptor mediates
the itch sensation in the spinal cord. Nature 448:700-703.

Schmelz, M., Schmidt, R,, Bickel, A., Handwerker, H.O., and Torebjork, H.E.
1997. Specific C-receptors for itch in human skin. /] Neurosci 17:8003-8008.
Johanek, L.M., Meyer, R.A., Hartke, T., Hobelmann, ].G., Maine, D.N., LaMotte,
R.H., and Ringkamp, M. 2007. Psychophysical and physiological evidence for
parallel afferent pathways mediating the sensation of itch. /] Neurosci
27:7490-7497.

Namer, B, Carr, R,, Johanek, L.M., Schmelz, M., Handwerker, H.O., and
Ringkamp, M. 2008. Separate peripheral pathways for pruritus in man. J
Neurophysiol 100:2062-2069.

Johanek, L.M., Meyer, R.A., Friedman, R.M., Greenquist, KW., Shim, B., Borzan,
J., Hartke, T., LaMotte, R.H., and Ringkamp, M. 2008. A role for polymodal C-
fiber afferents in nonhistaminergic itch. /] Neurosci 28:7659-7669.

Lembo, P.M,, Grazzini, E., Groblewski, T., 0'Donnell, D., Roy, M.0., Zhang, J.,

Hoffert, C., Cao, J., Schmidt, R, Pelletier, M., et al. 2002. Proenkephalin A gene
228



products activate a new family of sensory neuron--specific GPCRs. Nat
Neurosci 5:201-209.

238. Sun, Y.G, Zhao, Z.Q., Meng, X.L., Yin, ]., Liu, X.Y., and Chen, Z.F. 2009. Cellular
basis of itch sensation. Science 325:1531-1534.

239. Heyer, G. 1992. Abnormal cutaneous neurosensitivity in atopic skin. Acta
Derm Venereol Suppl (Stockh) 176:93-94.

240. lkoma, A., Fartasch, M., Heyer, G., Miyachi, Y., Handwerker, H., and Schmelz,
M. 2004. Painful stimuli evoke itch in patients with chronic pruritus: central
sensitization for itch. Neurology 62:212-217.

241. Paus, R, Schmelz, M., Biro, T., and Steinhoff, M. 2006. Frontiers in pruritus
research: scratching the brain for more effective itch therapy. J Clin Invest
116:1174-1186.

242. Steinhoff, M., Neisius, U., Ikoma, A., Fartasch, M., Heyer, G., Skov, P.S., Luger,
T.A., and Schmelz, M. 2003. Proteinase-activated receptor-2 mediates itch: a
novel pathway for pruritus in human skin. ] Neurosci 23:6176-6180.

243. Lauria, G., Cornblath, D.R.,, Johansson, O., McArthur, J.C., Mellgren, S.I., Nolano,
M., Rosenberg, N., and Sommer, C. 2005. EFNS guidelines on the use of skin
biopsy in the diagnosis of peripheral neuropathy. Eur ] Neurol 12:747-758.

244. Lauria, G., and Devigili, G. 2007. Skin biopsy as a diagnostic tool in peripheral
neuropathy. Nat Clin Pract Neurol 3:546-557.

245.  Griffin, ].W., McArthur, ]J.C., and Polydefkis, M. 2001. Assessment of cutaneous

innervation by skin biopsies. Curr Opin Neurol 14:655-659.

229



246.

247.

248.

249,

250.

251.

252.

Thompson, R.J.,, Doran, ].F., Jackson, P., Dhillon, A.P., and Rode, J. 1983. PGP
9.5--a new marker for vertebrate neurons and neuroendocrine cells. Brain
Res 278:224-228.

Abadia Molina, F., Burrows, N.P., Jones, R.R,, Terenghi, G., and Polak, ].M.
1992. Increased sensory neuropeptides in nodular prurigo: a quantitative
immunohistochemical analysis. Br ] Dermatol 127:344-351.

Johansson, O., Liang, Y., Marcusson, ]J.A., and Reimert, C.M. 2000. Eosinophil
cationic protein- and eosinophil-derived neurotoxin/eosinophil protein X-
immunoreactive eosinophils in prurigo nodularis. Arch Dermatol Res
292:371-378.

Springall, D.R., Karanth, S.S., Kirkham, N., Darley, C.R., and Polak, ].M. 1991.
Symptoms of notalgia paresthetica may be explained by increased dermal
innervation. J Invest Dermatol 97:555-561.

Tobin, D., Nabarro, G., Baart de la Faille, H., van Vloten, W.A., van der Putte,
S.C., and Schuurman, H.J. 1992. Increased number of immunoreactive nerve
fibers in atopic dermatitis. / Allergy Clin Immunol 90:613-622.

Sugiura, H., Omoto, M., Hirota, Y., Danno, K., and Uehara, M. 1997. Density and
fine structure of peripheral nerves in various skin lesions of atopic
dermatitis. Arch Dermatol Res 289:125-131.

Urashima, R., and Mihara, M. 1998. Cutaneous nerves in atopic dermatitis. A
histological, immunohistochemical and electron microscopic study. Virchows

Arch 432:363-370.

230



253.

254.

255.

256.

257.

258.

259.

Jarvikallio, A., Harvima, I.T., and Naukkarinen, A. 2003. Mast cells, nerves and
neuropeptides in atopic dermatitis and nummular eczema. Arch Dermatol Res
295:2-7.

Al'Abadie, M.S,, J; Bleehen, SS; Gawkrodger, D]. 1994. Neuropeptides and
neuronal marker in atopic dermatitis: a quantified immunohistochemical
study. Eur ] Dermatol 4:394-398.

