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Chapter 1 | General introduction

Introduction

Atopic dermatitis (AD) is defined as a genetically predisposed inflammatory and
pruritic allergic skin disease with characteristic clinical features!. It is associated with
immunoglobulin E (IgE) antibodies most commonly directed against environmental
allergens?. Canine AD, sharing several characteristics with human AD?3, is one of the most
common skin diseases occurring in dogs with a history of pruritus and recurrent skin or ear
infections®.

The prevalence of canine AD as established in canine populations varies between
3 and 15% depending, amongst others, on breed, geographic area and survey method’.
The clinical signs are diverse and vary depending on age of onset, breed and breed-specific
phenotypes, sex predisposition, seasonality, anatomical sites, and types of skin lesions
(primary or secondary)?*®. Driven by allergen exposure, and depending on the types of
immune cells responding the disease may present as acute or chronic®!, Apart from
prolonged impact on animal health and welfare, canine AD is a continuous (financial)
burden to owners in view of treatment. Although current treatment options can alleviate
clinical symptoms of canine AD in most patients, a cure that results in medication free
disease remission is not available!?!3, Moreover, the exact pathogenesis of canine AD, still
to be unraveled and is subject of debate®*3,

Several genes are likely to be related to abnormalities in immune response and
barrier function in canine AD'*6, However, a direct relationship between genetic aspects
and canine AD has not been established yet. In general, two hypotheses have been
postulated for induction of AD. The first one, the “inside-out” hypothesis, considers AD
primarily as an immunologic disease that is initiated by a disbalance in immune
homeostasis resulting in over-activation of Th2-dominated immune responsiveness to
allergens, that causes skin barrier dysfunction secondarily'’. The second one, the “outside-
in” hypothesis, postulates that AD is initiated by intrinsic defects of epithelial cells and the
skin barrier, facilitating penetration of allergens resulting in activation of both innate and
adaptive immunity'’8, Irrespective of the disease initiation, skin barrier disruption occurs
in both disease models and affects skin microbe colonization!®?°, thereby disturbing the
active functional balances between the naturally occurring (commensal) and opportunistic
skin microbes, and the host’s immune response?™?2, In this way, the host-microbe
interaction (initially) taking place at the level of keratinocytes (KC) and other skin resident
cells, may contribute to disease severity'®212324 Besides, disease may in turn influence
the microbiome?>2%, Elucidation of the pathogenesis of canine AD may help diagnose the
disease and also guide proper therapeutic strategies in this multifaceted disorder.



Clinical signs

Pruritus is the most common clinical signs of canine AD?. Both primary and
secondary skin lesions, may be observed in canine AD?*2. The primary lesions are
erythema, maculae and papulae. The secondary lesions, most likely resulting from self-
trauma (scratching, biting, chewing, etc.), may be excoriation, self-induced alopecia,
lichenification, hyperpigmentation, crusting, and seborrhea?’. The predominant
predilection sites of canine AD may vary between breeds, but the commonly affected
areas on the body are face, ear pinnae, axilla, ventral abdomen, inguinal region and
paws?®%°, Most allergic dogs present atopy-related signs for a prolonged period of time,
i.e. chronically and continuously®. The onset of the disease is typically observed between
6 months and 3 years of age'®. The clinical signs also vary with respect to seasons,
probably dependent on allergen exposure®!3, Certain breeds show predisposition to be
affected, which can vary between geographical locations for different breeds, most likely
depending on the variation in specific genetic make-up in local populations®31-34,

Etiology (pathogenesis)

Immune responses

In the process of activation of immune responses after encounter of allergens, as
well as microbial antigens, KC produce cytokines (thymic stromal lymphopoietin or TSLP,
IL-1, IL-6, transforming growth factor-f or TGF-B, etc.) and possibly antimicrobial peptides
(AMP)72335 The first contact between antigen (aeroallergen or microbial antigens) and
antigen-presenting cells (APCs), which are the skin’s Langerhans cells and dendritic cells
(DCs), leads to their migration to the draining (regional) lymph nodes (DLN) where the
antigens are presented to naive T cells?®. In the presence of IL-4, for the increased
production of which allergic individuals may be predisposed, naive T cells differentiate
towards a Th2 phenotype and induce B lymphocytes to produce IgE that will bind to high-
affinity IgE receptors on mast cells in tissues®® (Figure 1). Upon secondary antigen
exposure, T cells are reactivated, mast cells degranulate and a multitude of inflammatory
cytokines such as histamine, IL-8, and IL-13 is released. This local microenvironment
enhances migration of Th2 lymphocytes and eosinophils into the skin, resulting in
increased local production of Th2 cytokines (e.g. IL-4, IL-5, and IL-13), which in turn
stimulate IL-25 production by eosinophils. Next to enhancing a Th2 feedback loop
eosinophils, producing IL-6, IL-1B, and TGF-B, may support Th17 differentiation during the
acute phase of disease. Th17 cells in the skin can subsequently support IL-19 release by
Th2 cells, which causes epidermal hyperplasia and release of AMP by keratinocytes and
tissue remodeling activity of fibroblasts. The chronic phase of AD is characterized by a shift
towards a stronger Th1 response, that is driven by IL-12 secreted by multiple cells such as
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eosinophils, dermal dendritic cells (DDCs), and inflammatory epidermal dendritic cells
(IDEC) (Figure 1)3.

It is clear that the immune-pathogenesis of AD is complex. Next to the initial Th2
response and a more Th1l dominated chronic phase of disease regulatory T cells and Th17
cells are associated with the severity of AD3”:38, There is evidence showing that expression
of Th17 cytokines, IL-17 and IL-22, and the regulatory cytokine, IL-10, was significantly
increased in lesional atopic skin>%3%42,
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Figure 1. Activation of immune responses to allergens. KC, keratinocyte; LC, Langerhans cell; MHC, major
histocompatibility complex. This figure was originally published by Di Cesare et al., the Journal of investigative
dermatology, A role for Th17 cells in the immune-pathogenesis of atopic dermatitis?, 2008; Vol. 128 issue 11,
pages 2569-2571. DOI: https://doi.org/10.1038/jid.2008.283. Copyright © 2008 The Society for Investigative
Dermatology, Inc. All rights reserved. Elsevier User license: https://www.elsevier.com/about/policies/open-

access-licenses/elsevier-user-license.

Barrier function

The epidermis of the skin consists of four layers; stratum basale, stratum
granulosum, stratum spinosum and the outermost part of the skin called stratum corneum
(SC) (Figure 2). The stratum corneum (SC), a “brick and mortar” structure consisting of
corneocytes (terminally differentiated keratinocytes) embedded in a lipid matrix*, acts as

the primary barrier (of the skin) against physical, chemical and microbial insults**. Lamellar
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bodies, organelles extruded from the corneocytes of the epidermis provide the major lipid
classes of the SC*45, ceramides (CERs), free fatty acids (FFAs) and cholesterol (CHOL)*7-,

In humans it has been shown that the SC lipid matrix between the corneocytes
consists of two types of crystalline lamellar phases®®>!. Those with repeat distances of
approximately 6 nm, namely the short periodicity phase (SPP) lamellae and those with
repeat distances of approximately 13 nm®254, called the long periodicity phase (LPP)
lamellar organization, the latter of which is essential for the decreased permeability of the
skin as compared to the skin organized by the shorter lamellar phase®>’ (Figure 2).

The lateral packing of these lamellae, may be classified as dense, the
orthorhombic pattern, less densely organized, the hexagonal pattern or liquid in fact a
disordered pattern (Figure 2). The orthorhombic pattern is most abundant in control
human skin, whereas the hexagonal organization is less present. In AD patients the latter
it is more abundant, and its lower density may impair the skin barrier.

Lateral organization
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Figure 2. Lamellar and lateral organization in human stratum corneum.

This figure was originally published in the Journal of Lipid Research. Janssens et al. Increase in short-chain
ceramides correlates with an altered lipid organization and decreased barrier function in atopic eczema patients.
J. Lipid Res. 2012; 53(12), 2755-2766. © the American Society for Biochemistry and Molecular Biology.
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As described above, major lipid classes involved in structural and functional
aspects of the lamellae are CERs, FFAs and CHOL (Figure 3)s. CERs is a class of lipids
essential for the barrier structure and function that has been found to be markedly
decreased in AD patients due to the fact that they are retained in lamellar bodies in
KC5%0, CERs consist of a sphingoid base and an acyl chain, nomenclature according to
Motta et al®l. The base can be either sphingosine (denoted by S), phytosphingosine (P), 6-
hydroxyspingosine (H) or dihydroxysphingosine (dS), the acyl chain is either non-hydroxy
(N), a-hydroxy (A) or w-hydroxy acyl chain ester linked to a linoleate (EO). In each of the
CER subclasses there is a variation in carbon chain lengths®2. In human SC, 12 ceramide
subclasses are identified and denoted by CER[NS],CER[NH], CER[NP], CER[NdS], CER[AS],
CER[AH], CER[AP], CER[AdS], CER[EOS], CER[EOH], CER[EOP] and CER[EOdS]62636% |n
canine SC, the same ceramide subclasses were identified except CER[EQdS]®>.
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Figure 3. Schematic representation of the skin lipid bilayer indicating positioning of the major lipid classes CER
(Green), CHOL (Purple), FFA (Yellow) molecules, and water molecules (Top and bottom area). Polar heads
(Oxygen) are shown in red sphere.

This figure was partly adapted from the figures originally published in Frontiers in Pharmacology, Insight into the
molecular dynamic simulation studies of reactive oxygen species in native skin membrane, Front. Pharmacol.,
2018, Vol. 9, Article 644. DOI: 10.3389/fphar.2018.00644. Copyright © 2018 Yadav, Kumar, Choi, Sharma, Misra
and Kim. This open-access article is distributed under the terms of the Creative Commons Attribution License (CC
BY) (https:// creativecommons.org/ licenses/by/4.0/).
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In previous studies it was observed that an increase in the level of CERs with a
short chain length, C34 in particular, resulted in a reduction in the spacing in lamellar
organization hence possibly decreased formation of LPP indicating changes in the lamellar
phases®>®’, leading to an increased permeability of the skin barrier®’.

Next to CERs, there are FFA and CHOL as important lipids in the “mortar”
constitution. Studies performed in lipid model systems showed that a reduction in FFA
level and a reduction in chain length of CER increase the conformational disordering of
lateral lipid packing, resulting in an impaired skin barrier properties®®®, Whereas CHOL
resides in the mortar it has a crucial role for the “bricks”, particularly in the KC
differentiation and desquamation’®.

It was shown that changes in lipids e.g. an increase in the fraction of C34 CER
levels forming a hexagonal packing’, a reduction in the chain length of the FFAs (< 20
carbon atoms) and the CERs (<42 carbon atoms)’*’? and a decrease in total lipid content
(CHOL+FFA+CERs) in SC’75; cause a reduction in the skin barrier function measured by
increased permeability and transepidermal water loss (TEWL) in AD patients.

Skin barrier disruption in general, as part of the proposed “outside-in” hypothesis
of AD pathogenesis, is associated with altered lipid composition, and organization, has
been shown to play a role in human AD’*727576_ Only little is known about skin barrier
(dys-) function in canine atopic dermatitis®>’”’8, Comparison of the lipid composition, and
the lamellar and lateral organization of lipids in SC of AD and healthy dogs may shed light
on the consequences of the differences in the skin lipid properties for the skin barrier
function in AD.

Disrupted skin barrier may be caused by genetic mutations’®, for example the
alterations in lipid metabolism or in structural proteins due to mutation of candidate
genes located on chromosome 17 (LOC483120) or on chromosome 27 (PKP2), that are
associated with defective skin barrier function in canine AD®82, Apart from genetic
factors, the abnormalities of the skin barrier can be the results of diet and/or microbiome
changes?, that may also play a role in the “inside-out” hypothesis.

Skin microbiome

The skin surface is colonized by a diversity of microorganisms including bacteria,
fungi, viruses and mites; and colonization differs depending on anatomical sites, host
factors and environmental factors®®. The interaction between host and microbes can be
commensal, symbiotic or pathogenic®. In healthy skin, the commensal bacteria such as S.
epidermidis help maintaining skin homeostasis by regulating local inflammatory
responsiveness involving components like KC and other skin resident cells, cytokines and
AMP?12285 Disturbance of homeostasis by changes in skin barrier and local immune
responsiveness increases the risk of pathogenic activity of skin microbes?'2%8¢, Moreover,
it was shown that breaching of skin homeostasis due to a disturbed or diseased skin

13
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tended to alter the composition of the microbiome®?°. For example, bacterial diversity
was reduced and the microbial community was predominantly localized by the
overgrowth of Staphylococci, S. aureus in particular, during exacerbation or flare of AD
disease in humans®,

The (secondary) infection of the skin is the most common complication in canine
AD which is correlated with the clinical severity, occasionally resulting in unresponsiveness
to the antimicrobial treatment®’. Seen the high incidence of infection in AD, the pathogens
may play a major role in both inside-out or outside-in hypotheses?#%, and this has not
been clearly elucidated in either human or canine AD. To study the interaction between
host and predominant microorganisms may help clarify the link between the AD disease
symptoms, the barrier disruption and the frequent skin infection.

Based on conventional culture of skin swabs Staphylococcus pseudintermedius is
most commonly shown in case of bacterial overgrowth found on AD dog skin, whereas
Malassezia pachydermatis is the main yeast strain found by culture®°2. Identification of
the skin microbiome has developed, and high throughput sequencing and analysis
methods are able to provide more details about the diversity of the microbiome than that
found by culture-based methods®*®*. Only limited data of the canine skin microbiome
analyzed by this molecular approach have been reported®¥’.

Antimicrobial peptides (AMP)

Keratinocytes (KC) and their products are the main components of the skin
barrier'”-23, An important role of KC as part of the innate immune system is the production
of AMP when activated through a spectrum of pattern recognition receptors (PRRs) and
cytokine receptors that are expressed both constitutively (in homeostasis) as well as
upregulated upon infection and through inflammatory stimuli®*®. AMP have many
beneficial properties to the host such as broad-spectrum antimicrobial activity (Gram-
negative and Gram-positive bacteria, fungi and viruses), immunomodulatory functions,
stimulation of wound vascularization, re-epithelialization of healing skin and antitumor
activity®s.

In dog skin, AMP expressed by epithelial tissue are defensins and cathelicidins®®
100 Defensins are categorized into three subfamilies a, B, and 8 based on disulfide bonds
formed by amino acid residues!®’. The B-defensins (BD) may be expressed both in skin and
the respiratory, gastrointestinal and reproductive tracts®®, whereas the a- and 8-defensins
have not been found in dogs!?>1% The amino acid sequences of canine BD (cBD) showed
homology with those of other species varying from 51% to 80%°%1%0105 Five B-defensin
genes, cBD1, cBD102, cBD103 (most prominent), cBD122 and cBD127 have been
recognized in the skin of control and atopic dogs'®. Cathelicidin molecules consist of three
domains: a signal sequence, a (conserved) propeptide domain and a mature peptide®®.
Humans (LL-37), mice (CRAMP), dogs (K9CATH) and cats (feCath) express a single
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cathelicidin whereas horses, pigs, cows, goats and chickens express multiple
cathelicidins®®. The N-terminus (a conserved region) of K9CATH shares more than 80%
similarity to that of other species whereas the C-terminus mature peptide (a highly
variable region) displayed most similarity to that of human LL-37 at 46%%.

Several conditions met in AD contribute to changes in AMP expression. AD is
typically associated with skin inflammation and infection, that have shown to induce AMP
expression in human skin%1%7 as well as dog skin®®1%, Variable expression of AMP was

10 However, currently little

observed at different body sites of healthy dog skin
information is available on the differential expression of skin AMP in dogs with AD. The
fact that some areas of the skin are prone to be affected by AD (predilection sites i.e. axilla
and inguinal region) while others (non-predilection site i.e. lateral thorax) are less
involved?®, may be due to differential expression of AMP and as a consequence the

severity of the lesions in those areas may vary from mild to severe!!.

A g B g A0 T AR B sl o WO

TNF-@
® IFN-y

Figure 4. Loss of homeostasis. A) An intact skin covered with AMP B) A disrupted skin barrier in AD diminishes
local AMP production and renders the skin more susceptible to infection (microbes, Mc) or allows allergen (Ag) to

easily penetrate the skin. C) The immune response in the tissue triggered by allergen penetration or microbial
infection may either aggravate (-) the AMP production and contribute to disruption of skin barrier or stimulate (+)
the AMP production. (Abbreviations; AMP: antimicrobial peptide; APC: antigen presenting cells)
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Skin barrier disruption reflected by skin disease may cause differential local
expression of AMP that influences the constitution of the microbiome e.g. lower AMP
levels may result in a diminished antimicrobial barrier increasing susceptibility to infection
in human AD2113 possibly resulting in exacerbation of disease (Figures 4A-B).

In addition, several studies in humans have shown that imbalance of immune
responsiveness in skin like the presence of a Th2 dominated response (IL-4 and IL-13)
decreases the expression level of AMP (Figure 4C)!'%11°. On the other hand, the presence
of IL-1, IL-17 and IL-22 in the skin tends to have a stimulatory effect on AMP production
(Figure 4C)17:118 Thus, the clinical disease states at predilection sites of AD may alter AMP
expression in dog skin as well.

Various components derived from the skin microbiome interact with different
types of pattern recognition receptors (PRRs) expressed by skin cells??®1?l, The
interactions between microbial ligands and specific receptors result in induction of (pro-
inflammatory cytokines (e.g. TNF-a and IL-17) that contribute to alterations of innate
(AMP) and adaptive immune responsiveness?®3° (Figure 5). This may further aggravate
skin barrier dysfunction.

TNF-a¢  IFN-y IL-4 IL-13 17

Figure 5. The interaction of microbial components and keratinocytes. Microbial components interact with
different types of PPR expressed by keratinocytes e.g. lipopolysaccharide (LPS) interacts with TLR4 ligand;
lipoprotein (LP), peptidoglycan (PG), lipoteichoic acid (LTA) interact with TLR1, 2 or 6 ligands; trehalose-6,6-
dibehenate (TDB) interacts with the Mincle ligand. Loss of balance in response to microbial and inflammatory
(cytokine) stimuli may alter innate (AMP) and adaptive immunity and disturb skin homeostasis resulting in
development of clinical symptoms.
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Diagnosis

Up to date, a sub-group of the International Committee for Allergic Diseases in
Animals (ICADA) developed a set of practical guidelines to diagnose canine AD that
consisting of following three crucial steps?’:

1. Ruling out of other skin conditions with clinical signs that can resemble, or

overlap with canine AD.

2. Detailed interpretation of the historical and clinical features of the condition.

A new tool to assist with interpretation of these findings is the application of
clinical criteria known as “Favrot’s criteria”.

3. Assessment of skin reactivity by IntraDermal Testing (IDT) or detection of IgE

by Allergen-Specific IgE Serology (ASIS) testing.

Pruritus can be caused by several factors such as skin infection (bacteria, yeast),
skin infestation by ectoparasites (e.g. flea, demodicosis, cheyletiellosis, pediculosis) and
other types of skin allergy (food adverse reaction, flea allergic dermatitis, contact allergic
dermatitis). Hence, to diagnose canine AD, other possibilities that cause pruritus should be
primarily excluded®?’.

Next, the new tool known as “Favrot’s criteria” should be used to diagnose canine
AD, for which 5 or 6 criteria should be fulfilled (Table 1)>.

Identification of causal allergens may be performed by IDT or ASIS. IDT is a in vivo
diagnostic tool that gives an immediate response, wheal formation within 10-30 minutes,
to a specific allergen injected intradermally in small amounts!?2. ASIS testing is a
serological approach to determine allergen-specificity of IgE!?3. The most common
allergens in canine AD are house dust mites (Dermatophagoides farinae and
Dermatophagoides pteronyssinus), storage mites, pollens, molds, and epidermal allergens
(e.g. from human and cat)?. The interpretation of allergy testing should be done with
caution. The skin test results can be confounded by the use of some drugs i.e. anti-
histamine, anti-inflammatory agents, and antibiotics'?. The total serum IgE measurement
may not be related with the clinical signs or the results of IDT'?4, Also, IgE levels in atopic
and normal dogs might not be significantly different'?>. Variations among laboratories in
term of standardization, test procedures and quality control may cause difficulties in
outcome, interpretation and comparison of tests'?>'%6, Finally, diagnostic testing should
be considered based on individual circumstances'?,
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Table 1. Favrot’s criteria.

Use Reliability

Set 1: - Use for clinical studies and adapt required criteria based on the = 5 criteria:
goal of the study.

1. Age at onset <3 years - If higher specificity is required, 6 criteria should be fulfilled Sens. 854 %
(e.g., drug trials with potential side effects)

2. Mostly indoor - If higher sensitivity is required, 5 criteria should be fulfilled Spec. 79.1 %
(e.g., epidemiclogical studies)

3. Corticosteroid-responsive pruritus

4. Chronic or recurrent yeast infections « 6 criteria:
5. Affected front feet Sens. 58.2 %
6. Affected ear pinnae Spec. 885 %

7. Non-affected ear margins

8. Non-affected dorso-lumbar area

Set 2 + Use to evaluate the probability of the diagnosis of canine AD « 5 criteria:
1. Age at onset < 3 years « 5 criteria should be fulfilled Sens. 772 %
2. Mostly indoor + Do not use alone for diagnosis of canine AD, and rule out Spec. 83 %

resembling diseases

3. “Alesional” pruritus at onset « 6 criteria:
4. Affected front feet Sens. 42 %
5. Affected ear pinnae Spec. 93.7 %

6. Non-affected ear margins

7. Non-affected dorso-lumber area

This table was originally published in BMC Veterinary Research. Canine atopic dermatitis: detailed guidelines for
diagnosis and allergen identification. BMC Vet. Res., 2015, Vol. 11, 196-015-0515-5. Copyright © Hensel et al.
2015. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0).

Treatments

There is no specific treatment to cure AD. The best strategy of disease control is
combined intervention, multimodal treatments, depending upon the individual, the stage
of disease, disease severity and the distribution of lesions®!?’. There are three principal
points of consideration which are i) Identification and avoidance of flare factors ii)
Improvement of skin and coat hygiene and care iii) Reduction of pruritus and skin lesions
with pharmacological agents, depending on the stages of disease, i.e. acute, flare or
chronic!?’. Recently, a new biological agent, a monoclonal antibody specific for IL.-31 was
approved, it reduces pruritus and skin lesions in canine AD*?8,

Bacterial and yeast infection of the skin and in the ears are common causes of
disease flare, systemic and/or topical antimicrobial therapy are recommended to alleviate
the symptoms??71%°, based on clinical presentation and culture or cytology results*3°. Since
AD is a chronic disease and prolonged use of certain drugs may cause side effects,
medication that produces the least (unwanted) side effects is preferential for the
individuals health®?”. Topical treatment (bathing, spraying) that can reduce the severity
of clinical signs and relieve pruritus is strongly recommended®3!32, The medicated
shampoo (Malaseb®) contains chlorhexidine 2% and miconazole 2% shown to be the most
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effective ingredients against bacteria and yeast activity as compared to other products
described previously!33135,

Lipid (essential fatty acids, EFA) supplementation in diet is being recommended
to help normalize the constitution of intercellular lipids in the SC of AD dog skin, to
improve the quality of the skin barrier and possibly to help diminish skin inflammation?’.
The administration of oral medications such as anti-histamine, glucocorticoids, oclacitinib,
immunomodulatory and essential fatty acids are widely used to reduce pruritus and/or
skin lesions, thus to improve the skin barrier. However, the outcome of these therapies
may vary depending on individual, disease stages of acute or chronic®'?’. Oral
glucocorticoids e.g. prednisone or prednisolone and oclacitinib showed rapid action in the
treatment of acute flare of canine AD. Calcineurin inhibitor i.e. ciclosporin was more
effective in chronic canine AD'?. Currently, allergen-specific immunotherapy which is
considered as an immune-modulator, that gives rise to success rates of up to 60%, most
likely prevents disease recurrence and prolongs disease remission'?’. The variation in
success rate can be due to the variety in type and duration of medication combinations,
bathing, diet management, the approach to rule out other pruritic diseases, the history
taken based on client perception and client emotion, difficulty in administering the
medications and financial constraints?3®,
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Scope of the thesis

Atopic dermatitis (AD) is a pruritic chronic inflammatory skin disease with a
complex pathogenesis!, that occurs in multiple species?. Canine AD shares several
characteristics with human AD3”. The specific immune-pathogenesis of AD in dogs is not
well-established yet, but in general, both a defective epidermal barrier and a propensity to
develop secondary infections are well recognized features of atopic dermatitis, similar to
AD in humans’. It has been widely assumed that these abnormalities reflect consequences

|(I

of immunologic abnormalities, the historical “inside-out” view of atopic dermatitis
pathogenesis®. Some research groups, however, have proposed the “outside-in” view of
disease pathogenesis. This hypothesis entails an intrinsic abnormality of the skin barrier
with consequent increased permeability, not merely as an epiphenomenon, but rather as
the ‘driver’ of disease activity, whereas the extent of this defect parallels severity of AD%°
(Figure 1A). During progress of the disease, skin barrier pathophysiology may further
aggravatel®!! (Figure 1B). Invasion of skin microbes, a common complication in canine AD,
may affect proper functioning of skin resident cells including keratinocytes, resulting in
altered production of AMP and (pro-)inflammatory cytokines. This leads to exacerbation
of clinical symptoms as observed both in humans®'? and dogs®*3 (Figure 1B).