Pincellj, C., Sevignani, C., Manfredini, R., Grande, A., Fantini, F., Bracci-
Laudiero, L., Aloe, L., Ferrari, S., Cossarizza, A., and Giannetti, A. 1994.
Expression and function of nerve growth factor and nerve growth factor
receptor on cultured keratinocytes. | Invest Dermatol 103:13-18.

Pincelli, C., Fantini, F., Massimi, P., Girolomoni, G., Seidenari, S., and Giannetti,
A. 1990. Neuropeptides in skin from patients with atopic dermatitis: an
immunohistochemical study. Br ] Dermatol 122:745-750.

Toyoda, M., Nakamura, M., Makino, T., Hino, T., Kagoura, M., and Morohashi,
M. 2002. Nerve growth factor and substance P are useful plasma markers of
disease activity in atopic dermatitis. Br ] Dermatol 147:71-79.

Groneberg, D.A.S., F; Peckenschneider, N; Artuc, M; Grutzkau, A; Fischer, A;
Henz, BM; Welker, P 2005. Gene expression and regulation of nerve growth
factor in atopic dermatitis mast cells and the human mast cell line-1. J
Neuroimmunol 161:87-92.

Durack, D.T., Sumi, S.M., and Klebanoff, S.J. 1979. Neurotoxicity of human

eosinophils. Proc Natl Acad Sci US A 76:1443-1447.

231



260.

261.

262.

263.

264.

265.

266.

Lee, L.Y,, Gu, Q., and Gleich, G.J. 2001. Effects of human eosinophil granule-
derived cationic proteins on C-fiber afferents in the rat lung.  Appl Physiol
91:1318-1326.

Noga, 0., Englmann, C., Hanf, G., Grutzkau, A., Seybold, J., and Kunkel, G. 2003.
The production, storage and release of the neurotrophins nerve growth
factor, brain-derived neurotrophic factor and neurotrophin-3 by human
peripheral eosinophils in allergics and non-allergics. Clin Exp Allergy 33:649-
654.

Sawatzky, D.A,, Kingham, P.J., Durcan, N., McLean, W.G., and Costello, R.W.
2003. Eosinophil-induced release of acetylcholine from differentiated
cholinergic nerve cells. Am J Physiol Lung Cell Mol Physiol 285:L1296-1304.
Curran, D.R,, Morgan, R.K,, Kingham, P.J., Durcan, N., McLean, W.G., Walsh,
M.T., and Costello, RW. 2005. Mechanism of eosinophil induced signaling in
cholinergic IMR-32 cells. Am ] Physiol Lung Cell Mol Physiol 288:L326-332.
Morgan, R.K,, Kingham, P.J., Walsh, M.T., Curran, D.R., Durcan, N., McLean,
W.G., and Costello, RW. 2004. Eosinophil adhesion to cholinergic IMR-32
cells protects against induced neuronal apoptosis. ] Immunol 173:5963-5970.
O'Brien, L.M,, Fitzpatrick, E., Baird, A.W., and Campion, D.P. 2008. Eosinophil-
nerve interactions and neuronal plasticity in rat gut associated lymphoid
tissue (GALT) in response to enteric parasitism. ] Neuroimmunol 197:1-9.
Mishra, A.,, Hogan, S.P,, Lee, ].],, Foster, P.S., and Rothenberg, M.E. 1999.
Fundamental signals that regulate eosinophil homing to the gastrointestinal

tract. J Clin Invest 103:1719-1727.
232



267.

268.

269.

270.

271.

272.

273.

Costello, RW,, Schofield, B.H., Kephart, G.M., Gleich, G.]., Jacoby, D.B., and
Fryer, A.D. 1997. Localization of eosinophils to airway nerves and effect on
neuronal M2 muscarinic receptor function. Am J Physiol 273:L93-103.

Fryer, A.D., Stein, L.H., Nie, Z., Curtis, D.E., Evans, C.M., Hodgson, S.T., Jose, P.].,
Belmonte, K.E., Fitch, E., and Jacoby, D.B. 2006. Neuronal eotaxin and the
effects of CCR3 antagonist on airway hyperreactivity and M2 receptor
dysfunction. J Clin Invest 116:228-236.

Evans, C.M,, Fryer, A.D., Jacoby, D.B., Gleich, G.J., and Costello, R.W. 1997.
Pretreatment with antibody to eosinophil major basic protein prevents
hyperresponsiveness by protecting neuronal M2 muscarinic receptors in
antigen-challenged guinea pigs. J Clin Invest 100:2254-2262.

Fletcher, S., and Bain, B. 2007. Diagnosis and treatment of hypereosinophilic
syndromes. Curr Opin Hematol 14:37-42.

Monaco, S., Lucci, B, Laperchia, N., Tezzon, F., Curro-Dossi, B., Nardelli, E.,
Giannini, C., and Rizzuto, N. 1988. Polyneuropathy in hypereosinophilic
syndrome. Neurology 38:494-496.

Nascimento, O., De Freitas, M., Chimellj, L., and Scaravilli, F. 1991. Peripheral
neuropathy in hypereosinophilic syndrome with vasculitis. Arg
Neuropsiquiatr 49:450-455.

Weingarten, J.S., O'Sheal, S.F., and Margolis, W.S. 1985. Eosinophilic
meningitis and the hypereosinophilic syndrome. Case report and review of

the literature. Am | Med 78:674-676.

233



274. Sunohara, N., Furukawa, S., Nishio, T., Mukoyama, M., and Satoyoshi, E. 1989.
Neurotoxicity of human eosinophils towards peripheral nerves. ] Neurol Sci
92:1-7.

275. Seguchi, T., Cui, C.Y., Kusuda, S., Takahashi, M., Aisu, K., and Tezuka, T. 1996.
Decreased expression of filaggrin in atopic skin. Arch Dermatol Res 288:442-
446.

276. Lee,N.A, Loh, D.Y,, and Lacy, E. 1992. CD8 surface levels alter the fate of
alpha/beta T cell receptor-expressing thymocytes in transgenic mice. ] Exp
Med 175:1013-1025.

277. Lee,].J., Dimina, D., Macias, M.P., Ochkur, S.I., McGarry, M.P., O'Neill, K.R,,
Protheroe, C., Pero, R, Nguyen, T., Cormier, S.A., et al. 2004. Defining a link
with asthma in mice congenitally deficient in eosinophils. Science 305:1773-
1776.

278. Li, A.G.,, Wang, D., Feng, X.H., and Wang, X.J]. 2004. Latent TGFbetal
overexpression in keratinocytes results in a severe psoriasis-like skin
disorder. EMBO ] 23:1770-1781.

279. Spergel, ].M., Mizoguchi, E., Brewer, ].P., Martin, T.R., Bhan, A.K,, and Geha, R.S.
1998. Epicutaneous sensitization with protein antigen induces localized
allergic dermatitis and hyperresponsiveness to methacholine after single
exposure to aerosolized antigen in mice. J Clin Invest 101:1614-1622.

280. Sotelo, J.R., Horie, H,, Ito, S., Benech, C., Sango, K., and Takenaka, T. 1991. An

in vitro model to study diabetic neuropathy. Neurosci Lett 129:91-94.

234



281. Acosta, C., and Davies, A. 2008. Bacterial lipopolysaccharide regulates
nociceptin expression in sensory neurons. ] Neurosci Res 86:1077-1086.

282. Zhou, F.Q., Zhong, ]., and Snider, W.D. 2003. Extracellular crosstalk: when
GDNF meets N-CAM. Cell 113:814-815.

283. Malin, S.A., Davis, B.M., and Molliver, D.C. 2007. Production of dissociated
sensory neuron cultures and considerations for their use in studying
neuronal function and plasticity. Nat Protoc 2:152-160.

284. Weil, G.J., and Chused, T.M. 1981. Eosinophil autofluorescence and its use in
isolation and analysis of human eosinophils using flow microfluorometry.
Blood 57:1099-1104.

285. Samoszuk, M.K,, and Espinoza, F.P. 1987. Deposition of autofluorescent
eosinophil granules in pathologic bone marrow biopsies. Blood 70:597-599.

286. Sharrow, S. 2003. Fluorescence-activated cell sorting. In Current Protocols in
Immunology: Wiley Interscience.

287. Gopinath, R, and Nutman, T.B. 1997. Identification of eosinophils in lysed
whole blood using side scatter and CD16 negativity. Cytometry 30:313-316.

288. Jensen, B.S,, E; Iwaki, S; Gilfillan, A. 2006. Isolation of murine peritoneal mast
cells. In Current Protocols in Immunology. W. Interscience, editor.

289. Fitch, E.L,, Rizzo, H.L., Kurtz, S.E., Wegmann, KW., Gao, W., Benson, ].M.,
Hinrichs, D.J., and Blauvelt, A. 2009. Inflammatory skin disease in K5.hTGF-
betal transgenic mice is not dependent on the IL-23/Th17 inflammatory

pathway. ] Invest Dermatol 129:2443-2450.

235



290.

291.

292.

293.

294,

295.

296.

Fallon, P.G., Sasaki, T., Sandilands, A., Campbell, L.E., Saunders, S.P., Mangan,
N.E., Callanan, ].J., Kawasaki, H., Shiohama, A., Kubo, A,, et al. 2009. A
homozygous frameshift mutation in the mouse Flg gene facilitates enhanced
percutaneous allergen priming. Nat Genet 41:602-608.

Buddenkotte, ], Stroh, C., Engels, .H., Moormann, C., Shpacovitch, V.M.,
Seeliger, S., Vergnolle, N., Vestweber, D., Luger, T.A., Schulze-Osthoff, K., et al.
2005. Agonists of proteinase-activated receptor-2 stimulate upregulation of
intercellular cell adhesion molecule-1 in primary human keratinocytes via
activation of NF-kappa B. ] Invest Dermatol 124:38-45.

Jarvikallio, A., Naukkarinen, A., Harvima, I.T., Aalto, M.L., and Horsmanheimo,
M. 1997. Quantitative analysis of tryptase- and chymase-containing mast
cells in atopic dermatitis and nummular eczema. Br | Dermatol 136:871-877.
Damsgaard, T.E., Olesen, A.B., Sorensen, F.B., Thestrup-Pedersen, K., and
Schiotz, P.0. 1997. Mast cells and atopic dermatitis. Stereological
quantification of mast cells in atopic dermatitis and normal human skin. Arch
Dermatol Res 289:256-260.

Mihm, M.C,, Jr., Soter, N.A., Dvorak, H.F., and Austen, K.F. 1976. The structure
of normal skin and the morphology of atopic eczema. J Invest Dermatol
67:305-312.

Mikhail, G.R., and Miller-Milinska, A. 1964. Mast Cell Population in Human
Skin. J Invest Dermatol 43:249-254.

Algermissen, B., Bauer, F., Schadendorf, D., Kropp, ].D., and Czarnetzki, B.M.

1994. Analysis of mast cell subpopulations (MCT, MCTC) in cutaneous
236



297.

298.

299.

300.

301.

302.

inflammation using novel enzyme-histochemical staining techniques. Exp
Dermatol 3:290-297.