The overall aim of the research described in this thesis is to contribute to further
elucidation of the immune-pathogenesis of canine atopic dermatitis (canine AD) (Figure
2). Skin barrier changes, more precisely alterations in stratum corneum lipid composition
and physical constitution in AD versus healthy dogs are investigated and addressed in
Chapter 3. The differences in microbiome (bacteria and fungi) of the skin between AD
(lesional and non-lesional) and healthy skin and at different AD predilection sites are
investigated and addressed in Chapter 4. In addition, the consequences of topical
antimicrobial treatment for the microbiome constitution are also investigated and
described. Differential expressions in vivo of AMP and AD-related cytokine genes in
healthy and AD (lesional and non-lesional) skin at different AD predilection sites, and
before, during and after topical antimicrobial treatment are investigated and addressed in
Chapter 5. The interactions between skin cells (keratinocytes) and bacteria, microbial
ligands, AMP and cytokines in vitro are investigated and addressed in Chapter 6. Study of
these different subjects not only contributes to a more comprehensive understanding of
canine AD, but may in future result in design of diagnostic and therapeutic strategies for
canine AD.
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Figure 1. Factors related to the two hypotheses for pathogenesis of canine atopic dermatitis. A) The “Outside-
in” hypothesis; Barrier abnormality allows allergens (Ag) to easily penetrate the skin and interact with antigen-
presenting cells (APC), and subsequently to induce both innate (antimicrobial peptides, AMP) and adaptive (T reg,
Thi1, Th2, Th17) immunity. B) The “Inside-out” hypothesis; Hyperimmune responsiveness to allergens cause skin
barrier disruption, production of AMP decreases and that of (Pro-) inflammatory cytokines increase. Both in A)
and B) skin microbial (Mc) colonization may result in disease exacerbation.
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Figure 2. Overview of AD-related subjects described in this thesis as related to chapters of the PhD Thesis.
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ABSTRACT

Skin barrier disruption plays a role in the pathogenesis of atopic dermatitis (AD) in
humans. However, little is known about skin barrier (dys-) function in canine atopic
dermatitis. The properties of lipids located in the outermost layer of the skin, the stratum
corneum (SC) are considered to be important for the barrier. In the present study the lipid
composition and lipid organization of the SC of AD dogs and control dogs were examined.
The lipid composition of lesional AD skin as compared to control skin, showed a reduced
free fatty acid level and a decreased ratio of ceramide[NS] C44/C34, in which C44 and C34
are the total numbers of carbon atoms of the sphingosine (S) and non-hydroxy (N) acyl
chains. As a consequence of the observed changes in lipid composition in AD lesional skin
the lamellar organization of lipids altered and a shift from orthorhombic to hexagonal lipid
packing was monitored. Simultaneously an increased conformational disordering
occurred. These changes are expected to compromise the integrity of the skin barrier. The
C44/C34 chain length ratio of ceramide[NS] also showed a decreasing nonlinear
relationship with the AD severity score (CADESI). Taken together, canine atopic skin
showed alterations in SC lipid properties, similar to the changes observed in atopic
dermatitis in humans, that correlated with a disruption of the skin barrier. Hence lipids
play an important role in the pathogenesis of canine atopic dermatitis.

Keywords: stratum corneum; lamellar organization; lipid composition; atopic dermatitis;
canine.
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1. Introduction

Atopic dermatitis (AD) in dogs, like in humans is a genetically predisposed chronic
inflammatory and pruritic skin disease?. The pathogenesis of canine AD is not well
understood and one of the paradigms is that skin barrier dysfunction may facilitate
allergen penetration into the epidermal layers and subsequently induction of both innate
and adaptive immune responsiveness causing clinical symptoms in sensitive individuals?3.
This may further deteriorate the barrier function, influence the microbiome of the skin
and may lead to exacerbation of clinical symptoms as observed in AD in humans*®.

The stratum corneum (SC), the outermost layer of the epidermis, acts as the
primary physical barrier of the skin. The “brick and mortar” structure of the SC consists of
corneocytes (the bricks) embedded in a lipid matrix (the mortar)’. Integrity of the SC,
particularly the lipid matrix, is important in maintaining the skin barrier function®,
Previous studies have shown changes in lipid properties in non-lesional and lesional skin of
human AD*'%%6 The main lipid classes are ceramides (CERs), free fatty acids (FFAs) and
cholesterol (CHOL)Y"*°, Studies of human SC revealed that CERs, FFAs and CHOL assemble
in two crystalline lamellar phases with repeat distances of approximately 6 and 13 nm,
referred to as the short (SPP) and long periodicity phases (LPP), respectively?>?L. The lipids
within the lamellae may be organized in an orthorhombic lateral packing (very dense), a
hexagonal lateral packing (less dense) or a liquid packing (high conformational
disordering). Whereas the orthorhombic pattern is most abundantly present in SC of
healthy human skin, it was shown that the fraction of lipids forming a hexagonal lateral
packing is increased in SC of AD skin compared to that in control skin®4?2, The altered
lipid organization in AD skin can be correlated with the changes in lipid composition in the
SC23. In more detail, a reduction in the skin barrier function in AD patients correlated with
i) a decrease in total lipid content in SC**?4, ii) a reduced chain length of the FFAs and the
CERs>*, iii) an increase in the fraction of lipids forming a hexagonal packing®.

Currently only limited information is available concerning the lipid
composition®?> and lipid organization?®?% in SC of dog skin. Since in humans the impaired
skin barrier plays an important role in the pathogenesis of AD, in the present study we
examined the lipid composition, the lamellar and lateral organization in SC of lesional and
non-lesional skin of AD dogs as well as control animals. Lesional atopic skin showed
changes in the lipid composition and organization similar to those observed in atopic
dermatitis in humans.

2. Material and Methods
2.1 Animals

Three control dogs and five AD dogs were included in this study. The control
Beagle dogs, owned by the Utrecht University Animal facility unit, aged between 1 and 3
years. The AD dogs (Bedlington beagle crossbreeds), owned by the Department of Clinical
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Sciences of Companion Animals, Faculty of Veterinary Medicine, Utrecht University, aged
between 2 and 9 years. The atopic dogs met the diagnostic criteria for AD and other
causes of pruritus were ruled out?. The severity of AD lesions was evaluated by the third
version of the CADESI (Canine Atopic Dermatitis Extent and Severity Index) at each site
(local score) and 62 body sites (total score) as described previously3%32,

2.2 Skin biopsies and SC isolation

Prior to taking biopsies of the skin, hair was shaved at two sites that are
commonly lesional in AD dogs (axilla and inguinal) and one site commonly non-lesional
(trunk). Skin biopsies (10x10 cm?) of both control and AD dogs were taken, by surgical
blade excision immediately after euthanasia for purposes unrelated to this study. The SC
was isolated from skin biopsies with small modifications of the method described by
Tanojo et al®. Briefly, subcutaneous fat was removed and the remaining part of the skin
was stretched on a polystyrene foam block. A dermatome was used to cut the skin at the
proper thickness of 0.3-0.6 mm. The dermatomized skin was collected on filter paper
soaked with 0.1% trypsin solution (in PBS) in a petri dish at 4 °C. After 24 hours, dishes
were placed at 37 °C for 3 hours and the SC was peeled off from the epidermis at room
temperature. Subsequently the SC was washed with 0.1% trypsin inhibitor solution (in
PBS) and stored at room temperature in a plastic bag containing silica gel and argon gas
until further analyses.

2.3 Small angle X-ray diffraction

To examine the lamellar lipid organization in SC, small angle X-ray diffraction
(SAXD) was used. Measurements were performed at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) at station BM26B. Prior to the measurements, the SC was
hydrated for 24 hours over a solution of 27% NaBr. The SAXD patterns were detected with
a Pilatus 1M detector (1043 x 981 pixels) and a sample to detector distance of 2 meter, for
a period of 2 x 150 seconds. The scattering profile of the X-rays of the SC samples was
recorded as a function of its scattering vector (q) defined by q= 2m sin 8/A (A is the
wavelength of the X-rays, either 0.1033 or 0.124 nm, and 6 is the angle of the scattered X-
rays)®®. The diffraction pattern of a lamellar phase is characterized by a series of
equidistant peaks. The position of each peak can be denoted by its g-value or by its
corresponding spacing, which is equal to 2 m/q. When dealing with a lamellar phase, the
diffraction peaks attributed to such a phase are located at an equidistant position in the
diffraction curve. This means that the n*" order peak is located at a g-value being n.q: (the
position of the 1% order diffraction peak of that lamellar phase). For calibration silver
behenate/Cholesterol was used.

35



Chapter 3 | The skin barrier

2.4 Fourier transform infrared spectroscopy (FTIR)

To analyze the lateral lipid organization, a Varian 670-IR spectrometer equipped
with a broad band mercury-cadmium-telluride detector was used and the spectral
resolution was 1 cm™. Absorption of infrared light of wavelengths ranging between 400
cm™ and 4000 cm™ was recorded3*. Each spectrum was an average of 2560 scans and was
collected during a temperature increase of 1°C between 0 °C and 90 °C. Using the software
Varian Resolution Pro 4.1.0.1013>%7, all spectra were baseline-corrected and deconvoluted
before analysis. After correction we focused on two regions of the spectra. To obtain
information about conformational ordering of the chains, the positions of the CH:
symmetric stretching within the wavelength range 2840-2860 cm™ were determined. The
changes in the position of the CH2 symmetric stretching vibrations as function of
temperature were determined as described previously3®. The positions of the stretching
vibration provide information on the conformational ordering. When the lipids are highly
ordered, the CH, symmetric stretching frequencies are less than 2850 cm™. When the
lipids exhibit a high conformational disordering, the liquid phase, the peak positions of the
CH2 symmetric stretching vibrations are higher than 2853 cm™. The temperatures of the
transitions from the orthorhombic to the hexagonal phase and the hexagonal to the liquid
phase were determined from the plots. The midpoint temperature was taken as the
transitional temperature by curve fitting with five linear functions to use a six-pair-
parameter of the temperature and frequency®.

To obtain information about the lateral packing, also the scissoring vibration in the
spectrum was monitored. For CH2 scissoring vibration, appearance of vibrations at both
the frequencies 1463 and 1473 cm™ (Table 1) indicate the presence of an orthorhombic
phase in the sample, whereas the presence of vibration at approximately 1467 cm™ only,
represents a hexagonal or liquid phase.

Table 1. The most prominent infrared absorption frequency regions in FTIR analyses!'%383°,

Frequency/cm-’ Assignment Remarks

2846-2855 CH, symmetric stretching Frequency increases when chain becomes disordered
1463 and 1473 CH; scissoring Orthorhombic phase

1467 CH; scissoring Hexagonal phase

1466 CHj; scissoring Disordered phase

2.5 Lipid extraction

To determine the lipid composition, SC lipids were extracted by the method
described by Thakoersing et al.*’ using a modified Bligh and Dyer extraction procedure.
The organic phases collected were dried under a stream of nitrogen gas at 40 °C dissolved
in chloroform: methanol (2:1) and stored at -20 °C.
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2.6 High Performance Thin Layer Chromatography (HPTLC) and Mass Spectrometry (MS)

The lipid composition focusing on CERs, FFAs and CHOL present in the SC were
analyzed by HPTLC. Using this approach 8 different CER subclasses or combinations of
subclasses can be separated. CERs consist of a sphingoid base and an acyl chain,
nomenclature according to Motta et al*!. The base can be either sphingosine (denoted by
S), phytosphingosine (P), 6-hydroxyspingosine (H) or dihydroxysphingosine (dS), the acyl
chain is either non-hydroxy (N), a—hydroxy (A) or w-hydroxy acyl chain ester linked to a
linoleate (EO). Hence CER subclasses to be distinguished are CER[EOS], CER[NS/NdS],
CER[EOP], CER[NP], CER[EOH], CER[AS/NH], CER[AP], CER[AH]***}, in which CER[NS] and
CER[NdS] together with CER[AS] and CER[NH] cannot be separated with HPTLC. The
extracted lipids were assessed according to the method of Thakoersing et al.*° and Ponec
et al*. Briefly, samples that were dissolved in chloroform: methanol (2:1) were
reconstituted individually at a concentration of 1 mg/ml of lipids and 40, 80 and 120 pg
guantities were sprayed on the HPTLC plate (silica gel 60, Merck, NJ, USA) using a CAMAG
Linomat IV device (Muttenz, Switzerland). A synthetic lipid mixture at a concentration of 1
mg/ml was used as a standard for the lipid identification and quantification. These
calibration samples (standard) were applied in different quantities (2, 4, 6, 8, 10, 15 and
20 pg) next to the experimental samples. The standard mixture consisted of 0.318 pg/ml
of CHOL, 0.318 of pug/ml FFAs (Cl16, C18, C20, C22, C23, C24 and C26), 0.064 pg/ml of
CER[EOS], 0.042 pg/ml of CER[EOP], 0.093 pg/ml each of CER[NS], CER[NP] and CER[AS],
0.038 ug/ml of CER[AP]; and 0.053 pg/ml of cholesterol sulphate. Separation of lipid
classes and subclasses was established using four different solvent mixtures according to
the procedure of Ponec et al*. Subsequently the plate was dried and stained with
CuS04/Cu (AcO)2 mixture and charred at 80°C (CHOL and its sterol derivatives are visible)
and 170°C (all the saturated compounds are visible). Finally, the HPTLC plate was scanned
and data analyzed. The calibration curves for all the compounds of the synthetic standard
mixture were calculated using GraphPad Prism 6.05. Using the calibration curves of the
individual lipid classes and CER subclasses, the quantities of CHOL, FFAs and CER
subclasses in the experimental samples were calculated.

Samples were also analyzed by chromatography combined with mass
spectrometry (LC/MS) using an Acquity UPLC H-class (Waters, Milford, MA, USA)
connected to an XEVO TQ-S mass spectrometer (Waters, Milford, MA, USA). Samples were
run using full scan analysis in positive ion mode (350-1200 m/z) under atmospheric
pressure chemical ionization (APCI) as described elsewhere*. Separation was performed
on a pva-silica column (5 um particles, 100 x 2.1 mm i.d.; YMC, Kyoto, Japan). As an
internal standard CER[NS] with a protiated sphingoid base and a deuterated acyl chain
with 24 carbon atoms was used. From the ion maps the peak areas corresponding to
CER[NS] and CER[NdS] with a total hydrocarbon chain length of 34 carbon atoms were
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integrated and compared to the CER[NS] and CER[NdS] with a total chain length of 44
carbon atoms respectively.

2.7 Statistical analyses

Mean, standard deviation (SD) and standard error of the mean (SEM) were
calculated with GraphPad Prism 6.05. Non-parametric tests: independent samples Kruskal-
Wallis corrected by Dunn’s multiple comparisons testing were used for comparison
between any contrasts of non-lesional AD, lesional AD and control sample groups, and
analyzed by GraphPad Prism 6.05 and Stata. The correlation between the carbon chain
length of CER[NS] and AD severity score (CADESI) was tested by Spearman rank-order
correlation.

3. Results
3.1 Overview of dog skin samples

All control and non-lesional AD skin samples were taken from the trunk area and
the local CADESI scores were zero for each of these (Table 2). Lesional AD skin samples
were mostly taken from the axilla and inguinal region, well-defined predilection sites
according to the study of Favrot et al.*® clearly presenting the highest local AD severity
scores in our study as well (Table 2). One of the AD dogs also presented clear lesions at
the trunk, these data were included in analyses of the lesional tissue group of this study.

3.2 Lamellar organization in SC of dog skin analyzed by SAXD

To determine whether changes occurred in the lamellar organization, diffraction
patterns of SC of AD dogs and those of control animals were measured. Focusing on the
diffraction patterns of control SC, a strong peak (ll) is located at a g-value of 1.0 nm?
corresponding to a spacing of 6.4 nm (Figure 1A). This peak is attributable to the 1%torder
diffraction of the SPP and the 2™ order diffraction peak of the LPP, as explained for human
SC previously®. On the right-hand-side of this strong peak, a shoulder (lll) is located at a g-
value of approximately 1.3 nm™ corresponding to a spacing of 4.7 nm, attributed to the
LPP being the 3™ order diffraction peak of this phase. A shoulder (l) is located at 0.5 nm™
(not shown in Figure 1A) and it is attributed to the LPP as the 1°t order diffraction peak. A
sharp peak (*) at a g-value of approximately 1.88 nm™ (spacing of 3.34 nm) is due to the
phase separated crystalline CHOL. On the right-hand side of this sharp peak a weak
shoulder is located, which can be attributed to the 2" order diffraction peak of the SPP
and/or the 4™ order diffraction peak of the LPP. When comparing the curves of the three
control samples, the peak positions do not vary. However, a variation is observed in
intensity of the shoulder (peak Ill) and of the peak attributed to phase separated CHOL (*).
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Table 2. Skin sample characteristics. An overview of skin samples (CT: control; NLS: non-lesional AD; LS: lesional
AD) used in the present study and their characteristics.

s _ Samping Local CADESI-score Total CADESI-score D“rj]f"’”
Group 9 Site Local* Severity Total . Severity cIi.nicaI
score score signs
Control1 (CT1) D1 Trunk 0 None 0 none -
Control2 (CT2) D2 Trunk 0 None 0 none -
Control3 (CT3) D3 Trunk 0 None 0 none -
z\lNoCéI:,-)sionaH D4 Trunk 0 None <16 remission -
z\lNo:éI;)sionaIZ D5 Trunk 0 None <16 remission -
?‘NOI_”;;)SionaB D6 Trunk 0 None 37 mild -
z\lNo:éIAe:)sionaM D7 Trunk 0 None 61 moderate -
Lesional1 (LS1) D6 Axilla 1 Mild 37 mild 2 mo.
Lesional2 (LS2) D7 Axilla 2 moderate 61 moderate 2 mo.
Lesional3 (LS3) D8 Axilla 3 moderate 116 moderate 3 mo.
Lesional4 (LS4) D6 Inguinal 2 moderate 37 mild 2 mo.
Lesional5 (LS5) D7 Inguinal 2 moderate 61 moderate 2 mo.
Lesional6 (LS6) D8 Inguinal 3 moderate 116 moderate 3 mo.
Lesional7 (LS7) D8 Trunk 3 moderate 116 moderate 3 mo.

*Total score (1240 maximum):0-15: remission; 16-59: mild AD; 60-119: moderate AD; > 120: severe AD.
**Local score: 0: none; 1: mild; 2-3: moderate; 4-5: severe.

When focusing on the diffraction patterns of SC lipids from non-lesional AD
samples (Figure 1B) slight variations were observed compared to the controls: i) the
spacing corresponding to the position of the strongest peak (ll) varies between 6.3 and 6.5
nm, ii) a weaker intensity of the shoulder indicated by IlI, iii) an additional peak (denoted
by A) was shown in two out of four diffraction patterns (NLS1 and NLS4) at a g-value of
approximately 0.75 nm™ corresponding to a spacing of around 8.5 nm.

The diffraction patterns of lesional AD skin (Figure 1C) showed features also
observed in the diffraction patterns of SC from non-lesional skin, though with weaker
diffraction peaks. Differences in the diffraction patterns as compared to control skin are
more pronounced. The most important being i) variation in the position of the strong
diffraction peak (ll), spacing varying between 6.2 and 6.5 nm, ii) a weaker intensity of
both, the phase separated CHOL peak (denoted by *) and the shoulder denoted by Il was
observed, iii) an additional diffraction peak (denoted by A) corresponding to a spacing of
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around 8.5 nm was observed in the patterns of LS2 and LS3, iv) a 2" additional peak
(denoted by B) was observed at a spacing of approximately 5.4 nm in the diffraction curve

of LS7.
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Figure 1. The diffraction patterns of SC from skin of control dogs, and non-lesional and lesional skin of AD dogs.
Small angle X-ray diffraction (SAXD) patterns of SC isolated from A) control (CT) skin (n=3); B) non-lesional (NLS)
skin of AD dogs (n=4); and C) lesional (LS) skin of AD dogs (n=7), as described in detail in Table 2. Represented are
I: the first order diffraction peak of LPP, II: the combination of the first order diffraction peak of the SPP and the
second order diffraction peak of the LPP, Ill: the third order diffraction peak of LPP. The star (*) represents the
diffraction peak of phase separated crystalline CHOL. See more detail of the typical SAXD profile in Janssens et al°.

3.3 Lateral organization in SC of dog skin analyzed by FTIR

To examine the lateral packing of the lipids, FTIR spectra from isolated SC of AD
dogs were monitored and compared to controls. To determine the conformational
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ordering, CH2 symmetric stretching frequencies in the infrared spectra of SC were
recorded between 0 °C and 90 °C with a continuous temperature increment. In SC of
control skin, at 0 °C, the CH> symmetric stretching frequencies were 2848.6 cm™ which
gradually increased when increasing the temperature (Figure 2A). The thermotropic
response curve of the CH: symmetric stretching vibrations of control SC showed
prominent shifts at approximately 35-45 °C and 70-80 °C indicating two-phase transitions,
the orthorhombic-hexagonal and hexagonal-liquid phase transitions, respectively (Figure
2A).

A)
2855+
o CT
2854+ NLS
~ 2853 s LS
5
= 28524
)
g
S 28514
o
o
2850
og4gaansraratis
0000000009°
2848 T T T T .
0 20 40 60 80 100
Temperature (°C)
B) *
2851 . . T
— m NLS
§ 2850 2 4 Ls
g —;'lg—
5 A
% 2849 —Awa—
w
2848 . , ;
cT NLS Ls

Figure 2. Conformational ordering of the hydrocarbon chains in the SC of dog skin as analyzed by FTIR.
Thermotropic response of the CH. symmetric stretching frequencies in a temperature range between 0 °C and
90 °C. A) Thermotropic response of the CH. stretching frequencies + SEM cm™ in SC isolated from control (CT,
n=3), non-lesional AD (NLS, n=4) and lesional AD (LS, n=7) dog skin. The colored symbols represented the
midpoints of the transition from orthorhombic to hexagonal or hexagonal to liquid phases. B) The CHz symmetric
stretching frequencies at a selected temperature of 34 °C. A significant difference, p<0.05 (*) was observed
between the average frequencies of CHz symmetric stretching vibrations of lesional skin (2849.9 cm™) and control
skin (2849.0 cm).

The CH2 symmetric stretching frequency in the spectrum of SC of non-lesional AD
skin was 2848.9 cm™at 0 °C, slightly higher than the frequency of control skin at the same
temperature (Figure 2A). The frequency gradually shifted to higher values at increasing
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temperatures and remained higher than those of control skin in the whole temperature
range. The curve of non-lesional AD also showed two prominent shifts in the CH:
symmetric stretching frequencies at approximately 35-45 °C and 60-75 °C representing the
two phase transitions but the shifts were less prominent than those observed in the
thermotropic response curve of the control skin (Figure 2A).