Trautmann, A., Altznauer, F., Akdis, M., Simon, H.U,, Disch, R,, Brocker, E.B.,
Blaser, K., and Akdis, C.A. 2001. The differential fate of cadherins during T-
cell-induced keratinocyte apoptosis leads to spongiosis in eczematous
dermatitis. / Invest Dermatol 117:927-934.

Barker, ].N., Palmer, C.N., Zhao, Y., Liao, H., Hull, P.R,, Lee, S.P., Allen, M.H,,
Meggitt, S.J., Reynolds, N.J., Trembath, R.C., et al. 2007. Null mutations in the
filaggrin gene (FLG) determine major susceptibility to early-onset atopic
dermatitis that persists into adulthood. ] Invest Dermatol 127:564-567.
Weidinger, S., Illig, T., Baurecht, H., Irvine, A.D., Rodriguez, E., Diaz-Lacava, A.,
Klopp, N., Wagenpfeil, S., Zhao, Y., Liao, H., et al. 2006. Loss-of-function
variations within the filaggrin gene predispose for atopic dermatitis with
allergic sensitizations. ] Allergy Clin Immunol 118:214-219.

Oldhoff, ].M., Darsow, U., Werfel, T., Katzer, K., Wulf, A., Laifaoui, ]., Hijnen, D.],,
Plotz, S., Knol, E.F., Kapp, A., et al. 2005. Anti-IL-5 recombinant humanized
monoclonal antibody (mepolizumab) for the treatment of atopic dermatitis.
Allergy 60:693-696.

Kay, A.B., Phipps, S., and Robinson, D.S. 2004. A role for eosinophils in airway
remodelling in asthma. Trends Immunol 25:477-482.

Oldhoff, ].M., Darsow, U., Werfel, T., Bihari, I.C., Katzer, K., Laifaoui, |., Plotz, S.,

Kapp, A, Knol, E.F,, Bruijnzeel-Koomen, C.A,, et al. 2006. No effect of anti-

237



303.

304.

305.

306.

307.

308.

interleukin-5 therapy (mepolizumab) on the atopy patch test in atopic
dermatitis patients. Int Arch Allergy Immunol 141:290-294.

Ring, J., Darsow, U., Gfesser, M., and Vieluf, D. 1997. The 'atopy patch test' in
evaluating the role of aeroallergens in atopic eczema. Int Arch Allergy
Immunol 113:379-383.

van den Hoogenband, H.M., van den Berg, W.H., and van Diggelen, M.W. 1985.
PUVA therapy in the treatment of skin lesions of the hypereosinophilic
syndrome. Arch Dermatol 121:450.

Benarafa, C., Collins, M.E., Hamblin, A.S., and Cunningham, F.M. 2002. Role of
the chemokine eotaxin in the pathogenesis of equine sweet itch. Vet Rec
151:691-693.

Nomura, I., Gao, B., Boguniewicz, M., Darst, M.A., Travers, ].B., and Leung, D.Y.
2003. Distinct patterns of gene expression in the skin lesions of atopic
dermatitis and psoriasis: a gene microarray analysis. ] Allergy Clin Immunol
112:1195-1202.

Ma, W., Bryce, P.J.,, Humbles, A.A., Laouini, D., Yalcindag, A., Alenius, H., Friend,
D.S., Oettgen, H.C,, Gerard, C., and Geha, R.S. 2002. CCR3 is essential for skin
eosinophilia and airway hyperresponsiveness in a murine model of allergic
skin inflammation. J Clin Invest 109:621-628.

Oliveira, S.H., and Lukacs, N.W. 2001. Stem cell factor and igE-stimulated
murine mast cells produce chemokines (CCL2, CCL17, CCL22) and express

chemokine receptors. Inflamm Res 50:168-174.

238



309.

310.

311.

312.

313.

314.

315.

316.

He, R., Oyoshi, M.K,, Jin, H., and Geha, R.S. 2007. Epicutaneous antigen
exposure induces a Th17 response that drives airway inflammation after
inhalation challenge. Proc Natl Acad Sci U S A 104:15817-15822.

Jin, H., He, R., Oyoshi, M., and Geha, R.S. 2009. Animal models of atopic
dermatitis. / Invest Dermatol 129:31-40.

Moniaga, C.S., Egawa, G., Kawasaki, H., Hara-Chikuma, M., Honda, T., Tanizaki,
H., Nakajima, S., Otsuka, A., Matsuoka, H., Kubo, A, et al. Flaky tail mouse
denotes human atopic dermatitis in the steady state and by topical
application with Dermatophagoides pteronyssinus extract. Am J Pathol
176:2385-2393.

Gudjonsson, J.E., Johnston, A., Dyson, M., Valdimarsson, H., and Elder, ].T.
2007. Mouse models of psoriasis. | Invest Dermatol 127:1292-1308.

Han, G., Williams, C.A,, Salter, K., Garl, P.J,, Li, A.G., and Wang, X.J. A role for
TGFbeta signaling in the pathogenesis of psoriasis. J Invest Dermatol
130:371-377.

Lee, H.],, Lee, H.P., Ha, S.J., Byun, D.G., and Kim, ].W. 2000. Spontaneous
expression of mRNA for IL-10, GM-CSF, TGF-beta, TGF-alpha, and IL-6 in
peripheral blood mononuclear cells from atopic dermatitis. Ann Allergy
Asthma Immunol 84:553-558.

Lee, Y.K., Mukasa, R., Hatton, R.D., and Weaver, C.T. 2009. Developmental
plasticity of Th17 and Treg cells. Curr Opin Immunol 21:274-280.

Wan, Y.Y., and Flavell, R.A. 2006. The roles for cytokines in the generation

and maintenance of regulatory T cells. Immunol Rev 212:114-130.
239



317.