The thermotropic response curve of SC of lesional AD skin started at 2849.1 cm!
and when increasing the temperature frequencies were higher as compared to those of
non-lesional AD skin and control skin in the temperature range of 0-80 °C (Figure 2). The
first shift in the CH2 symmetric stretching frequencies at approximately 35-45 °C was not
very prominent (Figure 2A). The second shift in CH2 symmetric stretching frequencies was
detected at approximately 60-70 °C with the average mid-point temperatures and
frequencies shown in Figure 2A. The average mid-point temperatures and frequencies of
the transition from the orthorhombic to hexagonal phase and of the transition from
hexagonal to liquid phase in control samples (n=3), non-lesional samples (n=4) and
lesional samples (n=7) are provided in Table 3. The CH2 symmetric stretching frequency of
control, non-lesional and lesional AD skin at 34 °C shown in Figure 2B, was chosen since
dog skin temperature is reported to be approximately 34.5-35.5 °C4748,

Table 3. CH: stretching frequencies and midpoint transition temperatures. The midpoint transition
temperatures are based on the thermotropic response curves obtained from spectra of SC. Data shown in mean +
SEM. Significant differences between groups (P<0.05, P<0.01, P<0.005 denoted by *, ** *** respectively) were
tested by non-parametric Kruskal Wallis and Dunn’s multiple comparison, N.S.: no statistical significance.

Grou Control Non-lesional  Lesional Comparison
P (CT, n=3) (NLS, n=4) (LS, n=7) P

CH, Stretching ~ Freduency 28494+00 2849.8+01 2849.8+0.1 I':“S‘S "?;T

Orthorhombic- (em™) Vs

Hexagonal " .
Transitional NLS vs LS

phase temperature (°C) 40.3+0.3 41+0.8 35+1.5 LS vs CT*
Frequency

CH, Stretching (cm) 2852.3+0.1 2851.9+0.2 2852+0.2 N.S.

Hexagonal-

Liquid phase Transitional NLS vs CT*
temperature (°C) 76.3+0.7 66.5 + 0.5 64.6+1.4 LS vs. CT***

To obtain more detailed information about the orthorhombic and hexagonal
lateral packing of lipids in SC, also the CHzscissoring frequencies in the FTIR spectra were
analyzed between 0 and 60 °C. In control skin, two peaks in the scissoring vibrations were
clearly visible below 40 °C at 1463 and 1473 cm (Figure 3A), demonstrating that a large
fraction of lipids was assembled in an orthorhombic packing. However, as a weak peak at
1467 cm™ is also present, it cannot be excluded that a small fraction of lipids adopted a
hexagonal packing at temperatures below 34 °C. Between 34 °C and 44 °C the intensity of
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the scissoring frequency at 1467 cm™ increased at the expense of the intensities of the
frequencies at 1463 and 1473 cm’, representing the transition from the orthorhombic to
the hexagonal phase. When focusing on the scissoring frequencies in the spectrum
obtained from SC of non-lesional AD skin at low temperatures, the two peaks at 1463 and
1473 cm™ are clearly present, indicating the presence of an orthorhombic phase (Figure
3B), similarly as in the spectrum of the control SC. In this example the orthorhombic to
hexagonal phase transition occurred between 38 °C and 46 °C. The scissoring frequencies
in the spectrum of lesional skin are clearly different. At low temperature, the two
scissoring frequencies indicating the orthorhombic lateral packing are still present at 1463
and 1473 cm, but the intensity is much weaker than in control and non-lesional SC
(Figure 3C). This demonstrates that a substantial smaller fraction of lipids is assembled in
an orthorhombic packing. Furthermore, at low temperatures, the scissoring vibration at
1467 cm™ is prominently present, suggesting that a large fraction of lipids adopted a
hexagonal packing. When increasing the temperature, the transition from an
orthorhombic to hexagonal packing takes place at much lower average temperatures as
compared to the control and non-lesional AD skin, the orthorhombic phase disappeared
already at approximately 34 °C (Figures 3D-F).
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Figure 3. Representative examples of the scissoring vibrations (1460-1480 cm) in the infrared spectra of SC.
Data shown are frequency spectra at temperatures between 0 °C and 60 °C (top row) and at 34 °C (bottom row)
of control (A and D, respectively); non-lesional AD (B and E, respectively) and lesional AD (C and F, respectively)
skin samples.
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3.4 Lipid composition in SC of dog skin analyzed by HPTLC and Mass spectrometry

Focusing on the individual lipid classes in SC, no significant differences were
observed between AD (both non-lesional and lesional) and control samples in the relative
abundance of CHOL, total CERs (Figure 4A) and CER subclass (Figure 4B). In contrast, the
relative abundance of FFAs was significantly lower in lesional AD (9.6 + 1.4%) compared to
control samples (13.9 + 1.0%) (P<0.05) (Figure 4A). The percentage of CER[EOS],
CER[NS/NdS] and CER[AS/NH] subclasses were the most predominant of the total CERs
content in control dog SC as well as in AD skin (Figure 4B).
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Figure 4. The lipid composition of dog SC. The lipid composition of dog SC was analyzed by HPTLC. Represented
are A) the percentages of major lipid classes: CHOL, FFAs and CERs (= sum of CER subclasses) and B) the
abundance in percentage of each CER (sub) class: [EOS], [NS/NdS], [EOP], [NP], [EOH], [AS/NH], [AP], [AH] as
compared to the total CER content. Data shown in mean + SD of control (CT, n=3), non-lesional AD (NLS, n=3) and
lesional AD (LS, n=7) skin samples. Significant differences compared to the control (P<0.05, denoted by *) were
tested by non-parametric Kruskal Wallis and Dunn’s multiple comparison.
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Using LC/MS the C44/C34 chain length of two CER subclasses, CER[NS] and
CER[NdS] were examined as CER[NS] and CER[NdS] with a chain length of C34 were
increased in AD human skin compared to controls®!*. The present analyses showed a
significant reduction in the ratio of the peak areas of CER[NS] C44/C34 species in lesional
SC of AD skin compared to control SC, while the peak area ratio of C44/C34 of CER[NdS]
was not different between the groups (Figure 5A). In addition, we studied the association
between the peak area ratio of C44/C34 of CER[NS] with the CADESI score (Figure 5B). A
decreasing nonlinear relationship between the CER[NS] C44/C34 and the CADESI score
was observed (Spearman rank test correlation at P=0.041, two-sided) (Figure 5B). The AD
skin with the moderate CADESI score (non-lesional AD) showed a lower ratio (5-25) of
C44/C34 CER[NS] compared to control skin and the ratio was even less (0-12) for AD skin
with the high CADESI score (lesional AD).
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Figure 5. The correlation between CER chain length and AD dog SC. A) The data shown in mean * SD of C44/C34
ratio of CER subclasses in control (CT, n=3), non-lesional AD (NLS, n=4) and lesional AD (LS, n=7) dog skin samples.
Significant differences compared to the control (P<0.05, denoted by *) were tested by non-parametric Kruskal
Wallis and Dunn’s multiple comparison. B) The correlation between the C44/C34 ratio of CER[NS] and the CADESI
score of dog skin types: control indicated by 0, non-lesional AD indicated by <> , lesional AD indicated by ‘ ;
raw data were log-transformed and tested by Spearman rank-order correlation at P<0.05.

4. Discussion

Since the exact pathogenesis of AD remains unclear and the primary cause is
controversial, various hypotheses are under debate*®. The present study is based on the
paradigm that skin barrier abnormalities might be the etiological factors that facilitate
triggering AD. Since lipids, besides proteins are crucial components of the skin barrier®0,
alterations in lipid composition in the SC may change the lipid organization and thus the
skin barrier function. Therefore, the focus of this study was to examine whether the lipid
properties of the SC of non-lesional and lesional AD dog skin were different from those of

SC of control dog skin.
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In literature, only limited data is available about the lipid organization in the SC of
AD dogs. In previous studies ultra-structural assessment of SC of canine AD skin suggested
higher disordering in the lipid lamellae in both non-lesional and lesional samples, in the
limited number of electron microscopic images analyzed?%2. In our study we used X-ray
diffraction to examine the lamellar organization. This bulk technique measures general
changes but is unable to monitor local disordering of the lamellar phases in SC of AD dog
skin. In addition, lipid analysis using HPTLC and LC/MS revealed a reduced amount of total
free CER in SC in lesional skin compared with control skin®%5°, With respect to the two
other major lipid classes FFAs and CHOL in SC, whereas one study reported no differences
in the relative levels between lesional and control skin®°, another one reported lower
amounts of FFAs and CHOL presented as weight per weight SC in AD skin“*®. Some of the
observed discrepancies between literature and our current study can be due to
differences within dog cohort, differences in analysis or due to the limited number of
samples available for our analysis.

In the present study we examined both the lipid composition and the lipid
organization in SC. We did not observe changes in the percentage of CHOL and CERs,
including CER subclasses, but a reduced level of FFAs was observed in lesional AD
compared to control skin. Furthermore, the ratio of C44/C34 of CER[NS] was drastically
decreased in AD lesional skin. These changes in lipid composition have had consequences
for the lipid organization as discussed below.

The lamellar organization in SC of non-lesional skin differed slightly from that in
control animals, whereas lesional AD skin revealed a more prominent variation in the main
peak position as well as a weaker shoulder in the SAXD patterns attributed to LPP,
indicating changes in the lamellar phases and possibly decreased formation of LPP. The
reduction in LPP formation results in an increased permeability of the skin barrier® and
therefore the observed changes in the present study may contribute to a reduced skin
barrier function. In previous studies it was observed that an increase in the level of CERs
with a total chain length of C34 resulted in a reduction in the spacing®®°l. Hence the
observed drastic reduction in the ratio C44/C34 in CER[NS], the most abundant CER
subclass in dog skin, may contribute to a change in the lamellar phases. The changes
observed in the lamellar organization in SC of lesional skin of AD dogs are consistent with
earlier studies in human AD skin®!2, Nonetheless, in those studies no additional peak
corresponding to a spacing of 8.5 nm was observed. This peak may be due to dog hair that
could not fully be removed since X-ray diffraction of only hairs revealed a diffraction peak
at approximately 8.5 nm spacing.

The lateral packing of lipids in SC was examined by FTIR. Higher conformational
disordering was indicated by an increase in the frequencies of CH2 symmetric stretching
vibrations in a large temperature range in lesional AD and non-lesional AD compared to
control skin. In addition, measuring the CH2 scissoring vibrations indicated that in SC of AD
lesional skin the fraction of lipids assembled in an orthorhombic packing was reduced
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compared to that in SC of control dog skin. This was confirmed by analyses of rocking
vibrations (not shown, frequencies 728 and 720 cm'®). Studies performed in lipid model
systems, showed that a reduction in FFAs level and a reduction in chain length of CERs
resulted in the fraction of lipids assembled in a hexagonal lateral packing rather than
orthorhombic packing®”>2. Therefore, the observed reduction in FFAs level and/or ratio
CER[NS] C44/C34 may have contributed to hexagonal lipid organization in lesional skin in
AD dog.

The increase in conformational disordering and the more prominent presence of
lipids assembled in a hexagonal packing observed in SC of lesional skin of AD dogs are in
agreement with findings in human AD skin as described previously®'#?2, Moreover, a
correlation between the level of C34 and the severity of AD (SCORAD) in humans® was also
indicated in the present study in canine AD (CADESI score). The latter indicates that the
reduced chain length of CER are relevant not only in the lipid organization, hence barrier
integrity, but as a consequence may also be correlated with the severity of the disease.

5. Conclusion

In the present study we examined the lipid composition, the lamellar organization
and the lateral organization of the lipids in SC in lesional and non-lesional skin of AD dogs
as well as in control dogs. Our data show that the alterations in lipid properties of SC in
atopic skin of dogs are similar to changes in the lipid composition and organization
observed in atopic dermatitis in humans®'#422 impair the physical integrity of SC,
resulting in an impaired skin barrier. The loss of barrier function allows allergens and
pathogens to easily penetrate the skin, which triggers the disease. Interestingly in humans
as well as in dogs a correlation has been observed between the severity of the disease and
the level of CERs with a total chain length of C34. A better understanding of the
pathogenesis of canine AD will be beneficial to the improvement of therapeutic strategies
of this skin disorder.
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Abstract

Canine atopic dermatitis is a genetically predisposed inflammatory and pruritic
allergic skin disease that is often complicated by (secondary) bacterial and fungal (yeast)
infections. High-throughput DNA sequencing was used to characterize the composition of
the microbiome (bacteria and fungi) inhabiting specific sites of skin in healthy dogs and dogs
with atopic dermatitis (AD) before and after topical antimicrobial treatment. Skin
microbiome samples were collected from six healthy control dogs and three dogs
spontaneously affected by AD by swabbing at (non-) predilection sites before, during and
after treatment. Bacteria and fungi were profiled by Illumina sequencing of the 16S
ribosomal RNA gene of bacteria (16S) and the internally transcribed spacer of the ribosomal
gene cassette in fungi (ITS). The total cohort of dogs showed a high diversity of microbes on
skin with a strong individual variability of both 16S and ITS profiles. The genera of
Staphylococcus and Porphyromonas were dominantly present both on atopic and healthy
skin and across all skin sites studied. In addition, bacterial and fungal alpha diversity were
similar at the different skin sites. The topical antimicrobial treatment increased the diversity
of bacterial and fungal compositions in course of time on both AD and healthy skin.

Keywords: microbiome composition; 16S; ITS; canine; atopic dermatitis; topical treatment.
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1. Introduction

Atopic dermatitis (AD) in dogs is a genetically predisposed inflammatory and
pruritic allergic skin disease!. The skin microbiome may be the source of secondary
infections that can influence the severity of canine AD%. Microbial culture-based studies
showed that the most prominent bacterium on lesional skin of dogs with AD is
Staphylococcus pseudintermedius, whereas Malassezia pachydermatis is the main fungal
representative®. Topical antimicrobial therapy is widely used to relieve symptoms of AD
partly caused by secondary infections®.

Compared to human fewer studies focused on the canine skin microbiome. The
relative abundance of the Staphylococcus genus was increased on the skin of AD dogs
compared to healthy controls®®, and lower bacterial diversity was observed at skin sites
affected by AD flares in dogs®’. Likewise, fungal marker-gene sequences (ITS) revealed that
the fungal diversity of lesional skin of atopic dogs was lower than that of healthy skin®.

In dogs, specific areas of the skin are prone to be affected by AD®. In the present
study, we aimed at characterization by high-throughput sequencing of the DNA of bacteria
and fungi inhabiting the canine skin and compared the differences in microbiome
composition i) at three predilection sites of canine AD (axilla, inguinal, periocular regions)
and a non-predilection site (the trunk), ii) in health and AD and iii) before, during and after
topical treatment with Malaseb® shampoo containing chlorhexidine 2% and miconazole 2%,
proven to be effective for prevention and control of (secondary) bacterial and yeast growth
on AD skin and consequent reduction of clinical symptoms of affected dogs**°. With this
exploratory study we intended to report initial descriptive data before embarking on a large
survey.

2. Material and Methods
2.1 Dogs and sampling

Three atopic (AD, females, mean age 4.3 *+ 4.0 SD years) and six healthy (HD, 4
females and 2 males; mean age: 4.75 + 2.0 SD years) dogs of different breeds (Table S1)
housed in the premises of the Department of Clinical Sciences of Companion Animals,
Utrecht University were included. The three AD dogs were Bedlington-Beagle crossbreeds
whereas the healthy dogs included three Bedlington-Beagle crossbreeds, two Beagles and
one Greyhound. The AD dogs met the Favrot’s diagnostic criteria for AD, and other causes
of pruritus were ruled out by direct examination of the presence of fleas and flea faeces,
coat brushing and skin scrapings®. Anti-parasitic control was achieved by monthly spot-on
treatment with selamectin. Skin cytology was performed to rule out pyoderma and
Malassezia dermatitis. Finally, the animals were fed an elimination diet for at least 8 weeks
where food allergy was ruled out when no improvement on the diet was observed. For all
nine dogs enrolled (Figure 1), hair was clipped at three lesional sites (axillae, inguinal and
periocular) and one non-lesional site (craniolateral trunk), and skin microbiome samples
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were collected by swabbing. A new pair of gloves was used for swabbing each sample.
Sterile swabs (Isohelix DNA Buccal Swabs, Cell Projects Ltd, UK) were pre-moistened with
either a sterile solution of 50 mM Tris buffer [pH 8], 1 mM EDTA, and 0.5% Tween-20 or a
sterile phosphate buffered saline (PBS), for bacterial and fungal DNA isolation respectively.
Swabs were placed parallel to the skin surface and rubbed back and forth for approximately
30 s. Initially, all healthy control dogs (n=6) were enrolled in the comparison of skin
microbiome compositions of different AD predilection sites. Thereafter, sex- and breed-
matched healthy control (HD, n=3) and AD (n=3) dogs were kept untreated for four weeks
and were subsequently subjected to topical antimicrobial therapy with Malaseb® shampoo
(Dermcare-vet Pty Ltd, Brisbane, Australia) twice weekly for three weeks. Finally, they were
again kept untreated for four weeks. Sampling was conducted as follows: to: before start of
treatment; ti: after three weeks of treatment; t2: four weeks after finalizing the 3-week
treatment cycle; tr: upon occurrence of flare-up symptoms in the period between t1 and t2
(Figure 1). Three AD dogs had AD lesions (erythema, lichenification, excoriations, self-
induced alopecia) when the diagnosis was made, and in one of the three AD dogs AD lesions
flared mainly at the inguinal area, axillae, forelimbs and hindlimbs after discontinuation of
topical treatment (t2). CADESI-03 scores of the AD dogs were between 0 and 116 at the start
of the experiment and as a result of bathing the scores improved to between 0 and 33.
Healthy dogs enrolled in this study did not have any skin lesions throughout the experiment.
The Malaseb® shampoo was applied both on AD and healthy dogs to create similar
treatment conditions for comparison of microbiome changes. All experimental procedures
were approved by the Utrecht University Animal Ethic committee as required under Dutch
legislation (DEC 2013.11.06.069 and DEC 2013.11.07.83)

2.2 Microbial DNA extraction for marker gene sequencing.

To release bacteria (16S), the cotton tips of swabs were repeatedly pressed against
the wall of tubes containing 300 pl Microbead solution (MO BIO Ultraclean™ Microbial DNA
Isolation Kit, MO BIO Laboratories Inc., Carlsbad, USA). Each tube was vortexed at maximum
speed with the MO BIO Vortex Adapter tube holder (MO BIO Laboratories Inc., Carlsbad,
USA) for 10 minutes and microbial DNA was isolated according to the manufacturer’s
description. The microbial DNA samples were stored at -20 °C until further use.

For analysis of fungi (ITS) the cotton tips of the swabs were individually stored in
300 ul lysis solution (MasterPure™ Yeast DNA Purification kit, Epicentre, Madison, USA) at
4 °C. Then, 20 mg/ml lysozyme (Sigma-Aldrich, St. Louis, USA) was added to the samples
and incubated for 1 h while shaking (220 rpm) at 37 °C, finally, the cotton tips were removed
using sterile forceps. Next, a 5mm steel bead was added to mechanically disrupt fungal cell
walls in samples using a Tissuelyser (Qiagen, Valencia, USA) for 2 min at 30 Hz. The
Invitrogen Purelink Genomic DNA Kit (Invitrogen, Carlsbad, USA) was utilized for all
subsequent steps. The microbial DNA samples were stored at -20 °C until further use.
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Figure 1. Study design and timeline of topical antimicrobial treatment.
2.3 Microbial DNA amplification for marker gene sequencing

Since according to a previous study in humans!!, only low amounts of
microorganism DNA was found on skin as analyzed by PCR, a nested PCR was applied in the
present study. In the first round of PCR, universal primers (16S: 200 nM forward primer
(338F), 5’-ACT CCT ACG GGA GGC AGC AG-3’, 200 nM reverse primer (1061R), 5’CRR CAC
GAG CTG ACG AC-3’; ITS: 400 nM forward primer (ITS1F), 5'-CTT GGT CAT TTA GAG GAA GTA
A-3’, 400 nM reverse primer (ITS4R), 5'-TCC TCC GCT TAT TGA TAT GC-3') were used to
generally amplify the genomic DNA of the V3-V6 region of the 16S rRNA genes, and the ITS1-
ITS2 region of the ITS genes, respectively. In the second round of PCR, flagged specific
primers were used covering V3-V4 (16S) and ITS1-ITS2 (ITS) regions, resulting in barcoded
products; for 16S: 200 nM forward primer (357F), 5’-TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG NNN NNN CCT ACG GGA GGC AGC AG-3’, 200 nM reverse primer (802RV2),
5-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTA CNV GGG TAT CTA AKC C-3’;
and for ITS: 40 nM forward primer (ITS86F), 5’- TCG TCG GCA GCG TCA GAT GTG TAT AAG
AGA CAG NNN NNN NNG TGA ATC ATC GAA TCT TTG AAC-3’, 40 nM reverse primer (ITS4R),
5" GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTC CTC CGC TTA TTG ATA TGC-3;
the italicized sequence is the flag sequence, N is the designated barcode (adaptor) to tag
each product individually and the bold sequence is the universal primer sequence. Optimal
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PCR conditions (50 pl reaction volume) were as follows: 5 pl of 10xKOD buffer, 5 ul of KOD
dNTPs, 3 ul of KOD MgS0as, forward and reverse primer, 1 pl of KOD hot start DNA
polymerase (Novagen®, Osaka, Japan) and ultrapure water (Milli-Q™) for each reaction. All
reactions were initiated at 95 °C for 2 min; followed by cycles of 95 °C for 20 s, 55 °C for 10
s, and 70 °C for 15 s for both 15t and 2™ rounds of PCR. Numbers of cycles for 1t and 2" PCR
were 30 and 35 for 16S respectively 25 and 25 for ITS. Each PCR product was examined for
product size by electrophoresis on a 1% agarose gel and purified using a MSB Spin PCRapace
kit (Invitek Inc., Carlsbad, USA) and a PureLink PCR purification kit (Invitrogen, Carlsbad,
USA) for the initial and second (barcoding) PCR, respectively.

2.4 16S and ITS marker gene sequencing

The skin microbiome compositions were determined by sequencing of the PCR
products of the bacterial and fungal marker genes 16S ribosomal RNA gene (16S) and the
internal transcribed spacer (ITS). For this purpose, Illumina 16S rRNA and ITS amplicon
libraries were generated from the microbial DNA isolated and barcoded as described above.
Aliguots of minimally 100 ng per sample and a 260/280 ratio ranging between 1.8 and 2.0
were pooled and multiplexed libraries were sequenced by BaseClear BV (Leiden, The
Netherlands), on an lllumina MiSeq system with a paired-end 300 cycles protocol and
indexing. The sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8.3) with
demultiplexing based on sample-specific barcodes. The raw sequencing data produced
were processed removing the sequence reads of too low quality (only “passing filter” reads
were selected) and discarding reads containing adaptor sequences or failing PhiX Control
with an in-house filtering protocol. A quality assessment on the remaining reads was
performed using the FASTQC quality control tool version 0.10.0.

2.5 lllumina sequence data analysis

Demultiplexed FASTQ files as provided by BaseClear were first used to generate
lllumina paired-end sequence pseudoreads by PEAR'?, using the default settings. For gene
sequencing analysis, a customized Python workflow based on Quantitative Insights Into
Microbial Ecology (QIIME version 1.8)3 was adopted (http://qgiime.org). Reads were filtered
for chimeric sequences using the UCHIME algorithm version 4. Open reference OTU calling
for taxonomic classification of sequencing reads was performed with USEARCH version 6.1%°
as implemented in QIIME against the Greengenes database version 13_8 for bacterial
sequences'®, and against the UNITE database version 12_11 for fungal sequences'’.
Hierarchical clustering of samples was performed using UPGMA with weighted UniFrac as a
distance measure as implemented in QIIME. Figures resulting from these clustering analyses
were generated using the interactive tree of life (iTOL) tool®. Alpha diversity metrics
(phylogenetic diversity whole tree (PDWT), Chaol, Observed Species and Shannon) were
calculated by bootstrapping 10 reads per sample, and taking the average over ten trials. For
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visualization of the differential microbiome, Cytoscape software version 3.1 3'° was used
together with in-house developed Python scripts for generating the appropriate input data
deriving from the QIIME analysis. Fold changes in abundances of bacterial and fungal genera
between healthy and AD samples of the four skin sites (the 2-log of the ratio Healthy/AD)
are shown in Table 1 and Table 2 respectively, as heatmaps, created by the Excel version
2010 using the color scales of conformational formatting. Individual microbiota were ranked
according to averaged relative abundances in the AD skin samples.

The average sequence read count per sample of this study was 31182 + 5834 SD
and 49064 + 11846 SD, for 16S and ITS respectively, and likewise, the average number of
operational taxonomic units (OTUs) per sample was 3053 + 881 SD and 341 + 158 SD. Three
16S samples were excluded from further analyses, one due to a low number of reads (44)
and two others due to low OTU counts (148 and 169) (see more details in Table S2 and
Table S3). For an overview of the exact (16S and ITS) microbiome composition for each
study sample we refer to Table S4 and Table S5. Note that due to technical limitations in
the resolution of 16S and ITS marker gene sequencing, OTUs calling on the level of species
should be interpreted with caution.

2.6 Statistics

For the microbiome data in this manuscript, statistical significance between
contrasts with regard to taxonomy abundances was tested by a non-parametric (unpaired)
Mann-Whitney U test (MWU), uncorrected for multiple testing; unless stated otherwise.
Note that in the case of uncorrected p-values, the p-value threshold that needs to be met
in order to be considered significant is adapted by dividing the classic threshold of P = 0.05
by the number of taxa observed. Statistical tests were performed by custom, in-house
Python scripts (SciPy module version 0.17.0; https://www.scipy.org/) downstream of

QIIME, as described above. Principal component analysis (PCA) as well as multivariate
Redundancy Analysis (RDA) were done using Canoco 5.04%° using default settings of the
analysis type ‘Unconstrained’ or ‘Constrained’, respectively. Canoco reported variance
explained by particular variables (e.g. breed and site) by applying said variables as single
supplementary variables in a PCA analysis. Relative abundance values for taxa were used as
response data, and for RDA, the sample classes as explanatory variables. RDA calculates P
values by permuting the sample classes. Significances mentioned in figures are as follows:
n.s. (not significant), * P <0.05.

2.7 Accession numbers

The raw, unprocessed 16S rRNA and ITS marker gene Illumina sequence reads are
publicly available for download at the European Nucleotide Archive (ENA) database?! under
study accession number: PRJEB20808 (http://www.ebi.ac.uk/ena/data/view/ PRIEB20808)
or secondary accession number: ERP022994 (http://www.ebi.ac.uk/ena/data/view/
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ERP022994). The sequencing data are available in FASTQ-format, including corresponding
metadata for each sample. For additional information on sample characteristics we refer to

Table S1.

Table 1. Differential presence of bacteria (16S) in the skin microbiome on different body sites of AD and healthy

skin.

(Bc;f:?:risa) Axilla Inguinal  Periocular Trunk abA:r?(SZ%ie
Staphylococcus 15 -3.1 -3.1 21 [ 22.00% |
Psychrobacter 20 -3.0 2.7 40 [ 9b6%
Trichococcus 2.7 -3.2 2.7 -4.6 D 5.72%
Brachybacterium 1.7 2.4 2.2 22 [ 3.26%
Porphyromonas 0.3 16" 0.6 -1.3 [ 3.08%
Kocuria 0.7 1.1 1.4 05 [ 287%
Agrococcus 0.2 0.5 1.1 02 [ 260%
Lactobacillus 0.2 05 0.7 22 [l 1.84%
Corynebacterium 1.0 15" 0.2 20 [ 151%
Turicibacter 0.7 1.3 1.1* 02 [ 1.19%
Dietzia 0.5 16" 1.2 10 | o091%
Facklamia 0.2 0.0 0.5 07 | o086%
Pseudomonas 28 BN 20 00 | 083%
Microbacterium 15" 19" 19" 07 | 069%
Leucobacter 0.4 -1.0 0.1 0.1 | 068%
Actinomyces 16 19" 15" 11 | o067%
Clostridium 1.1 27 0.9 1.2 | 064%
Chryseobacterium 0.9 1.2 0.6 01 | 060%
Moraxella 1.7 1.2 0.4 08 | 060%
Prevotella 0.4 0.0 -0.3 -1.6 I 0.60%

_ Healthy

3.0
1.0
0.0
-1.0
-3.0
-5.0

AD

Listed are the 20 (out of 496) on average most abundant bacterial genera of atopic dermatitis dogs from three
predilection sites: axilla, inguinal region and periocular, and one non-predilection site: trunk. Ranking is based on
the averaged relative abundances of bacteria of the four skin sample sites in the three AD dogs. The heatmap
presents the fold changes in abundance (the 2-log of the ratio Healthy/AD): 1 means two times more abundant in
healthy samples, -1 means two times more abundant in AD samples, 0 means no change, etc. Significant
differences (* P <0.05) in relative abundance of genera in AD compared to healthy skin at the same sampling site
were determined by MWU. A Bonferroni-corrected P value threshold for significance is the genus-level P value
divided by the number of total genera identified, 0.05/496 = P < 1.0*10. For abundances of the remaining genera

and other taxon levels, see Table S4.
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Table 2. Differential presence of fungi (ITS) in the skin microbiome on different body sites of AD and healthy

skin.

Genu§ Axilla Inguinal  Periocular Trunk Average

(Fungi) abundance
"Unidentified#01" 0.5 -0.3 0.3 0.3 B 1587% |
Blumeria 17" 17" 15 1.8* [ 85%
"Unidentified#12" 0.1 0.0 0.4 06 [ 7.72%
Epicoccum -0.3 0.2 -0.2 0.4 [1383%
Fusarium -0.2 -0.7 -2.1 0.6 D 2.48%
Cryptococcus -0.9 0.3 25" 03 [ 143% BEE Healthy
Pilidium 2.4 0.0 0.0 47 [l 1.00% 3.0
Sporobolomyces 0.8 2.2 0.1 18° [ 080% 1.0
Rhodotorula 1.8* 0.3 117 00 | 069% 0.0
Gibberella 0.1 1.9 23" 32 | o051% 1.0
"Unidentified#13" 15 2.0 0.0" 28 | 049% 3.0
"Unidentified#6" -4.0" 0.1 5.7 06 | 033% 5.0 AD
Ramularia s [ oo 04 | 027%
Alternaria 35 -0.6 -1.1 -2.0 | 0.24%
Cystofilobasidium -2.3 2.9 0.2 0.0 | 017%
"Unidentified#45" 00" 1.4 0.0 41 | 0.15%
"Unidentified#23" 0.0 5.4 0.0 00 | 013%
Dinemasporium -2.0 -1.6 20 1.8 | 013%
Microdochium 1.0 3.6 -1.6 0.4 | 0.13%
Claviceps 0.0 2.3 0.0 -1.8 | 012%

Listed are the 20 (out of 314) on average most abundant fungal genera of atopic dermatitis dogs from three
predilection sites: axilla, inguinal region and periocular, and one non-predilection site: trunk. Ranking is based on
the averaged relative abundances of fungi of the four skin sample sites in the three AD dogs. The heatmap presents
the fold changes in abundance (the 2-log of the ratio Healthy/AD): 1 means two times more abundant in healthy
samples, -1 means two times more abundant in AD samples, 0 means no change, etc. Note that “Unidentified”
genera represent known classifiable taxa but currently without assigned nomenclature. Significant differences (*
P <0.05) in relative abundance of genera in AD compared to healthy skin at the same sampling site were
determined by MWU. A Bonferroni-corrected P value threshold for significance is the genus-level P value divided
by the number of total genera identified, 0.05/314 = P < 1.6*10"*. For abundances of the remaining genera and
other taxon levels, see Table S5.

3. Results
3.1 Canine skin microbiome: general aspects
3.1.1 Study demographics and overview of canine skin microbiome.

Bacterial (16S) and fungal (ITS) microbiome compositions of both healthy and AD
dog skin at four different sites (axilla, inguinal, periocular and trunk) and at three different
time-points (before, during and after Malaseb® treatment) were assessed by a PCA at the
genus-level. PCA showed clear separation (variance) between sample groups (Figure 2).
Most notably, distances between sample sites were less than those between health and AD
states or between time-points around treatment (Malaseb® treatment effect) for both 165
and ITS, indicating that there is more overlap between microbiome composition and

60



abundance between different skin niches than between health states and between stages
(i.e. effect) of treatment.
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Figure 2. Bacterial and fungal genus-level compositions of all study samples indicate a higher microbial similarity
between sample sites than between health states or treatment stages. These representations of a principal
component analysis (PCA) of both 16S (A) and ITS (B) datasets reflect the distances between study samples based
on genus-level microbial composition and abundances for each sample. Centroids representing samples of the
same sample group are shown as colored symbols accompanied by their respective labels (’ skin site: axilla,
inguinal, periocular, trunk; [ health status: AD, healthy; @] time-point during Malaseb® treatment: to before
washing, t1 after three weeks of washing, t> four weeks after termination of washing). The blue arrows point to the
genera (names shown in italics) explaining compositional differences between the samples. Note that
“Unidentified” genera represent known classifiable taxa but currently without assigned nomenclature.

3.1.2 Comparison of microbiome composition on different (non-)predilection skin sites
within healthy or AD dogs

In RDA, the bacterial and fungal skin microbiome composition on genus-level in
healthy dogs did not differ significantly between skin niches defined as AD predilection
(axilla, inguinal and periocular) or non-predilection (trunk) sites, for 16S (P = 0.2) nor ITS (P
= 0.3). Accordingly, a clear clustering of samples collected from similar body sites based on
microbiome composition was not observed (Figures S1-S4). However, the samples collected
from different skin sites of the same individual did show a certain degree of variation in
microbial composition (both 16S and ITS) but samples from the same breed were at
relatively close distance. For 16S, 47.0% of the variation was explained by individual
differences, 30.7% by breed and 11.6% by sampling site (Figure S5A). For ITS, these figures
were 40.0%, 28.0% and 10.8% respectively (Figure S5B). Notably, separation based on breed
is more convincing for ITS than for 16S, supported by (beta diversity) clustering of samples
based on full community composition (Figures S1-S2).
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3.2 Comparison of skin microbiome composition between healthy and AD skin
3.2.1 Alpha diversity

The differences in alpha diversity of bacteria (Figure 3A) nor fungi (Figure 3B) were
statistically significant between corresponding AD and healthy skin sites; nevertheless,
alpha diversity tended to be lower in AD skin at most sites studied (Figures 3A-B).
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Figure 3. Phylogenetic Diversity Whole tree (PDWT) analysis of 16S and ITS data. The diversity analyzed by PDWT
of 16S (A) and ITS (B) microbiome profiles observed in atopic dermatitis (AD) and healthy (HD) skin at the four sites
studied (Ax: axilla, In: inguinal, Pe: periocular, Tr: trunk).

3.2.2 Differential composition of the microbiome on different body sites between AD and
healthy skin.

Based on RDA, differences in genera contributing to the microbiome composition
of both 16S and ITS associated to disease status (AD versus healthy) were not statistically
significant (data not shown). The predominant genera based on body sites and health states
are shown in Table 1 (16S) and Table 2 (ITS).

In both AD and healthy dog skin, the bacterial microbiome composition differed
only slightly among skin sites studied (Table 1). The, on average (across all skin sites), most
abundant bacteria observed in AD skin were Staphylococcus, Psychrobacter, Trichococcus,
Brachybacterium and Porphyromonas. These genera were also present on healthy skin but
varied in the relative abundance. The most dominant bacterial (genus-level) taxa shared
between all four body sites in healthy skin are Pseudomonas (5.61% + 1.96% SEM), Kocuria
(5.29% + 0.62%), Porphyromonas (4.31% + 1.52%), Staphylococcus (3.65% + 0.72%) and
Corynebacterium (3.31% + 1.08%) (Table S4). Differences were observed in the order of the
top abundant taxa among the sample sites of dogs with AD (Table 1). Staphylococcus was
always more abundant in AD skin than in controls at the same sites (axilla: 14.46% versus
5.02%; inguinal 36.50% versus 4.26%; periocular 30.46% versus 3.66%; trunk 6.95% versus

62



1.66%) (Figure S6, to results), although this did not reach statistical significances. In samples
of lesional sites of AD dogs during flare-up the presence of Staphylococcus was the most
abundant among the bacterial microbiome community (21.74 + 8.29% SEM). Interestingly,
the relative abundances of the lowly dominant Microbacterium were significantly lower at
each of the three predilection sites in AD dogs as compared to those in healthy ones (Table
1). In contrast, for none of the 496 bacterial genera significant differences in relative
abundance were found between AD and healthy trunk skin, considered to be a non-
predilection site.

The most abundant fungal genera, found on the healthy skin across all sites studied
were “Unidentified#01”, a known classifiable fungal taxon but currently without assigned
nomenclature, (17.28% + 3.26% SEM), “Unidentified#12” (7.97% + 1.01%), Epicoccum
(4.02% + 0.63%), Blumeria (2.68% + 0.32%) and Ramularia (2.66% + 2.31%). Like in healthy
skin, “Unidentified#01” was the most abundant at every AD skin site studied (Table 2), and
this genus was also the most dominant taxon of fungi presenting during flare-up of AD
(15.46% + 1.79% SEM).

The largest differences in relative abundances at fungal genus-level between AD
and healthy skin were those observed for Blumeria. These were statistically significant
increases at axilla, inguinal and trunk of AD skin (Table 2 and Figure S7, to).

3.3 Topical antimicrobial treatment with Malaseb® shampoo
3.3.1 The effect of treatment on the diversity of the microbiome on canine skin

Bacterial and fungal diversities on healthy as well as AD skin, did not differ
significantly at the three different time-points, before, during and after treatment (see
Figure S8). Interestingly, however, the trend observed in the bacterial diversity in AD skin
was an initial increase from to(start of treatment after at least 4 weeks without intervention)
to ti1 (termination of treatment) and a subsequent decrease to the level of to in the four
weeks towards t2. The fungal diversity at both AD and healthy skin decreased towards t1
and had increased at t2, close to that at to. In addition, although not statistically significant,
a lower diversity was observed in AD skin as compared to healthy skin at all time-points.

3.3.2 The effect of topical treatment on 16S and ITS microbiome composition

Topical treatment of dog skin caused changes in 16S microbiome composition (AD
and healthy skin data combined) in course of time. A clear separation between time-points,
as a result of treatment, (3 different colored ovals) was seen in axilla (Figure 4A; P = 0.026),
inguinal (Figure 4B; P = 0.032), periocular region (Figure 4C; P = 0.004) and trunk (Figure 4D;
P =0.028).
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Figure 4. Treatment effect on 16S profiles at different body sites. The16S microbiome composition associated to
Malaseb® treatment at axilla (A), inguinal (B), periocular (C) and trunk (D), based on all data (irrespective of health
status) visualized in a redundancy analysis (RDA) plot (Treatment was used as explanatory variable, corrected for
Health Condition). Each small open circle represents the skin genus-level composition of one sample. The red

triangles are the centroids of the sample groups for each time point to, t1 and tz, whereas the colored sample

overlays represent the sample clusters per time-point; orange: to, green: t1 and blue: t2). Blue arrows: taxa that
most contribute to the separation on samples in the respective directions. Significance level at P <0.05.

Likewise, the ITS microbiome composition (AD and healthy skin data combined) at
all sample sites changed significantly in course of time (axilla and trunk, Figure 5A and Figure
5D at P =0.001; inguinal, Figure 5B at P = 0.019; periocular, Figure 5C at P = 0.049).

Hence, both the differences in bacterial (16S, Figure 4) and fungal (ITS, Figure 5)
skin composition in course of time (treatment effect) were statistically significant if samples
were not stratified on health condition (i.e. analysis irrespective of AD).
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Figure 5. Treatment effect on ITS profiles at different body sites. The ITS microbiome composition associated to
Malaseb® treatment at axilla (A), inguinal (B), periocular (C) and trunk (D), based on all data (irrespective of health
status) visualized in a redundancy analysis (RDA) plot (Treatment was used as explanatory variable, corrected for
Health Condition). Each small open circle represents the skin genus-level composition of one sample. The red
triangles are the centroids of the sample groups for each time point to, t1 and t2, whereas the colored sample
overlays represent the sample clusters per time-point; orange: to, green: t1 and blue: t2). Blue arrows: taxa that
most contribute to the separation on samples in the respective directions. Significant level at P <0.05.

3.3.3 The most notable changes as a result of topical treatment

The most notable changes in the microbiome, as a result of treatment were
observed in the genus Epicoccum (ITS) (Figure S9). In AD dogs, the genus of Blumeria
revealed the largest changes in the relative abundance determined by time-points of
sampling (treatment effect) in comparison to the other fungal genera identified (Figure S7).
Its abundance was high in untreated AD skin (to), decreased after treatment (ti1) and
remained low until four weeks after treatment withdrawal (t2) (Figure S7; for axilla, trunk
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and inguinal). The abundance of Blumeria on healthy skin was constantly low at all time-
points and clearly lower than that on AD skin.

4. Discussion

This study aimed to investigate both the bacterial (16S) and fungal (ITS) skin
microbiome compositions, both in different individuals, at different predilection sites and
with respect to the health status (AD versus healthy). Furthermore, changes were recorded
in the microbiome composition after topical treatment with Malaseb® shampoo, a common
choice of treatment known to reduce the clinical severity of AD most likely partly due to
(secondary) infection.

Analysis of the skin 16S and ITS microbiome composition in the present cohort of
dogs revealed a strong inter-dog variability (individual), whereas breed effects were
considerable, but less. In samples collected from different body sites both from AD and
healthy dogs, no significant differences in microbiome composition (both 16S and ITS) were
found. This confirms findings of another study on fungal composition of canine skin®. In
contrast, on human skin the microbiome composition was shown to differ depending on
body sites?>?3, however comparison of microbiome compositions between human and
canine skin is complicated due to strongly differing microbiomes. Moreover in dogs alpha
diversity of skin microbiome was considerably higher than that in humans'¥?,

Comparing AD and healthy skin microbiome profiles, no significant differences in
the alpha diversity were found, only a trend of reduced 16S and ITS diversity in AD compared
to control skin. A similar trend was reported in other canine studies®”®. The topical
treatment increases the diversity of bacteria, but the opposite effect was observed for
fungal diversity. Those non-significant changes, that may be explained by difference
between broad antibacterial and antifungal effects of the shampoo, and in potential
differences in population dynamics amongst bacteria and fungi after treatment, need to be
confirmed in larger studies. However, treatment with an antimicrobial shampoo, known to
successfully alleviate clinic symptoms of AD, significantly changed both 16S and ITS profiles
of the microbiome in course of time and at every site studied but irrespective of AD skin
status. Only the genus, Blumeria (ITS), showed considerable changes in relative abundance
determined by both health status and treatment effect. Whether these changes are
affected by the atopic dermatitis directly or the associated inflammation, or by both, is
unclear. The significant increase of this genus (P <0.05; uncorrected) observed on AD as
compared to healthy skin in the present study, even though it contrasts findings in an earlier
study of fungi on canine skin8, warrants further studies on the relationship between skin
health status and Blumeria.

In the present study, the bacterial genera Staphylococcus and Porphyromonas
were dominantly present in both AD and healthy skin. The finding of Staphylococcus as the
predominant colonizer of the 16S profile on AD skin is consistent with many other studies
in canine®’, feline?® and human skin?%2®, Staphylococci are common commensals on the
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canine skin?’. Porphyromonas, commonly found in the canine oral cavity?®, may have been
transferred to skin by licking, presumably more frequently in AD dogs due to itch. Other
genera present on healthy skin, Kocuria, Pseudomonas and Corynebacterium are common
to dog skin”?’. The abundance of the low abundant Microbacterium was significantly
different (P <0.05; uncorrected) when compared between AD and control skin on all
predilection sites but not on the trunk (non-predilection). The observed significant
differences in the lowly abundant genera might be due to the reduced alpha diversity
observed in the AD skin microbiome.

The most abundant fungal genera on both canine AD and healthy were
“Unidentified#01”, “Unidentified#12”, Blumeria and Epicoccum. Due to technical limitation
of ITS marker gene analyses, “Unidentified#01” can only be qualified as not belonging to the
phyla Ascomycota or Basidiomycota, and “Unidentified#12” as belonging to the phylum
Ascomycota. Malassezia one of the most dominant yeasts (fungi) reported on canine skin?,
when it comes to identification of the microbiota composition by culture, was hardly
detected in the present ITS marker gene analysis, that has shown to readily detect
Malassezia if used as a positive control. Apparently, the skins of dogs in our study are
virtually devoid of the Malassezia genus (presence of 0.02% on average). The ITS sequencing
data was scrutinized by aligning the raw sequencing data by hand to the representative
Malassezia ITS genus sequence to ensure that Malassezia reads were indeed not missed
even in the raw sequencing data (results not shown). The apparent discrepancy between
Malassezia presence as described in the literature and our study may be partially explained
by housing condition and/or a small sample size of our study. The other limitations of our
study include varied CADESI scores, mild secondary infections and low breed diversity.

Obviously additional factors giving rise to abnormalities as reflected in AD such as
skin barrier function, immune responses, genetic background, etc., may affect the
microbiome composition®?°. Differences in skin health caused by AD might alter its capacity
to deal with changes in microbiome composition?®. Interaction between microbiome and
AD is likely to be a two-way street where microbiome and disease factors influence each
other?®. The predominant taxa and multiple factors potentially disturbing skin integrity in
AD-related circumstances should be further investigated in a larger study.

Conclusion

Taken together, this study shows that the variation in microbiome composition of
canine skin is likely to be dependent on individuality, and to a lesser extent is determined
by skin site, health status or treatment effect. However, in some specific taxa significant
differences could be observed by disease or treatment effect that need to be further
investigated.
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Figure S1. Clustering and microbial community composition of dog skin ITS samples, with visualization on genus-
level. ITS samples are grouped according to breed as highlighted in the first column (orange: Beagle; green:
Greyhound and blue: Bedlington-Beagle crossbreed). Within breed groups samples were clustered using UPGMA
with weighted UniFrac (beta diversity metric) as a distance measure. Time-points of sampling are highlighted in
the second column (red: to, green: ti1, yellow: t2, blue: flare); coat samples are highlighted in grey. The full length of
each stacked-bar represents 100% of genus-level classified reads per sample, colors represent relative abundances
of genera as defined in the right column. The figure was generated with iTOL.
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Figure S2. Clustering and microbial community composition of dog skin 16S samples, with visualization on genus-
level. The 16S microbiome composition of atopic dermatitis (AD) and healthy (HD) dog skin samples were clustered
using UPGMA with weighted UniFrac (beta diversity metric) as a distance measure. 16S samples belonging to the
same breed are highlighted in the first column (orange: Beagle; green: Greyhound and blue: Bedlington-Beagle
crossbreed), or time-point are highlighted in the second column (red: to, green: ti1, yellow: t;, blue: flare); coat
samples are highlighted in grey. The full length of each stacked-bar represents 100% of genus-level classified reads
per sample, colors represent relative abundances of genera as defined in the right column. The figure was
generated with iTOL.
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Figure S3. Phylogenetic trees of 16S-based microbiome composition in healthy dog skin at different sites.
Bacterial compositions (averaged) in healthy dog skin at axilla (A), inguinal (B), periocular (C) and trunk (D). Figure
generated using software described in Sundquist et al*°.
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Figure S6. The most prominent genus of bacterial skin microbiome composition in AD versus healthy skin at

different sites and time-points. The differences in relative abundance of the most prominent genus

(Staphylococcus) of bacterial skin microbiome composition in atopic dermatitis (AD) versus healthy (HD) dog skin
(disease effect) at axilla (A), inguinal (B), periocular (C) and trunk (D) in association with treatment (3 time-points:

to, t1 and t2). No statistically significant differences between groups.
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Figure S7. The most prominent genus of fungal skin microbiome composition in AD versus healthy skin at

different sites and time-points. The differences in relative abundance of the most prominent genus (Blumeria) of

fungal skin microbiome composition in atopic dermatitis (AD) versus healthy (HD) dog skin (disease effect) at axilla
(A), inguinal (B), periocular (C) and trunk (D) in association with treatment (3 time-points: to, t1 and tz). Significances

mentioned in figures are as follows: n.s. (not significant), * P <0.05.
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Figure S9. The most prominent genus of fungal skin microbiome composition in AD versus healthy skin as a result
of treatment. The differences in relative abundance of the most prominent genus Epicoccum of fungal skin
microbiome composition in atopic dermatitis (AD) versus healthy (HD) dog skin at axilla (A), inguinal (B), periocular
(C) and trunk (D) in association with treatment (3 time-points: to, t1 and t2). Significances mentioned in figures are
as follows: n.s. (not significant), * P <0.05.
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Chapter 5 | Antimicrobial peptide and AD-related cytokine gene expression

Abstract

Introduction: Atopic dermatitis (AD) is a complex skin disorder potentially involving both
imbalanced immune responsiveness against allergen, and a disrupted skin barrier, often
complicated by secondary infection. Alterations in the production of antimicrobial
peptides (AMP) and cytokines in lesional skin may play an important role in this process.
Treatment with antimicrobial shampoo usually alleviates clinical symptoms.
Hypothesis/objectives: Expression of AMP and (pro-)inflammatory cytokines in skin of
healthy dogs and dogs with AD alter as a result of topical treatment (washing).