318.

319.

320.

321.

322.

323.

Korn, T., Bettelli, E., Oukka, M., and Kuchroo, V.K. 2009. IL-17 and Th17 Cells.
Annu Rev Immunol 27:485-517.

Koga, C., Kabashima, K., Shiraishi, N., Kobayashi, M., and Tokura, Y. 2008.
Possible pathogenic role of Th17 cells for atopic dermatitis. J Invest Dermatol
128:2625-2630.

Guttman-Yassky, E., Lowes, M.A,, Fuentes-Duculan, |., Zaba, L.C., Cardinale, I.,
Nograles, K.E., Khatcherian, A., Novitskaya, 1., Carucci, J.A., Bergman, R, et al.
2008. Low expression of the IL-23/Th17 pathway in atopic dermatitis
compared to psoriasis. ] Immunol 181:7420-7427.

Wong, D.T., Donoff, R.B,, Yang, ., Song, B.Z., Matossian, K., Nagura, N., Elovic,
A., McBride, |, Gallagher, G., Todd, R., et al. 1993. Sequential expression of
transforming growth factors alpha and beta 1 by eosinophils during
cutaneous wound healing in the hamster. Am | Pathol 143:130-142.

Ohno, I, Lea, R.G., Flanders, K.C,, Clark, D.A., Banwatt, D., Dolovich, J.,
Denburg, ], Harley, C.B., Gauldie, ]., and Jordana, M. 1992. Eosinophils in
chronically inflamed human upper airway tissues express transforming
growth factor beta 1 gene (TGF beta 1). J Clin Invest 89:1662-1668.

Wong, D.T., Elovic, A., Matossian, K., Nagura, N., McBride, J., Chou, M.Y,,
Gordon, J.R,, Rand, T.H., Galli, S.J., and Weller, P.F. 1991. Eosinophils from
patients with blood eosinophilia express transforming growth factor beta 1.
Blood 78:2702-2707.

Bae, S.J., Lee, ].B., Shimizu, K., and Kuwazuka, Y. Increase effect of

transforming growth factor on eotaxin production by normal cultured
240



324.

325.

326.

327.

328.

329.

dermal fibroblasts stimulated with interleukin-4: inhibitory effect of
suplatast tosilate on eotaxin production. Immunol Invest 39:93-102.

Alam, R, Forsythe, P., Stafford, S., and Fukuda, Y. 1994. Transforming growth
factor beta abrogates the effects of hematopoietins on eosinophils and
induces their apoptosis. ] Exp Med 179:1041-1045.

Pazdrak, K., Justement, L., and Alam, R. 1995. Mechanism of inhibition of
eosinophil activation by transforming growth factor-beta. Inhibition of Lyn,
MAP, Jak2 kinases and STAT1 nuclear factor. ] Immunol 155:4454-4458.
Mitchell, E.B., Crow, J., Chapman, M.D., Jouhal, S.S., Pope, F.M., and Platts-Mills,
T.A. 1982. Basophils in allergen-induced patch test sites in atopic dermatitis.
Lancet 1:127-130.

Raychaudhuri, S.P., Jiang, W.Y., and Farber, E.M. 1998. Psoriatic keratinocytes
express high levels of nerve growth factor. Acta Derm Venereol 78:84-86.
Schafer, K.H., Mestres, P., Marz, P., and Rose-John, S. 1999. The IL-6/sIL-6R
fusion protein hyper-IL-6 promotes neurite outgrowth and neuron survival
in cultured enteric neurons. J Interferon Cytokine Res 19:527-532.

Rice, F.L., Albers, K.M.,, Davis, B.M,, Silos-Santiago, 1., Wilkinson, G.A,,
LeMaster, A.M,, Ernfors, P., Smeyne, R.J., Aldskogius, H., Phillips, H.S,, et al.
1998. Differential dependency of unmyelinated and A delta epidermal and
upper dermal innervation on neurotrophins, trk receptors, and p75LNGFR.

Dev Biol 198:57-81.

241



330.

331.

332.

333.

334.

335.

336.

337.

Jackman, A., and Fitzgerald, M. 2000. Development of peripheral hindlimb
and central spinal cord innervation by subpopulations of dorsal root ganglion
cells in the embryonic rat. ] Comp Neurol 418:281-298.

Aldskogius, H., Hermanson, A., and Jonsson, C.E. 1987. Reinnervation of
experimental superficial wounds in rats. Plast Reconstr Surg 79:595-599.
Levi-Montalcini, R. 1982. Developmental neurobiology and the natural
history of nerve growth factor. Annu Rev Neurosci 5:341-362.

Coggeshall, R.E., Pover, C.M,, and Fitzgerald, M. 1994. Dorsal root ganglion
cell death and surviving cell numbers in relation to the development of
sensory innervation in the rat hindlimb. Brain Res Dev Brain Res 82:193-212.
Davies, A.M., Bandtlow, C., Heumann, R., Korsching, S., Rohrer, H., and
Thoenen, H. 1987. Timing and site of nerve growth factor synthesis in
developing skin in relation to innervation and expression of the receptor.
Nature 326:353-358.

Lindsay, R.M. 1988. Nerve growth factors (NGF, BDNF) enhance axonal
regeneration but are not required for survival of adult sensory neurons. J
Neurosci 8:2394-2405.

Albers, K.M., Wright, D.E., and Davis, B.M. 1994. Overexpression of nerve
growth factor in epidermis of transgenic mice causes hypertrophy of the
peripheral nervous system. /] Neurosci 14:1422-1432.