Animals: Three healthy control dogs and three dogs with spontaneous AD.

Methods: Dogs were treated with antimicrobial shampoo (Malaseb®) according to
manufacturer’s description. Skin biopsies were collected from multiple skin locations
before, during and after topical treatment. Expression of AMP (cBD1, cBD103, K9CATH)
and Thl (IFN-y), pro-inflammatory (TNF-a), Th2 (IL-4, IL-13), Th17 (IL-17, IL-22) and
regulatory (IL-10), cytokines was assessed by RT-PCR.

Results: AMP expression in disease predilection sites at the onset of treatment tended to
be lower than that at a non-predilection site, whereas the opposite was observed for
cytokine expression. Treatment alleviates the severity of the lesions which coincided with
reduction of AMP and cytokine expression in AD skin biopsies immediately after therapy
compared to before and after therapy withdrawal.

Conclusion and clinical importance: Expression of AMP and (pro-)inflammatory cytokines
in skin of healthy and atopic dogs varies according to location and as a result of topical
treatment.

Keywords: Antimicrobial peptide, cytokine, skin, canine, atopic dermatitis.
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1. Introduction

The skin barrier acts as the first line of defense against physical, chemical and
microbial insults’. As part of the defense system keratinocytes (KC) and leukocytes,
recruited during inflammation, possess the ability to secrete two major families of
antimicrobial peptides (AMP), defensins and cathelicidins?. AMP have many beneficial
properties to the host such as antimicrobial activity (Gram-negative and Gram-positive
bacteria, fungi and viruses) and immunomodulatory activity, besides stimulation of wound
healing and antitumor activity?>. Defensins are categorized into three subfamilies a, B,
and 62. The B-defensins (BD) found to be expressed in skin of healthy controls and atopic
dogs are cBD1, cBD102, cBD103, cBD122 and cBD127%’. Only one cathelicidin gene is
expressed in dogs (K9CATH)2. Skin inflammation and infection not only negatively impact
skin barrier function but also influence the regulation of AMP production®.

Atopic dermatitis (AD), is a complex disorder associated with environmental
allergens in dogs that shares many characteristics with human AD, like involvement of a
disrupted skin barrier, imbalanced immune responsiveness, and subsequently enhanced
allergen invasion and developing disease severity'®. In general, upon allergen penetration,
KC are able to produce thymic stromal lymphopoietin, interleukin (IL)-1, IL-6, and
transforming growth factor-B123, These factors may lead to migration of Langerhans cells
and dendritic cells to the draining lymph node as well as influx of leukocytes resulting in
increased production of inflammatory cytokines!®. In lesional atopic skin of canine AD;
Thl, Th2, and Th17 cytokines as well as regulatory cytokines may be produced
subsequently'>2L, It has been reported that due the impaired barrier function of KC*? and
imbalanced immune responsiveness in human AD, Th2 cytokines in particular, reduce
AMP production???’, In contrast IL-1, IL-17 and IL-22 seem to have the stimulatory effect
on AMP production in human skin?>%,

The skin microbiome contributes to stimulation of AMP production in healthy,
steady state, skin as well as to altered expression in atopic skin and can play an important
role in exacerbation of AD?%3°, Invasion of opportunistic pathogens may be combatted by
topical treatment with antimicrobial shampoo containing chlorhexidine 2% and
miconazole 2% (Malaseb®) that has shown to be effective against bacteria and yeast
growth333, We hypothesized that if the bacterial and fungi/yeast burden on the skin is
diminished and skin inflammation reduced, AMP production may restore to normal. In
addition, varied expression of AMP at different body sites of normal skin has been
described?, this may be related to the fact that some areas of the skin are more prone to
be affected by the AD (predilection sites i.e. axilla and inguinal region)3*. To explore
whether AMP and inflammatory cytokine expression in the skin can differ both due to
location and disease severity, hence due to topical antimicrobial treatment, we
investigated differential expression of AMP and multiples cytokines involved in AD
pathogenesis in both AD and control dogs, in association with predilection sites, different
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disease severity and, before during and after topical treatment (Figure 1) with
antimicrobial shampoo.

2. Material and Methods
2.1 Animals and experimental design

Three control dogs, two Beagles and one Greyhound, had no history of allergic
disease or allergy-related clinical lesions. Three Bedlington-Beagle crossbreds with
spontaneous AD were diagnosed according to Bizikova et al*® and Hensel et al*%; and the
severity of AD lesions was evaluated by the CADESI-03 (Canine Atopic Dermatitis Extent
and Severity Index)3”3%. The animals were owned by the Department of Clinical sciences of
Companion Animals, Faculty of Veterinary medicine, Utrecht University and all housed in
the same premises.

To T T,
4 wk | 3wk | 4 wk |
Dogs start stop after
Control =3 washing washing washing

AD=3

Figure 1. The experimental set up of this study. After inclusion AD dogs were withdrawn from any treatment
during a period of 4 weeks, subsequently at To healthy dogs were included and all animals washed twice weekly
for 3 weeks until T: and next withdrawn from treatment for 4 weeks, until final sampling at Ta.

All animals were treated according to the following protocol approved by the
animal ethical committee (DEC 2013.11.07.83) as required under Dutch legislation. No
concurrent anti-inflammatory and anti-bacterial/fungal treatments were allowed during
and 4 weeks prior to the study. The first timepoint To (Figure 1), start of treatment refers
to the situation at time of inclusion in control animals and in atopic dogs directly prior to
topical treatment consisting of washing twice weekly for three weeks with topical
antimicrobial shampoo (Malaseb®, Dermcare-vet Pty Ltd, Brisbane, Australia) according to
the manufacturer’s guidelines. At To, skin conditions of all dogs were assessed according to
CADESI-03, and skin biopsies were taken at three different locations, respectively two
designated AD predilection sites (axillae and inguinal region) and one designated non-
predilection site (lateral thorax). This procedure was repeated at Ti directly after
treatment and at T2, 4 weeks after withdrawal of treatment (Figure 1). After skin condition
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assessment and removal of the haircoat with a clipper, two biopsies were taken under
sedation with dexmedetomidine (intravenous, 20 pg/kg) from each designated skin
location using a 4 mm biopsy punch. Skin biopsies were immediately snap-frozen in liquid
nitrogen and stored at -80 °C until used for RNA isolation to study AMP and cytokine
MRNA expression by Real-time gPCR.

2.2 Quantitative real-time PCR (qPCR) to assess expression of AMP and cytokines

Shortly before RNA isolation, frozen skin biopsies were thawed and subcutaneous
fat was removed. The tissue was cut into small pieces and immersed in Trizol. A5 mm
bead was added to the suspension and the TissuelLyzer (Retsch® MM301, Haan, Germany)
was used to mechanically homogenize the skin in a tube containing the bead with Trizol.
After centrifuging, the aqueous phase was transferred to a RNeasy® mini spin column
(Qiagen, Austin, USA) and RNA isolated according to Manufacturer’s recommendation. A
quantity of 500 ng of RNA as measured by a Nanodrop-1000 spectrophotometer was used
for cDNA synthesis using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories Inc.,
Hercules, USA) according to manufacturer’s instructions.

The primer pair sequences shown in Table 1, were either previously published or
designed by NCBI using Primer3 and BLAST*. Expression of selected (pro-)inflammatory
cytokine genes, as well as those of genes of the two families of AMP (defensins and
cathelicidins) and one reference gene, RPS19, in the biopsies was measured by SYBR®
green (Bio-rad Laboratories Inc. licensed by Molecular Probes, Eugene, USA) in a MyiQ™
single-color real-time PCR detection system (Bio-Rad laboratories, Richmond, USA).
Primers for cytokine PCR were used at pre-determined optimal concentrations of 400 nM,
the primers for AMP PCR were used at the concentration of 300 nM. The PCR conditions
consisted of 5 minutes of initial denaturation at 95 °C, followed by 40 cycles of 20s at 95
°C, 30s of Tm at the specific temperatures (Table 1) for each primer pair and 30s
elongation at 72 °C (in case the Tm = 58 °C, no elongation step was performed as optimized
earlier)®. All reactions were performed in duplicate and a melting curve analysis was done
to determine the purity of the product amplified. The mRNA expression normalized to that
of the reference gene RPS19° according to Pfaffl*! was determined by the MyiQ software.
The ratios of relative expressions of genes studied in AD (n=3) compared to those of
control (n=3) samples at the indicated timepoints were calculated and described as ratio
AD:CT in the figures. Ratios higher than 2 or less than 0.5 were considered as different.
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Table.1 Primer sequences

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Tm (°C)
RPS19%° CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 61
cBD1¢ AGCCTCTCTCCCTTCTCTGG GCCATCGATCCTGGTAAAGA 57
cBD103° GCCGCTGCTTACTTGTACCT CCTCATGACCAACAGGCTTC 57
K9CATH* TGTGTCCCAAGACGACACAG ATGAGCTCTTTCAGCCGGTC 56
IFN-y 4243 AGCGCAAGGCGATAAATG GCGGCCTCGAAACAGATT 55.8
TNF-a4>43 CCCCGGGCTCCAGAAGGTG GCAGCAGGCAGAAGAGTGTGGTG 64
|L-44243 CCAAAGAACACAAGCGATAAGGAA GTTTGCCATGCTGCTGAGGTT 61
IL-10%243 CCCGGGCTGAGAACCACGAC AAATGCGCTCTTCACCTGCTCCAC 63
IL-134243 GAGGAGCTGGTCAACATCA TGCAGTCGGAGACATTGA 59
IL-174243 CACTCCTTCCGGCTAGAGAA CACATGGCGAACAATAGGG 61
IL-224243 GGCCAGGCTCAGCAACAAGCT CGCAGGCATTTCTCAGGGCCAT 61

*see https://www.nchi.nlm.nih.gov/tools/primer-blast/. Accession number: NM_001003359.1

3. Results

3.1 AD Clinical scores in course of time

CADESI-03 total scores of the AD dogs ranged between 0 and 116 at the onset of
the experiment (To) before washing and improved as a result of three weeks washing (T1)
to 0 and 33. After discontinuation of treatment for four weeks (T2) scores were between 0
and 37. Healthy dogs enrolled in this study did not have skin lesions throughout the
experiment.

3.2 Differential expression of AMP genes

To address the differential expression of AMP at different skin sites and as a
result of topical treatment we analyzed mRNA expression of cBD1, cBD103 and K9CATH
orthologues to human HBD1, HBD3 and LL-37, respectively?44,

Canine BD1 mRNA expression in control skin biopsies was stable between To and
T1 but tended to show a slight decrease at T. whereas cBD1 mRNA expression in AD skin
biopsies was increased (predilection site) or stable (non-predilection) at T (Figure 2A).
These small differences are reflected by clearer differences in ratio of expression of cBD1
between samples of AD and control skin at T2, that was 4.54 times higher in AD thorax skin
compared to that in control dog thorax skin, 2.82 times in the axillary and 2.78 times in
the inguinal region (Figure 2D).

The mRNA expression of cBD103 decreased in time, throughout, and at all skin
sites of AD dogs (Figure 2B). In contrast the cBD103 mRNA expression in control skin was
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stable between To and T: and showed a later decline between T1 and T.. Differences in
cBD103 expression in AD skin relative to that in controls in course of treatment were not
observed (Figure 2E).

In general, K9CATH mRNA levels were stable, though low in all skin biopsies
analyzed (Figure 2C). In AD skin biopsies taken from axilla and inguinal regions a slight
non-significant increase in K9CATH mRNA expression in course of time was observed
(Figure 2C). No differential expression of K9CATH was observed between AD and control
samples (Figure 2F). In sum, AMP expression as measured by mRNA expression in skin
biopsies showed only small changes over time.
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Figure 2. cBD1, cBD103 and K9CATH gene expression in the skin. The mRNA expression of cBD1 (A), cBD103 (B)
and K9CATH (C) in AD ( ® ) and control (CT, @) skin biopsies at different locations (axilla, inguinal region and
lateral thorax) and stages of treatment (To, T1, T2) as determined by normalizing qRT-PCR values to those of the
reference gene RPS19. Data are expressed as individual values and mean of 3 animals (horizontal line). The
averaged expression of cBD1 (D) cBD103 (E) and K9CATH (F) in AD skin biopsies relative to that in CT biopsies at
different locations and times of treatment is expressed as ratio AD:CT.
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3.3 Differential expression of Cytokine genes

Next to AMP expression we analyzed the mRNA expression of a Thl cytokine
(IFN-y), a pro-inflammatory cytokine (TNF-a), Th2 cytokines (IL-4, IL-13), Th17 cytokines
(IL-17, IL-22) and a regulatory cytokine (IL-10), described to be AD-related and influence
AMP production???’,

Th1 and pro-inflammatory cytokines

In general, mRNA expression levels of both TNF-a and IFN-y in the skin biopsies
from both control and AD dogs were low (Figures 3A-B). The mRNA expression of IFN-y in
AD thorax skin tended to increase at T2 compared to earlier timepoints, resulting in a 2.45
times higher expression in AD lateral thorax compared to the controls (Figure 3C). The
MRNA expression of TNF-a in axilla, inguinal region and thorax of both AD and control skin
biopsies were more or less the same at To and T1, and tended to be increased at T2 (Figure
3B). The ratio of TNF-a expression in AD relative to control skin biopsies tended to
increase at T2 (Figure 3D).
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Figure 3. Thl and pro-inflammatory cytokine gene expression. The mRNA expression of IFN-y (A) and TNF-a (B)
in AD (®) and control (CT, © ) skin biopsies at different locations (axilla, inguinal region and lateral thorax) and
stages of treatment (To, T1, T2) as determined normalizing qRT-PCR values to those of the reference gene RPS19.
Data are expressed as individual values and mean of 3 animals (horizontal line). The averaged expression of IFN-y
(C) and TNF-a (D) in AD skin biopsies relative to that in CT biopsies at different locations and times of treatment is
expressed as ratio AD:CT.
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The expression of IFN-y and TNF-a was increased after treatment, especially in
AD. However, variation in expression of IFN-y during treatment was observed between
predilection and non-predilection sites, that tended to increase in the former and

decrease in the latter.
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Figure 4. Th2 cytokine response. The mRNA expression of IL-4 (A) and IL-13 (B) in AD ( ® ) and control (CT, @)
skin biopsies at different locations (axilla, inguinal region and lateral thorax) and stages of treatment (To, T1, T2)
as determined normalizing qRT-PCR values to those of the reference gene RPS19. Data are expressed as individual
values and mean of 3 animals (horizontal line). The averaged relative expression of IL-4 (C) and IL-13 (D) in AD
skin biopsies relative to that in CT biopsies at different locations and times of treatment is expressed as ratio

AD:CT.

Th17 cytokines

The mRNA expression of IL-17 in the control skin samples was highest at To and
gradually decreased in course of time (Figure 5A). The expression of IL-17 mRNA in AD
samples decreased at T1 compared to To, but had increased at T2 (Figure 5A). The ratios of
IL-17 expression in AD skin samples relative to control ones are elevated at T in all
locations (2, 58.7 and 46.8 times higher; in axilla, inguinal and thorax, respectively) (Figure
5C).

The mRNA expression levels of IL-22 were increased at T, in AD samples (Figure
5B). The ratio of IL-22 expression in AD samples relative to controls was close to 1 at all

timepoints studied (Figure 5D).
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In parallel to the mRNA levels of Th2 cytokines, IL-4 and IL-13, also those of the
Th17 category, IL-17 and IL-22 mRNA levels were low in skin biopsies.
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Figure 5. Th17 cytokine response. The mRNA expression of IL-17 (A) and IL-22 (B) in AD (® ) and control (CT, ®)
skin biopsies at different locations (axilla, inguinal region and lateral thorax) and stages of treatment (To, T1, T2)
as determined normalizing qRT-PCR values to those of the reference gene RPS19. Data are expressed as individual
values and mean of 3 animals (horizontal line). The averaged relative expression of IL-17 (C) and IL-22 (D) in AD
skin biopsies relative to that in CT biopsies at different locations and times of treatment is expressed as ratio
AD:CT.

A regulatory cytokine

A similar trend in the mRNA expression of IL-10 in course of time was observed
between AD and control skin, in axilla and thorax, that it was gradually decreased in
course of time in axilla, and in thorax the increased expression was observed at T: (Figure
6A). The IL-10 expression of AD samples at predilection sites (axilla and inguinal) tended to
be higher than controls overtime (Figures 6A-B). The ratio of IL-10 expression in AD
relative to controls tended to be higher at T2 compared to both at To and T: (Figure 6B).
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Figure 6. Regulatory cytokine response. (A) The mRNA expression of IL-10 in AD ( ® ) and control (CT, @) skin
biopsies at different locations (axilla, inguinal region and lateral thorax) and stages of treatment (To, T1, T2) as
determined normalizing gRT-PCR values to those of the reference gene RPS19. Data are expressed as individual
values and mean of 3 animals (horizontal line). (B) The averaged relative expression of IL-10 in AD skin biopsies
relative to that in CT biopsies at different locations and times of treatment is expressed as ratio AD:CT.

4. Discussions

AMP are functionally characterized by antimicrobial and immunomodulatory
activities”>. AMP expression by cells in the skin barrier is one of the many different factors
contributing to skin integrity, that can be influenced by multiple internal and external
stimulil. Different skin characteristics e.g. pH, hair follicles, sebaceous glands,
temperature, humidity, may vary by topographical location**¢ and thus affect the load
and diversity of skin microbiome*>*748, Moreover, AD typically associated with skin
inflammation or infection is likely to induce AMP expression in human skin*-*° as well as
dog skin***! and anti-microbial topical therapy has been widely used to reduce the
severity of AD lesions in dogs, caused by secondary infection®2.

Previous studies regarding AMP expression in atopic dermatitis showed
contradictory results. Some observed no differences in mRNA expression of cBD103
between AD and healthy dog skin®*°%, others reported an increase in cBD103 in atopic
dogs* and finally decreased expression of cBD103 in lesional atopic skin has been
described®. In the latter study increased expression of cBD1 in AD was described. In the
current study, expression of cBD1 and cBD103 in AD at non-predilection sites tended to be
higher than predilection sites compared to healthy skin. The expression of ¢cBD1 and
cBD103 tended to decrease as a result of treatment (T1) and increase after abstention of
treatment (T2) in all AD samples compared to the controls. Expression of K9CATH in skin
was generally low compared to ¢cBD1 and cBD103 expression, a finding similar to our
observation for their expression, in vitro, by a canine KC cell line>. Yet, K9CATH expression
in samples from predilection sites of AD in AD dogs was increased after treatment, which
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contrasted expression in a non-predilection site. Overall, the expression of AMP in a non-
predilection site (thorax) differs from that in predilection sites (axilla and inguinal). This
deviation may be due to disease severity or disturbance of local skin tissue, prone to
develop AD, resulting in decreased expression of AMP85657,

Reasons for the discrepancies between study results may have been differences
in study approaches such as the stage of disease, the biopsy location and/or the treatment
before or during investigation. In the present study, the biopsy locations were known
(non-) predilection sites and followed up for changes in clinical characteristics before,
during and after treatment.

As a result of treatment not only AMP expression but also that of inflammatory
cytokines in the skin altered. The expressions of Th2 cytokines (IL-4 and IL-13) and the
regulatory cytokine IL-10 tended to be higher in AD predilection sites before treatment
than at non-predilection sites when compared to control skin, opposite to the finding in
AMP expression. The reduction in infection and possibly inflammation by the topical
antimicrobial therapy (T1) reduced the severity of the lesions of the skin, concomitant to
reduction of levels of cytokine expression in most of the AD samples, both from
predilection and non-predilection sites of AD. In addition, expression of IL-17 in skin of AD
dogs slightly increased 4 weeks after treatment (T2) compared to control skin, which
coincides with an increase in IL-22. The increased levels of Th1l cytokine (IFN-y), pro-
inflammatory (TNF-a), Th2 cytokines (IL-4, IL-13), Th17 cytokines (IL-17, IL-22) and
regulatory cytokine (IL-10) in lesional atopic skin without treatment are consistent with
several reports describing the differences in expression of cytokines in the skin in both
spontaneous (human and canine) and experimental (canine) atopic dermatitis’>?. In
general, AMP production may be stimulated by increased levels of IL-17 and IL-222%%8, but
in contrast, partially inhibited by Th2 cytokines?>?>>, Although AMP mRNA levels
increased in predilection sites of atopic skin compared to control, the actual biological
activity in the tissue was not determined in this study. Further investigations of AMP
activities should be considered.

Taken together, the variation in mRNA expression level of both AMP and AD-
related cytokines, both in AD and control samples is likely to be dependent not only on
skin location but may also be a result of treatment and concomitant disease activity. The
alterations in local expression of AMP and cytokines may predispose skin to be AD
predilection site. Most likely the treatment helps reduce skin microbes and (indirectly)
inflammation, which alleviates the severity of the lesions, resulting in reduction of
expression of AMP and AD-related cytokines in AD skin immediately after Malaseb®
treatment as compared to before and some weeks after therapy withdrawal. After
treatment withdrawal, both AMP and cytokine expressions tended to increase in the AD
skin.

Only a limited number of studies have been executed pertaining the effect of
AMP alone or in combination with (pro-)inflammatory cytokines on canine skin in canine
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atopic dermatitis. Moreover, the complicated pathogenesis, of AD skin, due to different
types of immune responsiveness and changes in skin barrier integrity involving
connections between microbiota and cells producing AMP and cytokines, and resulting in
clinical signs are not well-established yet and need further study.
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Abstract

Keratinocytes (KC) are the main cellular components of the stratum corneum that
constitutes a solid physical skin barrier representing the first line of defense against
pathogens. Moreover, KC are potent producers of inflammatory mediators and
antimicrobial peptides (AMP) when activated through their pattern recognition receptors.
In atopic dermatitis (AD) the protective skin barrier may be compromised due to barrier
disruption, secondary infection and accelerated secretion of inflammatory cytokines which
may also affect AMP expression in the skin. In the present study, we addressed the
responses of a canine KC cell line upon exposure to Staphylococcus pseudintermedius,
typically found on canine atopic skin during secondary infections, and stimulation by
individual AD-associated ligands and cytokines. All stimuli induced a significant increase in
expression of the pro-inflammatory cytokine genes tumor necrosis factor (TNF)-a and
interleukin (IL)-8, but with different kinetics. Limited effects were observed on AMP gene
expression except for K9CATH which was significantly upregulated upon bacterial infection
but with none of the individual AD-associated ligands. Interestingly, K9CATH possessed
antimicrobial activity towards Staphylococcus pseudintermedius, indicating that K9CATH
expression is a specific defense reaction towards bacterial infection and not part of a
general pro-inflammatory profile of KC.

Keywords: keratinocyte; antimicrobial peptide; B-defensin; cathelicidin; pattern
recognition receptor; canine.
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1. Introduction

In the stratum corneum of the skin, the major constituents, keratinocytes (KC)
embedded in their lipid matrix, establish a solid physical barrier representing the first line
of defense against pathogens?. Moreover KC are potent producers of inflammatory
mediators and antimicrobial peptides (AMP) when activated through their pattern
recognition receptors (PRRs) as observed in both human?® and canine? studies, thereby
contributing to local immune homeostasis. Canine skin homeostasis may be disturbed by
changes in the microbiome as well as the micro-environment that contribute to alterations
of innate and adaptive immune responsiveness®. One of the most common skin disorders
in dog is atopic dermatitis (AD). Of the multitude of microbiota colonizing the canine skin,
those most frequently involved in exacerbation of AD due to secondary infection are the
Gram-positive Staphylococcus pseudintermedius and the yeast Malassezia pachydermatis;
however, Gram-negative bacteria may contribute as well°.

In acute disease AD is characterized by a Th2-type cytokine response, whereby IL-
4 and IL-13 dominate the microenvironment of keratinocytes®. In contrast, in the chronic
phase of AD the Thi-type cytokine IFN-y is most prominent’. In addition to release of typical
Th1and Th2-related cytokines, the expression of IL-17 is increased in acute lesions of human
AD skin®. Alterations in Th1, Th2 and Th17-type cytokine responses may have differential
impact on both expression of AMP and pro-inflammatory cytokines which may render the
skin more susceptible to infection®°.

Two families of AMP, cathelicidins and B-defensins, are important in the first line
of defense against pathogens!®. A broad antimicrobial spectrum®®, as well as
immunomodulatory activity has been ascribed to these peptides?, that are produced by
both immune cells (often neutrophils) and epithelial tissues**2. The B-defensins, cBD1 and
cBD103, and the only known cathelicidin K9CATH are found in canine atopic skin and their
expression is higher relative to that in healthy skin3'%, which is comparable to what is
reported for their homologues in human ADY. In contrast, gene expression levels of
cBD102, cBD107 and cBD108 were found to be low in atopic dog skin'®. In view of the
putative clinical impact of bactericidal and immune-modulatory properties of AMP?, better
understanding of AMP as well as cytokine expression by, and their impact on canine KC may
contribute to the identification of therapeutic targets for modulation of defense
mechanisms in the canine skin.

The aim of this study was to determine the effects of viable S. pseudintermedius,
synthetic microbial ligands, and AD-related cytokines on expression of AMP and pro-
inflammatory cytokine genes of a canine keratinocyte cell line, thus, mimicking interactions
occurring in the skin of dogs with (allergic) dermatitis. In addition, the antimicrobial activity
of K9CATH to viable S. pseudintermedius was assessed.
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2. Materials and methods
2.1 MSCEK cell line

The canine keratinocyte cell line (MSCEK) was cordially provided by Koji Nishifuji,
Tokyo University, Japan?’. The cell line is derived from a skin biopsy of a healthy dog and
passaged over 90 times in culture. Cells were grown in William’s E Medium (Life
Technologies, Carlsbad, USA) supplemented with 10% of Nu-Serum IV Growth medium
supplement (Corning, New York, USA); 5 ng/ml of Epidermal Growth Factor (EGF; Sigma,
New Jersey, USA); 100 pM of Cholera Toxin (Sigma, New lJersey, USA); Penicillin-
streptomycin (100 units/mL of penicillin and 100 ug/mL of streptomycin; Life Technologies,
Carlsbad, USA). MSCEK were seeded in 12 well-plates, (coated with type 1 collagen; Corning,
New York, USA) 1 x 10° cells/well in a volume of 1 ml, grown at 37 °C in a humidified
atmosphere at 5% CO2. The culture medium was refreshed every 48 h until cells were
confluent, prior to use.

2.2 Staphylococcus pseudintermedius preparation

An overnight culture of methicillin-susceptible S. pseudintermedius, a clinical
isolate from dog skin with bacterial infection (provided by the Veterinary Microbiological
Diagnostic Center, VMDC, Faculty of Veterinary Medicine, Utrecht University, The
Netherlands), was prepared by picking a colony from the selective agar and dispersing it
into Miller Hilton broth (MHB) for selection of a mid-logarithmic phase bacteria. OD
measurement at 620 nm was performed to determine the bacterial density using the
formula: OD value 0.1 = 1 x 108 CFU/ml and subsequently diluted to the desired density for
each experiment.

2.3 Co-culture of S. pseudintermedius and MSCEK

Freshly-prepared 10% 10° and 10® CFU of S. pseudintermedius were added to a
>90% confluent MSCEK cell monolayer, in 12 well-plates. To optimize the incubation time,
bacteria and cells were co-cultured for 1 and 4 h at 37 °C. After incubation wells were
washed with PBS to remove bacteria not involved with keratinocytes. To assess the total
number of MSCEK associated bacteria (adhesion + invasion), cells were lysed with 1% Triton-
X100 in PBS for 5 min to release all associated bacteria. The resultant bacterial suspension
was diluted 10-10000 fold and plated out on Tryptone Soy Agar (TSA; Oxoid LTD, Hampshire,
UK).

To assess invasion, in separate wells, after co-culture and washing as described
above, cells were incubated with gentamicin (25 pg/ml) for 1 h at 37 °C to kill extracellular
bacteria. Cells were washed with PBS, 1% Triton-x100 in PBS was added, and lysate was
plated to determine the number of invaded bacteria.
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2.4 Stimulation of MSCEK cells with S. pseudintermedius

Confluent MSCEK cultures were incubated with 108 CFU/ml S. pseudintermedius for
4 h at 37 °C or culture medium alone as negative control. After killing extracellular bacteria
with gentamicin (25 pg/ml) and washing, cells were lysed at time points 0, 2, 4, 6, 24 and 48
h for qPCR analysis of AMP and pro-inflammatory cytokine gene activity. All stimulation
conditions were repeated in three independent experiments.

2.5 Stimulation of MSCEK cells with selected synthetic microbial ligands and recombinant
cytokines

MSECKS were stimulated with the synthetic microbial ligands Pam3CSK4 (10
pg/ml), LTA (10 pg/ml), TBD (20 pg/ml) (Invivogen, Carlsbad, CA) and LPS (50 pg/ml) (Sigma,
New Jersey, USA). Alternatively MSCEKS were stimulated with the recombinant canine
cytokines TNF-a, IFN-y and IL-17 (20 ng/ml) and IL-4 and IL-13 at 50 ng/ml (R&D systems,
Minnesota, USA). Cell cultures without stimulants (medium only) were used as a negative
control. After 7, 24 and 48 h incubation cells were harvested for gPCR analysis of AMP and
pro-inflammatory cytokine gene expression.

2.6 Expression of AMP and pro-inflammatory cytokine genes

RNA was isolated using the FavorPrep™ Blood/Cultured Cell Total RNA Mini Kit
(FAVORGEN-Europe, Vienna, Austria) according to the manufacturer’s recommendation.
Five hundred nanogram of RNA per sample was used for cDNA synthesis by the iScript™
cDNA Synthesis Kit (Bio-Rad Laboratories Inc.,, Hercules, USA) according to the
manufacturer’s instruction. RT-gPCR was performed with 1 pl cDNA (diluted 1:10) as a
template using IQ™ SYBR® Green (Bio-Rad Laboratories Inc. licensed by Molecular Probes,
Eugene, USA) in a MyiQ™ single-color real-time PCR detection system (Bio-Rad laboratories,
Richmond, USA). Total reaction volume was 25 pl with primer concentration of 300 nM for
the AMP (cBD1, cBD103 and K9CATH) and 400 nM for the reference gene RPS19, and the
pro-inflammatory cytokine genes IL-8 and TNF-a. The primer pairs were used as either
previously described or custom designed by the program of NCBI using Primer3 and BLAST
(Table S1). The PCR conditions consisted of 5 min of initial denaturation at 95 °C, followed
by 40 cycles of 20 s at 95°C, 30 s of Tm at the specific temperatures for each primer pair and
30 s elongation at 72 °C (in case the Tm > 58 °C, the elongation step was skipped)*®. Relative
MRNA expression levels were determined by the MyiQ software and calculated by the Pfaffl
method normalized to the reference gene RPS19%°,

2.7 Antimicrobial activity of K9CATH

The K9CATH was synthesized using Fmoc solid-phase synthesis as described
previously?. The peptide was purified to >95% by reverse phase high-performance liquid
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chromatography prior to biological testing. Peptide was dissolved in water. Different
concentrations of KOCATH (0-40 uM) were added to 2 x 10° CFU/ml of S. pseudintermedius
in a polypropylene 96-well plate and incubated for 3 h at 37 °C in 50% MHB medium.
Subsequently, bacteria were diluted 10-1000 fold and 100 ul from each dilution was plated
out on TSA plates. After 24-hour incubation at 37 °C, colonies on the plates were counted.

2.8 Statistical analyses

To compare the differences in relative expression of mMRNA cBD1, cBD103, K9CATH,
TNF-a and IL-8 by the MSCEK cells stimulated by S. pseudintermedius 10®8 CFU/ml at
indicated time-points to the baseline (0 h) (Figure 2), a general linear model was used and
corrected by Dunnett's Post Hoc test at the significance level P<0.05. Non-parametric
Kruskal-Wallis corrected by Dunn’s multiple comparisons testing was performed for the
comparison between any contrasts of multiple groups (Figures 3-4). Statistical analysis was
performed by GraphPad Prism 8.0 and SPSS.

3. Results and discussion

As a first step towards understanding the response of KC towards S.
pseudintermedius, regularly involved in secondary infection in AD, interaction of these
bacteria with MSCEK cells was investigated. Adhesion and invasion of S. pseudintermedius
were assessed at three different bacterial densities during 1 or 4 h of incubation. Both
adhesion and invasion of bacteria were time- and dose-dependent as shown by increasing
bacterial counts (Figures 1A-B). Nonetheless, the number of invaded (intracellular) bacteria
after incubation of MSCEK with S. pseudintermedius for 1 h was low, i.e. under or just above
the detection limit of 2 Log CFU, at all bacterial densities. Longer incubation of MSCEK cells
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Figure 1. Adhesion and invasion assay of S. pseudintermedius to the MSCEK cell line. Three different densities
(10%, 108 and 10% CFU/ml) of freshly-prepared S. pseudintermedius were added to the MSECK cells and incubated
for 1 and 4 h at 37 °C. A) To assess all bacteria associated with MSCEK (adhesion + invasion). B) To assess bacterial
invasion.
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with S. pseudintermedius enhanced the bacterial invasion at 10% CFU/ml, which was still less
than 1% of the total number of associated bacteria (adhesion + invasion), indicating that
MSCEK cells are relatively well equipped to prevent invasion.

Next, the response of MSCEK cells upon interaction with S. pseudintermedius was
studied. Stimulation with 108 CFU/ml for 4 h resulted in significantly increased expression
of the gene of the pro-inflammatory cytokine IL-8 at 4 and 6 h after exposure (Figure 2A).
Gene expression of TNF-a was not affected at these early time points (Figure 2B). The pro-
inflammatory cytokine (TNF-a and IL-8) responses to S. pseudintermedius occurred in a
time-dependent fashion (Figures 2A-B) in line with previous studies using human KC in co-
culture with live or killed S. aureus*2. In AD, increased expression of TNF-a and IL-8 in the
skin may induce maturation of antigen presenting cells and neutrophil migration to sites of
infection in vivo?*. Interestingly expression of the K9CATH gene followed the same pattern
of induction, peaking at 4 and 6 h after infection, with higher than 4 fold increase (Figure
2C) (of note: some samples of 0 h were below the detection limit, indicating that the shown
fold increase is an underestimation). On the other hand the defensins cBD1 and cBD103 did
not increase significantly (Figures 2D-E), showing that expression of AMP is differentially
regulated for each (family of) AMP, as has been noted before, in humans?> and dogs?®. At
later time-points cBD103 was significantly expressed as compared to the expression at 0 h,
but this was partially an effect of culturing as cells incubated with control medium also
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Figure 2. MSCEK stimulated by live S. pseudintermedius. Relative mRNA expression of IL-8 (A), TNF-a (B), K9CATH
(C), cBD1 (D) and cBD103 (E) by MSCEK cells unstimulated (media) or following 0, 2, 4, 6, 24 and 48 h after an initial
stimulation of 4-hours with S. pseudintermedius, 108 CFU/ml, at indicated hours assessed by qRT-PCR normalized
to the reference gene RPS19. Fold increase calculated by the relative gene expression at the indicated time points
compared to the relative expression at 0 h. Data are expressed as mean +/- SEM fold increase of two to three
independent experiments in triplicate. Significance level at * P<0.05.
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showed increased expression. Differences in constitutive versus induced expression level
were observed between AMP*. For example, hBD-1 is constitutively expressed in epithelial
cells but not upregulated during inflammation due to lacking of NF-kB transcription factor
binding sites in the promotor region. Whereas, the promotor region of hBD-2 and hBD-3
(the orthologue of cBD103) consist of functional NF-kB binding sites exhibiting inducible
expression in human skin upon inflammation or infection®. The constitutive expression may
be important for an innate defense mechanism and the induced expression may help limit
the severity of clinical symptoms. Although the observed effects on gene expression of AMP
and cytokines in this study are relatively mild, exposure to S. pseudintermedius caused a
clear pro-inflammatory state of MSCEKs.

Since bacteria consist of a complex mixture of potential stimulatory compounds,
the effects observed with viable bacteria were related to MSCEK stimulation with single
ligands, hence via individual PRR in order to obtain an insight in the complexity of bacterial
immune stimulation. Incubation of MSCEK cells with LPS, Pam3CSK4 and TBD (ligands for
TLR4, TLR2/1 and MINCLE, respectively) had significant effects on pro-inflammatory
cytokines, especially TNF-a showing more than a 20 fold increase at 7 h (Figure 3A).
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Figure 3. MSCEK stimulated by selected synthetic microbial ligands. Relative TNF-a (A), IL-8 (B), cBD1 (C) and
cBD103 (D) mRNA expression by MSCEK cells stimulated for 7, 24 and 48 h with selected PRR ligands: synthetic
TDB (20 pg/ml), LTA (10 pg/ml), LPS (50 pg/ml) and Pam3CSK4 (10 pg/ml) as assessed by gRT-PCR normalized to
the reference gene RPS19. Fold increase was calculated by the relative gene expression of stimulated cells
compared to non-stimulated cells (control) at the same time-points. Data are expressed as mean fold increase +/-
SEM of at least three independent experiments. Significant differences between groups (P <0.05, P <0.01 denoted
by *, **, respectively) were tested by non-parametric Kruskal-Wallis and Dunn’s multiple comparison.
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IL-8 mRNA levels were upregulated up to 5 fold compared to the control, although mainly
after long incubation times (48 h, Figure 3B). On the contrary, LTA, a TLR2 agonist and major
component of the Gram positive bacterial cell wall, had no effect on pro-inflammatory
cytokine production (Figures 3A-B). With respect to AMP, small increases in cBD1
expression were observed after long incubation times with LTA (Figure 3C), but there was
no effect on cBD103 (Figure 3D) or K9CATH where gene expression often remained under
the detection limit of the assay for all stimulations (data not shown). The observed induction
of pro-inflammatory cytokines by in vitro stimulated KC is comparable to that described
earlier in human?*?’ and canine studies?®. Clearly, the kinetics and extents of induction using
individual ligands were different, mostly less intense, from that after whole bacterial
stimulation, indicating that a multi factor based stimulation happens in the latter situation
that cannot be simply reproduced by single ligands. Besides the stimulatory impact of
bacterial ligands, the inflammatory state of the skin in AD itself is likely to have an effect on
cytokine and AMP expression of keratinocytes. Therefore, we also analyzed the effect of
AD-related cytokines involved in this inflammatory state on cBD1, cBD103, TNF-a and IL-8
gene expression.

Incubation of MSCEK with recombinant cytokines did not lead to statistically
significant difference for any of the tested AMP genes (Figures 4A-B). Again gene expression
of K9CATH was below the detection level for most samples (data not shown). Contrary to
AMP gene expression after stimulation with AD related cytokines, TNF-a was able to induce
a 15-fold higher expression of IL-8, as compared to the control at 48 h (Figure 4C). The
presence of IFN-y significantly decreased the expression of IL-8 at 24 h (Figure 4C). The
presence of Th-2 associated cytokines IL-4, IL-13, or pro-inflammatory cytokine IL-17 had no
significant effect on either AMP or pro-inflammatory cytokine mRNA levels.

Despite the differences in kinetics and extent of induction, the main difference
between stimulation with ligands/cytokines and viable S. pseudintermedius was the
induction of the K9CATH that was significantly increased upon stimulation with the whole
viable bacteria. This prompted us to also test the antimicrobial activity of this peptide
against the bacterium. The minimum bactericidal concentration (MBC) of K9CATH was 30
UM but significant killing activity was also observed in the 10-20 uM range (> 2log reduction
in number of viable bacteria, data not shown). In another study a minimal inhibitory
concentration (MIC) of >30 uM of K9CATH against S. aureus was reported?. Other AMP
such as of human (LL-37), mouse (CRAMP) and pig (PR-39)*%>2°3% have similarly high MBC or
MIC, which could indicate that Staphylococci are relatively resistant to (some) AMP
compared to other bacteria. These results contrast, lower MIC values previously
determined for K9CATH against other Gram positive and Gram negative bacteria?. Overall,
itis an interesting observation that S. pseudintermedius induces an antimicrobial compound
(K9CATH) that is not directly induced by individual PRR ligands or components of the pro-
inflammatory immune response in vitro, thought to be important on an individual basis.
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Figure 4. MSCEK stimulated by selected recombinant (canine) cytokines. Relative cBD1 (A), cBD103 (B), IL-8 (C)
and TNF-a (D) mRNA expression by MSCEK cells stimulated for 7, 24 and 48 h with selected recombinant canine
cytokines: TNF-a (20 ng/ml), IFN-y (20 ng/ml), IL-4 (50 ng/ml), IL-13 (50 ng/ml) and IL-17 (20 ng/ml) as assessed by
gRT-PCR normalized to the reference gene RPS19. Fold increase was calculated by the relative gene expression of
stimulated cells compared to non-stimulated cells (control) at the same time-points. Data are expressed as mean
fold increase +/- SEM of at least three independent experiments. Significant differences between groups (P <0.05
denoted by *) were tested by non-parametric Kruskal-Wallis and Dunn’s multiple comparison.

The alterations in the AMP and inflammatory cytokine expressions upon
stimulation of the MSCEK cell with microbial components and analogs are comparable to
those of the widely used canine keratinocyte progenitor cell line (CPEK)?%3!, or canine
primary KC from healthy donors32. Moreover, the increased expression of pro-inflammatory
cytokines and AMP by the MSCEK in co-culture with S. pseudintermedius are in agreement
with the finding in human KC co-cultured with S. qureus?*233%34, Even though one should
be careful extrapolating the research done in cell lines to the in vivo situation, these first
results with the MSCEK cell line indicate that it can be an easy and useful new tool to study
the KC role in immune reactivity in the canine skin. Since a good understanding of the
complex immune response in atopic dermatitis is currently lacking, results of the present
study potentially extended with those of similar studies with canine keratinocytes may
unveil new therapeutic targets for AD and other (chronic) inflammatory disorders.
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Supplemental material

Table S1. Primer sequences

Gene Forward primer (5’-3°) Reverse primer (5°-3’) Tm
RPS19'® CCTTCCTCAAAAAGTCTGGG GTTCTCATCGTAGGGAGCAAG 61
cBD1' AGCCTCTCTCCCTTCTCTGG GCCATCGATCCTGGTAAAGA 57
cBD10316 GCCGCTGCTTACTTGTACCT CCTCATGACCAACAGGCTTC 57
KICATH? TGTGTCCCAAGACGACACAG  ATGAGCTCTTTCAGCCGGTC 56
IL-8% CTTCCAAGCTGGCTGTTGCTC TGGGCCACTGTCAATCACTCTC 60
TNE-q%37 CCCCGGGCTCCAGAAGGTG GCAGCAGGCAGAAGAGTGTGGTG 64

asee https://www.ncbi.nIm.nih.gov/tools/primer-blast/. Accession number: NM_001003359.1
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Chapter 7 | General discussion

General discussion

Atopic dermatitis (AD) is a genetically predisposed inflammatory and pruritic
allergic skin disease associated with immunoglobulin E (IgE) antibodies most commonly
directed against environmental allergens. Canine AD shares several characteristics with
human AD%*?, and is one of the most common skin diseases of dogs with a history of
pruritus and recurrent skin or ear infection®. The exact pathogenesis of AD remains
unclear for both human and canine AD and various hypotheses have been postulated’*.

Two major disease models are covered by the inside-out and the outside-in
hypothesis. The inside-out hypothesis focuses on an immunological imbalance as primary
cause of the disease, i.e. an initial over-activation of Th2-dominated immune
responsiveness to harmless environmental allergens that subsequently causes skin barrier
dysfunction®. The second model, concerns the outside-in hypothesis, which states that AD
primarily develops as result of intrinsic defects of the skin barrier, facilitating penetration
of otherwise harmless environmental allergens, that give rise to an inappropriate
activation of both innate and adaptive immunity®. The two hypotheses for the immune-
pathogenesis cannot be completely separated, clearly, loss of integrity of the skin barrier
and activation of the immune system are closely linked. Due to disturbance of the
homeostasis in the skin, altered keratinocyte and leukocyte activation result in changes in
both antimicrobial peptide (AMP)*° as well as cytokines production®'>. Consequently, the
skin microbiome may alter and secondary infections can occur which further deteriorates
the situation®®7,

Some areas of the skin are prone to be affected by the disease (predilection sites
i.e. axilla and inguinal region) while other locations (non-predilection site i.e. lateral
thorax) are less involved®®. It is currently unclear whether differences in skin composition
at these specific locations contribute to being predilection site. The severity of the lesions
may vary depending on the stage of disease (acute or chronic), the extent of concurrent
secondary infection and self-traumatic injury*>2°.

Topical antimicrobial therapy reducing the microbial load on the skin and in
addition the severity of clinical signs and pruritus is a major component of therapeutic
approach of canine AD?*?%, The reduction in infection and inflammation by the topical
antimicrobial therapy may also alter AMP and AD-related cytokines expression in AD skin.

Major aspects of the immune-pathogenesis of canine AD described in this thesis
were

i) Integrity of the skin as determined by the presence of lipids in the stratum

corneum (SC), the major component of the skin barrier produced by
keratinocytes (KC).

ii)  Constitution of the skin microbiome (bacteria and fungi) on canine AD skin

as well as healthy skin.
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iii) Expression of antimicrobial peptides (AMP) and (pro-)inflammatory
cytokines in canine AD and healthy skin in vivo.

iv)  The in vitro interaction of a canine KC cell line (MSCEK) with specific purified
microbial ligands and intact bacteria (genus Staphylococcus), shown to be
abundantly present on AD skin, as well as with AMP and (pro-)inflammatory
cytokines to study the relationship amongst the main findings under ii) and
iii)

Canine skin barrier (Stratum corneum lipid)

Little is known about lipid composition and structure in the skin of dogs. Since lipid
properties are considered to be important for the skin barrier?®, their composition and
organization in the stratum corneum (SC) in AD and control dogs were examined (Chapter
3%). To the authors’ knowledge this is the first report on the SC lamellar lipid organization
analyses by small angle X-ray diffraction (SAXD) and Fourier transform infrared
spectroscopy (FTIR) of canine skin. In addition, the lipid composition of several skin
regions was analyzed by High performance thin layer chromatography (HPTLC) and Mass
spectrometry (MS) to relate lipid compositions to those of the lipid organization.

The lipids in dog SC assembled in long and short periodicity phases (LPP and SPP,
respectively) and LPP was less prominently present in atopic skin compared to the control,
similar to the findings in human AD?”28, The reduction in LPP formation is associated with
increased permeability of the skin barrier?® that may contribute to development of AD. In
atopic dog skin the conformational disordering of lipid organization was more prominent
than in healthy skin, consistent with findings in human AD that coincided with a decrease
in skin barrier function?”3%3!, We showed that the lamellar organization of canine skin
shared many characteristics observed in human SC.