Baccaglini, P.I., and Hogan, P.G. 1983. Some rat sensory neurons in culture
express characteristics of differentiated pain sensory cells. Proc Natl Acad Sci

USA80:594-598.
242



338.

339.

340.

341.

342.

343.

344,

Scott, B.S. 1977. Adult mouse dorsal root ganglia neurons in cell culture. J
Neurobiol 8:417-427.

Peacock, ].H., Nelson, P.G., and Goldstone, M.W. 1973. Electrophysiologic
study of cultured neurons dissociated from spinal cords and dorsal root
ganglia of fetal mice. Dev Biol 30:137-152.

Woolf, C.J., Reynolds, M.L., Molander, C., O'Brien, C., Lindsay, R.M., and
Benowitz, L.I. 1990. The growth-associated protein GAP-43 appears in dorsal
root ganglion cells and in the dorsal horn of the rat spinal cord following
peripheral nerve injury. Neuroscience 34:465-478.

Chen, Z.L., Yu, W.M,, and Strickland, S. 2007. Peripheral regeneration. Annu
Rev Neurosci 30:209-233.

O'Donnell, M., Chance, R.K., and Bashaw, G.J. 2009. Axon growth and
guidance: receptor regulation and signal transduction. Annu Rev Neurosci
32:383-412.

Leiferman, K.M., Gleich, G.J., Kephart, G.M., Haugen, H.S., Hisamatsu, K., Proud,
D., Lichtenstein, L.M., and Ackerman, S.J. 1986. Differences between basophils
and mast cells: failure to detect Charcot-Leyden crystal protein
(lysophospholipase) and eosinophil granule major basic protein in human
mast cells. ] Immunol 136:852-855.

Hamid, Q., Barkans, J., Meng, Q., Ying, S., Abrams, ].S., Kay, A.B., and Moqgbel, R.
1992. Human eosinophils synthesize and secrete interleukin-6, in vitro. Blood

80:1496-1501.

243



345.

346.

347.

348.

349.

350.

Matsukura, S., Stellato, C., Plitt, ].R., Bickel, C., Miura, K., Georas, S.N., Casolaro,
V., and Schleimer, R.P. 1999. Activation of eotaxin gene transcription by NF-
kappa B and STAT6 in human airway epithelial cells. ] Immunol 163:6876-
6883.

Dulkys, Y., Schramm, G., Kimmig, D., Knoss, S., Weyergraf, A., Kapp, A., and
Elsner, J. 2001. Detection of mRNA for eotaxin-2 and eotaxin-3 in human
dermal fibroblasts and their distinct activation profile on human eosinophils.
J Invest Dermatol 116:498-505.

Wenzel, S.E.,, Trudeau, ].B.,, Barnes, S., Zhou, X., Cundall, M., Westcott, ].Y.,
McCord, K., and Chu, HW. 2002. TGF-beta and IL-13 synergistically increase
eotaxin-1 production in human airway fibroblasts. ] Immunol 169:4613-
46109.

Fritz, D.K,, Kerr, C., Tong, L., Smyth, D., and Richards, C.D. 2006. Oncostatin-M
up-regulates VCAM-1 and synergizes with IL-4 in eotaxin expression:
involvement of STAT6. ] Immunol 176:4352-4360.

Matsukura, S., Odaka, M., Kurokawa, M., Kuga, H., Homma, T., Takeuchi, H.,
Notomi, K., Kokubu, F., Kawaguchi, M., Schleimer, R.P., et al. Transforming
growth factor-beta stimulates the expression of eotaxin/CC chemokine
ligand 11 and its promoter activity through binding site for nuclear factor-
kappaB in airway smooth muscle cells. Clin Exp Allergy 40:763-771.
Weinberg, ].M., and Siegfried, E.C. 2006. Successful treatment of severe atopic
dermatitis in a child and an adult with the T-cell modulator efalizumab. Arch

Dermatol 142:555-558.
244



351.

352.

353.

354.

355.

356.

357.

Takiguchi, R., Tofte, S., Simpson, B., Harper, E., Blauvelt, A., Hanifin, ]., and
Simpson, E. 2007. Efalizumab for severe atopic dermatitis: a pilot study in
adults. ] Am Acad Dermatol 56:222-227.

Harper, E.G., Simpson, E.L., Takiguchi, R.H., Boyd, M.D., Kurtz, S.E., Bakke, A.C,,
and Blauvelt, A. 2008. Efalizumab therapy for atopic dermatitis causes
marked increases in circulating effector memory CD4+ T cells that express
cutaneous lymphocyte antigen. ] Invest Dermatol 128:1173-1181.

Siegfried, E.C. 2007. Long-term follow-up of a child treated with efalizumab
for atopic dermatitis. Arch Dermatol 143:1077-1078.

Taherzadeh, O., Otto, W.R., Anand, U., Nanchahal, ]J., and Anand, P. 2003.
Influence of human skin injury on regeneration of sensory neurons. Cell
Tissue Res 312:275-280.

Reynolds, M., Alvares, D., Middleton, ]., and Fitzgerald, M. 1997. Neonatally
wounded skin induces NGF-independent sensory neurite outgrowth in vitro.
Brain Res Dev Brain Res 102:275-283.

Morgan, R.K,, Costello, R.W., Durcan, N., Kingham, P.].,, Gleich, G.J., McLean,
W.G., and Walsh, M.T. 2005. Diverse effects of eosinophil cationic granule
proteins on IMR-32 nerve cell signaling and survival. Am J Respir Cell Mol Biol
33:169-177.