The altered lipid organization observed in lesional skin of AD dogs compared to
healthy control skin may be associated with the changes in the lipid composition that was
observed. Significant differences in lipid composition between lesional AD and healthy
skin of dogs were a decreased level of FFA and a decreased ratio of CER[NS] C44/C34, in
lesional skin. Studies in lipid model systems indicated that a reduction in the chain length
of the CERs or an increase of short chain CER[NS] C34 as well as a reduction in FFA level
can cause a reduced lamellar distance?®3%33 promoting hexagonal lateral packing rather
than orthorhombic packing, resulting in an increased lamellar disordered organization3+3®,
Furthermore, a decreasing nonlinear relationship between the carbon chain length of
CER[NS/NdS] C44/C34 and AD severity score (CADESI-03) was observed in this study
indicating that the high abundance of shorter chain CERs correlates with the increased
severity of AD in dog skin, similar to the findings previously reported in human?”28, This
confirmed the correlation between lipid composition and disease severity.
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In human AD, the altered lipid organization and composition observed in SC of
lesional skin correlated with decreased barrier function (increased trans epidermal water
loss), increased disease severity (SCORAD) and decreased natural moisturizing factor?”,
Although the barrier function of SC in dogs was not investigated in the present studies the
alterations of SC lipid organization and composition observed in lesional skin of AD dogs
were in agreement with findings described in human AD previously?”3%31, Hence, the
observed changes in lipid properties in SC of AD dogs possibly indicate impaired skin
barrier function and skin prone to develop AD and enhanced severity of AD. Alterations in
SC lipid may be the primary cause of AD.

Canine skin microbiome

Another aspect important in canine AD pathogenesis is the high recurrence of
bacterial and fungal dermatitis. Commensal microbiota are likely to, amongst others,
prevent the overgrowth of pathogenic microbes and play a role in maintenance of
homeostasis of the skin'®':3¢, changes in the microbiome may impair the skin barrier
and/or local immune responsiveness, hence trigger AD progression!®'’”37  Bacterial,
Staphylococcus and yeast, Malassezia infections are the most common complicating
pathogens diagnosed by culture®4°, In the present study, Chapter 4*!, the molecular
sequencing analyses by the Illumina platform provided the skin bacterial and fungal
compositions, 16S and ITS profiles respectively. Multiple different skin locations were
sampled, either defined as predilection or lesional sites (axilla, inguinal region, periocular)
and non-predilection or non-lesional site (trunk) in healthy and AD dogs. In addition, these
sites were also sampled over time to address changes in microbiome due to topical
antimicrobial treatment (Malaseb®). This high-throughput analysis revealed a strong
between dog variability (individual) effect on the 16S and ITS profiles, but the opposite
effect was described in human study®?. A trend of reduced diversity in AD compared to
control dog skin was observed for the 16S and ITS profiles, similar to the findings reported
in human AD*® and other canine studies***. Topical antimicrobial treatment altered the
microbiome composition of both 16S and ITS profiles. In addition, this study also
demonstrated a strong breed effect on the ITS profile, which however was less than the
individual effect. This suggests that inter-dog variation in skin microbiome composition is
more pronounced than intra-dog variation. Also in humans, ethnic differences are
reflected in variability in microbiome composition®”%°.

Whereas human skin microbiome analyses, revealed that the microbiome
composition was dependent on body sites®®%?, significant differences were not found in
the microbiome composition among skin sites in dogs in this study. Another study on
fungal composition of canine skin that classified more skin types also did not find
significant differences between skin sites*®. Human skin sites and their respective
microbiome, may be grouped based on microenvironment (such as the number of
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sebaceous glands, the temperature and humidity) into three types: dry, sebaceous and
moist area®®°!. Two studies in canine skin classified skin types into three groups: haired
skin, mucosal sites and mucocutaneous junctions***2. Comparison between human and
canine skin microbiomes is complicated due to different classifications of skin types. All
sample sites in the present study can be classified as haired skin. However, the sample
sites were selected based on the validated predilection sites related to AD as described
earlier'® and we aim to emphasize the relationship between the actually affected skin area
and its skin microbiome constitution in relation to AD. Using haired skin is prerequisite for
our objectives and we removed the haircoat as much as possible before swabbing the skin
samples.

The genera Staphylococcus and Unidentified#01 (a known classifiable fungal
taxon but without currently assigned nomenclature) are the most highly abundant in
bacterial and fungal profiles, on AD dog skin, and during flare-up, but the relative
abundance of these microbes was not significantly different compared to control skin. The
absence of significant differences can be due to the limitation of the experiment (low
sample size). Nevertheless, finding Staphylococcus as the predominant colonizer of AD
skin in this study is consistent with many other studies in canine®*# feline®* and human
Skin43’50’54.

The genus Malassezia is one of the most dominant yeasts (fungi) on canine®, and
human skin®!. Based on ITS sequences, the “Unidentified” genera abundantly present on
the AD skin in our study do not belong to the phylum Basidiomycota, hence cannot be
Malassezia. Unfortunately, due to the limitation of the sequencing database, no further
specific information about the observation of the “Unidentified” genera is available. Only a
using and improved sequence database could further elucidate their identity. In contrast
to reports in literature that classify Malassezia pachydermatis as the most common yeast
complication in canine AD>®, our study showed very low abundancy by the sequencing and
the culture method using the selective agar confirmed the presence of Malassezia in our
samples. This contradictory finding may be due to small sample size of our study, housing
condition of dogs enrolled in this study, environmental humidity, lack of predisposing
factors of individuals such as the presence of skin folds, cutaneous pH levels, previous
medication, etc.’®. This should be confirmed by larger studies.

Interestingly, only the relative abundance of the genus Blumeria was significant
affected by both AD and topical antimicrobial treatment. Its presence was significantly
higher on AD as compared to control skin and reduced by the topical treatment effect. The
relationship between the genus Blumeria on the skin and AD, has never been reported in
human or canine health before, hence further studies should be considered.
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Canine skin AMP and AD-related (pro-)inflammatory cytokines expression

Apart from the skin barrier and the skin microbiome addressed in Chapters 3 and
4, keratinocytes and immunocompetent cells in the skin, crucial in skin homeostasis, are
involved in the immune-pathogenesis of AD. Expression of AMP and AD-related (pro-
)Jinflammatory cytokines were also studied (Chapter 5) in skin biopsies taken
simultaneously to sampling for the “Microbiome study” described in Chapter 4. Due to
this, alterations in microbiome composition could be related to changes in expression of
AMP and (pro-)inflammatory cytokines in healthy and AD skin as well as during treatment.

The expression of AMP (cBD1 and cBD103) was higher prior to treatments and
during disease flare in the non-predilection site (thorax) of AD dogs compared to healthy
dog skin. Whereas the expression of (pro-)inflammatory cytokines in the predilection sites
of AD skin before treatment and during flare was higher than that in the non-predilection
site, opposite to the finding in AMP expression. The increased expression levels of Th2
cytokines (IL-4, 1L-13), Th1l cytokine (IFN-y), pro-inflammatory cytokine (TNF-a), Th17
cytokines (IL-17, IL-22) and the regulatory cytokine (IL-10) in predilection sites of AD skin
without treatment compared to controls are consistent with several studies published
previously on both spontaneous (human and canine) and experimental (canine) atopic
dermatitis>7-%2, The topical antimicrobial therapy may reduce microbial load and possibly
inflammation resulting in subsequent decrease in the severity of the lesion on the skin and
the expression levels of both AMP and AD-related cytokines in most of both predilection
and non-predilection sites of AD samples immediately after therapy.

Apart from differences induced by treatment, differential expression of both AMP
and cytokines was also observed between different skin sites in both AD and healthy skin
samples, potentially influenced by anatomical differences of the skin but severity of
clinical disease at different locations studied cannot be excluded. A single AD dog with
highest CADESI score pertaining acute lesions at inguinal region and the thorax is
responsible for a relatively higher averaged expression of TNF-q, IL-4, IL-13, IL-17 and IL-22
in AD skin after treatment withdrawal.

Both expression of AMP and (pro-)inflammatory cytokines in predilection sites of
AD skin tended to be increased during exacerbation (flare), that may have been caused by
the overgrowth of certain microbes of which the genera i.e. Staphylococcus (16S) and
Unidentified#01 (ITS) were prominent as described in Chapter 42°.

Only a limited number of studies has been executed on the role of AMP alone or
the combined role of AMP and (pro-)inflammatory cytokines in canine skin health and
disease, like in canine AD. Further studies on AMP and (pro-)inflammatory activity in
canine skin (including AD) are needed to unravel the correlation between skin barrier
function, immune responsiveness and pathogenesis of disease.
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A canine keratinocyte cell line (MSCEK) expresses antimicrobial peptide and cytokine genes
upon stimulation with bacteria, microbial ligands and recombinant cytokines

Differential activation of a canine keratinocyte cell line (MSCEK) as a result of
interactions between different Toll-like receptors (TLRs) and other pattern recognition
receptors (PRRs) expressed on its surface and the type of microbial components acting as
ligands for the receptors, differentially influences expression of canine AMP (cBD1 and
cBD103) as well as (pro-)inflammatory cytokines (TNF-a and IL-8) by Chapter 6%°. The
expression of AMP and (pro-)inflammatory cytokines as a response to stimulation by
selected microbial ligands occur in a time dependent fashion, (pro-)inflammatory
cytokines being produced early on after stimulation. This may suggest that the host
immune response may act quickly to the triggers (invaders) causing acute inflammation
and thereby in second instance disturb constitutive AMP production.

Although increased expression of the pro-inflammatory cytokines (TNF-a, IL-8),
the Th2 cytokines (IL-4, IL-13) and the Th17 cytokines (IL-17, IL-22) was observed in
lesional atopic skin as described in Chapter 5, no significant differences in the expression
of AMP (cBD1 and cBD103) were found in the canine KC cell line (MSCEK) when stimulated
by those recombinant (canine) cytokines as compared to the controls (Chapter 6). In the
literature, all these cytokines, separately, differentially regulated the AMP expression in
the AD skin. Whereas IL-17 and IL-22 might stimulate AMP production, AMP production
can be partially inhibited by Th2 cytokines'®%®3, This suggests that extrapolating the
research findings from cell line experiments to the in vivo situation should be done with
caution, especially under the complicated conditions as AD.

Based on the findings of overgrowth genera during abstention of treatment of AD
skin as described in Chapter 4 and previous reports, we selected S. pseudintermedius to
study the interaction between this skin microbe, AMP, cytokines and a KC cell line in vitro
in Chapter 6. The production of pro-inflammatory cytokines (TNF-a and IL-8) showed to be
significantly increased in a time-dependent fashion. Whereas, the ¢cBD1 and cBD103
expression did not increase significantly. K9CATH expression was extremely low under
normal conditions (unstimulated KC) or when stimulated by individual synthetic microbial
ligands, but significantly increased in KC stimulated by live S. pseudintermedius, likely to
be the most important of the staphylococcal genus in AD (Chapter 4). This is potentially
due to the more complex interactions of whole S. pseudintermedius with KC, as compared
to that of the individual ligands, and might also indicate an antibacterial role of the
peptide. Analysis of the antimicrobial activity of K9CATH against S. pseudintermedius
showed killing with a minimum bactericidal concentration (MBC) of 30 uM (Chapter 6),
relatively high compared to that found for other Gram positive including S. aureus and
Gram negative bacteria®. Other AMP such as of human (LL-37), mouse (CRAMP) and pig
(PR-39)4%% have similarly high MBC or minimal inhibitory concentrations (MIC), which
could indicate that Staphylococcus are relatively resistant to AMP compared to other
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bacteria. The diminished production of local AMP caused by disrupted skin barrier in
context of AD plus the relatively high resistance of the bacteria may be the reason for
their high ability to infect skin and aggravate the severity of AD% 6% 70,

The in vitro study of expression or activity of a limited number of AMP is most
likely not representative for the situation in vivo where multiple antibacterial compounds
will be present, potentially augmenting each other’s antimicrobial activities’*74. In that
respect, it would be interesting to test combinations of AMP for example K9CATH and
cBD1 against S. pseudintermedius to determine synergism between these molecules. On
top of that, abundant numbers and diverse types of microorganisms are inhabiting the
skin as also described in Chapter 4, and express multiple types of microbial ligands,
interact with multiple PRRs constituting a more complex immune responsiveness.

Next to direct antimicrobial activity also immunomodulatory properties of AMP
might contribute to skin homeostasis. Cathelicidins expressed in some other species (i.e.
human LL-37 or porcine PR-39) have shown to act as chemo-attractor of T-cells and
phagocytes’®, and aid in induction of pro-inflammatory macrophages’®; all functions that
help indirectly to eliminate the pathogenic microorganisms should be further investigated.

Our study demonstrated that S. pseudintermedius can stimulate AMP and (pro-)
inflammatory cytokine productions by canine keratinocytes cell line (MSCEK) in vitro and
that may mimic the increased expression of AMP and AD-related cytokines on the AD
predilection skin as described in Chapter 5. Not only the imbalance of immune response
but also the trigger by skin microbes can alter AMP mRNA expression in the skin.

Alterations in SC lipid both organization and composition may be correlated with
skin barrier dysfunction that allow allergens and/or microorganisms penetrating the skin
and consequently develop AD. By that, loss of skin homeostasis may alter the microbiome
composition, innate (AMP) and adaptive immunity responsiveness (cytokines), individually
or even the relationship between those. Although, there are several possible mechanisms
related to canine AD, the findings described in this thesis contribute to knowledge in this
field.
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English summary

Disturbances of the skin’s gross-, microscopic- and molecular structure and
consequent functional alterations amongst which those in immune responsiveness may
pave the way for induction of skin diseases such as atopic dermatitis (AD). The
pathogenesis of AD in dog skin is not fully understood. According to the “inside-out”
hypothesis, the first of two describing the potential pathogenesis of AD, immunological
abnormalities may lead to increased epidermal barrier permeability. The second
hypothesis, the “outside-in” theory of pathogenesis of AD, proposes that an intrinsic skin
barrier dysfunction may facilitate allergen penetration into the skin leading to
hyperactivation of both innate and adaptive immunity. Due to loss of skin homeostasis in
either of the two pathogenic routes the balance between skin commensals and
opportunistic microbes may be disturbed. Consequent changes in the microbiome
composition and the release of microbial components contribute to alterations in innate
(e.g. antimicrobial peptides, AMP) and adaptive (e.g. cytokines) immune responsiveness.
This may further aggravate skin barrier function, skin microbiome composition and
subsequently lead to AD development or its increased severity.

In Chapter 3, we demonstrated that the skin of dogs affected by AD showed
alterations in stratum corneum lipid properties, compared to that in normal skin as
reflected by changes in the lamellar phases and decreased formation of LPP shown by
SAXD, decreased conformational ordering uncovered by FTIR and reduced levels of FFA
and the decreased ratio of CER[NS] C44/C34 by HPTLC and LC/MS. These changes, more
pronounced in lesional skin of AD patients compared to non-lesional skin, indicate a role
of skin barrier disturbance in pathogenesis. Loss of proper skin barrier function may have
led to increased permeability of the skin and epidermal water loss and subsequently to
facilitation of allergen penetration and/or secondary infection of the skin as a cause of the
AD observed.

Next to the skin barrier also the skin microbiome may play a role in the
pathogenesis of AD. In the exploratory study performed in the context of this thesis, the
canine skin microbiome composition was shown to be dependent on individual variation
and seemed to be less determined by skin topography. General, significant differences in
the microbiome composition were not observed between AD and healthy dog skin.
However, the microbial diversity (both in 16s and ITS profiles) tended to be lower in AD
compared to healthy skin at every site and timepoint studied. The relative abundance of
certain microbes was significantly different between AD and control skin, the relationship
between those taxa and the skin integrity should be further investigated in a larger study.
Antimicrobial topical treatment (Malaseb®) that is known to be able to decrease the
microbial load and consequently reduce clinical severity of presenting signs was used in

128



this study and significantly changed the microbiome composition in course of time and at
every site studied but irrespective of AD skin status (Chapter 4).

The expression levels of AMP (cBD1, cBD103, K9CATH) and AD-related Th2
cytokines (IL-4, IL-13), the Th1 cytokine (IFN-y), the pro-inflammatory cytokine (TNF-a),
Th17 cytokines (IL-17, IL-22), and a regulatory cytokine (IL-10) are likely to be related to
skin location and severity of AD. In the context of the topical treatment (Malaseb®)
described in Chapter 4, alterations in the expression of AMP and AD-related cytokines in
AD and healthy dog skin as a result of the antimicrobial effect were studied. Disease
severity tended to be influenced by topical treatment, that altered both AMP and cytokine
expression. Increased expression of mMRNA of AMP and cytokines in the skin biopsy of AD
dogs described in this thesis, although consistent with previously reported findings, should
be further investigated and confirmed by a larger study (Chapter 5).

The disrupted barrier caused by AD enables allergens and/or microorganisms to
penetrate the skin and to alter the complex skin homeostasis including the interactions
between keratinocytes (KC), skin microbiota and the production of AMP in the skin.
Canine KC culture in vitro in Chapter 6 uncovered alterations in AMP (cBD1, cBD103 and
K9CATH) as well as pro-inflammatory cytokines (TNF-a and IL-8) when stimulated with live
S. pseudintermedius or microbial components (Gram positive and negative) activating the
cells through various TLR and other ligands. This mimics one of several possible causes of
disturbance under the complicated conditions of AD in skin.

The findings described in this thesis indicate putative alterations occurring in or
inherent to the AD skin. The altered lipid composition and organization in both lesional
and non-lesional AD skin may support the “outside-in” hypothesis that states that
abnormalities in skin barrier can be leading in AD pathogenesis. Next to the “outside-in”
hypothesis, the “inside-out” hypothesis stating that the AD is immunologically driven
initially is still being an alternative mechanism for the pathogenesis of AD. The
microbiome composition may differ between AD and healthy dog skin, but the
predilection sites of AD may not be predisposed by the microbiome composition. The
microbiome of canine skin is likely to vary between individuals and to be influenced by the
topical antimicrobial treatment. The microbiome and AD are likely to influence each other.
The infected, inflammatory state of AD skin can induce both AMP and further cytokine
expression, and differential expression levels can be due to location and topical treatment.
Such distortions in the balance of the whole skin structure may lead to significant changes
in skin barrier lipid, skin microbiome, AMP and inflammatory cytokines as shown in this
thesis.
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Overall, the contents of this thesis contribute to further understanding of the
immunopathogenesis of atopic dermatitis in dogs, in view of new options for diagnosis
and follow up of therapy.
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Nederlandse samenvatting

Verstoring van de macroscopische -, microscopische - en moleculaire structuur
van de huid, en de daarmee samenhangende functionele veranderingen, waaronder die in
lokale immuunreactiviteit, kunnen aanleiding zijn tot het ontstaan van huidziekten zoals
atopische dermatitis (AD). De pathogenese van AD in de huid van de hond is niet volledig
duidelijk. De “inside-out” hypothese, de eerste van twee die de mogelijke pathogenese
van AD beschrijven, stelt dat immunologische veranderingen kunnen leiden tot het
toenemen van de permeabiliteit van de huidbarriére. De tweede, de “outside-in”
hypothese, beschrijft de situatie waarin een verstoring van de huidbarriére het
binnendringen van allergenen in de huid mogelijk maakt, met als gevolg hyperactivatie
van zowel het aangeboren als het adaptieve immuunsysteem. Het resultaat bij beide
hypothesen is het verlies van homeostase in de huid, en een verstoring van de de balans
tussen commensale en opportunistische microben. De aangepaste samenstelling van het
microbioom en het vrijkomen van microbiéle componenten dragen bij aan verschuivingen
in de aangeboren (o0.a. antimicrobiéle peptiden; AMP) en adaptieve (o.a. cytokines)
immuunreactiviteit. Als gevolg daarvan kunnen huidbarriérefunctie en samenstelling van
het microbioom verder aangetast worden en kan AD ontstaan of verergeren.

In Hoofstuk 3 tonen we aan dat in door AD aangedane huid van honden, lipiden
in het stratum corneum andere eigenschappen hebben dan die in normale hondenhuid.
We zien veranderingen in de lamellaire fasen en een afgenomen vorming van LPP
gemeten door SAXD; een verminderde conformationele structurering aangetoond door
FITR; lagere niveaus van FFA en een afgenomen ratio van CER[NS] C44/C34 gemeten door
HPTLC en LC/MS. Deze veranderingen, duidelijker aanwezig in lesionale huid dan in huid
zonder laesies, wijzen op betrokkenheid van een verstoorde huidbarriére in pathogenese
van AD in de hond. Verlies van een functionele huidbarriere zal leiden tot een
toegenomen permeabiliteit van de huid en verlies van water in de epidermis. Dit kan
vervolgens leiden tot gemakkelijkere penetratie van allergeen in de huid en/of secondaire
infectie van de huid, mogelijk geassocieerd met de ernst van AD.

Naast de huidbarriere speelt mogelijk ook het microbioom van de huid een rol in
de pathogenese van AD. In de verkennende studie die uitgevoerd is voor deze thesis,
bleek de samenstelling van het microbioom van hondenhuid vooral afhankelijk van
individuele variatie en in mindere mate van de topografie van de huid. Algemene,
significante verschillen in de samenstelling van het microbioom van AD- en gezonde
hondenhuid werden niet waargenomen. Echter, de microbiéle diversiteit (in zowel 16s als
ITS profielen) bleek lager in AD huid vergeleken met gezonde huid op elke huid locatie en
op elk tijdspunt waarop werd gemeten. Daarnaast was de relatieve vertegenwoordiging
van bepaalde microben significant anders in AD dan in gezonde huid. De relatie tussen
deze taxa en de integriteit van de huid zou moeten worden bestudeerd in een grotere
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vervolgstudie. De lokale behandeling met antimicrobiéle shampoo (Masaleb ®), bekend
om zijn eigenschap het aantal microben van de huid te verlagen en daarmee de ernst van
de klinische klachten te reduceren bij AD, zorgde in deze studie voor significante
verandering in het microbioom in de tijd en op elke in de huid geteste locatie. Dit was
onafhankelijk van de AD status van de huid (Hoofdstuk 4).

De expressie niveaus van AMP (cBD1, cBD103, K9CATH) en de AD-gerelateerde
Th2 cytokines (IL-4, IL-13), pro-inflammatoire cytokine (IFN-y, IL-17, IL-22) en het
regulerende cytokine (IL-10) in de huid zijn waarschijnlijk gerelateerd aan de locatie en de
ernst van de ziekte. In hoofdstuk 4 zijn de veranderingen in de expressie van AMP en AD-
gerelateerde cytokines in AD- en gezonde hondenhuid, ten gevolge van het antimicrobiéle
effect van lokale behandeling (Masaleb®) beschreven. De ernst van de ziekte werd
beinvioed door de lokale behandeling, die zowel de AMP als de cytokine expressie
veranderde. De waargenomen toename in expressie van mRNA van AMP en
inflammatoire cytokines in de huidbiopten van honden met AD, hoewel consistent met
eerdere beschreven bevindingen, zou verder moeten worden onderzocht en bevestigd in
een grotere studie (Hoofdstuk 5).

De met AD geassocieerde verstoorde barriere stelt allergenen en/of micro-
organismen in staat om de huid binnen te dringen en de complexe huidhomeostase te
veranderen, inclusief de interacties tussen keratinocyten (KC), de huidmicrobiota en de
productie van AMP en cytokines in de huid. In vitro kweek van honden KC in Hoofdstuk 6
liet veranderingen zien in productie van AMP (cBD1, CBD103 en K9CATH) en in pro-
inflammatoire cytokines (TNF-a en IL-8) na stimulatie van cellen met levende S.
pseudintermedius of microbiéle componenten en via verschillende TLR en andere
receptoren. Reflectie van één van de verschillende mogelijke oorzaken van de verstoring
van de huid in de ingewikkelde situatie van AD.