Walsh, M.T., Curran, D.R., Kingham, P.J., Morgan, R.K,, Durcan, N., Gleich, G.].,
McLean, W.G., and Costello, R.W. 2004. Effect of eosinophil adhesion on
intracellular signaling in cholinergic nerve cells. Am J Respir Cell Mol Biol

30:333-341.
245



358. Spencer, L.A., Melo, R.C,, Perez, S.A., Bafford, S.P., Dvorak, A.M., and Weller,
P.F. 2006. Cytokine receptor-mediated trafficking of preformed IL-4 in
eosinophils identifies an innate immune mechanism of cytokine secretion.
Proc Natl Acad Sci US A 103:3333-3338.

359. Melo, R.C, Spencer, L.A.,, Perez, S.A., Ghiran, 1., Dvorak, A.M., and Weller, P.F.
2005. Human eosinophils secrete preformed, granule-stored interleukin-4
through distinct vesicular compartments. Traffic 6:1047-1057.

360. Lee,].J, Jacobsen, E.A., McGarry, M.P., Schleimer, R.P., and Lee, N.A.
Eosinophils in health and disease: the LIAR hypothesis. Clin Exp Allergy
40:563-575.

361. Yamaoka, ], Di, Z.H., Sun, W., and Kawana, S. 2007. Changes in cutaneous
sensory nerve fibers induced by skin-scratching in mice. ] Dermatol Sci
46:41-51.

362. Mihara, K., Kuratani, K., Matsui, T., Nakamura, M., and Yokota, K. 2004. Vital
role of the itch-scratch response in development of spontaneous dermatitis
in NC/Nga mice. Br ] Dermatol 151:335-345.

363. Amon, U, Menz, U.,, and Wolff, H.H. 1994. Investigations on plasma levels of
mast cell mediators in acute atopic dermatitis. ] Dermatol Sci 7:63-67.

364. Amon, U, Memmel, U, Stoll, R.,, and Amon, S. 2000. Comparison of severity
scoring of atopic dermatitis values and serum levels of eosinophil cationic
protein and mast cell tryptase for routine evaluation of atopic dermatitis.

Acta Derm Venereol 80:284-286.

246



365.

366.

367.

368.

369.

370.

Nomura, [., Katsunuma, T., Matsumoto, K., Iida, M., Tomita, H., Tomikawa, M.,
Kawahara, H., Akasawa, A., Pawankar, R., and Saito, H. 2001. Human mast cell
progenitors in peripheral blood from atopic subjects with high IgE levels. Clin
Exp Allergy 31:1424-1431.

Arizono, N., Matsuda, S., Hattori, T., Kojima, Y., Maeda, T., and Galli, S.J. 1990.
Anatomical variation in mast cell nerve associations in the rat small intestine,
heart, lung, and skin. Similarities of distances between neural processes and
mast cells, eosinophils, or plasma cells in the jejunal lamina propria. Lab
Invest 62:626-634.

Jakobsen, |, Jensen, H.D., and Sidenius, P. 1982. Change in mast cell
dimensions increases the profile number in sections of peripheral nerve of
diabetic rats. Acta Neuropathol 56:157-160.

Undem, B.]., Hubbard, W.C,, Christian, E.P., and Weinreich, D. 1990. Mast cells
in the guinea pig superior cervical ganglion: a functional and histological
assessment. | Auton Nerv Syst 30:75-87.

Dimitriadou, V., Buzzi, M.G., Moskowitz, M.A., and Theoharides, T.C. 1991.
Trigeminal sensory fiber stimulation induces morphological changes
reflecting secretion in rat dura mater mast cells. Neuroscience 44:97-112.
Naukkarinen, A., Harvima, L.T., Aalto, M.L., Harvima, R.J., and Horsmanheimo,
M. 1991. Quantitative analysis of contact sites between mast cells and
sensory nerves in cutaneous psoriasis and lichen planus based on a

histochemical double staining technique. Arch Dermatol Res 283:433-437.

247



371. Sugiura, H., Maeda, T., and Uehara, M. 1992. Mast cell invasion of peripheral
nerve in skin lesions of atopic dermatitis. Acta Derm Venereol Suppl (Stockh)

176:74-76.

248



APPENDICES

Appendix A: Synonyms for atopic dermatitis.

Synonyms for atopic dermatitis: atopic eczema, infantile eczema, prurigo Besnier,

lichen Vidal, endogenous eczema, Spatexudatives Ekzematoid, neurodermatitis

(constitutionalis)
[Hanifin and Rajka, 1980]

Appendix B: Diagnostic criteria for atopic dermatitis.

L. 1977: Hanifin ] and Lobitz W, Arch Dermatol Vol 113, May 1977, pg 663-670

Proposed Diagnostic Criteria for AD:

Must have each of the following:

1. Pruritus

2. Typical morphology and distribution:
a. flexural lichenification in adults

b. facial and extensor involvement in infancy

3. Tendency toward chronic or chronically-relapsing dermatitis.

plus
Two or more of the following features:
1. personal or family history of atopic disease

2. immediate skin test reactivity

3. white dermatographism and/or delayed blanch to cholinergic agents

4. anterior subcapsular cataracts
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or

four or more of the following features:

1. xerosis/ichthyosis/hyperlinear palms

2. pityriasis alba

3. keratosis pilaris

4. facial pallor/infraorbital darkening

5. Dennie-Morgan infraorbital fold

6. elevated serum IgE

7. keratoconus

8. tendency toward non-specific hand dermatitis

9. tendency toward repeated cutaneous infections

I1. 1980: Hanifin ] and Rajka G, Acta Dermatovener (Stockholm) Suppl 92:44-47, 1980
“firm diagnosis of atopic dermatitis would require the presence of at least 3 basic
features:

1) Pruritus. history of itching. Jacquet suggested that all cutaneous changes are
secondary to itch-induced scratching. (Jacquet, L. In La Pratique Dermatologique, ed
E Besnier, L Brocq, L Jaquet, vol 5, Masson Paris, 1904.)

2) Lichenification.

3) Chronically relapsing course. AD is remarkable for its chronicity and for flares
and relapses

4) Atopic history a) personal [manifestations of allergic respiratory disease are
present in roughly 50% of patients, varies with age of population; infants may

develop respiratory symptoms much later] or b) family members [approx 70% of
250



pts with AD are aware of other family members who have one or more
manifestations of atopy]

Minor features: 1) Xerosis, 2) Ichthyosis, 3) Immediate (type I) skin test reactions, 4)
Elevated serum IgE, 5) early age of onset, 6) cutaneous infections, 7) non-specific
hand dermatitis, 8) nipple eczema, 9) cheilitis- chronic desquamation of the upper
lip, both lips or perioral areas, 10) recurrent conjunctivitis, 11) Dennie-Morgan
infraorbital fold, 12) Keratoconus (not often seen in AD pts), 13) anterior
subcapsular cataracts, 14) orbital darkening, 15) facial pallor and facial erythema,
16) pityriasis alba- mild, post-inflammatory hypopigmentation, 17) anterior neck
folds, 18) itch when sweating, 19) intolerance to wool and lipid solvents, 20)
periofollicular accentuation, 21) food intolerance, 22) course influenced by envtl
and emotional factors, 23) white dermatographism and delayed blanch.

1. 1994: Williams HC, Br ] Dermatol 131(3), 406-416, 1994. UK Working Party’s
diagnostic criteria for AD. Indep hospital validation.

Evidence of a pruritic skin condition plus 3 or more of the following:

1. history of flexural (skin crease) involvement

2. history of dry skin

3. onset under the age of 2 years

4. personal history of asthma or allergic rhinitis

5. visible flexural dermatitis as seen by a clinician
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Appendix C: List of reagents

Penicillin/Streptomycin

Dulbecco’s Modified Eagle Medium

Fetal Bovine Serum

Hank’s Buffered Salt Solution

Ketamine

Xylazine

Grade V ovalbumin
Pentobarbital
Trypsin-EDTA
Transwell plates
Matrigel

Cytosine arabinoside
Paraformaldehyde
ITS

L-glutamine

Bovine serum albumin
Hemacolor

Percoll

Toluidine blue
Trypan blue

Antigen unmasking solution

HyClone SV30010

Sigma

BD Biosciences

CellGro 25-800-CR

EMD Chemicals

Pen 100 U/ml

Strep 100 ug/mL

100 mg/kg
5 mg/kg

100 ug/ml
300 mg/kg

1.25%

4%
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Mouse anti-human PGP 9.5
Rabbit anti-mammal PGP 9.5
Biotinylated goat anti-mouse
Biotinylated goat anti-rabbit
Alexa 555 goat anti-rat
Normal goat serum
Avidin-Biotin Conjugation kit
DAB or SG kit

Mounting Medium with DAPI

Cytoseal Crystal Mount

Mice:

Wild-type, C57BL/6

PHIL

NJ1638 (CD3-IL-5 transgenic)

K14-IL-5 (IL-5 transgenic)

Medium recipes:

C2 nerve medium

Serotec 1:500, 1:1000

Serotec 1:500, 1:1000

Vector
Vector
Vector

Vector

Jackson Laboratories
Nancy and James ] Lee Lab Scottsdale, AZ
Nancy and James ] Lee Lab Scottsdale, AZ

Nancy and James ] Lee Lab Scottsdale, AZ

95ml DMEM (with pyruvate and L-glut)

5ml 2% BSA in DMEM
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2ml 100X stock L-glut in DMEM

2ml 100X ITS

100ml F12 medium.

PMC culture medium

462.5ml DMEM

25ml FBS

5ml 200mM L-glutamine

2.5ml gentamicin (10mg/ml)

5ml 1M HEPES (20mM final, to give a pH of 7.4)

Isotonic Percoll solution, 70%

7ml Percol], sterile

1ml 10X HBSS

0.1ml FBS, sterile

1.9ml ddH20, sterile
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Appendix D: Commonly used dermatologic terms

acanthosis: thickening of granular layer of skin

eczema: any spongiotic dermatitis

edema: swelling due to fluid leakage

filaggrin: cleaved from pro-filaggrin; a major contributor to the epidermal barrier
hyperkeratosis: thickening of the entire epidermis

hyperplasia: proliferation of cells, specifically keratinocytes

lesional: clinically abnormal appearing skin from an atopic dermatitis patient
non-lesional: clinically-normal appearing skin from an atopic dermatitis patient
papillary dermis: upper region of dermis abutting the dermal-epidermal junction
pruritus: itch

rete pegs: epidermal hyperplasia that forms incursions into the papillary dermis
reticular dermis: lower region of dermis abutting the hypodermis

spongiosis: intercellular edema due to keratinocyte apoptosis

stratum corneum: top layer of skin that sloughs off; forms main epidermal barrier
hypodermis: deepest layer of skin containing adipocytes, blood vessels and nerve
plexi

xerosis: dry skin
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Appendix E: Patient Intake Form for Human Biopsy study

DATE:

Patient Number

Name of Patient

Date of Birth

Family History of Atopic Dermatitis/Eczema:

Personal History of Atopic Dermatitis/Eczema:

Approximate age when disease appeared:

Time without topical treatment for disease (days):

Current medication list:

Patient-rated itch on a scale of 1-5 (1 = no itch, 5 = unbearable, keep up at

night):

Physical Exam:

Samples taken:

Circle one or more: Normal skin Lesional skin Non-lesional skin
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