De bevindingen beschreven in deze thesis wijzen op veranderingen in of inherent
aan de AD huid. De veranderde lipidensamenstelling en organisatie in zowel AD huid met
en zonder laesies zou de ‘outside-in’ hypothese kunnen ondersteunen die stelt dat
afwijkingen in de huidbarriére kan leiden tot AD pathogenese. Naast de ‘outside-in’
hypothese is de ‘inside-out’ hypothese, die veronderstelt dat de AD initieel immunologisch
is gedreven, nog steeds een alternatief mechanisme voor de pathogenese van AD. Hoewel
de samenstelling van het microbioom van de huid kan verschillen tussen AD- en gezonde
hondenhuid wordt de voorkeur voor de locatie van AD in de huid mogelijk niet
veroorzaakt door het microbioom. Het microbioom in hondenhuid varieert tussen
individuen en wordt beinvioed door de lokale antimicrobiéle behandeling. Het
microbioom en AD beinvioeden elkaar. De geinfecteerde, inflammatoire status van AD
huid kan expressie van zowel AMP als van overige cytokines induceren, die kan verschillen
in samenhang met locatie en lokale behandeling. Zulke verstoringen in de balans van de
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gehele huidstructuur kunnen leiden tot significante veranderingen in de lipiden van de
huidbarriere, het microbioom van de huid, AMP en inflammatoire cytokines zoals
aangetoond in deze thesis.

Samenvattend, de inhoud van deze thesis draagt bij aan verder inzicht in de
immuun-pathogenese van atopische dermatitis in honden, van belang voor diagnose en
behandeling van AD.

133



Chapter 8 | Summaries in English, Dutch and Thai

unagnming

o 5 5 o o o S a o o o = o
ﬂW?Lﬂ@ﬂuLLﬂ@\iIuﬂquTﬂﬁ‘\‘mﬁ‘%‘lLL@iﬁu'mﬂ’1ﬁ“VI’NWu“ﬂ‘r]ﬂ‘ﬁuﬂl')ﬁuﬁﬂﬁﬁ‘tﬂﬂﬂ']ﬂﬂqﬂﬂd?iﬂUTNL@Q@

'
o A

AaBRAUNIIReLAUBIMINYRANTUNRswuacluduiomiaduiadaiini lunisnelfifinaauladnan
faniie 1y TeanRuiianiissiedauanden (Atopic dermatitis, AD) luilaqiifunensniinaas AD lu

Aonilgriadeiiduimauuidauazsznevldian 2 annfigiunan fie aunfgiu “Inside-Out” Geedung

'
o a

=] a a a ay ° ] al a o :/J ]
tannaiialsa AD ’%l’]ﬂﬂ’)’]“ﬁlﬂﬂﬂﬁ]"llﬂ\‘ﬁtﬂll.q&l @mummiﬂzﬂmmLzﬁﬂmmmmwuwuu@ﬂmwﬂjmms

qouidaAmuanti lun1sTueuANTY annRgIunassAengu]) “Outside-In” TneifinainAnnuinlnfzes
o 2

duRonlengoy@onmuantflunisesiu@sulandaes unain ldansneanRuiiunsndadl luiondsls

Q

Re ®

a

$eau wazlnszfunminuassssuugRAntuiLULTda AW zuazA W s INNRY 1l n1sgoyide

a

an1mrannarestaviiianisaeanyi guazllinalfauulasannaresesdlsznauniyqadainatuay

=

AUN

a o o a o

Taguuiionis M linanislasuulaslunisaieansgfAuiusuuldsanwae (antimicrobial
peptide, AMP) uazuuna1me (cytokines) Aruun AumailazniAaugulsmeninzn1sgadanismii
¥ a a o o S a = ¥ i & = a oA o =
wihnzesiantislunistesiuuardninnisi@aanna Huedau uazearaasiinaduiliedlunisimuivse

WiNANNTUUsITeslsn AD

Tunmi 3 uansianisidsuutlasesladulufiomisdu stratum corneum aasqiianiilangfud
Rowilsiadeuandon vive AD WelFeuiisuniugiailng annisnsalaeid SAXD wunisiaauuladluy
ANNEN184 lamellar uaznisnasafianasaas Long periodicity phase (LPP) ainn1snsalaeds FTIR
wulpseairanisdesmresluiunTaanunuiwiuiidesas wazainnimngaalagds HPTLC way LC/MS wu
szsu Free fatty acids (FFA) uazémsndauans CER[NS] C44/C34 Nanas nnuldauudaeianuaiill

Lo g w A o e o ¥
ANdNRUEUNsgry A et naesiuiamisluniadunszdesiuaesienie anvisdanuaauguussly
a dld ] % % 1 o 1 a dl 1 a o o o a o a a U dg/
TN dseslsadansaelfiutaninluiFnuilifisealspaasionisgilasameniu auRaUnfimand
uansliiviuisunumdndnynenaduiadanilsluauaunisnaliifialan AD Tnanisgryi@anisinauluug
matlesiuaestionissaseniadanaliifianisiunisiuduuasnsgadaninaesioni uazipasuan i
1 a v =< 1 a o “2// o QI a dg/ 2 =< o ¥ o a
ansnanRuiunsnduuionily anviedainlanalunisdngeunsndeu avinduamnliniivesnisia

TeanRuilutomiagialéd

uananauantiaveslaiuluduiouls Fallndqadn (microbiome) uuiamisanadugnilade

d s . o . s o PRSI S
wishdunumdrAnyluwauaunisielsases AD annisAnidiednmaaluumi 4 sedneninufaiud wudd
asAsznevaasdalinAqainuuiionislugiausaciaiulaanuuansieiu uasiiaauuansaiuiies
=3 v o ' ' ' dl = U o dld a a ]

@nfiesuusiumianine 1eeienne WewFauiieuszudngiandgnmauasiilomun AD linuaax

o

upnensreseAlsnauN1TalinAqadnuuionised19iiud 1Aty winuANnaINUANYTesqAUYIITLIY

Roumils (ViauumiiGy 16s uazi@as ITS) lugiafitloym AD Huwsliiusndnguaniganing nisinundae

urNWe U dauNanaasenfuaatn Malaseb® GaflunidnatraunsuanaluaanainnsnantBuins

134



a =

AUVTHUAZAIINTULTNTDI8ININ AR TN gniannlE lunnsAnuiafeliuazeangnidenaliiinng

q

'
= ' o o

wWasunlaswesesdlsznauassqduvidadeldad Ay lunndonaiuazsiuniaesieniogiad

= =K o o & a

nmsdnenlaglaiArisisvaniazaes AD uanannil Anugngudninisesqauriadunsdauuionilsianong

° o '

' ' a o £ dld o a =] o & ' a a o
memwamwuﬂmmrmzmwzguwuﬂrym AD LATAUIZUNINA miﬂﬂmmmmﬁuwuﬁi:mwwaumﬂ

o

-

1At wazANENYIRiresiamiiaeslAFuNsRatsanAnsse lunguuszansiiiawna oy

U

'
a o o

anmsdnenluumil 5 wudwzﬁumm”ﬁwquuﬁuﬂumﬁm%mﬁuqumuﬁm AD wuutiinlyl
a1m1e AMP (cBD1, cBD103, K9CATH) uazannneilszinn Th2 cytokine (IL-4, IL-13) Wszinn Thl
cytokine (IFN-y) iszinv Pro-inflammatory cytokine (TNF-a) 1 szwnvn Th17 cytokine (IL-17,
IL-22) uazilszinn Regulatory cytokine (IL-10) ﬁLLm‘Eﬁuﬁ%ﬁmmzﬁ”uﬁuﬁﬁuﬁ%mmﬁhm VN

$annauazANIuLsTedlsa AD Tugia nastuanyiianfruqatin Malaseb® afinaaaiuinldly

'
a o

" 4 e x G s oo dd s o -
nsAnELNT 4 1AneiiegmsiasunasaessyiunisaseansgiAniuninaadiesiuniaznisiin AD
nauwnurdaldariwiy AMP uazamae cytokine anduiilafiifiunsaaanioniligianiguninauaz

oy AD duiunannaingynssiuqadn wudnislusuyizenGandanisinsuuianizninasenisan

o
a o o

ANguLsaealsauasiuua Tiinfazilanuulassziu mRNA 1a9n13a519a1sndAnumAasdesiy

a o

Aazannia AD visuuutiialianmng AMP uazanmae cytokine nanisdnmfananalaiuganndad

o

o a dl dld g v ] < =< U dld |dy Y as
NUANANITIEUBUNNTIENIUNBUNUN @mqVL?ﬂmummm:m’Luﬂqm?:mmwmmmlwmmumﬁmuma‘

' v v
=

a =2 1 S o =2 o a
NansnunAnemaiNatiugunanisAnenluasl
o . . o 4 s .
nM9geyidtANAINNInTestaniitlunsteeiudsilantaasainniguaniiessaaniag AD i
TidnTenanisunsnainuaesansiagluiuay / vreqaurddidinglomi uazdenasunausiaganinzasnases
Aoniasandedunsisansendnuaadnanils keratinocytes (KC) aadnilszantiu uazn13asna AMP lu
a o di' a o o dl 1 dl ea o $% % ala a
Houils nadeniadiantiigialunaaanaaes Tuuni 6 wudn Weamasuamiagnnsvfuioauuaniasiin
S. pseudintermedius v3aesAtlsznauuuafiFy (eriaunsnuinuazas) 8w Toll-like receptor (TLR)
uaz@aindl ligand au o azdananunisidasuudlaseanisaiisansniAuiuiingsdesiuniozniain AD
fanuuaialidanmay AMP (cBD1, cBD103, K9CATH) uazarwnzdszian Pro-inflammatory
cytokine (TNF-a, IL-8) n1snnaaslunfadiatassaniacdadunilslunaraarmanaeainisdoaunaaes

famlsnenfitloymn AD

%
a o

LannsnmResune i luAneninuserufiuansdenindeunlasfifad uit iaviiedeanaii
Tadeliivienansznuainanaz AD TaeesdilszneuuaznisBesiaredlasiludufionded i fouuasly
ﬁaluﬁmmﬁﬁiﬂﬂiimLm:Vl,u'ﬁiﬂﬂiimmﬂqaquﬁmﬁﬁﬁﬂmm AD ganadesiuanuAgIunsialaauuy
“Outside-In” 77 1iiudnTadeiinrinsesnisiia AD Lﬂumammnmmamﬂﬂﬁmm%uﬁwﬁqﬁzgryLﬁﬂ

Ay mann unstesiudsutantaenanniauentdetnamanzan uansasainannigiu “Inside-Out”

135



Chapter 8 | Summaries in English, Dutch and Thai

MAszydnautinlnfzesnisnevauemwsruuniAntiuiuamn i lifa AD uazannuialniaw)

- o a = ' o oA o o oo = = Mo
AINNN erﬂﬂ@zﬂ@mmmummmwewmemNﬂmwmqmumquwummwmLmzuﬂmm AD LL[ﬂiﬁJN

a a '

angnasionsnaliifiarnuiadnAluswmisinudyuiseslsanes AD hUes asflsznauaasdafineqa
S e e a e d e e o ya o .
anuniiomlsgriafiuws lHunazunnsineiullanusazfuazansnsnasuwlasneg lavninagesnisinem

=

v v = dl = Q./dld a = a aa ' o
Aagenfinuqatnuuuianzh uasiaoudullifingalinaqatnuaznisiiin AD Haninasaiu an1aznig
AnwdavFasniauaesionilandloymn AD azdenaliiianisnsefiunisaiisansgifuiulufionidsiowunls
A1z AMP uazannz cytokine lagseaitaasansfingaanuanauans1aiuduiesiaInAMuuAnsg
20961 UM LNINNNBLAE B TeINsi NI LLLeNET Tnaaglde nisgrydsaniazanganialuudans
Taseairauazuii nluduiondailugnisaauudasednsliiadr Ay pecladuluduionds Fallnaqadni
Rouils ansniAniululanisiauuulianmne AMP uazanmny cytokine Asnasunaliludnentinugariu
3
i
di' u’; dl v a a '8 o dg/ v QI ¥ di' Y @ dl o
Wennlagsansiannanussee 3ludneinufaiudlfidinaaindnlawasalidunaady
9

U4 ATYRINAa lsag RuRnRamlslugia e iduuuanedmdunidiiadauazAnniunisinm

salllueunmn

136



Chapter 9 Acknowledgements
Curriculum Vitae

List of publications



Chapter 9 | Acknowledgements, CV, List of publications

Acknowledgement

Without these wonderful people and organizations, | could not have completed
this thesis. They are loyal supporters along my journey of PhD study.

First of all, my deepest appreciation goes to the Faculty of Veterinary Medicine,
Kasetsart University (KU), Bangkok, Thailand for giving me the 4-year scholarship to pursue
a higher education, PhD degree abroad. This opportunity helped me improve both my
research and clinical skills that | can share with my colleagues, the faculty, my Vet students
and Thai Vet fellowship in the future.

| would like to extend my sincerest appreciation to Prof. Dr. Victor P.M.G. Rutten
for your kindness to accept me as one of your PhD students. Under your supervision, you
provided very helpful and constructive comments to get things done and that certainly
brought my work to a much higher level. Any crucial steps during PhD study could not be
accomplished without your consultation and recommendation. | can never thank you
enough for everything you have done for me. It was worth more than | can express in words.
You have tremendously helped me not only with the research related-things but also my
living in the Netherlands (NL) e.g. house moving, airport transport for home trip and cozy
dinner hospitality. | would also like to thank Carla, for preparing warm welcome and
delicious meals every time | visit.

My next expression of gratitude goes to Prof. Dr. Jan Willem Hesselink to accept
being my promotor since the beginning of my study. Thank you for your kind consideration
and support along my PhD.

| would also like to express my gratitude to Prof. Dr. Tom Willemse who initially
accepted me as his PhD student, so | could proceed for the PhD application at Utrecht
University (UU).

I would like to express another sincerest appreciation to my co-promotor, Prof. Dr.
Femke Broere, for guiding me along the way. | am grateful for your dedication,
encouragement and patience. Your comments have always been valuable and improved our
experimental outcome and quality.

My heart-felt thanks go to my supervisor, Dr. Yvette Schlotter, for your support
and guidance along my PhD. You were always busy but you were willing to help me in the
clinic and for the experiments. | really appreciate your kindness, understanding and
generosity.

| would like to thank Prof. Dr. Robert paling who arranged our first meeting in
Thailand discussing about the PhD study at UU. That was the starting point of my PhD

138



journey. | would also like thank Drs. Hellen van der Maazen, Jean de Gooijer, Rosita
Kolader, Mariella Spitzers-Kirner and Adja van Oers, the international officers at the
Bureau of International Contacts (BIC), Faculty of Veterinary Medicine, UU, for taking good
care of me during my PhD study and stay in the NL.

My sincere gratitude goes to Prof. Dr. Joke Bouwstra for your kind consideration
to collaborate with UU on dog skin lipid project. Your expertise in the field tremendously
guided and helped my experiments. | truly appreciated your time, support and dedication.

My sincere gratitude also goes to Gert Gooris for guiding and helping me in the lab
at Leiden Academic Centre for Drug Research. Thanks for your time and very good
friendship. My visits in Leiden made you skip exercising to instead have lunch with me. |
cannot thank you enough for your kindness and nice chats.

I am grateful for all work guidance and friendship from Peter Kooten. | learnt
several tips and tricks working in the lab from you. Your sense of humor made the lab
atmosphere relaxed. It was a pleasure working with you.

My sincere thanks go to Dr. Edwin Veldhuizen for your expertise, advice and
support along my study. On top of that, all your joking around made the lab a better place.
Working with you was joyful, funny but efficient.

Thank you, Prof. Dr. Willem van Eden for your kindness and hospitality both in-
and outside the department. Thanks for inviting me and the other foreign students (Micheal
and Tawee) for meals at your place and a city tour around Utrecht.

Thank you, Associate Prof. Dr. Kaitkanoke Sirinarumitr, head of the Department
of Companion Animal Clinical Sciences, Faculty of Veterinary medicine, Kasetsart University
for understanding and giving me extra time to extend and finalize my PhD study. Also, thank
you my colleagues of the same department at KU, the Veterinary Dermatology and
Theriogenology units of KU Veterinary Teaching Hospital (KUVTH) for assisting and support
during my absence.

I would like to express my appreciations to all staff of the Veterinary
Microbiological Diagnostic Center, VMDC, Faculty of Veterinary Medicine, UU, especially Els
M. Broens, Carolien Flemming and Anky Schoormans for your guidance and help with all
the microbial cultures and preparation.

Thank you all, Thomas H.A. Ederveen, Joost Boekhorst, Sacha A.F.T. van Hijum
and Saskia van Schalkwijk for your time and effort through multiple meetings and emails
to finalize the microbiome analyses. Without your expertise in the field, | could not have
accomplished the research. | greatly appreciate your valuable comments, dedication,
support and patience.

139



Chapter 9 | Acknowledgements, CV, List of publications

Thanks to the advice by Patrick Zeeuwen, | could further proceed the microbiome
study on dog skin. Thank you for your kind contribution giving me a good start on the
research.

| truly appreciate Hans Vernooij, Department of Farm Animal Health, Faculty of
Veterinary Medicine, UU for your statistical analyses’ advice. Thank you for your time and
kindness teaching me how to deal with my data and eventually making it valid and even
more significant.

Thank you for all the lessons and knowledges shared by the Thai Dermatology
experts who were working at KUVTH Krissanee Buathet, Chanettee Chanthick and
Sawanya Anaman, that made me interested in this specialty and chose to pursue a higher
study in Small Animal Dermatology.

Many thanks for all the colleagues in the “Immunology” Department I&I for your
hospitality, kindness and good friendships. Susan van Aalst, you are always kind to me and
willing to help not only for my research but also personal life since we met. | am grateful for
your friendship, support and generosity. You’ve become my Dutch best friend. Thank you
for your kind acceptance to be one of my paranymphs. Manon Jansen, you are so kind and
supportive. Thank you for all the lovely moments we have shared together. Thank you
Annette Jassies-van der Lee for giving me the knowledge and tips to work in the lab when
| got started, it is so useful and helpful. Thank you all PhD fellows Bram Margry, Chantal
Meulenbroeks, Marit de Groot, Charlotte de Wolf, Lindert Benedictus, Anouk Platteel,
Manouk Vrieling, Peter Reinink, Micheal Kahsay, Taweepoke Angkawanish, Nathalie
Meijerink, Andreja Novak, Robin van den Biggelaar and Qingkang Lyu for your friendship,
help and the good time we have had together. Thank you to all the researchers of the
department Irene Ludwig, Aad Hoek, Christine Jansen, Daphne van Haarlem, Ruurd van
der Zee and Alice Sijts for any moments | may have had to run to you for questions,
guidance and advice. | am grateful for all the different forms of support and assistance. |
would also like to thank Karin Dirks-Hansen and Karin stump for all kinds of help that made
my study and life in NL went smooth.

I am thankful to Ronald Corbee and Inge Duiven, for your help, support and
suggestions to work in the kennel and with the experimental dogs. The first few steps of my
experiments were less hectic because of your advice.

Thank you for the good friendships and memories in the NL with Thai fellows:
Sathidpak, Chalika, Pornsucha, Panithi, Walalite, Kamonsiri, Sirikul, Roschong, Salinthip,
Paweena, Apinya, Nattakarn, Nantaporn, Thanin, Ranitha, Naruepol, Nutnicha, Jirawas,
Nathawut, Nualthip, Rinrada, Parinya, Sawaluck, Ekkamol, Panya, Ranitha, Ruj,
Ornchuma, Siriluk and whom | may have missed. | am very glad to know and learn from you

140



all, you more or less helped me get through all good and tough situations while staying in
the NL.

I would also like to thank my beloved friends in Thailand: Rujnicha, Krit, Suttinee,
Sophia, Sutharat, Rapeeporn, Suthasinee for your support and warm welcome every time
I came back home for vacation.

| deeply appreciate all provided materials from the experimental animals studied.
Simultaneously, | really apologize to any discomfort that happened to the experimental
animals as well as patients enrolled in my study.

Most importantly, | wholeheartedly thank you my family for perpetual support,
inspiration and understanding. | would not have achieved this without you, so this success
is also for you all: my father, mother, Otosan, Ar-dang, elder sister, brother-in-law, elder
brother, niece and nephew. | hope that | made you proud.

My special thanks go to my faith and destiny, | have learned several things both in
my academic and personal life while | was staying in NL and am willing to keep learning and
doing good things.

141



Chapter 9 | Acknowledgements, CV, List of publications

Curriculum Vitae

Suttiwee Chermprapai was born on the 21% of April 1983 in Bangkok, Thailand. She
graduated her Doctoral of Veterinary Medicine (DVM) with the first honor from Kasetsart
University (KU), Thailand in 2007. After graduation, she worked as a veterinary practitioner
at the Kasetsart University Veterinary Teaching Hospital (KUVTH), Bangkhen Campus. In
2008, she received a new position as a university lecturer in the Department of Companion
Animal Clinical Sciences, the Faculty of Veterinary Medicine, KU, and simultaneously a chief
of the Veterinary Dermatology unit of KUVTH. In 2012, she had an opportunity to get the
scholarship from the employed faculty to pursue a PhD study at Utrecht University, the
Netherlands. She started working in the Department of Infectious diseases and
Immunology, and the Department of Clinical Sciences of Companion Animals in October
2012. After her thesis defense, she will return to work at the Faculty of Veterinary Medicine,
Kasetsart University.

142



List of Publications

Chermprapai, S., Broere, F., Gooris, G., Schlotter, Y.M., Rutten, V.P.M.G., Bouwstra, J.A,,
2018. Altered lipid properties of the stratum corneum in Canine Atopic Dermatitis. Biochim.
Biophys. Acta 1860, 526-533.

Chermprapai, S., Broere, F., Schlotter, Y.M., Veldhuizen, E.J.A., Rutten, V.P.M.G., 2018. A
canine keratinocyte cell line expresses antimicrobial peptide and cytokine genes upon
stimulation with bacteria, microbial ligands and recombinant cytokines. Veterinary
Immunology and Immunopathology 206, 35-40.

Chermprapai, S., Ederveen, T.H.A,, Broere, F., Broens, E.M., Schlotter, Y.M., van Schalkwijk,
S., Boekhorst, J., van Hijum, S.A.F.T., Rutten, V.P.M.G., 2019. The bacterial and fungal
microbiome of the skin of healthy dogs and dogs with atopic dermatitis and the impact of
topical antimicrobial therapy, an exploratory study. Veterinary Microbiology 229, 90-99.

Poster and Oral Presentation

Chermprapai, S., Broere, F., Schlotter, Y.M., Veldhuizen, E.J.A., Rutten, V.P.M.G., 2016. The
canine epidermal keratinocyte cell line (MSCEK) express the Beta defensins cBD1 and
c¢BD103 upon stimulation with selected bacterial ligands and recombinant cytokines.
Proceedings of the Eighth World Congress of Veterinary Dermatology in Bordeaux, France.

Chermprapai, S., Broere, F., Schlotter, Y.M., Veldhuizen, E.J.A., Rutten, V.P.M.G., 2015.
Expression of the Beta defensins ¢cBD 1 and cBD103 by the canine epidermal keratinocyte
cell line (MSCEK) stimulated with selected bacterial ligands and recombinant cytokines.
Proceedings of the first International Symposium on Allergy meets Infection, Libeck,
Germany.

Kunakornsawat, S., Imsilp, K., Chermprapai, S., Poapolathep, S., Netramai, S., 2012.
Pegylated liposomal doxorubicin-induced palmar-plantar erythrodysthesia (hand-foot
syndrome) in a nasal carcinoma dog. Proceeding of International Conference on Veterinary
Sciences 1ICB, APHIS, FAO joint symposiums "ASIA WEB FOR WORLD FOOD SECURITY",
Bangkok, Thailand.

Vipabusabakorn P., Intachat C., Chottikamporn J., Duangmontri K., Ngamcharoen J.,
Vichukit K., Chermprapai S., Sirinarumitr T., Sirinarumitr K., 2018. Cryptococcal prostatitis
in a dog. Proceeding of the 11" VPAT Regional Veterinary Congress 2018 (VRVC 2018),
Nonthaburi, Thailand.

143



	Title Thesis
	Suttiwee Chermprapai
	Promotoren:
	Copromotor:

	Chapter 1 Thesis
	Chapter 2 Thesis 
	Chapter 3 Thesis new GA
	Chapter 4 Thesis new GA
	Chapter 5 Thesis
	Chapter 6 Thesis new GA
	Chapter 7 Thesis
	Chapter 8 Thesis
	Chapter 9 Thesis

